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Abstract

This thesis summarizes the outputs of the author’s research and publication activites devoted to
the topic of functional materials deposition by meant of inkjet printing. The results disclosed in
this thesis represent a complete account of the author research activities for the past 8 years. First,
the present state of the art is discussed from the technological point of view, i.e. the methods and
techniques are being reviewed rather than particular materials. Then the general research aims are
explained and their importance is substantiated. Further separate chapter gives the summary of
the methodology used throughout the entire thesis and three following subchapters are dedicated
to the presentation of selected results as well as their discussion in the context to relevant papers
published recently. The three chapters focus on the three major groups of material classified
according to their electrical properties (insulating, semiconductive and conductive species).
Finally, all papers included in the thesis are listed in chapter 9.

All included results explicitly indicate that the direct patterning performed by piezoelectric inkjet
printing proved to be an attractive method for depositing liquid formulations onto solid supports.
As far as the insulating species are concerned, we managed to formulate reliable inks based on
soluble redox indicators allowing highly reproducible testing of photocatalytic activity. Inkjet
printing also proved to be an elegant and efficient method for the fabrication of metallic
conductor patterns. The greatest deal of attention has been paid to the patterning of transition
metal oxide semiconductors. Functional inks containing blended colloidal systems (either sol-gel
or crystalline nanoparticulate, sometimes with optional silicon based binders) were successfully
developed and utilized for the fabrication of titania, zinc oxide and tungsten oxide functional
coatings. The additive fabrication of complex functional structures was successfully accomplished
and is illustrated on the example of interdigitated electrochemical cell.

Keywords:
Material printing, inkjet printing, photocatalysis, electrocatalysis, direct patterning, additive
manufacturing, printed electronics
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1 Introduction

The performance of oxide nanomaterials as functional device components is often subject to
interfaces which emerge upon materials integration. Examples for the use of fully integrated and
interface-determined nanoparticle systems can be found in different rapidly developing fields like
solar-to-chemical conversion, sensing and printed electronics. For light conversion into chemicals
and energy the spatial and directional arrangement of the light harvesting entities plays a critical
role. Additional performance determining factors are related to the separation and transport of
photo-generated charge carriers, the chemical conversion at catalytic sites and mass transfer from
or to reactive sites. However, the immobilization and integration of the materials components into
devices is just as important as their individual optimization.

Mixing chemically different nanoparticles by colloidal processing in combination with the
utilization of the attractive interaction between the dissimilar components may lead to functional
interfaces between the dissimilar components which can add new functionalities to the entire
particle ensemble. The ability to introduce chemical heterogeneity in nanoparticle mixtures at
different length scales opens the opportunity region to deliberately transform particle interfaces
into heterojunctions which in turn are key to a number of applications that rely on the separation
and surface chemistry of photogenerated charge carriers.

Recently, especially in the domain of electronic component fabrication, the dominant position of
subtractive processes based on sequential etching through resists masks has been challenged by a
new additive approach. The so-called material printing techniques ! are based on sequential laying
of patterned functional layers by means of modified conventional printing techniques and they
seem to be a promising tool for the micro-fabrication of planar structures with features in the
micrometer range. While such resolution is not capable to replace the nanometer-scale
lithographic processes used for the fabrication of memory chips and processors, there is still a wide
range of less integrated devices and structures which may be fabricated in this way effectively.
Actually, the concept isn’t new at all, but the approach has been limited to the fabrication of
metallic conductive tracks by screen printing for the past 50 years. During the past decade, the
concept of material printing broadened significantly and the portfolio of applicable techniques
now includes off-set, gravure, flexo, and inkjet printing. Following this boom, the idea of fully
printed electronics? has been successfully transferred from lab to mass production. However, the
approach proved to be also useful in the material® and life sciences* domains.

While essentially all traditional printing techniques can be adopted for printing of functional
patterns, inkjet printing > occupies a prominent position. Despite quite narrow viscosity and
particle size limits, it is most suitable for lab-scale rapid prototyping as no hardware printing form
is required, i.e. patterns designed as computer files can be printed directly. Moreover, up-scaling is
easily accomplished by switching to a bigger printer. Inkjet printing has been successfully used for
the deposition of a variety of functional liquids, such as conducting polymers 8, dispersions of
catalyst nanoparticles °, etc. Numerous biochemical applications have been reported, such as tissue
scaffolds 11! or cellular patterns ''3. Moreover, many components such as capacitors 4, transistors
15, electronic filters ', and even complete multi-component devices such as OLEDs?, solar cells!®
and photoelectrochemical cells !° have been successfully fabricated.

Material printing tends to be compared (and sometimes confused) with 3D printing. While some
of the material science related challenges are common to both the technologies, there are other



important differences. 3D printing uses a few construction materials to build spatial objects
characterized by their form rather than by any additional functionality. Material printing
generally also produces tree-dimensional objects, but their footprint is always much greater than
their height and the main topic of interest is their advanced functionality.

The results disclosed in this thesis represent a complete account of the author research activities
for the past 8 years. First, the present state of the art is discussed from the technological point of
view, i.e. the methods and techniques are being reviewed rather than particular materials. Then,
in chapter 3, the general research aims are explained. Chapter 4 contains a subchapter giving the
summary of methodology used throughout the entire thesis and 3 subchapters dedicated to the
presentation of selected results as well as their discussion in the context to relevant papers
published recently. The three chapters focus on the three major groups of material classified
according to their electrical properties (insulating, semiconductive and conductive species).
Finally, all papers included in the thesis are listed in chapter 9.



2 Inkjet Printing from the Viewpoint of Physical Chemistry

A functional coating can generally originate from precursors delivered to the substrate either in
the gaseous or liquid phase. The former way has evolve into a wide portfolio of various CVD
methods offering a great level of control over the deposition conditions but requiring sophisticated
instruments and featuring somewhat limited substrate sizes. The latter represents usually a simpler
alternative and is capable of coating substrates several meters in size. Many different wet coating
techniques have been developed, such as dip-, spin-, or spray-coating, doctor blade or roller
spreading.” Continuous roll-to-roll processes are applied on mass industrial scale for various
manufacturing tasks?!, and gained further attention with the boom of printed electronics?.

There are two significant methods of thin layer preparation from liquid precursors which are
worth mentioning because of their simplicity and general widespread utilization: Spin-coating
method uses centrifugal force to form a film of liquid precursor: a sufficient volume of precursor is
placed onto the support which is then rotated at a high speed. The liquid is spread by centrifugal
force and a wet film of precursor is formed. The thickness of the resulting wet film depends
mainly on the angular velocity of substrate rotation, precursor viscosity, precursor concentration
and solvent evaporation rate 2. In contrary, dip coating is based on dipping the substrate into
liquid precursor and pulling it out at constant speed?®. Again, viscosity, concentration, solvent
volatility and speed of pulling influence the resulting film thickness. The faster we pull, the
thicker the film is.

Both these methods are widely used, yet they are burdened by several significant disadvantages, as
summarized in Table 1. Firstly, the coated area is rather limited. In the case of spin coating, this
limitation is due to the centrifugal force. Substrates larger than a few centimeters simply can not
be rotated at several thousands rpm. The area of dip coated substrates is usually also limited to
centimeter scale, although devices handling large substrates up to meter size are known. Secondly,
the efficiency of precursor use is extremely poor. In both spin- and dip-coating, most of the
precursor is wasted, and only few percents are actually used to build up the film. Moreover, dip-
coating gives us substrates coated from both sides, which is not always desired. Thirdly, both these
methods are very sensitive to surface defects. A surface defect can produce traces and streaks and
degrade large areas of coated substrate. At last, these classic methods on their own are not capable
of selective deposition (“patterning”), i.e. the whole area of substrate is coated.

Table 1 Comparison of deposition techniques (adopted from v modified)

Spin Dip Inkjet
Precursor use ~95 % wasted ~95 % wasted ~5 % wasted
efficiency (print head cleaning an
purging)
Coated area ~cm ~dm ~m
Sensitivity to surface high high low
deffects
Patterning possibility none none excellent

Because of these problems and limitations, a more robust method of liquid precursor application
has been searched for and, as accounted in the introduction section, material printing seems to be
a promising alternative. Of the numerous printing techniques potentially applicable for this
purpose, inkjet printing seems to be especially promising representative of the novel material




printing approach. The technique shares the basic principles of conventional inkjet printing®, i.e.,
tiny droplets of a low-viscosity liquid are precisely deposited onto a substrate by means of a
thermal or a piezoelectric printhead. Obviously, in the case of material printing, the “ink” is a
specially formulated liquid used for transporting a functional component onto the substrate
surface?¢

2.1 The Art of Ink Formulation — Getting Control over Dispersions

The ink surface tension, substrate surface energy, and ink viscosity are the most prominent factors
influencing droplet formation and layer merging during the inkjet printing of a functional liquid
onto a non-porous non-absorbing substrate. Apart from these ink properties, the substrate
temperature also plays a very important role because it is the main factor influencing the solvent
evaporation rate. Lower temperatures result in slow drying, mottling, and dust accumulation,
while higher temperatures lead to premature solvent evaporation and banding pattern formation
because of imperfect printed bands merging. These rules seem to be valid generally, irrespective of
the ink composition. Therefore, the volatile phase of the inks should preferably contain 2-4
solvents differing significantly in their volatility, which contributes to the gradual drying and
seamless merging of the printed bands.?”” Moreover, a humectant that prevents the ink from drying
in the printhead nozzles should be always present, too.

The final surface topologies of the printouts depend on complex interactions between the drop-
shaping forces and the surface properties of the substrate used. Several distinctive phases have
been identified during drop-spreading on solid non-absorbing substrates: a kinematic phase, a
spreading phase, a relaxation phase, and a wetting phase?. The drop dynamics and film formation
can be predicted to a certain degree by theoretical descriptors such as the Weber number (We =
8-¥2-d/c), Ohnesorge number (Oh = n/V(d'c-8)), Z number (Z = V(d-0-8)/n), and Reynolds number
(Re = 8-v*-d/n), where & is the density, vis the drop velocity, d is the diameter of the nozzle, o is
the surface tension, and 7 is the viscosity of the liquid. While some theories predict a stable drop
formation in drop-on-demand systems when Z > 2, others determined that a printable fluid
should have a Zvalue between 1 and 10.% It is also known that the lower limit is governed by the
viscosity of the fluid and its printing ability, while the upper limit is determined by the point at
which multiple drops are formed instead of a single droplet3!.

However, apart from the volatile fraction, the ink needs to contain the functional non-volatile
fraction which is actually going to build-up the printed layer and/or pattern. Several distinct
approaches to this task can be easily identified:

The first and simplest way is the formation of a true analytical solution of the functional
compound in the solvent. This works fine in the case of polymers with film-forming properties®2.
However, low molecular compounds would crystallize upon the solvent evaporation and thus
prevent the formations of homogeneous continuous layer.

The second option is based on the sol-gel process, i.e., soluble metal salts and/or metal alkoxides
are complexed by suitable chelates, pre-crosslinked by partial hydrolysis, and the resulting
metastable colloidal sols are then coated onto a substrate, gelled, and converted into dense or
porous oxide layers®. Thermal calcination is the most common way to achieve this conversion,
but low temperature alternatives are available3*. The process can be made very simple and the
liquids formulated so mild that a modified office inkjet printer® could be used. Thick multilayer
coatings can be printed with the help of polymeric anti-cracking agent®. Alcohol based sols are



generally well compatible with macromolecular templates allowing for a controlled porosity
formation¥. Reverse micelle templates3® were also successfully adapted for inkjet printing.

Much experimental attention has also been paid to explore the third possible approach leading to
printed solid functional patterns. This route is based on the synthesis of stable colloidal
suspensions of nanocrystalline solids followed by the delivery of this suspension onto a substrate
by means of inkjet printing. This approach seems to be the most challenging with respect to
particle stabilization issues but offers the greatest freedom in functional material choice. Bernacka-
Wojcik and coworkers recently demonstrated® a disposable biosensor integrating an inkjet printed
photodetector fabricated by printing a commercial dispersion of titania nanoparticles. A similar
approach was adopted by Yang et al.* to produce an oxygen demand sensing photoanode and by
Arin et al.*! who fabricated photocatalytically active TiO: films by inkjet printing of nanoparticle
suspensions obtained from microwave-assisted hydrothermal synthesis. Fine nanodispersions
originating from hydrothermal processes*>3 seems to be especially well suited for the formulation
of such inks.

The obvious issue inherently associated with this second approach is the adhesion of the deposited
material to the substrate. The loosely aggregated nanoparticles left after solvent evaporation only
have a very limited adhesion to the substrate and need to be fixed in some way. The above-
referenced examples employed the most common solution to this problem, i.e., sintering by heat
treatment at 300-500 °C. However, more sophisticated solutions have been reported. Cold-setting
processes yielding stable layers are very attractive for the fabrication of photoelectrochemical
functional or auxiliary coatings on the surface of heat-sensitive substrates. This is especially true in
the case of dye-sensitized solar cells*, where the adoption of cheap flexible polymer supports is
considered a necessary condition for commercial success. A great deal of attention has therefore
been paid to this problem, and several interesting processes have been reported so far e.g. a
mechanical processing of the printed nanoparticulate layer 4 or a rapid photonic sintering* which
would not damage even heat-sensitive common polymeric foils.

An interesting modification of the nanoparticulate suspension approach represents the so called
brick-and-mortar strategy* based on the mixing of prefabricated nanocrystalline “bricks” with
“mortar” consisting of a suitable binder followed by preferably cold fixing. Several different
materials have been proposed as binders and various processes may be adopted for their fixing. For
example amorphous silica*® or graphene* binders are fixed by mere solvent drying or more
sophisticated systems utilize alkoxide >° or organo-silicate®! binders fixed by UV-curing.

2.2 The Art of Printing — Quality and Functionality of Printed Particle Systems

With the traditional inkjet printing systems utilizing piezoelectric heads, we generally observe
that the feature size that can be printed is closely related to the size of the droplet that can be
ejected. However, this is only a part of the story, since substrate-ink interactions also play an
important role. Anyway, a typical present inkjet system designed for material printing can be
expected to employ nozzles of 10-50 pm diameter delivering droplet volumes in the range 1-100
pL.52 The desire to access ever finer feature sizes has resulted in the development of subfemtoliter
inkjet printing systems based on electrohydrodynamic (EHD) jet printing>.

The piezoelectric element pulsing frequency is found to exert a strong influence on the formation
of ink droplets and so is the voltage waveform (i.e., the voltage pulse profile) delivered to the
piezoelectric element.>* The authors found that with increasing frequency, the droplets formed



reduced in size (and size variability), which would be expected to decrease the size of the
minimum feature printed. However, this decrease was accompanied by an increase in the impact
velocity of the droplet on the substrate, which in turn is expected to degrade the quality of the
print. Obviously, the placement accuracy of the drop is governed by the width of the jet and the
resolution provided by the moving stage. The diameter of the jet has been found to be
proportional to the square root of the nozzle size and inversely proportional to the electric field>.

Stroboscopic camera providing a magnified, slowed-down view of the nozzle plate is an valuable
tool for evaluating the ink behaviour upon the ejection from the printhead nozzle. Reliable jetting
without satellite droplets formation takes place when the liquid rheological properties (viscosity
and surface tension) well match the waveform pattern. Image data from stroboscopic camera can

thus provide important feedback for waveform optimization enabling printing fluids of a wide
range of viscosities.*

Fig. 1 Stills from a stroboscope slowed-down video can be used for the analysis of droplet formation
characteristics and for the optimization of the voltage waveform. In this case, the satellite
droplets formation has been effectively suppressed and a single droplet leaves every four
tested nozzles.

Print quality is further influenced by various dynamic phenomena observed during drop landing
on substrate, such as splashing, spreading, receding, bouncing and crown formation®. As
mentioned earlier, Rioboo et al. 2 have in detail analyzed the process and identified several
distinctive phases of drop spreading: kinematic phase, spreading phase, relaxation phase and
finally equilibrium wetting phase, driven by surface energies (see below). Various artefacts
spoiling the resulting print quality can result from these processes. Perhaps the most well-known
is the coffee-ring effect, which has been observed, described and explained actually independently
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to inkjet issues.”® Although several different approaches have been attempted for its control or
elimination®, it still poses a major challenge in the design for inkjet material printing®-¢!. Quite
surprisingly, several recent papers reported intentional use of the ring structures for obtaining
special morphologies.®>% Another phenomenon spoiling the printed patterns is the so called
fishbone effect. It takes place upon the oblique collision of two continuous liquid jets and leads to
the formation of a thin oval liquid sheet bounded by a thicker rim which disintegrates into
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Fig. 2 The influence of temperature on the coffee ring topology, adopted from®*

The final drop spreading phase, i.e. the equilibrium wetting phase, seems to play a crucial role in
the formation of printed patterns and their final quality. Generally, during inkjet printing on a
nonporous, non-absorbing surface, the surface tension of printed ink and the surface energy of the
substrate must closely match in order to ensure optimal wetting and smooth, well defined wet
layer formation %. If the printed liquid is wetting the surface too much, excessive positive dot-gain
or even pattern bleeding > may occur. Conversely, poor wetting of substrate by the printed ink
results in spontaneous shrinking of the printed ink (negative dot-gain), or the formation of a
bumpy surface resembling an orange peel texture %8, The following figures briefly illustrate these
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phenomena on the examples of UV curable acrylate ink and gold electrical conductor lines

obtained from printed gold resinate® ink.

Fig. 3

Influence of substrate treatment on the print quality illustrated by the behavior of acrylate UV
ink printed on FTO substrate: a) FTO surface after baking is excessively wetted by the printed
ink with significant positive dotgain and irregular ink bleeding, b) application of the dewetting
agent suppresses ink spreading but ink is actually dewetting the surface too much, resulting
into slight negative dotgain, c) treatment by the dewetting agent plus dodecylbenzene
sulfonate produces just the right degree of wetting with excellent definition of pattern edges.

The influence of substrate treatment on print quality illustrated on the example of 200 yum gold
line originating from printed gold resinate: left - alumina surface right after baking is
excessively wetted by the printed ink with significant positive dotgain resulting into line
broadening and resolution decrease, middle - treatment by 1 vol.% solution: the dewetting
agent reduces ink spreading and provides excellent definition of pattern edge, right —
treatment by 5 vol.% solution: the dewetting agent results in poor wetting and gold layer
separation.
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3 General Goals of the Research Work Included in the Thesis

Understanding the formation and exploring the photochemical relevance of solid-solid interfaces
in blended nanoparticle ensembles including the identification of related synergistic effects are
vital to the development of particle-based photovoltaic and photochemically active devices.
Procedures for the controlled aggregation of dissimilar metal oxides in colloidal dispersion and/or
sol-gel formulations needs to be implemented into the rational formulation of functional inks to
be employed for state-of-the art inkjet printing.

In the discussed research, we have been essentially undertaking a strategic structure/
microstructure-photoactivity study to identify for printed metal oxide nanoparticle systems the
key parameters that determine compositional heterogeneity from the nano- up to the micrometer
scale. The knowledge based formulation of functional inks prepared from pure and blended metal
oxide with optional organosilicon based binders has actually enabled the realization of printed
nanoparticle structures with remarkable level of control over hetero interfaces across different
length scales. We have been using the printing technique to selectively engineer submicron sized
patches of different motifs on different substrates and with high concentrations of interfaces
joining chemically different oxides, i.e. photocatalytically active heterojunctions. These novel
structures of immobilized nanoparticle patterns may find application as device concepts of solar-
to-energy conversion and sensors since they should be able to sort and sustain photoinduced
surface reactions in a spatially resolved way and on the length scale of nano- to micrometers.

The primary objectives of the presented research work thus were:

1. rationally develop functional inks containing blended colloidal systems (either sol-gel or
crystalline nanoparticulate, sometimes with optional silicon based binders) that allow for
nanoparticle aggregation at different stages of the printing process;

2. explore the effect of the colloidal system mixing and demixing during printing and to
understand the impact of curing parameters on microstructure evolution and functional
performances resulting therefrom; Intermediate process steps that are associated with the
emergence of defects and impurities that are detrimental to light induced charge
separation will be identified;

3. demonstrate that the forced assembly of the solid fraction of the colloidal system via inkjet
printing in combination with the naturally occurring arrangement of nanoparticles upon
formation of compositionally heterogeneous mesostructures provides a rich playground
towards the hierarchical organization of composite nanoparticle systems.

4. pattern 2-dimensional substrates with spatially organized structural features, such as
patches and crossings of printed nanoparticle tracks with photocatalytic hot spot regions,
the activity of which can be imaged at different length scales up to the sub mm range.
Characterize heterojunctions of particle systems across different length scales and probe
photoactivity or even photocatalytic activity on 2-dimensional substrates;
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4 Selected Results and their Discussion

The following chapters represent an account on our “success stories”, i.e. we disclose a brief
summary of the most interesting aspects of our recent work related to the discussed topic. The
addressed issued are discussed in the context with relevant references preceding our work, but
their number is rather limited in order to keep the text concise. For a more complete discussion
and additional references, please see the full-text papers listed in the end of the thesis.

4.1 Outline of the Used Methodology

Inkjet direct patterning as such has constitute the main research activity. However, it needs to be
preceded by necessary preparative operations (substrates conditioning, inks filtering and stability
checks etc.) and detailed analyses would follow after printing each sample batch. Simultaneously,
the patterns to be printed need to be generated in suitable software and exported into the printer
driving software.

As far as the preparative stage is concerned, the staff of Photochemistry Lab has gained extensive
experience with the technique. Various substrate cleaning and activating techniques (thermal
annealing, sonication, plasmatic treatment) have been previously implemented and are routinely
performed in the lab. Should more demanding request on process cleanliness take place, a
cleanroom workplace is available right at the faculty laboratory building.

Printing of all functional and auxiliary layers has been performed with an experimental inkjet
printer Fujifilm Dimatix 2831. The printer features disposable 16-nozzle piezoelectric jetting
printhead coupled with a 2 mL polyethylene inktank. It is capable of printing A4 size substrate
with resolution of up to 5080 DPI, i.e. 5 pm. Both substrate and printhead can be heated in order
to speed up solvent evaporation and reduce ink viscosity, respectively. A stroboscopic camera
provides still images or slow-down video for the observation of drop formation process, while
another fiducial camera is used for precise substrate positioning and aligning of subsequently print
layers. The printer has been successfully employed for the deposition of a wide variety of
functional and auxiliary layers and during the past years has de facto become the industrial
standard tool for ink development and testing?.

Tiania-silica patterns

Titania +™

n@art;cles |
Direct inkjet patterning

Fig.5 Schematic outline of the key experimental activities: inks are formulated on the basis of
blended colloidal systems (either sol-gel or crystalline nanoparticulate, sometimes with
optional silicon based binders) and the resulting metastable colloids are patterned by inkjet
printing

Compared to the other research tasks, the printed patter design is a rather trivial issue which is
again routinely performed by the Photochemistry Lab team. Usually vector patterns drawn in
Corel Draw are used for printing most geometries. For special demands (which actually happen
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occasionally in conjunction with special projects) a single droplet level control can be achieved by
manipulating bitmap pattern files at the individual pixel level.

The described activities together have contributed to achieving the results summarized on the
following pages. The key specialty, novelty and scientific progress of our work is represented by
the ability of inducing a forced assembled structure inherently associated with the printing
process. While the prepared mixtures of various studied materials will naturally arrange at the
sub-micron scale upon printed layer drying, we have been able to combine this primary
spontaneously created structure with a hierarchically higher-level forced structure created by
overprinting of various patterns. The exact description of the strategy for the sub-micron-scale
forced assembly goes beyond the scope of this summary but it would certainly include features
like multilayer assemblies, charge-transporting mesh structures adjacent to thick layers of bulk
heterojunction composites, employment of shaped conductive substrates (interdigitated arrays),
gap structures, active “hot spots” created by line crossing etc.

Moreover, a significant fraction of our research activities has been devoted to the investigation of
the physico-chemical transformations taking place in the dry solid printed layer. Several different
approaches have been utilized and are reported below. A special attention has been paid to
investigation of layer consolidation by means of organosilicate binders. We have shown recently
that the organosilicate matrix can be mineralized by both thermal oxidation or UV curing.
However, there are many other optional processes (e.g. plasma treatment or flash sintering) which
may prove useful for this task and bring interesting performance.

The analytical techniques employed in our research have primarily included various microscopic
and imaging techniques involving, but not limited to SEM, AFM, optical, interference and
confocal microscopy. Mechanical profilometry and profilometric mapping proved to be especially
useful for the visualization of sub-milimeter printed structures and these analytical techniques are
readily available at the FCH labs. The processes accompanying the binder mineralization will be
investigated by spectral methods such as FTIR, XPS etc. For the purpose of catalytic functionality
investigation, several standard activity testing methods have been successfully implemented and
several others were designed or adopted and modified”®73.

4.2 Conductive Species

Although complex multilayered printed devices were demonstrated multiple times, the relatively
simple task of conductive track fabrication remains one of the most explored applications of
material printing. In the conventional technology of copper plated “printed circuit boards”,
industrial scale processes use screen-printing of thick inks based on micron-sized particles or
optical resist patterning and etching when finer tracks are needed. Similarly, small batches may be
produced by contact copying of masks printed on photographic film onto pre-sensitized boards.

The direct printing of conductive tracks by means of a printing press and conductive ink, using a
digital pattern outline has been addressed by numerous studies yielding some very promising
results. However, the advance from screen-printing of thick metal dispersions followed by
thermal sintering to direct patterning by inkjet requires nanoparticulate dispersions with well
controlled rheology and particle stabilization. Inks of stabilized silver nanoparticles proved to
deliver good performance 74+77. Water based gold nanoparticle ink has been reported recently 78 to
produce tracks of resistivity approaching that of bulk gold. Stabilized palladium nanoparticle inks
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have been printed for use as activator for electroless deposition of conductive nickel tracks 7.
Palladium nanodispersions were successfully synthetized and printed by the author of this thesis.%

An alternative approach is based on the deposition of a soluble metal precursor, and reduction to
metal. Silver nitrate has been successfully used for the fabrication of conductive tracks 8!. Silver
carboxylates represent an organometallic option of this process, allowing for photo-thermal curing
82, Similarly, aqueous Pd(II) solution was printed onto polyimide film, followed by reduction to
metallic palladium which served as activator for subsequent electroless copper plating .

We approached this problem through a rather less popular chemical path and utilized soluble
resonates and metal precursor. Metal resinates originate from the reaction of sulfurized natural
resins with metal salts, e.g. yielding a mixture of gold mercaptoterpenes in the form of thick pastes
soluble in non-polar solvents ®. The chemical structure of a resinate solution is variable and no
exact formula can be given. The metal content can be determined by suitable analytical methods
8¢ While their traditional application was limited to ceramic decoration, later resinates found
numerous uses in the electronic industry for fabrication of conductors, resistors, heating elements,
actuators, etc. %.

The method proved to be effective and thus we were able to develop a complete fabrication
process for printing and fixing of gold conductive tracks on various substrates. It has been used for
example for the fabrication of cells for measuring conductance of very low conductive
electrolytes. Further applications may involve various capacitive sensors 8% and
photoelectrochemical cells 8. Due to the materials used in this study, the printed electrodes are

curable at high temperature if contaminating deposits are to be removed, e.g. when biological
samples had been measured®.

Fig. 6 Conductivity gold IDE cells printed on alumina (left), glass (middle) and Kapton (right)
substrates.Cyan insulating masking frame is overprinted in order to eliminate border effects.
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Fig. 7 Impedance spectroscopy of ultrapure water using an interdigitated device made by printing Au
on alumina with 250 um finger width a spacing (open circles) or a conventional parallel plate
cell with k = 0.125 cm™ (filled triangles). The amplitude of the perturbing signal was 0.01 V
rms.

As shown in a recent exhaustive review 3, printing gold patterns remains a challenging tasks with
a only a few successful studies reported so far. Yet, inkjet printing proved to be an elegant and
efficient method for the fabrication of gold conductor narrow spaced interdigitated planar devices
(electrochemichal cells) in our study. With modern high speed flatbed printers readily available,
the technique is also suited for industrial scale production. While interdigitated electrode systems
have been routinely fabricated by screen-printing for the past 50 years, the here proposed fully
digital printing workflow eliminates the need for physical printing forms, saves expensive gold
resinate ink and allows an unlimited freedom in the design of the electrode patterns. The benefits
of the presented approach become even more prominent during the fabrication of single
prototypes or small batches of large-scale devices, where the dead volume of conventional coating
devices would prohibitively increase the production costs.

4.3 Semiconducting Species

Transition metals oxides form a group of n-type semiconducting materials with a plenty of special
properties enabling a huge range of applications. The range of interesting properties is further
widened by virtually endless possibilities of doping and structural modifications. Apart from the
naturally inherent semiconductive properties®, these materials feature highly interesting
ferromagnetic®, charge transport 2, sensing®, emissive®, and electrochemical activity®.
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Metal oxide semiconductors and their related photocatalytic processes have been the subjects of
intensive research for the past four decades. The primary discovery of the photoelectrochemical
splitting of water on titanium dioxide electrodes® has gradually evolved into a broad technological
field of applied photocatalysis. This technology may have the potential to address some of the most
urgent technological challenges,?” especially if solar light is employed as the irradiation source®.

Basically, any photocatalytic process is initiated by the photogeneration of electron-hole pairs in a
semiconductor crystal lattice, which results from the absorption of UV (or even visible light in the
case of a narrow band gap semiconductor) quanta of energy equal to or higher than the
corresponding band gap. The electrons and holes can either recombine, dissipating the absorbed
energy as heat, or remain separated and available for redox reactions with electron-donor or
acceptor species adsorbed at the semiconductor surface or localized in the electrical double layer
surrounding the particle®.

Titanium dioxide is definitely the most popular and promising material among transition metal
semiconductors for photocatalytic applications. TiO2 is both widely commercially available and
also easy to prepare by various methods that yield different titania grades. It has been successfully
used for the design of many commercial devices that decompose hazardous substances in our
living environment based on the strong oxidizing power of its photogenerated holes and its high
photostability. So far, we have witnessed the proposal and successful application of photocatalytic
phenomena for water purification'® and disinfection!®!, toxic waste treatment!??, air purification
and deodorizing!®, and self-cleaning!®, self-disinfecting!®, and superhydrophilic antifogging!%
surfaces.

While photocatalytic processes utilizing the slurried form of a catalyst deliver excellent
performances because of their inherently high surface area, a photocatalyst immobilized onto a
suitable support is usually the preferred form for practical applications. Upon immobilization, the
free surface of the catalyst inevitably decreases, resulting into a loss of catalytic performance
because of limited mass transport. Conversely, immobilized systems are not burdened by the need
for catalyst recovery, which could otherwise prohibitively increase the operational costs. Both the
gas phase deposition and the wet coating method have been successfully adopted for the
preparation of immobilized photocatalyst layers'’.

Sol-gel is one of the most successful techniques for preparing nanosized metallic oxide materials
with high photocatalytic activities'®®. By tailoring the chemical structure of primary precursor and
carefully controlling the processing parameters, nanocrystalline products with very high level of
chemical purity can be achieved. In sol-gel processes, TiO: is usually prepared by the reactions of
hydrolysis and polycondensation of titanium alkoxides, Ti(OR)n to form oxopolymers, which
are then transformed into an tridimensional network.

In one of our early papers!?®®, we demonstrated the benefits of using inkjet printing technology for
the preparation of TiO: thin layers and report about some important properties of prepared
printed layers of photocatalytically active TiO2. By utilizing the well known sol-gel chemistry
used so far mostly for spin- and dip coated layers of TiO:, together with the wide deposition
possibilities offered by inkjet printing, we were able to prepare transparent, photocatalytic layers
of TiO: of variable thickness in a very effective and clean way with minimum waste. These layers
were also successfully employed for several model pollutant degradation studies”*73 110
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While the previous work dealing with inkjet printed titania film focused on direct patterning of
various shapes onto substrate, our work was targeted to the fabrication of smooth compact films
applicable as self-cleaning surfaces. We managed to prepare samples up to 25 cm? large. The
structure of prepared layers greatly depends on the printing conditions: If the sol ejection rate is
faster then solvent evaporation, a smooth compact layer is produced. On the other hand, when the
solvent evaporation rate is grater than sol ejection, we obtain optically rough and highly
structured layer.

Slowly printed layers have a structured surface at the microscale with the “islet-like” pattern
giving them a semi-opaque pearl appearance. Their photocatalytic performance is slightly lower
compared to rapidly printed layers. Rapidly printed layers have better optical properties — they are
perfectly smooth, even and mirror-like glossy. Their photocatalytic performance is better than the
performance of the slowly printed layers probably due to greater roughness at the nanoscale,
while the even thickness and smooth surface resulting into a more efficient absorption of UV
radiation may also contribute.

sol loading
90

rapid

slow

Fig. 8 Side-by-side comparison of the “slowly” and “rapidly” printed sample series.

The photocatalytic activity of TiO:film depends strongly on the crystal phase structures, thickness
and porosity of the thin films. A highly porous surface structure is therefore a very imperative
among these factors because it offers amuch larger number of catalytic sites than a dense surface.
Porous inorganic TiOz-anatase films can be obtained using templating macromolecular agents''! or
conventional alkoxide sol-gel route with the addition of surfactants''2. The templates permit to
retain the initial polymer morphology up to the final porous structure. Polyethylene glycol is
especially suitable for modifying the porous structure of coatings due to its complete
decomposition at relatively low temperature.

Printed transparent TiO: thin films with supressed cracking were successfully prepared using PEG
(average molar weigh 1500 g/mol) in a titanium isopropoxide sol—gel system. The PEG plays a key
role in stopping the generation of cracks in the layers during the annealing step at a high
temperature. Sol coating on the substrate was performed again by inkjet printing with a modified
office inkjet printer. We discovered that the PEG concentration of 4 g/L is sufficient for
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suppressing the formation all cracks in the layers. When we compared the samples with and
without PEG, we found out that with increasing amount of PEG the contact angle is decreasing
and so is the value of its initial rate of droplet spreading. It is probably caused by increasing of the
roughness with higher PEG concentration. Sample PEG 4 showed the best photocatalytic
efficiency. When we compared different sol loading we discovered that the best sample is with
100% sol loading. In the case of thinner layers, the absorption of incident radiation was probably
not complete and therefore no general trends were identified.

PEG 0 PEG 1 PEG 16

100 pm

Fig.9 The influence of PEG content (wt.% addition to the sol-gel formulation) on the cracking
intensity.

A special type of titania templating can be induced by the incorporation of the reverse micelles in
the sol-gel composition used for coating. We successfully adopted this aproach and developed
inkjettable composition based on titanium isopropoxide encapsulated into reverse micelles of
Triton X-102 nonionic surfactant suspended in xylen nonpolar continuous phase.!’® The solvent
choice and viscosity adjustment issues crucial for the reliable jetting performance were
investigated in detail and so were the layer morphology and material properties.

Xylene was found as the suitable optimal non-polar solvent for the reverse micelle sol preparation
owing to its low volatility and good surface tension. The printed layers possess smooth,
homogeneous and transparent surface with low amount of defects. The photoelectrochemical
functionality and photocatalytic efficiency of the inkjet printed TiO: layers have also been
discussed. The photocatalytic degradation of stearic acid revealed strong dependence of
photocatalytic activity on the layers thickness. On the contrary, no influence of the layer
thickness to photoinduced hydrophilicity has been noticed. It was proved that prepared TiO2/ITO
electrodes (TiO: thin layers on ITO glass used as photoanode) are stable and possess good
photoinduced properties. The obtained electrochemical curves of layers reflect the ability to react
on UV light signal by generation of the charge carriers. The electrochemical measurements
confirmed the high potential of photoelectrochemistry for detection of the semiconductor oxides
photoactivity. This study clearly proved the possibility of production of transparent functional
thin layers deposited on various substrates by inkjet printing from the liquid sol utilizing the
reverse micelles system. Titania layers fabricated in this way were later successfully used as self-
cleaning layers, photoanodes and high refraction optical coatings!+!77.

Easy incorporation of doping agents is another worth noting benefit of the sol-gel process''®. The
compatibility of such approach with inkjet printing deposition was clearly demonstrated in a
dedicated paper'"®. A series of experiments with different printing conditions was carried out and
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the optimum printing settings were indeed determined. Consequently, iron and silver dopants
were incorporated into the sol. The influence of doping on the photocatalytic activity of TiO2 as
well as the shift of absorption edge towards high wavelengths was investigated.

Iron and silver doped titanium dioxide was synthesized by the sol-gel process employing PEG as
the anticracking agent and conveniently deposited by inkjet material printing. The solvent type
and concentration in the printing formulation was optimized and the concentration of PEG was
set to 4 g/L providing a good compromise between the intensity of its effect and the viscosity
increase inevitably accompanying its introduction into the printing formulation. Full rheological
characterization was performed and the jetting performance was theoretically evaluated by means
of Z-number rheologic model. Empirical jetting behavior confirmed the positive expectations and
all formulation showed flawless printability. The Z-number was practically identical for all
studied formulations, therefore printed catalyst samples of equal quality were possible to prepare
and the influence of added amount of iron and silver on the final physical properties as well as
photocatalytic activity were investigated. These samples were compared with pure TiO: fabricated
in the same way.
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Fig. 10 XRD spectra of printed titania layers confirming pure anatas phase (marked by A) and the
presence of doping agents Ag and Fe.

Once well performing jettable compositions were ready, different printing conditions were tested
and the quality of created thin films was studied. Temperature of 30°C, droplet pitch 30 pm and
two overprinted layers were eventually evaluated as the best conditions. These were eventually
used for for the fabrication of the doped samples set investigated in this study. After firing the
printed layers at 450 °C, homogeneous compact layers with grain size around 10 nm were
obtained.

We observed that structure of the film was only slightly changed with the silver addition. In this
case we could observe higher grains. In the case of iron we did not see any differences. From XRD
analysis we found out that pure anatase phase was present in all samples. Band gap energy of non-
doped titania was determined at 3.20 eV which is a typical value for pure anatase. Subsequently,
we observed that with increasing amount of Fe band the gap energy decreased. This decrease of
band gap indicates that shift of absorption edge to higher wavelength occurred however it did not
lead to increasing of photocatalytic activity. We were not able to measure Eg for silver doped
titania because of a uniform dark grey colour of prepared powders resulting into a high absorption
of light and very small reflection with no pronounced peaks nor edges.
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While the sol-gel route to the design of inkjettable formulations undoubtedly confirmed it
viability, there may be situation at which nanocrystalline suspensions may prove more suitable. In
another paper'”? we report the influence of different hydrothermal conditions on the physical
properties and photocatalytic activity of prepared TiO:. Hydrothermally prepared titania slurries
were deposited onto soda-lime glass substrates by material printing and effect of layers thickness
was investigated.
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Fig. 11 XRD spectra of raw TiO, powders obtained from slurries synthesized at 110 °C (left) and
160 °C (right)

In this study, TiO2 colloidal dispersions were conveniently synthesized by the hydrothermal
process. TEM analysis shows that particle size decreased with increasing time of synthesis. In all
cases, pure rutile was prepared that implies that neither time nor temperature of hydrothermally
treatment have significant influence on the final crystalline phase. Phase depends mainly on the
pH used and it was the same in all samples in this study. Using a less acidic pH level (2-3) would
probably result into the formation of a mixture of anatase and rutile or pure anatase. Another
process parameter which could lead to the creation of rutile phase is possibly insufficient washing
of the primary slurry. From the band gap energy analysis we found out that all prepared TiO:
samples were direct semiconductors.

The obvious issue inherently associated with the building of nanoparticular layers from suspension
is the problem of adhesion of the deposited material to the substrate. Naturally, the aggregated
nanoparticles left after solvent evaporation have only very limited adhesion to the substrate and
need to be fixed in some way in order to improve this property. The above referenced examples
employed the most common solution of this problem, i.e. heat sintering at 300-500 °C. However,
more sophisticated solutions have been reported. Cold-setting processes yielding stable titania
layers are very attractive for the fabrication of photoelectrochemical functional or auxiliary
coatings on the surface of heat sensitive substrates. This is especially true in the case of dye-
sensitized solar cells, where the adoption of cheap flexible polymer supports is considered as a
necessary condition for commercial success. A great deal of research attention has been therefore
paid to this problem and several interesting processes have been reported so far. The key involved
mechanisms of titania layer building and fixing include e.g. UV-curing of titanium alkoxide
binder®, the incorporation of mineral binder such as amorphous silica*, atomic layer deposition
over a mesoporous template'?!, low temperature CVD fed with custom molecular precursor'?,
titanium alkoxide decomposition in supercritical carbon dioxide!??, or cold isostatic pressing of
standard P-25 grade of titania®.
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In a recent paper'?*, we informed about our development of a hybrid titania-silica cold-setting sol
that can be deposited onto a wide variety of surfaces without the need of high-temperature fixing
and that is suitable for material printing deposition. We employed a low-temperature modification
of the so called brick-and-mortar strategy? based on mixing prefabricated nanocrystalline titania
“bricks” with “mortar” consisting of amorphous silica binder.

Detailed characterization of physicochemical properties of studied samples indicates excellent
mechanical and optical properties, making the reported material well suited for the fabrication of
transparent self cleaning coatings both on mineral and organic substrates. The obvious issue of a
polymeric substrate resisting to photocatalytic degradation could be easily solved by the
introduction of a pure silica barrier layer. The observed photocatalytic activity is superior to
commercial CVD originating products even in the case of the thinnest layer used in this study.
Coting originated in this way also exhibited interesting biocidic activity.!?

2 layers
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Fig. 12 SEM cross section images of studied samples. Various layer thickness can be conveniently
achieved by multiple overprinting.
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Fig. 13 Oxidative activity of printed photocatalytic coating expressed in moles of hydroxyterephtalic
acid produced upon UV-A irradiation density of 2 mW/cm?.

Similar approach has been employed recently for the fabrication of cold setting titania-silica
coatings with improved electrical properties'?. A hybrid organo-silica sol was used as a binder for
reinforcing of commercial titanium dioxide nanoparticles (Evonic P25) deposited on glass
substrates. The organo-silica binder was prepared by the sol-gel process and mixtures of titania
nanoparticles with the binder in various ratios were deposited by materials printing technique.
Patterns with both positive and negative features down to 100 pm size and variable thickness were
reliably printed by Fujifilm Dimatix inkjet printer. All prepared films well adhered onto
substrates, however further post-printing treatment proved to be necessary in order to improve
their reactivity. The influence of UV radiation as well as of thermal sintering on the final
electrochemical and photocatalytic properties was investigated. A mixture containing 63 wt % of
titania delivered a balanced compromise of mechanical stability, generated photocurrent density
and photocatalytic activity. Although the heat treated samples yielded generally higher
photocurrent, higher photocatalytic activity towards model aqueous pollutant was observed in the
case of UV cured samples because of their superhydrophilic properties. While heat sintering
remains the superior processing method for inorganic substrates, UV-curing provides a sound
treatment option for heat sensitive ones.
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Fig. 14 Comparison of generated photocurrents for a printed nanaparticulate titania electrode bonded
by an organosilica binder. Printed “green body” electrode (top left), thermally sintered (top
right), UV cured (bottom left) and the summary of photocurrent density (pA/cmZ) at 1V potential
for all the studied sample sets (bottom right).

Zinc oxide is another representative on the oxidic semiconductor family with very interesting
properties. Its use for conventional photocatalysis is somewhat limited by its tendency to
photocorrosion. Anyway, with carefully designed reaction systems, ZnO proved to be useful
catalytic material as well'?-128, Similarly to titania, zinc oxide printing can be performed with inks
based on the sol-gel chemistry or on colloidal dispersions of prefabricated crystalline
nanoparticles, optionally with a suitable binder.

In a recent paper, we reported on the TiO2/ITO and ZnO/ITO electrodes prepared by piezoelectric
ink-jet printing of inks based on the sol-gel chemistry were stable and possessed very good photo-
induced functional properties'?. The obtained electrochemical characteristics reflected the ability
to react immediately on the UV light signal by generation the charge carriers. The measurements
also confirmed a high potential of the photo-electrochemistry tests for evaluation the role of the
used ionic liquids (IL) as electrolytes. The electrochemical system with ILs behaved almost
perfectly according to the experimental Walden rule'®. We believe that the change of polarity
decrease with growing alkyl chain results in a rapid change in the photo-electrochemical
behaviour for both types of semiconductor layers. The alkyl chain obviously decreased the molar
conductivity of the molecule due to decreasing the polarity/mass ratio and increasing the value of
the dynamic viscosity, and these properties were clearly reflected in the shape of the recorded
polarization curves.

25



70 | T I T | T | T I | T I T I ] T 70
/1 65

60 —
] 60
50 - 55
] 50

(%)
[=
LI L LI I L I L Y I B A

= =
3] )
= <
= =
= =
b= 35 G
5 g
3 20 30 2
5 g
ERRT 5 E
o 20 @]

0 15

10

-10
u 5

I 1 I 1 I 1 I 1 I I 1 I 1
02 0 02 04 06 08 1 120 100 200 300
Potential [V] vs. Ag/AgCl Time [s]

Fig. 15 Records from linear sweep voltammetry under chopper irradiation(left) and amperometry with
continuous one (right) comparing the photocurrent densities generated by TiO, (thick line) and
ZnO (thin line) electrodes.

ZnO inks were also successfully formulated as prefabricated nanoparticular dispersions.’® Thin
transparent films were prepared by dip-coating and inkjet-printing of few-layer ZnO nanosheets
on glass plates. The advantage of the ZnO nanosheets is the possibility to fabricate transparent and
oriented surfaces with exposed high energy facets {001}. The manner of the nanosheets
arrangement affected the morphology of the films from very smooth, nonporous dip-coated films
to rather rough inkjet-printed films with a surface area in the range of ca. 100-160 m?g™'. The 4-
chlorophenol photocatalytic degradation rate constants of the nanosheets-based films were
approximately 1.5 to 1.7 times larger when compared with the ZnO films with a nanocolumn
morphology or with the ZnO films prepared by the sol-gel technique. We attribute the high
photocatalytic activity of the ZnO nanosheets to their surface arrangement with the exposed
facets {001} towards the oxidized substrate.
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Fig. 16 XRD patterns of (a) nanocolumns, (b) inkjet-printed 5 layer film, (c) dip-coated 9 layer film,
and (d) sol-gel film.
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Tungsten (VI) is widely studied functional inorganic semiconductor material'3? with some very
special properties, notably exceptional electrochromic behavior'®. It enables attractive application
in energy efficient systems (e.g. smart windows), sensors, displays, storage units, electric and
photo catalysts and solar cells. The WOs layers are mostly made by expensive vacuum deposition
methods, while our recent contribution we reported inkjet printing of sol-gel derived tungsten
solution on glass and transparent conductive oxide.' We used the peroxo sol-gel synthesis to
prepare the peroxopolytungstic acid sols which were then further modified with different solvents
in order to get suitable jetting solution for inkjet printing. Furthermore, we describe the
rheological and structural properties of WOs sols, dynamics of WO3 droplets and the morphology
and quality, of WOs printouts. The functionality of transparent WOs layers is demonstrated in an
electrochromic device.

Most often used methods for WOs coating fabrication include various chemical vapor deposition
arrangements, sputtering or electrodeposition. CVD and RF sputtering are inherently “dry”
deposition methods, whereas electrodeposition is a wet method. Also important is the flexibility of
RF sputtering deposition conditions, which enables large area deposition of thin films under
various conditions. All of these methods give uniform and homogenous layers exhibiting good
chromogenic performance with regards to stability, coloration and bleaching kinetics,
transmission modulation and coloration effi-ciency. However, electrodeposition is the only low
cost conventional procedure with the ability to produce amorphous or nanocrystalline coating

over a large area at room temperature. In comparison, inkjet printing is relatively cost efficient,
enables selective deposition over a large area, flexibility, and allows the use of different functional
materials.

4.4 Insulating Species

The number of functional non-conductors which are possible to deposit by inkjet printing is huge
and so is the number of potential applications. Below we briefly describe two selected cases which
may be of interest to a wider audience. Both were extensively used in our lab for the purpose of
evaluating the photocatalytic activity of self-cleaning glass.

Recently, the benefits of photocatalytic activity testing by means of redox indicator inks have
been convincingly demonstrated'®>. We adopted this approach and the experiment was performed
in a special dedicated photochemical reactor developed by the authors. It consists of a simple
housing holding a sample of photocatalytic self-cleaning glass over a collimating lens terminated
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optical fibre. This “plate reactor” was further equipped with two LEDs positioned opposite the
collimating lens. One of them, emitting at 650 nm, served as the light source for measurement of
absorbance with a RedTide USB650 UV-VIS spectrophotometer (Ocean Optics), while the second
diode (UVLUX320-HL-3, Roithner LaserTechnik) emitting at 337 nm, served as the actinic
radiation source for TiO2 excitation. Irradiance was set to 0.5 mW.cm. The investigated sample of
self-cleaning glass coated with a layer indicator ink!* containing 2,6-dichloroindophenol, placed
in the reactor and the absorbance drop was measured in 5 s increments at 650 nm. While a wire-
bar application of the indicator ink is suggested in the referenced paper, we employed the inkjet
printing method.

UVALED in rubber cap
LED 650 nm and in metallic sleeve

Glass with photocatalyst layer,
free-moving on reactor base

Col|mato 100 mm

| Optical fibre -

Fig. 18 Photochemical reactor for photocatalytic degradation of redox dye ink (left) and a glass slide
coated with a photocatalyst overprinted by patches of DCIP inkof various thickness (right)

Degradation of a dye 2,6-dichloroindophenol to its colourless form is explained as reduction to its
leuco-form accompanied by the oxidation of a suitable hole scavenger. 3713 We discovered that
the dependence of relative absorbance on time is linear so it means that photochemical
degradation of DCIP ink runs according to the zero order kinetics.!* The oxidation reaction of the
DCIP ink is a complicated process affected namely by glycerol concentration in the polymer layer.
The degradation reaction rate can be characterized by its formal rate constant. An experiment
with the blank sample (without the photocatalyst) was also carried out and the resulting final
value of direct photolysis rate constant of the ink was subtracted from the final measurement rate
constant values to obtain the net formal rate constant corresponding to photocatalytic efficiency of
tested lyers.

Stearic acid is another attractive model compound because of its similarity to many of the waxy,
hydrophobic solids that adhere to glass in the real world. The kinetics of its removal is zero-order,
i.e., independent of how much is deposited, except for very thin films.!* The destruction of stearic
acid can be indirectly measured via monitoring the amount of generated CO: using gas
chromatography'® or FTIR'!, through the change in thickness of the stearic acid film using
ellipsometry'¥?, but the generally preferred and simplest method is by monitoring the
disappearance of the infrared absorption'# of the stearic acid film as a function of time.
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We employed the last mentioned approach and integral absorbance values of the printed stearic
acid layer in the range of 3200-2600 cm™ were recorded by FTIR spectrometer.In most cases, the
observed kinetic profiles obey to the formal first order kinetics, which is consistent with the
results reported by other authors.!44146

Yet, the kinetic profile of stearic acid degradation is affected by several aspects. It depends on
homogeneity, roughness, thickness of photocatalyst and thickness of stearic acid. In the case of a
very thin stearic acid layer on a superhydrophilic photocatalyst, the clusters of stearic acid are
likely to be formed. Only in this particular case, the degradation rate can be described by the first
order kinetics. If the stearic acid is thick and uniform, the degradation rate would obey the zero
order kinetics since we can expect a linear decrease of the fatty acid layer thickness. However, the

stearic acid degradation kinetics observed on real samples is not unambiguous and usually is
between zero and first order kinetics'®.

Fig. 19 A glass slide coated with a photocatalyst overprinted by patches of stearic acid of various
thickness.
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Fig. 20 Changes in FTIR transmittance spectra of stearic acid printed onto a photocatalyst layer
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5 Examples of a Complex Printed Functional Structures — Printed Electrochemical Cell

The following paragraphs further expand the concept presented above. Printable materials
mentioned so far, i.e. conductive, semiconductive and insulating materials, are all used together to
make a fully printable functional electrochemical device.

The photocatalytic activity of any immobilized semiconductor photocatalyst can be boosted by the
application of external electrical bias.!#” The strategy is based on enhancing the electron-hole
separation and consequently increasing the quantum yield of the pollutant degradation by the
application of electrical bias, which is possible when the photocatalyst is deposited on an
electrically conducting substrate!“¢150. However, in the resulting electrochemical cell, 7R drop is
one of the factors limiting high current throughput at moderate bias. If the treatment of low ionic
strength media (drinking water) is envisaged, means for minimizing the 7R drop must be secured.

One way is to use a parallel plate reactor with two opposite electrodes and a small space between
them where the electrolyte is passed through!>!. However, the pressure build-up is considerable in
a module consisting of many such cells. This drawback can be avoided by using a planar
electrochemical cell with two interdigitated electrodes (IDE). The working electrode consists of an
electrical conductor covered by a semiconducting metal oxide (e.g. titanium dioxide). The counter
electrode material is not critical as long as sufficient electrical conductivity and corrosion
resistance is provided and interdigital geometry is respected. Such a design ensures two key
functions: (1) it suppresses the main obstacle to efficient use of absorbed photons, i.e. the
recombination of photogenerated charge carriers, by applying external electrical bias to the
semiconducting photocatalyst and (2) it avoids the reduction of the generated photocurrent due to
IR drop, even in electrolytes of low ionic strength. These features make the device an interesting
candidate for electrophotocatalytic purification of drinking water.

Material printing seems to be a promising microfabrication method well applicable for the
production of planar layered devices, including interdigitated cells. In a recent paper, we adopt the
principle of planar electrochemical cells to the versatile method of ink-jet printing allowing for
rapid processing and essentially unlimited upscaling, and reported on the design and technology of
planar interdigitated photoelectrochemical cells.’®> We employed a mixed subtractive and additive
approach and deposited all the functional and auxiliary layers solely by inkjet printing.

Thus planar, interdigitated photoelectrochemical cells were made by ink jet printing. The
electrode fingers had widths from 200 to 2000 pym and were revealed by printing a positive
protective polymer mask on FTO (F:SnO2) covered glass slides and subsequent etching. One finger
family was covered by TiO:, made by using an ink containing the precursor inside inverted
micelles and annealing in air. The device was finalized by printing a masking frame around its
edges defining the active area. The same UV curable ink and curing procedure was employed for
this task.
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Fig. 22 Stylus profilometric scanning map of a segment covering two fingers of the C8-3 device (500-
500-500-500 pym, 300 nm titania), where the one on the left is FTO covered by TiO2 and the
one on the right FTO.

A typical photoelectrochemical response of one of the finger devices under continuous UV
irradiation and in the dark is depicted at Fig. 23. Three complete cyclic scans were recorded in this
measurement in order to confirm the stability and the repeatability. The “UV curve” describes the
profile of the total photocurrent delivered by the device, corresponding to the number of free
charge carriers generated in the semiconductor and drawn into the external circuit by the applied
voltage. The photocurrent steeply increases in the 0-0.5 V range, and then reaches a plateau where
the current density is essentially independent on the voltage.

The positive effect of interdigitated electrode design on the cell performance can be illustrated by
comparing the response curves in various electrolytes (Fig. 24). Generally, in a conventional
electrochemical cell, with decreasing electrolyte conductivity the photocurrent-voltage
characteristic should become flatter. However, with the interdigitated design, the ohmic drop is
(partially) compensated and therefore the observed current is well conserved — while a
photocurrent of 80 pA at 1V bias in sodium sulfate solution of specific conductivity of 4450 pS/cm
is flowing, still 70 pA are obtained in a more diluted solution of conductivity 266 pS/cm, and 65
pA in an even more diluted solution of conductivity 30 uS/cm.
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Fig. 23 Typical i-V response curve of a printed IDE device (C7-1, 1000-1000-1000-1000 ym, 100 nm
titania) under continuous irradiation in 0.1 molar sodium sulfate.

200
1 |—— IDE
- - -rectangular
| |— IDE
150 4 |~ — - rectangular
IDE
- rectangular,
<
3 ]
S 100 A
0 ]
5
)
50
0—' ”/-' -
T T L L T T
-0.5 0.0 0.5 1.0 15 2.0

Potential vs. FTO

Fig. 24 Comparison of i-V response curves of electrodes with rectangular and interdigitated
geometries in different electrolytes under continuous irradiation

An example of photodegradation of a solution of terephthalic acid under UVA irradiation and
assisted by electrical bias, using a 1000-1000-1000-1000 device with 200 nm thick TiO: fingers is
shown at Fig. 25Fig. 25 . During the course of the experiment, the fluorescence due to an
intermediary product (OH-substituted) increased and would eventually decrease down to zero as
the fluorescent intermediate is further oxidised. The fluorescence at 425 nm plotted as a function
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of time reflects the initial reaction rate. While the blank checks show essentially no reaction, we
can observe a doubling of the reaction rate (with respect to the unbiased case) when an external
bias of 1 V was applied. From the initial slopes of the traces, the production rates, v, can be
calculated taking into account the total volume of the solution. These production rates,
considering Farday’s law of electrolysis, are related to the electrical charge passed (photocurrent,
hhowo). The Faradaic efficiency, £ of the process is calculated using f= vF/ fhowo. The value of 0.009
obtained for the experiment shown in Fig. 9 is satisfactory given the fact that a very low
concentration of electroactive species (1.10> M) was used. Polychromatic light centered at 365 nm
was used for this experiment. The IPCE (incident photon-to-current efficiency) was 0.13 at 365
nm for 200 nm thick electrodes. Values of f were found close to values obtained for the
degradation of phthalic acid in a parallel plate reactor!>®. While the datasets of the irradiated
samples were measured continuously in 10 s intervals, the dark ones needed to be measured
discontinuously only a few times during the reaction duration because a single radiation source
was used for both catalyst activation and fluorescent probe excitation.
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Fig. 25 Concentration profiles of HTPA under various experimental conditions
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6 Conclusion

This thesis represents a complete account of the author research activities for the past 8 years. The
results of all relevant papers were briefly discussed and all the papers are disclosed in chapter 9 of
this thesis.

Direct patterning performed by piezoelectric inkjet printing proved to be an attractive method for
depositing liquid formulations onto solid supports. It provides clean, efficient and highly
repeatable way of coating. Moreover, it is easy to up-scale to coat large substrates by means of
industrial large-format printers and at the same time it brings the possibility to produce 2D
patterns with micrometer accuracy. These features make direct inkjet patterning one of the
prominent deposition techniques for the quickly expanding field of printed electronics.

As far as the insulating species are concerned, two cases dealing with the deposition of indicator
inks were discussed. Both are relevant to generally applicable testing of photocatalytic activity of
transparent coatings on glass. Stearic acid as well as DCIP were suggested previously as useful
indicators. We managed to formulate reliable inks a demonstrated complete systems with
dedicated photoreactors allowing highly reproducible testing of photocatalytic activity.

Inkjet printing also proved to be an elegant and efficient method for the fabrication of gold
conductor patterns. With modern high speed flatbed printers readily available, the technique is
also suited for industrial scale production. While interdigitated electrode systems have been
routinely fabricated by screen-printing for the past 50 years, the here proposed fully digital
printing workflow eliminates the need for physical printing forms, saves expensive precious metal
ink and allows an unlimited freedom in the design of the electrode patterns. The benefits of the
presented approach become even more prominent during the fabrication of single prototypes or
small batches of large-scale devices, where the dead volume of conventional coating devices would
prohibitively increase the production costs.

The greatest deal of attention has been paid to the patterning of transition metal oxide
semiconductors. Direct patterning performed by piezoelectric inkjet printing proved to be an
attractive method for depositing liquid formulations onto solid supports. Functional inks
containing blended colloidal systems (either sol-gel or crystalline nanoparticulate, sometimes with
optional silicon based binders) were successfully developed and utilized for the fabrication of
titania, zinc oxide and tungsten oxide functional coatings.

Apart from the inkjet material printing of individual materials forming single layers, the
fabrication of complex functional structures has been achieved, which is illustrated on the
example of planar interdigitated photoelectrochemical cells.

The papers reporting on this research have been published in leading leading high-impact journals
and so far have received 52 citations which accounts for the recognition of the work by other
researchers.
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Abstract Planar, interdigitated photoelectrochemical
cells were made by inkjet printing. The electrode fingers
had widths ranging from 200 to 1500 pm and were
revealed by printing a positive protective polymer mask on
fluorine-doped tin oxide-coated glass slides and subsequent
etching. One finger family was overprinted by an ink-jet-
table sol-gel composition based on titanium propoxide
which was then converted into TiO, by annealing in air. An
incident photon to current conversion efficiency of 0.19
was obtained at 360 nm for 200-nm-thick films. The
influence of electrode geometry and titania thickness on the
electrochemical properties of resulting cells is discussed in
detail. Due to the interdigitated layout, photoelectrochem-
ical response was not suffering from iR drop down to low
electrolyte ionic strengths. The printed cells were used in
photoelectrocatalytic degradation experiments of aqueous
solutions of benzoic acid by broadband ultraviolet irradi-
ation (UVA) and electric bias of 1 V and delivered con-
siderable acceleration of the degradation process compared
to the plain photocatalytic mode.
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1 Introduction

Photocatalytic systems employing slurried powders of
TiO, are able to deliver excellent performance due to their
very high-catalyst surface area [1]. However, catalyst
immobilization inevitably results in the decrease of active
catalyst surface area which is accompanied by a loss of
catalytic performance due to limited mass transport [2].
Yet, immobilized TiO, is the preferred form of photocat-
alyst for industrial applications, because with an immobi-
lized catalyst there is no need for separation of the catalyst
from the liquid phase and continuous reactors are thus
easier to design.

The enhancement of photocatalytic activity of an
immobilized semiconductor photocatalyst by the appli-
cation of external electrical bias has been convincingly
demonstrated [3]. The strategy is based on promoting
photogenerated electron—hole pair separation by applying
an electrical potential which results in an increase of the
quantum yield of the pollutant degradation. This is only
possible when the photocatalyst is deposited on an
electrically conducting substrate [4-6] working as pho-
toanode. The most straightforward fabrication route for
metal oxide-coated photoanodes is the anodic oxidation
process [7] which is capable of providing oxide coating
with various topology and doping options [8-13], but
oxide-coated photoanodes can be deposited by many
other methods which are upscalable, among them sol-
gel-based ones (dip-coating, spin-coating) [14] and spray
pyrolysis [15].
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However, when using conventional reactor design and
electrolytes of low conductivity, iR drop is one of the
factors limiting high-current throughput at moderate bias.
Supporting electrolyte may be added to increase the elec-
trical conductivity in traditional electrochemical cells, but
if the treatment of inevitably low ionic strength media
(drinking water) is envisaged, other means for minimizing
the iR drop must be secured.

The iR drop may be reduced by the use of a parallel
plate reactor with two opposite electrodes and a small
space between them where the electrolyte is passed through
[16]. However, this configuration is prone to the pressure
build-up in a module consisting of many such cells. This
drawback can be avoided by placing both electrodes onto a
single substrate and shaping them into a close mutual
proximity with a very long boundary, i.e., creating inter-
digitated electrodes (IDE). The working electrode consists
of an electrical conductor covered by semiconducting
titanium dioxide. The counter electrode material is not
critical as long as sufficient electrical conductivity and
corrosion resistance is provided, and interdigital geometry
is respected. Such a design ensures two key functions: (1) it
suppresses the main obstacle for efficient use of absorbed
photons, i.e., the recombination of photogenerated charge
carriers, by applying external electrical bias to the semi-
conducting photocatalyst and (2) it avoids the reduction of
the generated photocurrent due to iR drop, even in elec-
trolytes of low ionic strength. These features qualify the
device as an interesting candidate for photoelectrocatalytic
purification of drinking water. Decomposition of model
pollutants has been observed on centimeter-scale prototype
devices fabricated by conventional lithographic techniques
using optical copying through contact masks for resist
patterning [17]. Although the lithographic approach allows
for very fine patterns to be fabricated, it is unsuitable for
the fabrication of large foot-print cell modules.

Recently, major developments in the technology of
electronic component fabrication have taken place. The
dominant position of subtractive fabrication processes
based on sequential etching through temporary resists
masks has been challenged by a new additive approach.
The so-called material printing techniques [18] seem to be
a promising microfabrication method well applicable for
the production of planar structures with a low level of
integration. The technique is based on sequential laying of
patterned functional layers by means of modified conven-
tional printing techniques. Strictly speaking, material
printing has been around for several decades, but limited to
screen printing [19-21] which has been widely applied in
the electronic industry. During the past decade, the concept
of material printing has been significantly broadened, and
the portfolio of applicable techniques has included offset,
gravure, flexo, and inkjet printing.
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While generally all traditional printing techniques can
be adopted for printing functional layers and patterns,
inkjet printing [22] occupies a prominent position. Despite
its quite narrow viscosity and particle size limits, it seems
to be the most suitable technique for lab scale prototype
development as no hardware printing form is necessary,
i.e., patterns designed on a printer driving computer can be
printed directly without the need for physical printing form
manufacturing. Moreover, upscaling is very smooth and
easy, because industrial inkjet printers with several meters
working width are readily available [23-25], so transfer
from prototype level to a small series level is reduced to
switching to a bigger printer.

In this paper, we report on further improvement in the
design and fabrication technology of planar-interdigitated
photoelectrochemical cells fabricated by inkjet printing.
The concept of fully printed electrochemical cell intro-
duced recently [26] is further expanded, and more design
variables are discussed in this paper. The adoption of inkjet
printing provided a great freedom in the design of the cells,
and thus samples of various geometries and active layer
thickness could be easily fabricated and their electro-
chemical properties were investigated. Cell functionality is
demonstrated by the photoelectrocatalytic oxidation of
benzoic acid.

2 Experimental
2.1 Cell fabrication procedure

FTO glass sheets (Sigma-Aldrich, 11 /) were cut down to
26 x 76 mm slides, sonicated in Neodisher LM cleaning agent,
rinsed in ethanol, fired at 450 °C, rinsed in 1 vol% ethanolic
solution of an aliphatic hydrocarbon-based hydrophobization
agent (Toko Waterstop, Tokowax, Switzerland), rinsed in 1
vol% aqueous solution of sodium dodecylbenzene sulfonate
(Enaspol Inc., Czech republic), and dried with a stream of
nitrogen.

Printing of all functional and auxiliary layers was per-
formed with an experimental inkjet printer Fujifilm
Dimatix 2831. The printer has been successfully employed
for the deposition of a wide variety of functional and
auxiliary layers [27-34], and during the past years de facto
has become the industrial standard tool for ink develop-
ment and testing.

Generally, the following procedure was repeated for
each printing step: the prepared printing formulations were
sonicated for 5 min and then loaded into syringes. 0.45-pm
membrane filters (Pall Corporation, USA) and blunt nee-
dles were attached to the syringe luer ports. The printing
formulations were filtered and filled into the Dimatix ink
tanks. Dimatix “10 pL” printing heads were attached to the
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tanks, which were then mounted into the Dimatix printer.
The IDE base pattern as well as the patterns for other layers
was drawn as vector graphics and exported to 1-bit BMP
files to be used for driving the printer.

The sequence of processing steps is outlined in Fig. 1.
First, the base pattern serving as the current collecting IDE
was revealed by printing a positive protective polymer
mask on the FTO glass slides using a UV-curable ink
(Svang Cyan, Grapo Ltd., Czech Republic), cured off-line
under a mercury vapor medium pressure lamp (25 J/cm?),
and baked on a hot plate at 250 °C for 10 min (Fig. 1).
Next, the unmasked FTO was subject to a three-step pro-
cess in order to remove the naked FTO, while preserving
those areas covered by the protective printed mask. First,
most of the FTO was removed by electroreduction in a 0.05
molar solution of oxalic acid. Then, the remaining isolated
FTO islands were etched off by gentle rubbing against the
surface of a zinc plate immersed in 15 % aqueous HCI.
Finally, the slide was rinsed in 4 % aqueous HF for 2 min.
After the etching operation was finished, the mask was
removed by firing at 450 °C for 30 min.

The second layer, i.e., the titania working electrode, was
printed using a previously developed ink-jettable sol-gel
composition [35]. The thickness after calcination was 50 nm
per single layer. It was possible to print 2 layers of sol in
wet-to-wet manner followed by single calcination (heating
rate 3 °C per min, 30 min at 450 °C) yielding 100 nm
titania layers without any cracking in one deposition cycle.
Attempts to print more sol layers followed by single calci-
nation resulted in cracked and/or peeling layers. Therefore,
thicker layers were prepared by repeating the complete cycle
of printing double sol layers and calcination.

The device was finalized (Fig. 2) by printing a masking
frame around its edges defining the active area employing
the same UV-curable ink and curing procedure. Proper
aligning of the titania active layer and the insulator mask
was achieved by means of the Dimatix fiducial camera,

II

Fig. 1 Device fabrication scheme: Onto a FTO (green)-coated glass
slide, a UV-curable mask (violet) is printed. Naked FTO is removed
by etching and the mask over the remaining FTO is stripped off by

Fig. 2 Finished cell

which enables sample observation and print origin align-
ment with 5 pm accuracy.

2.2 Investigation of IDE device properties

Layer quality was monitored by a Nikon Eclipse E200
optical microscope equipped with a polarized light unit and
a Nikon D5000 digital camera and Nikon Camera Control
Pro 2 software. SEM imaging and elemental analysis were
performed on a ZEISS EVO LS 10 scanning electronic
microscope. The same machine was used for layer thick-
ness estimation by observing sample cross sections. Phase
composition of calcined titania layers was confirmed by a
Panalytical Empyrean XRD system, and their diffuse
reflectance UV-Vis spectra were recorded by an Ocean
Optics Redtide spectrophotometer with a reflectance fiber
probe. Layer thickness was investigated by a Dektak XT
stylus profilometer.

Photoelectrochemical characterization was performed
using a two-electrode setup with the titania-overprinted
FTO finger family as the working electrode and the
opposite naked FTO finger family as the counter electrode.

burning at 450 °C. The exposed interdigitated FTO pattern is
overprinted by titania ink (orange) and finally an insulating masking
frame is printed. (Color figure online)
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This setup was fitted into a custom-build 15 x 40 x
70 mm quartz cuvette. The cuvette was fitted onto an
optical bench equipped with a Sylvania Lynx-S 11 W
BL368 fluorescent UVA lamp. The lamp emission was
monitored by a Gigahertz Optic X97 Irradiance Meter with
a UV-3701 probe, and the irradiance was set to 2 mW cm 2
(integral irradiance in the 320—400 nm range) by adjusting
the lamp to cuvette distance. A magnetic stirrer was placed
beneath the cuvette and a magnetic flea inside the cuvette
provided efficient electrolyte mixing.

Current—potential and current—time measurements were
performed with a custom computer-controlled power
source meter built on the basis of the National Instruments
Labview platform (NI cDAQ-9172 interface with NI9219
and NI9263 convertors), supplying linear voltage sweeps
and measuring currents down to sub-pA range. For chop-
ped response curves, the lamp was manually obscured and
revealed at 5-s interval. Photoelectrocatalytic experiments
were conducted with the same cell and light source.

For the estimation of IPCE (incident photon to current
conversion efficiency) at various wavelengths, photocur-
rent measurements were conducted under potentiostatic
control. An O-ring of 8-mm inner diameter confined a
10 pl drop of electrolyte into which an SCE reference
electrode with attached Pt-wire functioning as counter
electrode was dipped. Backside illumination (through the
glass substrate) was provided by LEDs mounted below the
sample (Fig. 3). Photocurrents were related to the pho-
tocurrents generated in a Hamamatsu S1337-1010BQ-cal-
ibrated photodiode positioned at the same location in
separate runs, thus allowing for the calculation of IPCEs.

Fig. 3 Setup used for the IPCE estimation
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2.3 Photoelectrocatalysis

Recently, several aromatic fluorescent probes were sug-
gested as model compounds for monitoring the oxidative
activity of valence band holes generated in the immobilized
photocatalyst, such as terephthalic acid [36] and coumarin
[37]. Upon oxidation, presumably resulting from the attack
of a hydroxyl radical or a valence band hole, the aromatic
compound is oxidized into its hydroxylated derivative,
which gives a strong fluorescence signal in the 400-500 nm
spectral range. This approach simplified the experimental
setup, because a single-radiation source could be used for
both the activation of the photocatalyst and for the excitation
of the fluorescent probe generated during the course of the
reaction.

In this study, benzoic acid was employed as a model
compound for photoelectrocatalytic degradation experi-
ments. Its concentration can be determined by HPLC [38]
which also allows to identify the degradation intermediates
and monitor their concentration. Benzoic acid is also
suitable as a fluorescent probe, because its dominant oxi-
dation products, i.e., monohydroxybenzoic acid isomers,
give an appreciable fluorescent signal around 410 nm [39,
40]. This makes in situ automated recording of oxidation
intermediate concentration profiles possible by means of
fiber optics spectrometers. With the same instrumentation,
absorbance changes accompanying benzoic acid degrada-
tion were monitored. Neither the fluorescence measure-
ment of the reaction intermediates nor the absorbance
measurement of benzoic acid is selective, as the absorption
and emission bands overlap to a large extent. Nevertheless,
absorbance is a useful indicator of the remaining concen-
tration of chromophores present in the reaction mixture.

Fluorescence emitted by the oxidized intermediates was
collected by a quartz collimating lens mounted in the lat-
eral wall of the cell holder and projected into an optical
fiber attached to an Ocean Optics Maya 2000 spectrometer.
Calibration was performed using salicylic acid standard
(Sigma-Aldrich). Absorbance changes following the
degradation of benzoic acid were measured by a trans-
mission dip probe coupled to an Ocean Optics PX-2 pulsed
xenon light source and a USB-650 Red Tide UV-vis
spectrometer. The spectrometer driving software allowed
for a convenient automated recording of the both fluores-
cence intensity and absorbance. Chronoamperometric
measurements were performed during the course of the
reaction with the custom-built ammeter. Samples for HPLC
were collected at regular time intervals and their total
volume did not exceed 10 vol% of the reaction batch
volume. The analysis was performed using a Dionex-Ul-
timate 3000 High Performance Liquid Chromatograph with
an Eclipse Plus C18 column. A mixture of 5 x
107® mol dm ™ sulfuric acid and methanol in the ratio
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70:30 was used as a mobile phase with a flow rate
0.5 cm® s~ at a column temperature 30 °C. The peak for
benzoic acid appeared at the retention time of 5.89 min at
the wavelength of 230 nm.

3 Results and discussion

Devices with electrode finger widths ranging from 200 to
1000 pm were conveniently fabricated. Apart from regu-
larly spaced devices, several other layouts were also fab-
ricated and their properties were investigated, including
reduced gap devices or devices with different finger widths
of working and counter electrodes. Moreover, the thickness
of the titania working electrode layer was varied in the
100-500 nm range (Table 1).

3.1 Physical properties of devices

Optical microscopy images of the transparent layers tended
to be faint and had low contrast. Profilometric scanning
provided information about the thickness, roughness, and
homogeneity of deposited layers. Figure 4 depicts the
record of a stylus profilometric mapping across 2 fingers of
a 500-500-500-500 um device fabricated with 3 cycles of
titania deposition. The thickness of the FTO finger (app.
550 nm) and of the FTO + titania layer (app. 300 nm) can
be exactly determined, and the overlap of the wider titania
strip is also clearly visible. Figures 5 and 6 illustrate the
optical properties and phase composition of the reverse
micelles originated titania layers, respectively. Strong
interference coloring observed visually expresses itself in
the typical periodic peaks in the diffuse reflectance spectra.
The phase composition was investigated by XRD, and the
presence of anatase and cassiterite (SnO,) phases was
confirmed. Further details about the properties of this
particular type of titania coating and comparison with

Table 1 Outline of fabricated devices

titania coatings made by other methods can be found in our
previous communication [41-43].

3.2 Electrical properties

The photoelectrochemical performance of the cell, i.e., the
photocurrent as a function of applied voltage, is the key
property for the evaluation of the IDE device quality and
suitability for oxidation of organic molecules dissolved in
water. Photocurrent analysis enables to investigate the
influence of process variables and also checks for fabri-
cation errors (shorts, layer separation, etc.). Some of the
key variables are discussed below.

The irradiation intensity, wavelength, and incidence
(from the electrolyte side or from the substrate side)
determine the amount of photons reaching the semicon-
ductor and being absorbed by it and the corresponding rate
of electron-hole pair generation. This parameter was not
altered in this study, and the irradiation was set to 20 W/m?
UVA broadband irradiation incident on the photocatalyst
(front) side.

The photocurrent—voltage characteristics also depend on
the electrical resistance of the circuit, which is determined
by the electrode design and electrolyte choice. Since an
interdigitated design has been employed in this study, the
concept of the (conductivity) cell constants, k, of the
interdigitated finger device [44] may be applied to evaluate
the influence of electrode design on the observed pho-
tocurrents. It was observed that k¥ values were close to the
ones calculated following Olthuis et al. [44]. A structure of
200-pum-wide fingers and spaces was already fine enough to
obtain a x value below 0.01 cm™'. Other cells reported in
this study, i.e., cells with 500- and 1000-pm-wide fingers,
featured cell constants of 0.0136 and 0.0271 cm_l,
respectively. Thus, decreasing specific conductivity of a
diluted electrolyte can be compensated by the lower cell
constant of cells with finer fingers.

Sample code Device properties

IDE pattern

Working electrode
coverage (%)

TiO, thickness

(C1-6)-x 1000-1000-1000-1000 preliminary
testing and process optimization

C7-x 1000-1000-1000-1000

C8-x 500-500-500-500

C9-x 1500-500-500-500

C10-x 1000-500-1000-500

Cl1-x 200-200-200-200-200

25 x=1,2,3,4,5
deposition cycles

25 100 nm per single cycle

25

50

33

25
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Fig. 4 Stylus profilometric
scanning map of a segment
covering two fingers of the C8-3
device (500-500-500-500 pm,
300 nm titania), where the one
on the left is FTO covered by
TiO2 and the one on the right
FTO
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Fig. 5 Diffuse reflectance spectra of printed titania on glass

A typical photoelectrochemical response of one of the
finger devices under continuous UV irradiation and in the
dark is depicted in Fig. 7. Three complete cyclic scans
were recorded in this measurement in order to confirm the
stability and the repeatability. The “UV curve” describes
the profile of the total photocurrent delivered by the device,
corresponding to the number of free charge carriers gen-
erated in the semiconductor and drawn into the external
circuit by the applied voltage. The photocurrent steeply
increases in the 0-0.5 V range, and then reaches a plateau
where the current density is essentially independent on the
voltage.

In the plateau region (1.4 V vs. SCE), IPCE values
reached 0.19 at 360 nm for a 200-nm-thick film (Fig. 8).
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Fig. 6 XRD diagram of a 200-nm-thick film on FTO/glass with
peaks assigned to anatase and cassiterite

The figure also features a Tauc plot revealing the position
of the band gap.

The influence of titania thickness on the photocurrent
density is depicted in Fig. 9 under regular chopping,
allowing the simultaneous recording of the i—V response in
the dark and under illumination. The plateau region of all
the curves is very well developed and clearly indicates the
linear additive trend of photocurrent with the number of
deposition cycles.

Generally, the observed photocurrent is proportional to
incident radiation flux and independent on electrolyte
concentration. It can be calculated exactly from the IPCE-
wavelength relation (Fig. 8) and the emission spectrum of
any light source received at the surface of the device [3].
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Fig. 7 Typical i~V response curve of a printed IDE device (C7-1,
1000-1000-1000-1000 pm, 100 nm titania) under continuous irradi-
ation in 0.1 molar sodium sulfate
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Fig. 8 IPCE as a function of wavelength of an electrode (glass/FTO/
200 nm TiO,) at 1.4 V versus SCE under backside illumination. Inset
Tauc plot of the IPCE data

The current also depends on the area of the working
electrode related to the total device area (the coverage).
Figure 10 illustrates this by a comparative plot of response
curves from samples C8, C9, and C10 having a working
electrode (TiO,) coverage of 25, 33, and 50 %, respec-
tively. Although the general trend of increasing current
with increasing coverage is respected, the absolute values
do not correlate well, i.e., the photocurrent delivered by C9
(50 % working electrode coverage) is more than twice as
high as the photocurrent of C8 (25 % coverage). This effect
can be attributed to the isotropic nature of the etching bath
which creates significant undercuts removing FTO even
under the printed mask. Therefore, the real working elec-
trode coverage of finer fingered devices tends to be more
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Fig. 9 i—V response curves of 1000 pm devices for different titania
thicknesses under chopped irradiation
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Fig. 10 Comparison of i~V response curves for various IDE cell
geometries, 200-nm-thick TiO, films

reduced than the area of wider fingered devices. The effect
is even more obvious upon the comparison of two sample
series with the same surface coverage by titania but dif-
ferent finger densities, e.g., the C7 and C8 samples
(Fig. 11). The photocurrents generated by the finer fingered
series were consistently smaller than the wider fingered
one, despite the fact that the active area should be equal. In
order to overcome this problem, mask files used for the
fabrication of further sample series were modified to
compensate for this phenomenon.

The positive effect of IDE design on the cell performance
can be illustrated by comparing the response curves in var-
ious electrolytes (Fig. 12). Generally, in a conventional
electrochemical cell, with decreasing electrolyte conduc-
tivity, the photocurrent—voltage characteristic should
become flatter. However, with the interdigitated design, the
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Fig. 11 The photocurrent response curves of original (not compen-
sated for undercutting) C7 and C8 series. 300-nm-thick TiO, films
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Fig. 12 i~V response curve of the C3 device (100-nm thick) in
electrolytes of various conductivities under chopped irradiation

ohmic drop is (partially) compensated and therefore the
observed current is well conserved. While a photocurrent of
80 pA at 1 V bias in sodium sulfate solution of specific
conductivity of 4450 nS/cmis flowing, 70 pA are obtained in
a more diluted solution of conductivity 266 puS/cm, and still
65 LA are observed in an even more diluted solution of
conductivity 30 uS/cm.

Plots in Fig. 13 further illustrate the positive effect of
IDE electrode geometry on the magnitude of photocurrent
generated at moderate bias and low-conductivity elec-
trolytes. The behavior of two devices with the same
working electrode (interdigitated titania photoanode) but
different counter electrodes is compared: the “IDE” curve
was recorded with the originally fabricated FTO digitated
counter electrode, while the “rectangular” curve was
recorded with a separate narrow rectangular strip of FTO
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Fig. 13 Comparison of i~V response curves of electrodes with
rectangular and interdigitated geometries in different electrolytes
under continuous irradiation

glass used as the counter electrode. The FTO strip was
fixed perpendicular along the edge of the IDE device, and
its exposed conductive area was identical to the area of the
IDE used in the previous measurement. While there is
essentially no difference in the shape of the two curves in
phosphate buffer, the curves start to divert in tap water and
significant differences can be observed in the case of
demineralized water. The curves clearly manifest that the
IDE device is able to deliver more current at moderate
potentials in low-conductivity electrolytes, because the iR
drop is effectively compensated.

The above-presented photocurrent response curves pro-
vide important insight into the cell properties and relation
between the cell design and performance. The goal of the
cell design is to maximize the delivered photocurrent,
because this is the first and necessary (although not suffi-
cient) step determining the rate of all following redox
processes.

3.3 Photoelectrocatalysis

The following redox processes take place at an illuminated
n-semiconductor/electrolyte interface, when conduction
band electrons are channeled to a counter electrode due to
applied reverse bias:

hl, + H,O0 — HO- + H' (1)
hi, + OH™ — HO- (2)
where hj’b is a valence band hole.

In the absence of an oxidizable solute, R, over a number
of steps, water is oxidized to oxygen—in summary:

Wi +1/2H,0 — H + 1/4 0, (3)
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If an oxidizable solute, R, is present in the electrolyte,
the following reactions also occur:

hl,+ R — R" (4)

The total current is then composed of two sources: the
oxidizable solute oxidation rate and the water oxidation
rate [16], where the former increases with its concentration,
cox- The Faradaic efficiency, f, reflecting the competition
between reactions 3, 4, and 5 is a convenient measure for
the description of the net efficiency of the initial oxidation
step and is suitable for comparison of results obtained
under various conditions:

f= V(dcox/dt)F/iphotoa (6)

where V is the total volume of the batch reactor and F is
Faraday’s constant.

The oxidized species, Rt or R,, undergo further elec-
tron transfer reactions and all intermediates may eventually
be fully mineralized through a series of oxidative cleavage
reactions into water and carbon dioxide.

A comparative example of photocatalytic and photo-
electrocatalytic degradation of a 10~* molar solution of
benzoic acid under UVA irradiation and assisted by elec-
trical bias of 1 V, using the 1000-1000-1000-1000 device
with 200-nm-thick TiO, fingers is shown in Fig. 14
Although the exact mechanism is still being debated [45,
46], the net oxidative effect is evident and can be easily
monitored by various methods.

Figure 14 depicts the observed concentration profiles
using polychromatic light centered at 365 nm and 1 V bias.
The Faradaic efficiency, f, of the initial process is calcu-
lated from Eq. 6. The value of 0.09, close to that obtained
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Fig. 14 Concentration profiles of benzoic and hydroxybenzoic acid
during a photoelectrocatalytic (1 V bias) experiment using a
1000-1000-1000-1000 IDE with 500-nm-thick TiO, fingers under
UVA radiation. 1 x 107* M benzoic acid in 35 ml stirred, air-
saturated solution

for the degradation of benzoic acid in a parallel plate
reactor [16], is satisfactory given the fact that a low con-
centration of electroactive species (1 x 1074 M) was used.
The initial increase in hydroxybenzoic acid concentration
was about one half of the decrease in benzoic acid con-
centration; it may, therefore, be concluded that part of the
intermediate, in close proximity or adsorbed on the elec-
trode, undergoes further oxidation reactions before being
released into the solution.

In another experiment, without electrical bias, the
decrease of the concentration of the parent molecule was
only one third of that obtained under 1 V bias, thus proving
the advantage of an immobilized catalyst deposited on an
electrically conducting substrate allowing for application
of electrical bias.

3.4 Application perspective

The benefits of electro-assisted photocatalysis have been
convincingly accounted for on the theoretical basis [3],
practically demonstrated by the presented results as well as
reported in a number of studies involving various aqueous
pollutants [47-52]. These studies have shown that in a
direct comparison with competing advanced oxidation
techniques, electro-assisted photocatalysis provides several
important advantages: it requires no additives, mineral-
ization proceeds to CO,, the catalyst is immobilized on the
electrode, and therefore there is no need for catalyst sep-
aration after the treatment and, as presented in the results
and references above, significant acceleration of the pro-
cess due to recombination suppression by applying elec-
trical bias.

For a practical industrial employment, the stability of
the cell is of a paramount importance. Some of the
described devices which were used for repeated long-term
electrochemical experiments have actually shown two
types of wear, especially after degradation experiments
with more concentrated organic acids. The degradation of
the UV-curable polymeric masking frame was visually the
most prominent, starting by gradual swelling of the mask
followed by partial separation. The masking frame can be
easily restored by overprinting with the same material on
the studied sample set, but replacement with fully inor-
ganic mask based on insulating inorganic pigment
nanoparticles is currently being investigated. The second
type of wear also occurred during experiments with acidic
electrolytes. The FTO counter electrode gradually dark-
ened, and the device photocurrent decayed. As the Pour-
baix diagrams indicate [53], tin oxide is reduced to tin at
negative potential and low pH solutions. Indeed, an XRD
analysis confirmed the reduction of FTO to metallic tin
which gets apparently further corroded by the acidic elec-
trolyte. In order to protect the FTO cathode, a thin layer of
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gold was electroplated, and the restoration and stabilization
of the device performance were observed.

The present size of the reported devices allows for
treatment of ca. 50 mL batches. Naturally, significant
upscaling is inevitable in order to bring the concept to a plant
scale. From the fabrication technology point of view, this
can be easily accomplished. Multiple interdigitated cells can
be easily connected in a serial/parallel fashion to match the
characteristics of the bias voltage source just in the same
way as conventional planar cells have been arranged [54].
The size of the individual cells can be adjusted in a wide
range of sizes as the deposition technique does not represent
any hurdle since flatbed or roll inkjet printers suitable for
material printing and working with meter-sized substrates
are readily available [55, 56]. Obviously, producing the cells
on flexible substrates through roll-to-roll processing would
bring further reduction in cost and contribute to the ease of
handling, installation, and recycling. Recently, several
promising alternatives for printing the base conductor [57—
59] as well as the active titania layer [60] have been pro-
posed. Although these processes generally require thermal
sintering, several cold-setting options [61-63] have been
reported recently enabling printing on plastic substrates as
well.

4 Conclusion

Inkjet material printing was successfully employed for the
fabrication of planar-interdigitated photoelectrochemical
cells. It proved to be an elegant method for sol delivery to
the substrate, providing complete control over the deposi-
tion process parameters together with an excellent effi-
ciency of precursor use. A mixed subtractive and additive
approach was adopted. The fully digital printing workflow
eliminated the need for physical printing forms, saved
valuable ink, and allowed unlimited freedom in the design
of the electrode patterns.

The process of FTO patterning by etching with the help
of a protecting printed mask can be easily adopted for
pattering of other materials as well. Although the resolu-
tion of printed masks cannot compete with the well-
established resist technologies as it is limited to microm-
eter resolution, it may be well suited for the fabrication of
large foot-print devices requiring a low degree of inte-
gration (solar cells, electroluminescent modules, etc.). The
absence of a resist development step makes the fabrication
process environment friendly. Moreover, it does not
require any special material or equipment as it can be
performed with ordinary flatbed or roll printers and UV-
curable inks. Inkjet-printed etching masks allow for very
fast design changes and thus reduce time and cost for
process optimization.

@ Springer

Planar arrangement of working and counter electrodes is
a promising approach to the design of photoelectrochemi-
cal cells intended for high-current throughput at moderate
bias. With transparent substrates, the back-irradiated con-
figuration is an interesting option. Devices with finger
width (w) and space width (s) ranging from 200 to
1000 um were fabricated. The benefits of finer fingers are
clearly demonstrated, resulting in lower cell constants
which are beneficial for the suppression of iR drop in
electrolytes of low conductivities. With the present tech-
nology, 200 um fingers seem to be fine enough for work
with electrolytes with ionic strength typical for drinking
water.

Comparative photocatalytic and photoelectrocatalytic
experiments with benzoic acid as model contaminant
proved the beneficial role of external electrical bias in
suppressing photogenerated electron—hole recombination
in the semiconducting photocatalyst, leading to efficient
charge separation and thus acceleration of benzoic acid
oxidation.
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Planar, interdigitated photoelectrochemical cells were made by ink jet printing. The electrode fingers
had widths from 200 to 2000 wm and were revealed by printing a positive protective polymer mask
on FTO (F:Sn0;) covered glass slides and subsequent etching. One finger family was covered by TiO,,
made by using an ink containing the precursor inside inverted micelles and annealing in air. Due to
the interdigitated layout, photoelectrochemical response was not suffering from iR drop down to low

electrolyte ionic strengths. The photoelectro-catalytic degradation of an aqueous solution of terephthalic
acid by UVA illumination and electric bias of 1V was demonstrated by monitoring the fluorescence of

the OH-substituted molecule.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Photocatalytic systems based on slurried powder of TiO, offer
excellent performance due to their very high catalyst surface area
[1]. Upon immobilization, the free surface of catalyst inevitably
decreases, resulting in a loss of catalytic performance due to limited
mass transport [2]. Nevertheless, immobilized TiO, is the preferred
form of photocatalyst for practical application, since the need of
separating a suspended powder from the fluid to be purified can
prohibitively complicate any process at the industrial scale.

The photocatalytic activity of any immobilized semiconductor
photocatalyst can be boosted by the application of external electri-
cal bias [3]. The strategy is based on enhancing the electron-hole
separation and consequently increasing the quantum yield of the
pollutant degradation by the application of electrical bias, which is
possible when the photocatalyst is deposited on an electrically con-
ducting substrate [4-6]. However, in the resulting electrochemical
cell, iR drop is one of the factors limiting high current throughput at
moderate bias. If the treatment of low ionic strength media (drink-
ing water) is envisaged, means for minimizing the iR drop must be
secured.

One way is to use a parallel plate reactor with two opposite
electrodes and a small space between them where the electrolyte
is passed through [7]. However, the pressure build-up is consid-
erable in a module consisting of many such cells. This drawback
can be avoided by using a planar electrochemical cell with two

* Corresponding author. Tel.: +420 541149411.
E-mail address: petr@dzik.cz (P. Dzik).

http://dx.doi.org/10.1016/j.apcath.2014.09.030
0926-3373/© 2014 Elsevier B.V. All rights reserved.

interdigitated electrodes (IDE). The working electrode consists of
an electrical conductor covered by a semiconducting metal oxide
(e.g.titanium dioxide). The counter electrode material is not critical
as long as sufficient electrical conductivity and corrosion resistance
is provided and interdigital geometry is respected. Such a design
ensures two key functions: (1) it suppresses the main obstacle to
efficient use of absorbed photons, i.e. the recombination of pho-
togenerated charge carriers, by applying external electrical bias to
the semiconducting photocatalyst and (2) it avoids the reduction
of the generated photocurrent due to iR drop, even in electrolytes
of low ionic strength. These features make the device an inter-
esting candidate for electrophotocatalytic purification of drinking
water. Decomposition of model pollutants has been observed on
centimeter-scale prototype devices fabricated by standard litho-
graphic techniques using optical copying through contact masks
for resist patterning [8].

Material printing seems to be a promising microfabrication
method well applicable for the production of planar layered
devices, including interdigitated cells. The technique is based on
sequential laying of patterned functional layers by means of mod-
ified conventional printing techniques [9]. While generally all
traditional printing techniques can be adopted for printing func-
tional layers and patterns, inkjet printing [10] occupies quite a
prominent position. Despite its quite narrow viscosity and particle
size limits, it seems to be the most suitable technique for lab scale
prototype development as no hardware printing form is necessary,
i.e., patterns designed on a printer driving computer can be printed
directly without the need for physical printing form manufacturing.
Moreover, up-scaling is very smooth and easy, because indus-
trial inkjet printers with several meters working width are readily
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available [11-13], so transfer from prototype level to a small series
level is reduced to switching to a bigger printer.

In this paper, we adopt the principle of planar electrochemical
cells to the versatile method of ink-jet printing allowing for rapid
processing and essentially unlimited upscaling, and report on the
design and technology of planar interdigitated photoelectrochemi-
cal cells. We employed a mixed subtractive and additive approach
and deposited all the functional and auxiliary layers solely by inkjet
printing. The adoption of inkjet printing provided a great freedom
in the design of the cells and thus samples of various geometries
were easily fabricated. The fabrication procedure is described in
this paper in detail, together with the physical, electrochemical and
photocatalytic properties of selected cell types.

2. Experimental
2.1. Sample fabrication

Commercial FTO (F:SnO,) coated glass (Sigma-Aldrich) was
used as the substrate on which cells were fabricated by a combi-
nation of material removal and addition. FTO glass sheets were cut
down to 26 x 76 mm slides and cleaned by sonication in Neodisher
LM cleaning agent, rinsed in ethanol and fired at 450°C to burn
out any remaining contaminants and activate the surface. In order
to adjust the surface energy and wetting behaviour of the printed
ink, cooled slides were rinsed in 1vol% ethanolic solution of an
aliphatic hydrocarbon based hydrophobization agent (Toko Water-
stop, Tokowax, Switzerland), dried with a stream of nitrogen, rinsed
in 1vol% aqueous solution of sodium dodecylbenzene sulfonate
(Enaspol Inc., Czech republic) and dried again.

Printing of all functional and auxiliary layers was performed
with an experimental inkjet printer Fujifilm Dimatix 2831. The
printer features a disposable 16-nozzle piezoelectric jetting print-
head coupled with a 2mL polyethylene ink tank. It is capable of
printing on A4 size substrates with a resolution of up to 5080 dpi,
i.e. 5um. Both substrate and printhead can be heated in order to
speed up solvent evaporation and reduce ink viscosity, respectively.
A stroboscopic camera provides still images or slow-down video for
the observation of drop formation process, while another fiducial
camera s used for precise substrate positioning and aligning of sub-
sequently print layers. The printer has been successfully employed
for the deposition of a wide variety of functional and auxiliary layers
[14-21] and during the past years has de facto become the industrial
standard tool for ink development and testing.

Generally, the following procedure was repeated for each prin-
ting step: the prepared printing formulations (see below) were
sonicated for 5 min and then loaded into syringes. 0.45 wm mem-
brane filters (Pall Corporation, USA) and blunt needles were
attached to the syringe luer ports. The printing formulations were
filtered and filled into the Dimatix ink tanks. Dimatix 10 pL printing
heads were attached to the tanks and sequentially mounted into the
Dimatix printer. The drop formation characteristics of all formula-
tions were checked by means of a built-in stroboscopic camera and
interaction of the printed material with the substrate was observed
by an optical microscope. The interdigitated electrode base pattern
as well as the patterns for other layers were drawn as vector graph-
ics and exported to 1-bit BMP files to be used for driving the printer.
The electrode fingers had widths ranging from 200 to 2000 pm.

First, the FTO base pattern serving as the current collecting inter-
digitated electrode was revealed by printing a positive protective
polymer mask on the FTO glass slides and subsequent etching. The
polymer mask was printed by a commercial UV-curable ink (Svang
Cyan, Grapo Ltd., Czech Republic), cured off-line under a mercury
vapor medium pressure lamp (25 ]/cm?), and baked on a hot plate
at 250°C for 10 min. Next, the FTO slide was etched in a mixture

of zinc powder and 15% aqueous HCl in order to remove the naked
FTO while preserving those areas covered by the protective printed
mask. After the etching operation was finished, the mask was lifted
by burning in a furnace at 450 °C for 30 min.

The second layer, i.e. the titania working electrode, was printed
using our previously developed reverse micelles sol-gel compo-
sition [18]. However, this time sol concentration was adjusted
(0.6 mol of Ti/dm?) in order to gain easier control over the resulting
thickness and cracking. With this adjustment, the final thickness
of the titania layer after calcination was 50 nm per single layer.
We found that it was possible to print 2 layers of sol in wet-to-
wet manner followed by single calcination (heating rate 3 °C per
min, 30 min at 450 °C) yielding 100 nm titania layers without any
cracking in one deposition cycle. Attempts to print more sol layers
followed by single calcination resulted in cracked and/or peeling
layers. Therefore, thicker layers need to be prepared by repeating
the complete cycle of printing double sol layers and calcination.

The device was finalized by printing a masking frame around its
edges defining the active area. The same UV curable ink and curing
procedure was employed for this task. Proper aligning of the titania
active layer and the insulator mask was achieved by means of the
Dimatix fiducial camera, which enables sample observation and
print origin alignment with 5 pm accuracy. Fig. 1 summarizes the
cell production procedure.

In this manner, devices with electrode finger widths ranging
from 200 to 2000 pm were conveniently fabricated. Apart from reg-
ularly spaced devices, several other lay-outs were also fabricated
and their properties investigated, including reduced gap devices or
devices with different finger widths of working and counter elec-
trodes. Moreover, the thickness of the titania working electrode
layer was varied in the 100-500 nm range.

2.2. Investigation of IDE device properties

Printed layer quality was monitored by a Nikon Eclipse E200
optical microscope equipped with a polarized light unit and a Nikon
D5000 digital camera and a Nikon Camera Control Pro 2 software.
SEM imaging and elemental analysis was performed on a ZEISS
EVO LS 10 scanning electronic microscope. The same machine was
used for layer thickness estimation by observing sample cross sec-
tions. Phase composition of calcined titania layers was confirmed
by a Panalytical Empyrean XRD system and its diffuse reflectance
UV-Vis spectra were recorded by an Ocean Optics Redtide spec-
trophotometer with a reflectance fiber probe. Layer thickness was
investigated by a Dektak XT stylus profilometer.

Photoelectrochemical characterization was performed using a
two-electrode setup with the titania overprinted FTO finger fam-
ily as the working electrode and the opposite naked FTO finger
family as the counter electrode. This setup was fitted into a custom-
build 15 x 40 x 70 mm quartz cuvette. The cuvette was filled with
0.1 M sodium sulfate solution (15 mS cm~1) and fitted onto an opti-
cal bench equipped with a Sylvania Lynx-L 18 W fluorescent UV-A
lamp. The lamp emission was monitored by a Gigahertz Optic X97
Irradiance Meter with a UV-3701 probe and the irradiance was set
to 5 mW cm2 by adjusting the lamp to cuvette distance. Amagnetic
stirrer was placed beneath the cuvette and a magnetic flea inside
the cuvette provided efficient electrolyte mixing. Electrochemi-
cal measurements were performed with a computer controlled
electrometer in combination with a National Instruments Lab-
view platform supplying a linear voltage gradient of 5mVs~! from
—0.5 to 2 V. For chopped response curves, the lamp was manually
obscured and revealed at 5 s intervals.

Electrophotocatalytic experiments were conducted with the
same cell and light source as the electrochemical response curves
were measured with. Recently, terephtalic acid was suggested as a
model compound for monitoring the oxidative activity of valence
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Fig. 1. IDE cell fabrication procedure.

band holes generated in the immobilized photocatalyst [22]. Upon
oxidation, presumably resulting from the attack of a hydroxyl radi-
cal, terephtalic acid is oxidized into hydroxyterephtalic acid, which
gives a strong fluorescence signal at 425 nm. This approach proved
to be very convenient for our experimental setup, because a single
radiation source could be used for both the activation of the photo-
catalyst as well as the excitation of the fluorescent probe generated
during the course of the reaction. The emitted fluorescence was col-
lected by a quartz collimating lens mounted in the lateral wall of the
cell holder and projected into an optical fiber attached to an Ocean
Optics Redtide spectrometer. The spectrometer driving software
allowed for a convenient automated recording of the fluorescence
intensity. Calibration was performed using hydroxyterepthalic acid
standard (Sigma-Aldrich).

3. Results and discussion
3.1. Optimization of printing conditions

During inkjet printing on a nonporous, nonabsorbing surface,
the surface tension of printed ink and the surface energy of the
substrate must closely match in order to ensure optimal wetting
behaviour and smooth, but well defined wet layer formation [23].
If the printed liquid is wetting the surface too much, excessive

positive dot gain or even pattern bleeding [24] may occur. On the
other hand, poor wetting of substrate by the printed ink results into
spontaneous shrinking of the printed ink (negative dot gain), or the
formation of a bumpy surface resembling the texture of an orange
peel [25-27].

While the printer setup and conditions for flawless patterning of
the reverse micelles titania ink had been established in our previ-
ous work [ 18], the UV curable ink workflow needed to be optimized
in order to produce well resolved patters and good reproducibil-
ity. Fig. 2 depicts the key points of this process: the FTO surface
after baking is excessively wetted by the printed ink and heavy ink
spreading totally ruins the edges of the printed pattern (a). After
treatment with the dewetting agent, ink spreading is avoided, but
ink is actually dewetting the surface too much and the printed pat-
tern size is reduced (b). Finally, the best results were obtained by
treating the FTO glass with the dewetting agent followed by rinse in
dodecylbenzene sulfonate, which resulted into just the right degree
of wetting producing excellent rendition of even the finest lines
down to 100 pm (c).

3.2. Physical properties of devices

For routine checking during sample fabrication, optical
microscopy is the preferred tool. However, as all the layers are
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Fig. 2. Influence of substrate treatment on the print quality: (a) FTO surface after baking is excessively wetted by the printed ink with significant positive dotgain and irregular
ink bleeding, (b) application of the dewetting agent suppresses ink spreading but ink is actually dewetting the surface too much, resulting into slight negative dotgain, (c)
treatment by the dewetting agent plus dodecylbenzene sulfonate produces just the right degree of wetting with excellent definition of pattern edges.

transparent, images tend to be faint and have low contrast. There-
fore SEM images are included to depict the device structure. Fig. 3
shows the edge of a finger covered by titania layer. Titania fingers
have been designed intentionally 10% wider (1100 and 550 wm)
in order to ensure complete coverage of the FTO fingers as well
as their edges. This overlap is clearly visible in the middle darkest
band of Fig. 3(a). In the same figure we can also observe that the
FTO edge is not particularly smooth, which is probably the result
of under-etching by the aggressive FTO etching bath. It seems that
with the present etching process the minimum width of FTO pat-
terns is limited to approximately 100 p.m. The cross-sectional view
of the finger confirms the smoothness and evenness of the titania
coating resulting from previous optimization.

Profilometric scanning over the centre part of the device
reveals repeating units of “titania finger - insulating space -
counter electrode finger (FTO) - insulating space”. Fig. 4 depicts
the record of a stylus profilometric scan across 2 fingers of a
1000-1000-1000-1000 wm device fabricated with 4 cycles of tita-
nia deposition. The thickness of the FTO finger (left part of the
trace, approximately 250 nm) and of the FTO +titania layer (right
part of the trace, approximately 400 nm) can be exactly determined
and the overlap of the wider titania strip is also clearly visible.
Figs. 5 and 6 illustrate the optical properties and phase composition
of the reverse micelles originated titania layers. Strong interference
coloring observed visually expresses itself in the typical periodic
peaks in the diffuse reflectance spectra. The phase composition was
investigated by XRD and the presence of pure anatase phase was
confirmed. Further details about the properties of this particular
type of titania coating can be found in our previous communication
[28].

3.3. Photoelectrochemical properties

The (conductivity) cell constants, «, of the interdigitated finger
device were close to the ones calculated using ref. [29]. A struc-
ture of 200 wm wide fingers and spaces was already fine enough to
obtain a k value below 0.01 cm~!. The cells reported in this study,

- “Ti0, / Glass

Glass

EHT =10.00 kv
WD = 7.5mm
Mag = 500X

‘Signal A = SE1
Image Pixel Size =290.8 nm
Chamber =9.650-003 Pa

IProbe= 50 pA
Width = 595.6 um

IProbe= 50 pA
Width = 11.89 ym

Mag = 25.00K X Chamber = 9.02¢-003 Pa

Fig. 3. SEM images of the IDE cells: (a) top view of the boundary of FTO finger
overprinted by titania, (b) cross-section of a finger.
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Fig. 5. Diffuse reflectance spectra of printed titania layers.

i.e. cells with 500 and 1000 wm wide fingers, featured cell constants
of 0.0136 and 0.0271cm™!, respectively. A typical photoelectro-
chemical response of one of the finger devices in two different
electrolytes of different conductivity is shown in Figs. 7 and 8.
Finer fingers in the case of the 500 pm device result in lower cell
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Fig. 6. XRD patterns of TiO; films, Cu-K, irradiation.
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Fig. 7. Chopped photocurrent response curve in sodium sulfate electrolyte.

constants, which are beneficial for suppression of iR drop in elec-
trolytes of low conductivities.

3.4. Electrophotocatalysis

Finally, an example of photodegradation of a solution of tereph-
thalic acid under UVA irradiation and assisted by electrical bias,
using a 1000-1000-1000-1000 device with 200nm thick TiO,
fingers is shown at Fig. 9. During the course of the experiment,
the fluorescence due to an intermediary product (OH-substituted)
increased and would eventually decrease down to zero as the
fluorescent intermediate is further oxidised. The fluorescence at
425 nm plotted as a function of time reflects the initial reaction
rate. While the blank checks show essentially no reaction, we can
observe a doubling of the reaction rate (with respect to the unbi-
ased case) when an external bias of 1V was applied. From the initial
slopes of the traces, the production rates, v, can be calculated tak-
ing into account the total volume of the solution. These production
rates, considering Farday’s law of electrolysis, are related to the
electrical charge passed (photocurrent, ippoto). The Faradaic effi-
ciency, f, of the process is calculated using f=VF[ipoto. The value
of 0.009 obtained for the experiment shown in Fig. 9 is satisfactory
given the fact that a very low concentration of electroactive species
(1.10~°> M) was used. Polychromatic light centered at 365 nm was
used for this experiment. The IPCE (incident photon-to-current
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Fig. 8. Chopped photocurrent response curve in demineralized water.
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Fig. 9. Concentration profiles of HTPA under various experimental conditions.

efficiency) was 0.13 at 365 nm for 200 nm thick electrodes. Val-
ues of fwere found close to values obtained for the degradation of
phthalic acid in a parallel plate reactor [30]. While the datasets of
the irradiated samples were measured continuously in 10s inter-
vals, the dark ones needed to be measured discontinuously only a
few times during the reaction duration because a single radiation
source was used for both catalyst activation and fluorescent probe
excitation.

4. Conclusion

Inkjet material printing was successfully employed for the fabri-
cation of planar interdigitated photoelectrochemical cells. A mixed
subtractive and additive approach was adopted and all the func-
tional and auxiliary layers were printed by an experimental inkjet
printer Fujifilm Dimatix 2831. Inkjet printing proved to be an ele-
gant method for sol delivery to the substrate. It provides a complete
control over the deposition process parameters together with an
excellent efficiency of precursor use. Wetting issues associated
with the substrate-ink interfacial interactions were controlled by
substrate treatment with suitable surfactants.

The process of FTO patterning by etching with the help of a pro-
tecting printed mask is very convenient and can be easily adopted
for pattering of other materials as well. Although the resolution
of printed masks can not compete with the well established resist
technologies, it may be well suited for the fabrication of large foot-
print devices requiring a low degree of integration (solar cells,
electroluminescent modules etc.). The absence of a resist develop-
ment step makes the fabrication process much more environment
friendly. Moreover, it does not require any special material or
equipment as it can be performed with ordinary flatbed or roll
printers and UV-curable inks.

Devices with regular finger arrangement and widths ranging
from 200 to 2000 pm were conveniently fabricated and so were
several other lay-outs including reduced gap ones or devices with
different finger widths of working and counter electrodes. The ben-
efits of finer fingers are clearly demonstrated, resulting in lower
cell constants which are beneficial for the suppression of iR drop
in electrolytes of low conductivities. With the present technology,
200 wm fingers seem to be fine enough for work with electrolytes
with ionic strength typical for drinking water.

Comparative photocatalytic and electrophotocatalytic exper-
iments with terephtalic acid as model contaminant compound
proved the beneficial role of external electrical bias in suppressing
photogenerated electron-hole recombination in the semiconduct-
ing photocatalyst. In this way, more efficient charge separation in
the electric field of the IDE device has been demonstrated by the
acceleration of terephtalic acid oxidation, which was conveniently
monitored by the fluorescent signal of its dominant oxidation prod-
uct, hydroxyterephtalic acid.
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Abstract: A hybrid organo-silica sol was used as a binder for reinforcing of commercial
titanium dioxide nanoparticles (Evonic P25) deposited on glass substrates. The organo-silica
binder was prepared by the sol-gel process and mixtures of titania nanoparticles with the binder
in various ratios were deposited by materials printing technique. Patterns with both positive
and negative features down to 100 um size and variable thickness were reliably printed by
Fujifilm Dimatix inkjet printer. All prepared films well adhered onto substrates, however
further post-printing treatment proved to be necessary in order to improve their reactivity.
The influence of UV radiation as well as of thermal sintering on the final electrochemical
and photocatalytic properties was investigated. A mixture containing 63 wt % of titania
delivered a balanced compromise of mechanical stability, generated photocurrent density
and photocatalytic activity. Although the heat treated samples yielded generally higher
photocurrent, higher photocatalytic activity towards model aqueous pollutant was observed in
the case of UV cured samples because of their superhydrophilic properties. While heat
sintering remains the superior processing method for inorganic substrates, UV-curing provides
a sound treatment option for heat sensitive ones.

Keywords: titania; silica binder; material printing; direct patterning; UV-curing
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1. Introduction

Environmental pollution is becoming very serious problem and the demand for safe drinking water is
continuously increasing with increasing population growth. Disinfection and decontamination are
considered as conventional methods for water treatment. Their main disadvantages are energetic and
operational demands, requirement of intensive chemical treatments the residuals of which can even
increase the problems with pollution and decontamination [1]. New techniques such as advanced
oxidation processes could improve the effectivity of these traditional water treatment processes because
of their lower energy demands and less chemicals used [2]. Photocatalysis is one such method applicable
not only for water treatment, but also for air cleaning and self-cleaning solid surfaces. Its principle is
based on electrons and holes separation caused by the absorption of UV light and their diffusion to the
semiconductors surface where they can take part in various red-ox reactions. During the past years, this
technique has been widely applied in environmental purification tasks [3,4] as well as in artificial
photosynthesis [5]. Titanium dioxide has become the most investigated and the most prominently used
photocatalyst [6,7] because of its relatively high photoactivity, biological and chemical inertness,
competitive price and creation of stable solutions [8].

Generally, the employment of freely suspended powder photocatalysts brings some disadvantages
such as strong tendency to aggregation, low adsorption capacity, sedimentation and deposit formation [9].
Moreover, the unavoidable need of catalyst separation from the solution after the treatment and can
prohibitively complicate large scale processes. To overcome these drawbacks, the photocatalyst can be
immobilized by the anchoring onto various substrates. Titania coatings have been successfully fabricated
by both gas-phase methods [10—12] as well as wet-coating methods [13—15] and both approaches resulted
into highly active immobilized photocatalysts [16].

Recently, the traditional wet-coating methods such as spin-coating, dip-coating, doctor blade
coating etc., have been challenged by a new approach most often termed as material printing [17]. The
process essentially involves the deposition of layers and patterns by means of traditional printing techniques
where conventional color inks have been replaced by special functional inks. Strictly speaking, this
technique has been around for the past 60 years but was actually limited to screen printing of pulverized
metal pigment inks during the fabrication of conductive tracks in the electronic industry [18]. During the
past decade, the concept of material printing has been intensively developed and the portfolio of applicable
printing techniques has broadened significantly [19].

While essentially all traditional printing techniques can be adopted for printing of functional patterns,
inkjet printing [20] occupies quite a prominent position. Despite quite narrow viscosity and particle size
limits, it is most suitable for lab-scale prototype development or customized production as no hardware
printing form is required, i.e., patterns designed as computer files can be printed directly. Moreover,
up-scaling from the lab level is easily accomplished merely by switching to a bigger format printer.
Inkjet printing has been successfully used for the deposition of a variety of functional liquids, such as
conducting polymers [21-23], dispersions of catalyst nanoparticles [24], etc. Numerous biochemical
applications have been reported, such as tissue scaffolds [25,26] or cellular patterns [27,28]. Moreover,
many prototype multicomponent devices such as capacitors [29], transistors [30], electronic filters [31],
and organic light-emitting diodes [32] have been successfully fabricated. Recently we reported on a fully
printed semiconductor-based photoelectrochemical cell [33].
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Titania-silica mixtures represent a perspective group of materials that have recently been used as
catalysts and supporting materials [34,35]. Titania-silica mixtures were found to improve the photocatalytic
properties of pure titanium dioxide [36], increase the specific surface area [37] and improve the
adsorption properties [38]. However, in order to be able to deposit the titania-silica film by material
printing, an ink with appropriate properties needs to be formulated. Two distinct approaches to this task
can be easily identified:

The first one is based on the sol-gel process, i.e., soluble titanium salts and/or titanium alkoxides are
complexed by suitable chelates, pre-crosslinked by partial hydrolysis and the resulting metastable colloidal
sols are then printed onto a substrate, gelled and converted into dense or porous oxide layer [39].

The second approach is based on the synthesis of stable colloidal suspension of nanocrystalline TiO2
followed by the delivery of this suspension onto a substrate by some of the numerous material printing
techniques. Bernacka-Wojcik and coworkers recently demonstrated [40] a disposable biosensor integrating
an inkjet printed photodetector fabricated by printing a commercial dispersion of titania particles with
a desk-top office printer equipped with a thermal inkjet head. A similar approach was adopted by
Yang et al. [41] who used a dispersion of TiO: printed by a modified office inkjet printer to produce an
oxygen demand sensing photoanode and by Arin ef al. [42] who fabricated photocatalytically active TiO2
films by inkjet printing of nanoparticle suspensions obtained from microwave-assisted hydrothermal
synthesis. Inkjet printing has been successfully employed also for the deposition of doped titania
nanoparticles [43] as well as for the fabrication of DSSCs [44] titania photoanodes. Various methods have
been utilized for the dispersing and stabilization of ultrafine printable suspensions, including ultrasound [45],
microemulsions [46] and co-solvent mixtures [47]. The authors of this paper have recently reported the
fabrication of titania patterns by inkjet printing of rutile nanodispersions originating from hydrothermal
processes [48] and also the fabrication of printed composite titania-silica photoanodes [49].

The key difference between these two discussed approaches is determined by the post-deposition
treatment requirements. The sol-gel originated coatings generally require oxidative heat processing in
order to remove the organic fraction of the sol and induce crystallization of the oxide being created,
while the suspension originated layers do not require heat treatment per se since prefabricated crystalline
particles had been deposited. Yet, some form of further treatment and/or the presence of a binder may be
necessary even in the case of the suspension originated coatings in order to ensure sufficient mechanical
stability, adhesion to substrate and/or processing of further components present in the coating. However,
if the treatment does not involve excessive heating, the deposition onto organic polymeric substrates
becomes possible.

In this paper, we report on the fabrication of titanium dioxide layers by direct inkjet pattering of
nanocrystalline suspension. Recently reported organo-silica binder [50] was mixed with commercial titania
nanoparticles in order to improve printed layer mechanical properties. Inkjet printable formulations with
various ratios of titania to binder were formulated and patterns of different thickness were printed onto
soda-lime, Pyrex and FTO glass substrates. Printed green body patterns were further processed by thermal
treatment or UV curing. The physical, chemical, electrical and photocatalytic properties of printed, sintered
and UV-cured patterns were in detail investigated and the influence of post-deposition processing on
printed layer properties was elucidated.
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2. Results and Discussion
2.1. Printed Layers Imaging

For quick on-the-fly checking as well as the whole printed area inspection, optical microscopy and
photomicrography are the preferred tools. First, one-layered samples of all tested formulations were
compared in order to evaluate the printability of used formulations and substrate interactions. We observed
that although all tested formulations were jettable, with increasing titania fraction the print quality
worsened. Apparently, the silica binder helps to stabilize the titania particles, preventing aggregation
and also improving the flow of the suspension during hydrodynamic stress accompanying transport
through the print head. While the print quality of Ti_1 and Ti_2 formulations was essentially flawless,
occasional nozzle blockage and/or diverted droplets occurred more often in the case of Ti_3 and Ti_4.
Ti_5 required regular nozzle purging and cleaning to ensure acceptable print quality (Figure 1).

Multilayer printing was performed in the wet-to-dry manner, i.e., the previous layer was completely
dry before printing the following one started. No problems such as bleeding or mottling which are usually
associated with this procedure were observed here and the inks proved to be well suited for fabrication
of thick patterns by multiple overprinting. However, after comparing the full range of studied layer
thicknesses, we found out that with increasing number of layers banding artifacts started to develop at
the boundaries of individual bands following the scanning motion of the printhead. The phenomenon
was further studied by profilometry and resolved by adjustment of the printing formulation composition
(see below).

Figure 1. Optical micrographs of the printed layers showing the influence of ink composition
on print quality. Formulation Ti_1 (left) featured good layer uniformity and excellent edge
definition, but formulation Ti_5 (middle) suffered from occasional nozzle blockage and
diverted droplets. The right image depicts a 3-layered patch of Ti_3 formulation featuring
the banding artifacts and a scratch made with the pencil just harder than the layers itself.

2.2. Pencil-Hardness Test

The hardness of thin layers was determined in the whole range of hardness according the standard.
The hardness of pencil that was not able to scratch the film was considered as the hardness of the film.
Figure 1 depicts the results of a 3-layered patch of Ti_3 formulation scratching with the pencil just harder
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than the layers itself. Printed layers as well as heat treated layers were investigated by this method and
significant differences were found. We observed that increasing of silica content in the printing
formulation (from Ti_5 to Ti_1) led to the formation of harder films in the case of both printed as well
as sintered samples. Moreover, the films showed a higher hardness after sintering process that is probably
caused by the creation of silica network during the thermal treatment process. The results are summarized in
Table 1.

Table 1. Hardness data for 3-layered samples.

ISO 15184 Hardness

Sample Name

UV Cured Sintered
Ti 1 6B 10H
Ti 2 8B 10H
Ti 3 8B 10H
Ti 4 8B F
Ti 5 8B 5B

2.3. Thermogravimetric Analysis

Thermogravimetric behaviour was studied for all prepared printed mixtures. The samples shared
common trends and a typical record is depicted at Figure 2. In the first temperature region (up to 120 °C),
there was the highest weight loss which was attributed to the evaporation of adsorbed solvents (ethanol
and butanol). This evaporation is represented by endothermic peak. The weight loss in the second
temperature region (up to 315 °C) is related to the oxidation of CH3- groups from the MTEOS precursor.
The oxidation is represented by exothermic peak at temperature around 255 °C. Any further weight loss
cannot be observed beyond 315 °C. The other significant exothermic peak appeared at the temperature
of 581 °C. This peak is associated with the phase transformation of amorphous SiO: to tridymite [51].
Okada et al., discovered that silica matrix shift the temperature transformation of TiO2 from amorphous
phase to anatase phase [52] so we supposed that in our case the phase transformation of anatase to rutile
occurred also at higher temperature. Therefore, the exothermic peak at 691 °C is attributed to the mentioned
transformation. The last peak at temperature 978 °C had endothermic character and it is connected with

melting point of titania-silica system.
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Figure 2. The record from thermogravimetric analysis for Ti_3.



Molecules 2015, 20 16587

2.4. Profilometry

During a preliminary testing, we discovered that there was virtually no influence of the processing mode
on the thickness of printed patterns. All “green body” printed, sintered as well as UV-cured samples
exhibited essentially identical values. This behavior was expected, since most of the printing formulation
dry mass is constituted by titania nanoparticles forming a rigid structure permeated by the binder.
Therefore, the profilometric thickness measurement was systematically conducted on the printed samples
only (Figure 3).
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Figure 3. Banding patterns recorded in profilometric scan (a) and as seen in optical
microscope (b).

Complete results of profilometric measurements for all samples are summarized in Table 2.
The thickness is generally increasing with increasing titania content, with the exception of Ti_5 sample.
We assume that the amount of printed ink in this case was actually lowered by occasional nozzle blockage.
The RMS roughness calculated from a 3 mm scan length is relatively high with respect to the layer
thickness. At such great scan length, it does not reflect the particle size but rather the banding artifacts
observed in optical microscope and discussed above. Their geometrical distribution along the scan
direction corresponds to the width of the printhead which confirms their cause and origin.
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Table 2. Thickness and roughness of printed samples.
Ti 1 Ti 2 Ti 3 Ti_4 Ti 5

Thickness Rms Thickness Rms Thickness Rms Thickness Rms Thickness Rms

(um) (um) (um) (um) (pm) (um) (pm) (pm) (um) (um)

1L 0.512 0.252 0.555 0.239 0.573 0.263 0.766 0.480 0.748 0.282
2L 0.708 0.493 0.776 0.468 0.916 0.333 1.173 0.579 0.995 0.489
3L 1.024 0.771 1.214 0.700 1.330 0.741 1.708 1.017 1.273 0.727
4L 1.301 1.201 1.353 0.723 1.489 1.106 1.837 1.073 1.524 0.867
5L 1.746 1.588 1.763 1.092 1.906 1.113 2.224 1.275 2.008 1.089

2.5. Atomic Force Microscopy

The topography and roughness on the nanometer scale were analyzed by atomic force microscopy

(Figure 4). Selected results for the three layered samples are summarized and compared with profilometric

roughness in Table 3. On contrary to the profilometric measurements, the data obtained from AFM indicate

much lower roughness of ca. 40 nm. With respect to the scan size (500 x 500 nm), we conclude that this

figure includes the contribution of primary particles size (primary crystallite size of 21 nm is declared by

the supplier) and the sub-milimeter artifacts which influenced the profilomeric roughness determination

remain neglected by AFM. Moreover, we discovered that the roughness of all sample sets was decreasing

with increasing layers count. Such behavior can be explained by the interaction of freshly printed

material with the previous dry porous layer, filling the cavities created during drying of the previous one

so the surface is more compact and the roughness is lower.

Table 3. RMS roughness (nm) of printed samples obtained from AFM.

Number of Layers

Sample

1L 2L 3L 4L 5L
Ti 1 60 49 39 28 26
Ti 2 74 45 39 40 34
Ti 3 76 45 43 42 40
Ti 4 78 55 53 40 37
Ti 5 74 38 28 27 21

313.4 nm

Figure 4. Topography of the sample Ti_ 4 P 4L.
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2.6. Scanning Electron Microscopy

The structure of the samples was examined by scanning electron microscopy. We discovered that
there is no significant visual difference between the UV cured and sintered layers (Figure 5). The particle
size in both cases was estimated between 20 and 40 nm which corresponds to the particle size declared
for titania P25. It indicates that during the temperature treatment process, the particles were not subject
to further aggregation. Moreover, we found that in case of Ti_1, where the fraction of TiO2 (Table 4)
was the lowest, a discontinuous phase of titania particles forming isolated islands was formed (Figure 5, top).
The other compositions with higher titania fraction seem to feature a rigid structure of communicating
titania particles permeated by the binder (Figure 5, middle and bottom).

UV cured Sintered

Figure 5. Images from SEM analysis; comparison of UV cured and sintered layers
(3 layered samples).

SEM images also allowed the comparison of different number layers Figure 6. We could observe the
presence of pores both in the UV cured and thermally sintered samples and their frequency of occurrence
was decreasing with increasing number of layers. This result was expected on the basis of previous AFM
roughness determination. The recorded SEM images fully confirmed the suggested explanation of this
phenomenon—decreasing roughness with increasing number of printed layers is caused by filling the
cavities created during drying of the previous layer with freshly printed material.
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3 layers 5 layers

Figure 6. Flattening surface topology of sintered Ti_3 sample set with increasing number of
printed layers as seen by SEM.

2.7. Contact Angle Measurement

The photoinduced superhydrophility was examined by the sessile drop contact angle measurement on
three layered samples. These samples were chosen according the results from optical and scanning electron
microscopy. This study involved the comparison of printed and sintered sample sets. UV-cured sets were
omitted as they exhibited superhydrophilic nature at the end of the curing process. We confirmed that printed
layers had hydrophobic character which was caused by presence of methyl groups in silica binder [50].
Although these groups were inevitably oxidized during the sintering process, yet the character of these
layers still remained hydrophobic. On the other hand, photocatalytic degradation of methyl groups which
occurred during the post-printing UV curing caused changing the wetting properties to superhydrophilic.
As superhydrophilic surface is considered that one where the water droplet applied on surface is
immediately spread and its contact angle is lower than 5°. We discovered that the superhydrophilic wetting
was reached after 90 min only for printed layers whereas this time was insufficient for sintered layers.
When we compared all samples we found out that the contact angle decreased in an order depending on
the amount of titania in the printing composition, with the greatest titania fraction sample being the
fastest (Figure 7). This trend is observed for printed as well as for sintered layers.

Printed layers

Sintered layers

——Ti1 1.0 ——Ti1
——Ti2
—s—Ti3
—=—Ti4

Ti5

—
— L L 00 1 1 1 1
40 60 80 0 20 40 60 80
Time (min) Time (min)

Figure 7. Cont.
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Figure 7. The dependence of relative contact angle on irradiation time for three layered
samples. Printed “green body” layers (top left), thermally sintered layers (top right) and the
comparison of absolute contact angle values for printed and sintered sample Ti_1 (bottom).

2.8. Electrochemical Characterization

Linear sweep voltammetry has been used for the characterization of electrochemical properties.
The photoelectrochemical response curve of the cell, i.e., the photocurrent generated plotted as a function
of applied voltage, provides valuable information about the irradiated semiconductor properties.
The depicted voltammograms represent the polarization curves of the studied sample in dark and under
UV irradiation. In the positive potential range, the contribution of photogenerated current is obvious
indicating free charge carrier formation and collection resulting from the absorption of UV quanta.

A typical photoelectrochemical response of one of the printed electrodes under continuous UV
irradiation and in the dark is depicted at Figure 8. The working electrode consisted of a 3-layered 1 cm?
circular patch printed on FTO glass substrate. Three complete cyclic scans were recorded in this
measurement in order to confirm the stability and repeatability of the setup. The “light” curve describes
the profile of the total photocurrent delivered by the device, i.e., the number of free charge carriers
generated in the semiconductor and drawn into the external circuit by the applied voltage. The photocurrent
steeply increases in the 0—0.5 V range, and then reaches a plateau where the current density is essentially
independent on the voltage. If we compare samples of identical area and thickness, the photocurrent
magnitude then becomes a comparative indicator of the semiconductor “quality”, i.e., its efficiency of
charge carriers generation, separation and conduction. Since the samples were printed, their area and
thickness is very well defined and reproducible and therefore we can use the measured photocurrent data
to compare and evaluate various samples.

The figures depict that the photoresponse of printed green body cell is very poor, yielding approximately
8 uA/cm?. Such a low photocurrent can be attributed to a very high resistivity of the layer resulting from
the limited contact between titania nanoparticles observed at the SEM images (Figure 5), which are
surrounded by the insulating organosilica binder containing residual methyl groups [50]. Therefore further
processing is necessary in order to induce mineralization of the layer and improving the semiconducting
properties. Sintering ensures not only complete mineralization, but also titania crystallite redistribution and
improved contact with the substrate conductor. The positive effect of sintering is obvious as the response
curve reaches 160 pA/cm? of photocurrent density. On the other hand, the UV-cured response curve



Molecules 2015, 20 16592

delivered current density of 60 pA/cm?. While the UV-curing is capable of removing residual methyl groups
by photocatalytic oxidation, no particle redistribution can be expected during this type of layer processing.
The overall performance of all samples is summarized and compared at Figure 8 where several trends
can be easily identified: As one may expected, photocurrent density is increasing with titania content in
all three studied processing options since the fraction of photosensitive component is increasing. Minor
decrease of photocurrent density for Ti-5-sintered and Ti-5-UVcured samples can be attributed to
reduced amount of ink ejected from the printing head due to blocked nozzle issues and/or layer wear
during sample manipulation and washing caused by too low binder content and resulting compromised
mechanical stability. For all titania-binder ratios, sintering resulted into approximately 2.5 times greater
photocurrent values than in the case of UV-curing. So although sintering remains superior processing
method if high photocurrents are desired, UV-curing provides a sound option for heat sensitive substrates.
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Figure 8. Comparison of generated photocurrents for Ti_3 3L sample. Printed “green body”
electrode (top left), thermally sintered (top right), UV cured (bottom left) and the summary
of photocurrent density (LA/cm?) at 1 V potential for all the studied sample sets (bottom right).

2.9. Photocatalytic Activity

Terephtalic acid was used as a model aqueous pollutant for evaluation of photocatalityc activity of
the printed samples. Hydroxyterephtalic acid is its main oxidation product which can be conveniently
detected by its fluorescence peaking and 425 nm. During the course of this experiment, the fluorescence
due to the intermediary product (OH-substituted) would first increase, slow down and eventually decrease
down to zero as the fluorescent intermediate is further oxidized, following the typical kinetic profile of
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series reactions. The recorded fluorescence intensity is proportional to hydroxyterephtalic concentration
and can be used directly as quantitative indicator if samples of the same size and thickness are compared.

Samples used for this experiment consisted of 3-layered, 20 x 20 mm titania patch printed onto pyrex
glass plate. Fluorescence intensity records plotted at Figure 9 show the initial phase of the reaction, i.e.,
the intermediate build-up. In the case of UV-cured sample set, the reaction proceeds faster and the
slowing-down of the intermediate production rate becomes apparent during the experiment timeframe.
UV-cured samples Ti_1 and Ti_2 exhibit lower initial rates than the others because of lower titania content
in the layer. No difference in the reaction initial rate was observed for UV-cured samples Ti_3, Ti_4 and
Ti_5, suggesting that the rate-controlling factor is other than titania content in the layer. On the other hand,
the sintered samples exhibited much lower initial reaction rate. The influence of titania content on the
initial reaction rate is more pronounced in this case as it consistently increases with increasing titania fraction.

The overall lower activity of sintered samples when compared to the UV-cured ones can be attributed
to lower adsorption of aqueous reactant due to the hydrophobic nature of sintered samples demonstrated
during the contact angle measurement. This suggestion is further supported by the shape of the
fluorescence intensity curves recorded for the sintered samples: we actually see a gradual acceleration
of the reaction, which is caused by in-situ UV-induced hydrophilization of the catalyst interface resulting
into increasing adsorption of the aqueous substrate to be oxidized.
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Figure 9. Records of hydroxyterephtalic acid fluorescence intensity vs. irradiation time for
sintered (left) and UV-Cured (right) sample sets.

2.10. Print Quality Optimization

The above presented results indicate a promising potential of the studied material for a number of
applications. Plain photocatalytic remediation of water has been convincingly demonstrated by the binder
inventors [50] and confirmed by our experiment. However, the reported titania-silica composite represents
a highly interesting material for photonic and electrophotocatalytic applications too, as demonstrated by
our linear voltammetry experiments. Moreover, the UV-curing post-printing treatment option enables
the deposition on organic flexible substrates and inkjet printing allows for direct patterning of arbitrary
patterns. Such capability may be highly useful for the fabrication of electrochemical sensors [53,54],
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photochemical cells with special electrode geometry [55] or inverted structure polymer solar cells [56-58]
because in all these devices patterned titania layers are needed.

In order to optimize the reported hybrid titania-silica coating for these advanced applications, further
attempt to improve the quality of printed layers was made. The main goal was to improve the printed titania
layer smoothness and remove banding artifacts. After analyzing the experimental results, we selected the
formulation Ti_3, where the titania—silica volume ratio was 2.5:1.5, as the optimal printing mixture, since
it delivered a balanced compromise of printing reliability, print quality, mechanical stability, electrical
and photocatalytic properties.

A new batch of formulation Ti_3 was prepared in the same way as reported above, but milling with
glass balls was prolonged to 3 days and the formulation was further diluted 1 + 1 by hexanol. The new
ink was filled into the Dimatix cartridge and printed with the previously used settings. A line resolution
test was printed onto FTO glass and the printouts were processed by UV-curing only, as this is the
preferred processing option for flexible substrate based organic electronic structures. SEM imaging and
profilometric analysis was performed in order to evaluate the resolution limit and surface quality of
patterns printed in this way.

Figure 10 depicts the obtained results for several finest-line section of the resolution test. The prolonged
milling and further ink dilution certainly contributed to the elimination larger aggregates which could get
stuck in the nozzles and therefore no diverted droplets can be observed. The low volatility of hexanol
enabled wet film leveling before drying, suppressed the banding issues and contributed to much smoother
surface finish of the layers printed with the optimized composition. Although some protruding aggregates
are still present and the individual droplet imprints are apparent, the print quality much improved both
in terms of edge definition and smoother surface finish. With the optimized formulation, patterns with
both positive and negative features down to 100 um size are possible to print.
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Figure 10. Profilometric mapping (top) and SEM images (bottom) of line resolution test
printed with optimized Ti_3 formulation.
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3. Experimental Section
3.1. Preparation of Silica Binder

The silica matrix was prepared through the sol-gel process at low temperature according the procedure
described in work of Gregori et al. [50] where methyltriethoxysilane (MTEOS, ABCR) was used as the
silica precursor. In the first step, MTEOS (60 cm®) was hydrolysed in acidic water (70 cm®) and the
created mixture was continuously stirred for 1 h at laboratory temperature. Subsequently, the distillation
at 115 °C was carried out to remove the released alcohol. The distillation was stopped in the moment of
white suspension formation and immediately, 37 cm® of cold water was added to increase the phase
separation. After the cooling to laboratory temperature, diethyl ether (90 cm?) was added to the solution
to extract the remaining water and subsequently the whole water phase was removed. Diethyl ether was
evaporated under reduce pressure and finally, the rest matter was diluted in ethanol (50 cm?®). The dry
mass content was determined gravimetrically and adjusted to 0.28 g/cm?.

3.2. Printing Deposition

For the sake of convenient testing of various silica-titania ratios, stock dispersion of titanium dioxide
in anhydrous ethanol was mixed first, having the same dry mass content as the silica binder solution.
The printing formulation was then prepared by mixing varying volumes of silica binder solution, titania
dispersion and viscosity-controlling solvent (butanol) in 20 mL glass vials. Approximately 3 g of 1 mm
diameter glass balls were added to each vial and they were kept shaking for minimum 2 days on an
oscillating plate shaker set to 900 rpm. Table 4 outlines the composition of all printing formulations.

Table 4. Composition of printing formulations.

Sample Stock Dispersion of TiO; in Silica Sol in Ethanol  Butanol  Titania Fraction in
Ethanol (mL) ¢ = 0.28 g/mL (mL) ¢ =0.28 g/mL (mL) Dry Mass (wt %)
Ti 1 1.5 25 6 38
Ti 2 2 2 6 50
Ti 3 2.5 1.5 6 63
Ti 4 3 1 6 75
Ti 5 35 0.5 6 88

Printing of prepared inks was performed with an experimental inkjet printer Fujifilm Dimatix 2831
(Fyjifilm Dimatix, Santa Clara, CA USA). The printer features a disposable 16-nozzle piezoelectric
jetting printhead coupled with a 2 mL polyethylene ink tank. It is capable of printing on A4 size
substrates with a resolution of up to 5080 dpi, i.e., 5 um. Both substrate and printhead can be heated in
order to speed up solvent evaporation and reduce ink viscosity, respectively. A stroboscopic camera
provides still images or slow-down video for the observation of drop formation process, while another
fiducial camera is used for precise substrate positioning and aligning of subsequently print layers. The
printer has been successfully employed for the deposition of a wide variety of functional and auxiliary
layers and during the past years has de facto become the industrial standard tool for ink development
and testing.
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Generally, the following procedure was repeated for each tested formulation: the prepared ink was
loaded into a syringe and a blunt needle was attached to the syringe lure ports. The ink was filled into the
Dimatix ink tank and the Dimatix 10 pL printing head was attached to the tank and the set was mounted
into the Dimatix printer. The drop formation characteristics of all formulations were checked by means of
the built-in stroboscopic camera and interaction of the printed material with the substrate was observed by
an optical microscope. At the beginning of the preliminary testing period, the optimal printing conditions
were found: Dimatix Model fluid 2 waveform, 18 V driving voltage, nozzle temperature 30 °C, substrate
temperature 40 °C. Nozzle span was set to 30 um (i.e., 33.3 drops per mm, 1111 drops per mm?). Printing
was repeated up to 5 times to obtain different overall thicknesses of titania-silica layers. Complete drying
took place after printing each layer, so that the following layer was printed in the “wet-to-dry” manner.

All tested ink formulations (see Table 4) were used for the fabrication of 5 parallel samples sets
containing various test patches the size and shape of which were designed according to the experimental
technique they were intended for. All the patterns in the set were printed in a range of thicknesses of
1 to 5 layers by repeated overprinting in a wet-to-dry manner, i.e. the previous layer was completely dry
before printing the following one started. Actually, each sample set was printed in 3 copies to allow for
various curing methods (see below). Simple rectangular patterns 20 x 20 mm were printed onto standard
26 x 76 mm Pyrex microscope slides for photocatalytic activity experiments. This pattern was also
printed soda-lime microscope slides for hardness evaluation. A line resolution test pattern was printed
onto the same substrate for profilometric and AFM investigation. A miniaturized version of the line
resolution test was printed FTO coated glass slides for SEM imaging. 1 cm? circular patch was printed
onto FTO glass slide for photoelectrochemical measurements.

The deposition process was finalized by curing. One copy of each sample set let dry at ambient
temperature and is further referred to as “printed” (P) sample set. The second one was calcined at 450 °C in
air and is further referred to as “sintered” (S) sample set. The third one was immersed into demineralized
water and placed 30 cm under an industrial processing UV lamp (model 80 BQL7, 248 W, Ultralight AG,
Schaanwald, Liechtenstein) for 10 h and was called “UV cured” sample set (UV).

3.3. Characterization of Thin Films

The printed mixtures were examined using thermogravimetric analysis in order to understand the
processes taking place during thermal processing. The analysis was performed in a thermoanalyser
(TGA; 6300 TG-DTA, Seiko Instruments, Chiba, Japan) under the following parameters: a mixture of
argon and air atmosphere (1:1 by volume), temperatures range of 35-1200 °C with temperature ramp of
5 °C/min up to 100 °C and afterwards 10 °C/min, and a flow rate of 400 cm?/min.

The hardness of the three layered samples was analyzed though the standard pencil hardness test [59].
Pencils with different hardness were successively placed into the pencil tester, from the hardest to the
softest, and the hardness of pencil that will not cut into or gouge the film was evaluated as the hardness
of the layer. The pencils were held in the tester firmly against the film at 45° angle and the speed of the
tester was approximately 1 mm/s.

The thickness and roughness of the printed layers was evaluated using a DektakXT profilometer
(Bruker, Billerica, MA, USA). In this analysis, a diamond tip got to the contact of sample surface and
moved across the sample for the distance of 3 mm with a contact force of 5 mN. The vertical position of
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the diamond stylus generates an electric signal from which the final thickness is calculated. The roughness
of the printed layers was calculated also from this measurement according the Formula (1) [60] where Rms
means root mean square average, z are widths of peaks profile and » is number of peaks. The samples
were scanned perpendicular to the direction of print head movement so that the printed bands merging

1S,
Ry —1/;22 (1)

The quality of prepared layers was investigated by an optical microscope Nikon Eclipse E200

could be evaluated:

connected with a D5000 digital camera (Nikon, Tokyo, Japan). The influence of silica amount in printing
composition was examined and the obtained results served for evaluation of the best printing composition
and conditions. The morphology of the samples was investigated by scanning electron microscopy
(SEM, Ultra Plus, Carl Zeiss, Oberkochen, Germany) where the structure of different layers number as
well as printed vs. sintered samples were compared. The topography of prepared samples was performed
by atomic force microscopy (AFM, Dimension Icon, Bruker) in tapping mode. Each analysis was carried
out in the center of the sample from area 1 um?. Next the topology we investigated also roughness of
the sample. In this case we found Ra which is arithmetic average of the absolute values defined by
Equation (2) [61]:

l
1
R, =7 ! 12 (x) x @)

The photoinduced hydrophilicity was studied through the contact angle measurement of water sessile
droplet on the titania/silica surfaces by an OCA20 instrument (DataPhysics Instruments GmbH,
Filderstadt, Germany). The total volume of deposited droplets was 5 uL and the records of droplets were
taken in the 5 s after their formation. The wetting properties of printed, as well as sintered layers were
examined. At first, the water droplet contact angle was measured on freshly prepared samples and
afterwards each film was irradiated by UV light with intensity of 10 mW/cm? (Lynx-L, Osram Sylvania,
Danvers, MA, USA). The time required for conversion of properties from hydrophobic to hydrophilic
was investigated. The final contact angle in certain time was calculated as the average of five measurements.

Photoelectrochemical characterization was performed by linear sweep voltammetry at room temperature
using a two-electrode setup with the 1 cm? titania patches. The printed FTO slide was scratched with a
diamond knife and thus two isolated FTO strips were created. One strip with the printed titania patch served
as the working electrode and the opposite naked FTO strip as the counter electrode. This setup was fitted
into a custom build quartz cuvette. The cuvette was filled with 0.1 M phosphate buffer (pH = 7) and fitted
onto an optical bench equipped with a fluorescent UV-A lamp emitting a broad peak centered at 365
(Sylvania Lynx-L 11 W). A magnetic stirrer was placed beneath the cuvette and a magnetic flea inside
the cuvette provided efficient electrolyte mixing. The lamp emission was monitored by a X97 Irradiance
Meter with a UV-3701 probe (Gigahertz Optic, Tiirkenfeld, Germany) and the irradiance was set to
3 mW/cm? by adjusting the lamp-to-cuvette distance. Measurements of generated photocurrents were
performed with an electrometer build on the basis of National Instruments Labview platform and supplying
a linear voltage gradient of 10 mV/s from —0.5to 2 V.
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Photocatalytic experiments were conducted with the same cell and light source as the electrochemical
response curves were measured with. Recently, terephtalic acid was suggested as a model compound for
monitoring the oxidative activity of valence band holes generated in the immobilized photocatalyst [62].
Upon oxidation, presumably resulting from the attack of a hydroxyl radical, terephtalic acid is oxidized
into hydroxyterephtalic acid, which gives a strong fluorescence signal at 425 nm. This approach proved
to be very convenient for our experimental setup, because a single radiation source could be used for
both the activation of the photocatalyst as well as the excitation of the fluorescent probe generated during
the course of the reaction. The emitted fluorescence was collected by a quartz collimating lens mounted
in the lateral wall of the cell holder and projected into an optical fiber attached to a Redtide spectrometer
(Ocean Optics, Dunedin, FL, USA). The spectrometer driving software allowed for a convenient
automated recording of the fluorescence intensity. Calibration was performed using hydroxyterepthalic
acid standard (Sigma Aldrich, St. Louis, MO, USA).

4. Conclusions

The primary aim of this work was to find the optimal inkjet printable formulation and processing
conditions for the fabrication of (electro)photocatalytic thin films consolidated by hybrid organosilicate
binder. Several different ratios of titania and binder were tested and we were able to prepare
semi-transparent homogeneous layers of arbitrary shape and thickness by repeated overprinting using
all the studied compositions. The employed binder proved to have positive effect on titania particles
stabilization and also acts as a lubricant enabling printing formulations with high solids loading
(0.112 g/mL). Such concentrated inks can be effectively used for the fabrication of relatively thick
coatings by a single pass of printing head which reduces printing time and eliminated artifacts originating
from the interaction of wet and dry ink.

The printed green-body patterns exhibited good mechanical properties, but required further
processing for a number of reasons. First, the hybrid organosilicate binder needed to be mineralized in
order to become insoluble. Secondly, further processing is also necessary in order to improve the charge
transfer properties and thirdly, it renders the catalyst surface superhydrophilic which is beneficial for
photocatalytic activity. The post-printing processing is possible to carry out either by sintering at
elevated temperature in oxidizing environment, or by UV curing through photocatalytic effect of the
nanocrystalline titania.

All freshly printed films were superhydrophobic due to the residual methyl groups present in the binder.
UV curing was found to induce both methyl groups mineralization as well as hydrophilic conversion.
However, thermal sintering resulted only in methyl group mineralization, but sintered layers remained
hydrophobic. Sintered layers can be converted to hydrophilic state by further UV curing, but their conversion
towards hydrophilic properties takes more time than the conversion of green body printed films.

From the electrochemical point of view, the surface hydrophilicity does not seem to have much
influence. Photocurrent density is increasing with titania content in all three studied processing options
since the fraction of photosensitive component is increasing. For all tested formulations, sintering resulted
into approximately 2.5 times greater photocurrent values than in the case of UV-cured electrodes. So
while sintering remains the superior processing method for inorganic substrates, UV-curing provides a
sound option for heat sensitive substrates.
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As far as the photocatalytic activity is concerned, we discovered significant differences between the
two studied post-printing processing options. Sintered layers showed very low activity, presumably due
to poor adsorption of aqueous pollutants on their hydrophobic surface. However, acceleration of their
activity was observed during the reaction, apparently as the surface was being converted into hydrophilic
by the incident UV radiation during the course of the reaction. UV-cured sample series showed much
higher activity and the kinetic profile of the first intermediate showed shape typical for the kinetic model
of serial reactions.

Finally, sample Ti_3 in which the titania-silica volume ratio was 63 wt %, was evaluated as the best
since it delivered a balanced compromise of mechanical stability, electrical and photocatalytic properties.
We proceeded to our secondary experimental goal with this formulation, i.e., the optimization of print
resolution and surface finish. The milling time was prolonged, the formulation was further diluted with
hexanol and printing mode changed to single nozzle mode in order to provide maximum print quality.
Electronic imaging and stylus profilometry confirmed that patterns with both positive and negative
features down to 100 pum size are possible to print with this formulation and printing setup. The described
technology is well suited for fabrication of various devices where thin patterned titania layers are needed.
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Stable mixed dispersion of TiO, and SiO, was developed and hybrid TiO,/SiO, layers were fabri-
cated by the direct inkjet patterning technique. The prepared layers were tested for photoinduced
hydrophilicity and their photocatalytic activity was tested using stearic acid and dichloroindophenol
as model compounds. The antimicrobial activity of prepared layers was tested and evaluated by
the traditional plate counting method according to ISO 27447:2009, using Escherichia coli CCM
3988. Material printing proved to be well suited for the deposition of this complex nanoparticu-
late ink and samples with variable thickness were conveniently fabricated. Printed layers are able
to change their surface properties from hydrophobic to superhydrophilic and also decompose the

model contaminants rapidly.

Keywords: TiO,/SiO,, Printed Layers, Photocatalysis, Antimicrobial, Stearic Acid, UV LED.

1. INTRODUCTION

Sol-gel synthesized nanocrystalline titania dispersions are
excellent raw materials for wet coating formulations, pro-
viding a good level of control over the crystallinity of the
resulting layer. Although the nanocrystalline titania disper-
sions are capable to deliver excellent photocatalytic per-
formance, it is very difficult to anchor TiO, nanoparticles
to the substrate without thermal fixing. Therefore, in order
to produce a cold setting formulation, it is necessary to
add a binder which will cement the nanoparticles together
and provide necessary adhesion to the substrate surface at
the same time. Silica can act as such a binder.!” Ideally,
such binder should preferably not significantly decrease
the photocatalytic activity of TiO,.!%!!

Although titania coatings have been fabricated by count-
less different processes, wet coating techniques constitute
a very popular and usually simpler alternative to vacuum
processes requiring sophisticated instrumentation. Many
different wet-coating techniques have been proposed, such
as dip-, spin- or spray-coating, doctor blade or roller
spreading, etc. However, recently these traditional methods
have been to certain extent replaced by modified printing
techniques.'? Of these, inkjet material deposition seems to
be especially promising. The technique shares the basic

*Author to whom correspondence should be addressed.
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principles with conventional inkjet printing," i.e., tiny
droplets of a low-viscosity liquid are precisely deposited
onto a substrate by means of a thermal or a piezoelectric
printhead." In the case of material printing, the ink is a
specially formulated liquid used for transporting a func-
tional component onto the substrate surface.>™"

Cold-setting processes yielding stable titania layers are
very attractive for the fabrication of photoelectrochemi-
cal functional or auxiliary coatings on the surface of heat
sensitive substrates. The key involved mechanisms of tita-
nia layer building and fixing include e.g., UV-curing of
titanium alkoxide binder,® the incorporation of mineral
binder such as amorphous silica,! atomic layer deposi-
tion over a mesoporous template,?! low temperature CVD
fed with custom molecular precursor,? titanium alkox-
ide decomposition in supercritical carbon dioxide,® or
cold isostatic pressing of standard P-25 grade of titania.?*
The cold deposition process at ambient conditions is also
advantageous for the fabrication of photocatalytic self-
cleaning coatings for outdoor application on concrete,
stainless steel or automobile components. 36

In order to evaluate the photocatalytic activity of any
immobilized titania layer, various different tests were pro-
posed. However, only a few of them have reached a
general acceptance articulated in the form of ISO stan-
dard. Several ISO standards were introduced recently for
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the purpose of testing of titania layers for industrial
application.”> Each of these ISO standards for photocat-
alytic activity evaluation gives information about suitabil-
ity for different application domain.

Titanium dioxide layers performance can in some
instances compete with the conventional disinfection meth-
ods. Novel disinfection methods are being sought to pro-
vide additional means of protection in a number of areas
which need to be kept sterile or with only small and sup-
pressed population of bacteria and fungi. Thin and trans-
parent layers of titania seem to provide such a function
efficiently.?6-28

Microbiological studies often require the enumeration
of total bacteria in experimental models or environmental
samples. There are several existing assays for the determi-
nation of cell viability, including:

(1) classical (conventional) culture methods (i.e., plate
counting),

(2) microscopic based enumeration methods, e.g., flow
cytometry, direct epifluorescent filter technique (DEFT)
and fluorescent in situ hybridization (FISH);

(3) molecular method (immunological method or indirect
method based on enzymatic activity of cells).

Classical (conventional) culture methods are techni-
cally simple, sensitive and capable of reliable detection of
defined microorganisms. Their principal drawback is that
they are labour- and time-consuming. However, their ease
of use, and the historical reliance of microbiologists on
culture-based methods, have spawned a tradition in which
they are still widely used in analytical laboratories and
continue to provide a standard against which newer tech-
niques are compared.?3°

ISO standard 27447 defines the types of material tested
for antibacterial activity-ceramic tiles or clothes and bac-
teria for testing (Staphylococcus aureus, Escherichia coli,
Klebsiella pneumoniae) including nutrients broth and agar
for plating. Being quite recent, the standard has been
acquiring its acceptance gradually and so far only a lim-
ited number of studies have employed it for antimicrobial
testing.3'* Although the ISO 27447 standard is primar-
ily intended for the assessment of antibacterial activity
of smooth surfaces, the procedure can be adopted for the
evaluation of antifungal activity employing yeasts, too.

In this paper, we would like to inform about the fabrica-
tion and photocatalytic properties of novel hybrid titania-
silica coatings which can be conveniently fabricated by
material printing techniques and which can be deposited
onto a wide variety of surfaces at normal atmospheric con-
ditions without the need of high-temperature fixing. We
employed a low-temperature modification of the so called
brick-and-mortar strategy®® based on mixing prefabricated
nanocrystalline titania “bricks” with “mortar” consisting
of amorphous silica binder. The “mortar” is capable of
enhancing both the mechanical and physicochemical prop-
erties of the coatings. Apart from acting as the binding

J. Nanosci. Nanotechnol. 15, 6550-6558, 2015

agent,' colloidal silica can further improve other material
properties, such as the coating adhesion,*’ increase the nat-
ural hydrophilicity of the material,®® promote the adsorp-
tion of reactants® and influence the thermal stability.*’

Coatings used for this study have been fabricated by
inkjet printing of a stable suspension of nanocrystalline
titania and amorphous silica particles. Hybrid titania-silica
coatings and patterns fabricated in this way feature sig-
nificant photocatalytic activity. We investigated the self-
cleaning properties of printed layers by photoinduced
hydrophilic conversion, fatty acid degradation and dye
photoreduction. Moreover, their antimicrobial activity was
tested using Escherichia coli CCM 3988 according to ISO
standard 27447.

2. EXPERIMENTAL DETAILS

2.1. Chemicals

The following chemicals in this study were used as
purchased: titanium(IV) tetraisopropoxide (TTIP) from
Fluka, tetracthoxysilane (TEOS) from Baker, Levasil
200/30% colloidal SiO, from Starck, propane-2-ol, ethy-
lene glycol from Penta, 2-propoxyethanol, acridine orange,
2,6-dichloroindophenol, 2-methylpropan-1-ol, propan-2-
ol, propane-1,2,3-triol, stearic acid, toluene from Sigma-
Aldrich, polyvinylpyrolidon Luviskol K20 from BASE. All
aqueous solutions were prepared by using highly pure
water from the NANO pure system (Barnstead). Alkaline
surfactant Neodisher LM3 from dr. Weigert was used for
degreasing and cleaning of all substrates.

2.1.1. Sol Synthesis

Preparation procedure of the titania/silica sol is described
in detail in the patent application.” Herein, a short descrip-
tion is given: In round-bottom flask absolute ethanol
(6.78 mL) was mixed with TTIP (41.67 mL). Separately,
2.778 mL of perchloric acid (70%) was added in 250 mL
of double deionized water. This acidified water was then
added dropwise during stirring to the mixture of absolute
ethanol and TTIP. After that the reflux was started and
after 48 h we obtained stable sol which was denoted as
sol A. Separately, TEOS (1.11 mL) and Levasil 200/30%
(1.7 mL) was mixed in the beaker, during stirring HCI
(32%, 30 nL) was added and finally 1-propanol (5 mL) to
obtain silica binder solution. Final sol used in this study
was prepared by mixing sol A with SiO, binder. The
molar ratio between TiO,:SiO, was set to 1:1 according
to the results of previous testing. This stock sol was fur-
ther diluted with a solvent mixture containing propane-2-ol
(25 mL), 2-propoxyethanol (25 mL) and ethylene glycol
(2 mL).

2.1.2. Sample Preparation

Patterning was performed with experimental inkjet printer
Fujifilm Dimatix 2831. The prepared printing formula-
tion was sonicated for 5 min and then loaded into a
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syringe. A 0.45 um membrane filter (Pall Corporation,
USA) and a blunt needle were attached to the syringe
luer port. The printing formulation was filtered and filled
into the Dimatix ink tank. Dimatix 10 pL printing head
was attached to the tank and mounted into the Dimatix
printer. The previously determined optimal printing con-
ditions were set: Dimatix Model fluid 2 waveform, 20 V
driving voltage, nozzle temperature 30 °C, substrate tem-
perature 40 °C. Nozzle span was set to 40 um (i.e.,
251001 drops on 20 x 20 mm in one layer). Standard
size microscopic glass plates (25 x 75 mm, Paul Marien-
feld, Germany) and custom cut 50 x 50 mm (Merci, Czech
Republic) glass plates were used as substrate. Simple
rectangular patterns 20 x 20 mm and 40 x 40 mm were
printed onto the microscopic and custom-cut glass sub-
strates, respectively. Printing was repeated up to 4 times to
obtain different thicknesses of resulting TiO,/SiO, layers.
The printed pattern of 20 x 20 mm was built of 1.06 x
107> mol of titanium dioxide in one layer (0.85 mg). Com-
plete drying took place after printing each layer, so the
following layer was printed in the “wet-to-dry” manner.
The deposition process was finalized by forced drying at
hot air oven at 110 °C for 30 min.

2.1.3. Thickness of Printed Layers

SEM imaging was performed on JEOL JSM-7600F scan-
ning electronic microscope. The same machine was used
for layer thickness estimation by observing sample cross-
section.

2.1.4. Redox Dye Ink Layers

A stock solution of 2,6-dichloroindophenol ink was pre-
pared by mixing of 10 wt% solution of polyvinylpyrroli-
done in propan-2-ol (3 mL), propan-2-ol (3 mL),
2-propoxyethanol (3 mL), glycerol (0,2 mL) and of 2,6-
dichlorindophenol (30 mg). This ink was printed onto the
samples of hybrid TiO,/SiO, layers using Fujifilm Dimatix
printer. Nozzle temperature was kept at 30 °C, substrate
temperature 45 °C. Nozzle span was set to 30 um (i.e.,
445 779 drops on 20 x 20 mm in one layer). The total
2,6-dichloroindophenol loading was 5.011 x 10~® mol on
the 20 x 20 mm patch, which corresponds to 3.634 x
10~ mg-cm™2.

2.1.5. Stearic Acid Layers

The printing solution was prepared by mixing 1 mL of
stearic acid in toluene stock solution (30 g/L) and 9 mL
of 2-methylpropan-1-ol. This ink was printed on sam-
ples with hybrid TiO,/Si0, layers using Fujifilm Dimatix
printer in two layers. Nozzle temperature was 24 °C, sub-
strate temperature 50 °C. Nozzle span was set to 20 um
(i.e., 2 004 002 drops on 20 x 20 mm patch in two layers,
which resulted into 2.348 x 107 mol on 20 x 20 mm in
two layers or 1.503 x 1072 mg-cm2).
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2.1.6. Microorganism and Nutrient Media

Escherichia coli CCM 3988 was used as model microor-
ganisms in this study and was obtained from the Czech
Collection of Microorganisms maintained at Masaryk Uni-
versity Brno, Faculty of Science. The bacterial strain was
grown aerobically in Nutrient broth (HiMedia, India) at
37 °C. Solid medium of agar plates was prepared using
respective media and 2% agar powder (HiMedia, India)
and was used in the plate count method for the analysis of
investigated samples.

2.2. Photocatalytic Activity Measuring

2.2.1. Photoinduced Hydrophilicity

The contact angle of water droplets on hybrid TiO,/SiO,
samples was measured using the Contact Angle System
OCA 20 and SCA 20 software. A 5 uL droplet of deion-
ized water was placed on hybrid TiO,/SiO, sample. The
samples were discontinuously irradiated by a mercury
vapour lamp (Fig. 1) with intensity of 2.5 mW -cm™2 and
then transferred into the contact angle measuring machine
located nearby in the same room. The temperature has
been maintained at 2542 °C.

2.2.2. Redox Dye Ink Layers

Recently, the benefits of photocatalytic activity testing by
means of redox indicator inks have been convincingly
demonstrated.*' We adopted this approach and the experi-
ment was performed in a special dedicated photochemical
reactor developed by the authors. It consists of a simple
housing holding a sample of photocatalytic self-cleaning
glass over a collimating lens terminated optical fibre. This
“plate reactor” was further equipped with two LEDs posi-
tioned opposite the collimating lens (Fig. 2). One of them,
emitting at 650 nm, served as the light source for mea-
surement of absorbance with a RedTide USB650 UV-VIS
spectrophotometer (Ocean Optics), while the second diode
(UVLUX320-HL-3, Roithner LaserTechnik) emitting at

1.0 A

—— Mercury lamp
0.8 1 —— UV LED320
—— fluorescent lamp

Relative intensity

200 300 400 500 600
Wavelenght, nm

Figure 1. Emission spectra of medium pressure mercury lamp Osram
HQL 125 W, fluorescent Sylvania Lynx-S 11 W lamp and UV LED
UVLUX320-HL-3.
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Figure 2. Photochemical reactor for photocatalytic degradation of
redox dye ink.

337 nm, served as the actinic radiation source for TiO,
excitation. Irradiance was set to 0.5 mW -cm~2. The inves-
tigated sample of self-cleaning glass coated with a layer
indicator ink*? containing 2,6-dichloroindophenol, placed
in the reactor and the absorbance drop was measured in
5 s increments at 650 nm.

2.2.3. Stearic Acid Layers

Photocatalytic degradation of stearic acid printed on hybrid
TiO,/Si0, samples was monitored using FTIR trans-
mission spectra measured by FTIR spectrometer Nico-
let Impact 400. The samples were off-line irradiated by
medium pressure mercury lamp OSRAM HQL 125 W.
Irradiance was set to 2.5 mW -cm~2 in UV-A region.

2.3. Antimicrobial Activity Measuring

The microbial culture for the photocatalytic test was pre-
pared as follows: one gelatine disk of microbial culture of
Escherichia coli CCM 3988 inoculated into an Erlenmeyer

Figure 3. Wet chamber for antimicrobial activity testing.
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flask containing 50 mL of Nutrient broth and incubated
for 48 h at 37 °C. After incubation, this bacteria suspen-
sion was suitably diluted with deionized water to obtain
the count of 4.7 x 10° cfu/mL and further used in experi-
ment. 75 uL of purified bacteria suspension was dropped
onto 15 min pre-irradiated TiO,/Si0, 20 x 20 mm film
on glass plate and covered with 20 x 20 mm microscopic
cover glass. No leakage was allowed. The active areas and
bacteria suspension volume were slightly adopted, but the
cell concentration according to ISO standard 27447:2009
(Glass adhesion method) was kept. The bacterial suspen-
sion was delivered and spread by the same way on all sam-
ples. Three samples of TiO,/SiO, layer and two samples of
pure glass were irradiated by four fluorescent lamps Sylva-
nia Lynx-S 11 W with a maximum of energy at 365 nm.
Irradiance of 0.5 mW - cm~2 was maintained by lamp dis-
tance adjustment (Fig. 3). At the same time two samples of
TiO,/Si0O, layer and two samples of pure glass were kept
in dark. After exposure, all samples were washed out with
10 mL of double deionized water and 1 mL of each washing
suspension was placed in 3 Petri dishes. 15 mL of nutrient
agar kept at 45 °C was added to each Petri dish, allow them
to stand for 15 minutes at room temperature. When the agar
medium solidifies, the Petri dishes are placed upside down
and incubated for 48 hours at 37 °C. For washing efficiency
test, immediately after delivery the bacterial suspension on
two samples of pure glass, the bacterial suspension was
washed out with 10 mL of deionized water and cultivated
by the same way. Colony counting after 48 hours was per-
formed. Each sample was tested 3 times.

3. RESULTS AND DISCUSSION

3.1. Thickness of TiO,/SiO, Layers

Thickness is without any doubt one of the most impor-
tant parameters influencing the physicochemical properties
of thin layers. SEM cross-section images are depicted in
Figure 4. The cut was directed perpendicular towards the
direction of the printhead movement. In this way we were
able to observe the whole length of the cut and check
for printing artefacts and general thickness uniformity.
Excellent evenness without any significant variations was
observed, indicating flawless printability of the used for-
mulation and well managed printed bands merging. Sam-
ple thickness was measured at 10 randomly selected spots
along the cut and values are reported at Table I together
with calculated amount of delivered TiO, in TiO,/SiO,
layers.

3.2. Photocatalytic Activity
3.2.1. Redox Dye Ink Layers
Degradation of a dye 2,6-dichloroindophenol to its
colourless form can be expressed by following reaction

scheme.*#

TiO, /UVA light

DCIP +glycerol "— = leuco-DCIP

+ glyceraldehyde (1)
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Figure 4. SEM cross-section images of TiO,/SiO, layers on glass.

We discovered that the dependence of relative absorbance
on time is linear so it means that photochemical degrada-
tion of DCIP ink runs according to the zero order kinetics.
The oxidation reaction of the DCIP ink is a complicated
process affected namely by glycerol concentration in the
polymer layer. The degradation reaction rate can be char-
acterized by its formal rate constant. An experiment with
the blank sample (without the photocatalyst) was also car-
ried out and the resulting final value of direct photoly-
sis rate constant of the ink was subtracted from the final
measurement rate constant values to obtain the net formal
rate constant corresponding to photocatalytic efficiency of
tested hybrid layers TiO,/SiO,. The formal rate constant
was calculated according to the Eq. (3), where the slope
of the straight line is a ratio of rate constant and ini-
tial concentration of 2,6-dichloroindophenol k’. The calcu-
lated values increased with number of printed TiO,/SiO,
layers: (0,128 £ 0,002) x 107*, (1,265 % 0,007) x 1074,

Table I. Thickness of TiO,/SiO, layers measured by SEM.
Calculated
Number of Average Standard amount of TiO,
layers thickness [nm] deviation [nm] [mg-cm™?]
1 41.1 7.9 0.213
2 73.2 21.9 0.425
3 115.9 343 0.638
4 153.2 10.2 0.850

(3,167 £ 0,009) x 10~*, (4,483 0,016) x 10~*, (5,682 +
0,044) x 10~* min~"! for O to 4 layers respectively (Fig. 5).

cy=cy, —kt (2)
k

2L . S 3)
Ca, Ca,

3.2.2. Photoinduced Hydrophilicity

The hydrophilic properties of prepared layers were evalu-
ated by measuring the water contact angle as a function
of the exposure time. We discovered that after 150 min
of irradiation the average water contact angle on the sam-
ple with four layers decreased to 12% of original angle.
Absolute values were near to 10 degrees. All initial contact
angles were higher than 80°. After the irradiation of these
layers by UV light with intensity of irradiation 2,5 mW -
cm~2 all samples became more hydrophilic (Fig. 6). This
could be explained by two ways. One of them is that by

Table II.
TiO,/Si0,.

Half-life of stearic acid degradation in very thin layer on

No. of TiO,/SiO, layers Half-life [s]

0 10762
1 1142
2 650
3 415
4 392
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Figure 5. Photocatalytic degradation of 2,6-dichloroindophenol.

UV irradiation the holes are transferred to the surface, cre-
ating oxygen vacancies most likely at the two coordinated
bridging sites, which are suitable for dissociative water
adsorption. Photoexcited electrons are also transferred to
the surface Ti**, forming Ti** followed by the electron
transfer to adsorbed oxygen molecules.*>* When the sur-
face defect is generated, water and oxygen compete to
dissociatively adsorb on it. These results suggest that the
oxygen vacancy (O-) is favourable for dissociating water,
resulting in abundant basic Ti-OH groups on the surface
of the UV-irradiated TiO, coating as follows:

(Ti** —07) +H,0 — Ti — OH+H, (4)

where Ti in the Ti-OH group is +4 charged.®

But on the other side, recent communication by
Zubkov*’ and co-workers reports that gas phase O, is
necessary to cause the photoinduced hydrophilicity effect.
They explain also the hydrophilic properties of irradiated
water droplet on photocatalytic surface due to the estab-
lishment of the critical surface condition at the perimeter
of a water droplet, which covers a hydrocarbon molecules

1.0 u 1 layer
= 2 layers
© m 3 layers
D 0.8 4 layers
c
[
g
= 0.6
]
3]
)
2 0.4
<
(o)
@
0.2 u
0 T T T T T

T T T
0 20 40 60 80 100 120 140 160
Exposure time, min

Figure 6. Photoinduced hydrophilisation of hybrid TiO,/SiO, layers.
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coated TiO, surface. They showed that the photooxida-
tion of adsorbed hydrocarbon occurs preferentially beyond
the perimeter of the water droplet and expansion of the
droplet immediately leads to drop spreading into TiO, sur-
face regions that are unshielded by liquid water during
irradiation.*’

3.2.3. Stearic Acid Layers

Stearic acid is an attractive model compound because of
its similarity to many of the waxy, hydrophobic solids
that adhere to glass in the real world. The kinetics of its
removal is zero-order, i.e., independent of how much is
deposited, except for very thin films.*

hv=>E,
CH,(CH,),,COOH+260, —> 18CO, + 18H,0  (5)

The destruction of stearic acid can be indirectly measured
via monitoring the amount of generated CO, using gas
chromatography*® or FTIR,* through the change in thick-
ness of the stearic acid film using ellipsometry,”' but the
generally preferred and simplest method is by monitoring
the disappearance of the infrared absorption®? of the stearic
acid film as a function of time.

We employed the last mentioned approach and integral
absorbance values of the printed stearic acid layer in the
range of 3200-2600 cm™~' were recorded by FTIR spec-
trometer. The fastest concentration decrease showed the
samples with 3 and 4 layers of TiO,/SiO,. For the total
removal of stearic acid (1.503 x 1072 mg-cm™2) from the
photocatalytic surface, the exposure dose of 8.5 J-cm™2,
6.8J-cm™2, 3.2 J-cm™2 is sufficient for 1 to 3 and 4 layers,
respectively (Fig. 7).

The small amount of TiO,/SiO, found in 1 and 2 lay-
ered samples (approx. 40 and 80 nm) leads to a slow
photocatalyst activation and therefore causes an induc-
tion period. After activation period, the reaction obeys to
the formal first order Kkinetics, which is consistent with

1.04
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0.6
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31003050 30002950 29002850 2800 2750 2700
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Figure 7. Photocatalytic degradation of stearic acid and FTIR spectrum
of stearic acid (inside graph).
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the results reported by other authors.’*> The half-lives
(Table II) were 1142, 650, 415 and 392 s for 1 to 4 layers
of TiO,/Si0,, respectively. The kinetic profile of stearic
acid degradation is affected by several aspects. It depends
on homogeneity, roughness, thickness of photocatalyst and
thickness of stearic acid. In the case of a very thin stearic
acid layer on a superhydrophilic photocatalyst, the clusters
of stearic acid are likely to be formed. Only in this partic-
ular case, the degradation rate can be described by the first
order kinetics. If the stearic acid is thick and uniform, the
degradation rate would obey the zero order kinetics since
we can expect a linear decrease of the fatty acid layer
thickness. However, the stearic acid degradation kinetics
observed on real samples is not unambiguous and usually
is between zero and first order kinetics.*

3.3. Antimicrobial Activity

The death of a bacterial cell has long been defined as the
inability of a cell to grow to a visible colony on bacterio-
logical media. However, with traditional culture methods,
one can observe bacterial death only in a retrospective way.
Intermediate states like cell injury are difficult to detect
with the plating method.>® Obviously, a cell suffering from
stresses may not be able to propagate itself for a certain
period of time and would be therefore identified as dead
by the plating method.?>*° Such a phenomenon was not
investigated in this study.

When evaluating the cell viability on exposed photocat-
alytic surface, the following aspects should be considered:
the plate count method relies on colony counting. How-
ever, a colony originated from several cells is indistin-
guishable from a colony originated from a single cell.
It should be noted that plate count detects only a frac-
tion of microorganisms which are able to grow and form
colonies in a given medium in a selected incubation
period.?”3% A cell culture irradiated on photocatalytic sur-
face is subjected to stress.’’ Subsequently, smaller colonies
and smaller cells are observed to grow in the cell count-
ing cultivation stage.”” A cell with partly damaged cell
wall is not capable of reproduction or requires a cer-
tain time lag to recover from the stress. In this case the
colony will not grow. Nevertheless, there are several via-
bility indicators that can be assessed at the single-cell
level without cell cultivation. These indicators are based
mostly on fluorescent molecules, which can be detected
with epifluorescence microscopy, solid state cytometry, or
flow cytometry.?”-30-38%0 Each indicator is based on cri-
teria that reflect different levels of cellular integrity or
functionality.®!

Similarly, if the damage is low, the fluorescent staining
will not differentiate the cell correctly. The opposite situa-
tion can also take place, i.e., a damaged cell exhibits itself
as a dead by the staining method, but it overcomes the
stress during cultivation and establishes a colony. These
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phenomena cause differences of cell viability determina-
tion and thus errors in antimicrobial activity of titanium
dioxide thin layers.

The important point is that the ISO standard 27447
defines the testing surface area, bacterial suspension vol-
ume and the number of bacterial cells within quite narrow
limits. The incident radiation intensity is rather low and
originates from the presumption that the self-cleaning sur-
faces will be irradiated predominantly by daylight or by
artificial light sources with a low UV intensity. The strug-
gle for precisely defined workflow resulted into laborious
and time-consuming way of antibacterial activity testing.%?

Photocatalyst antimicrobial activity was calculated
according to following equations:

R, =[log(B,/A) —log(C,/A)] =1log(B,/C,) (6)
AR, =log(B,/C;) — [log(Bp/A) —log(Cp/A)]
=log(B,/C;) —log(Bp/Cp) (7

Where R, is the photocatalyst antimicrobial activity value
after UV irradiation of intensity L, AR, is the photocata-
lyst antimicrobial activity value with UV irradiation (vari-
able introduced and defined by ISO 27447, which takes
into account interactions of bacteria with photocatalyst sur-
face after being kept in dark), A is the average number
of viable bacteria of non-treated specimens just after inoc-
ulation, B; is the average number of viable bacteria of
non-treated specimens after UV irradiation of intensity L,
C, is the average number of viable bacteria of photocata-
lyst treated specimens after UV irradiation of intensity L,
B, is the average number of viable bacteria of non-treated
specimens after being kept in dark, C, is the average num-
ber of viable bacteria of photocatalyst treated specimens
after being kept in dark.

One of the problems with comparing studies on photo-
catalytic disinfection is that different workers have used
different test methods. Many of them have used the sur-
vival ratio instead of the quantities defined by ISO 27447.
Especially, when the fluorescent staining techniques are
employed, the survival ratio is one of the most frequently
used measures for antimicrobial activity expression. For
the purpose of comparison, the survival ratio from our
plate count results was calculated as follows:

SR=C./C)p (®)

The survival ratio in Eq. (8) is not specified by the ISO
standard, we used this calculation for comparison to other
published results which use this quantity obtained by other
live/dead method, e.g., fluorescence staining. The results of
the plate count method indicate that E. coli is significantly
sensitive to the reported hybrid TiO,/SiO, layers (Fig. 8).

Similar conclusion can be drawn on the basis of the
photocatalyst antimicrobial activity value with UV irradia-
tion (AR,). This figure (Eq. (7)) expresses the net activity
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Figure 8. Antibacterial activity of irradiated TiO,/SiO, layers. For SR,
R,, AR, explanation see Egs. (6) to (8).

corrected for the other stressors such as the action of non-
irradiated catalyst, temperature, lack of nutrients etc.?”3°
So far, just a few papers discussing this issue and follow-
ing the ISO 27447 strictly have been published.?* 363
The advantages of standardized method ISO 27447 can
be summarized as follows: The method is simple and does
not require special equipment. The important point is that
the conditions of testing (incl. irradiation) are standardized.
Drawbacks of standardized method ISO 27447 are
mainly:
(1) the method is very time consuming process—test of
one sample takes about 11 hours if it is performed by one
person;
(2) plate count method of live/dead cell distinguishing
shows usually error about 20 %.

We suggest consider a modification of the standard allow-
ing to evaluate the number of living bacteria after bacteria
washout by other methods, which may improve the method
accuracy.

4. CONCLUSION

Material printing proved to be well suited for the depo-
sition of this complex nanoparticulate ink and hybrid
TiO,/Si0, films with thickness ranging from 41 to 153 nm
were conveniently fabricated by repeated overprinting of
1 to 4 layers, respectively. Further advantages of this fab-
rication technique include the efficiency of liquid precur-
sor use. While in the case of conventional wet coating
techniques such as spin-coating or dip-coating most of
the deposited liquid is wasted, with inkjet printing only a
minor fraction of the ink is consumed for printhead purg-
ing and most of the ink is actually printed on the substrate.
Moreover, inkjet printing allows for smooth upscaling, as
industrial printers handling both rigid or roll media up to
several meters width are readily available. However, the
most prominent advantage is the possibility of direct pat-
terning, which enables us to effectively fabricate planar
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patterns with fine details (down 10 micron with conven-
tional printheads). Although the patterning advantage was
not fully exploited in this study since only simple rectan-
gular patterns were used, it may be of a key importance
for the production of functional titania patterns on organic
substrates.

The photocatalytic and biocidic properties were inves-
tigated and discussed by several generally recognized
methods. Printed layers are able to change their sur-
face properties from hydrophobic to hydrophilic during
one hour of UV-A irradiation set at recommended inten-
sity. The thickest layers exhibited a drop in the water
droplet contact angle below 10% of original value on non-
irradiated surface within 2 hours of UV-A irradiation.

The self-cleaning properties were tested on model con-
taminants: We followed the decolourization reaction of
2,6-DCIP by UV-VIS spectroscopy and the decomposi-
tion of stearic acid by FTIR. The rate constant of 2,6-
DCIP decolourization was 5,682 40,044 x 10~* min~" in
the case of the thickest layer. Stearic acid degradation pro-
file was described by the formal first order rate kinetics
and the thickest layers exhibited half-life of 392 s. These
values account for significant photocatalytic activity of the
studied samples and prove its suitability for self-cleaning
coatings application. Although more active titania coatings
may have been prepared by other methods, it is impor-
tant to realize that the described samples were fabricated
by completely cold process at ambient temperature and
pressure. This enables the deposition on heat sensitive sub-
strates such as polymer foils and roll to roll processing.

Apart from self-cleaning activity, the reported films fea-
ture significant biocide activity as well. The E. coli sur-
vival ratio was 0.02 and AR, according to ISO 27447
was 1.02 for the 4-layered sample and it clearly justifies
this conclusion. However, while the photocatalytic activ-
ity evaluation performed in the described reactors is rather
straightforward and convenient due to automated experi-
mental data recording, the assessment of biocide activity
according to the present standard remains labour intensive
time consuming.
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Abstract: Thin layers of titanium dioxide were fabricated by direct inkjet patterning of a
reverse micelles sol-gel composition onto soda-lime glass plates. Several series of variable
thickness samples were produced by repeated overprinting and these were further calcined at
different temperatures. The resulting layers were inspected by optical and scanning electronic
microscopy and their optical properties were investigated by spectroscopic ellipsometry in
the range of 200—1000 nm. Thus the influence of the calcination temperature on material as
well as optical properties of the patterned micellar titania was studied. The additive nature
of the deposition process was demonstrated by a linear dependence of total thickness on the
number of printed layers without being significantly affected by the calcination temperature.
The micellar imprints structure of the titania layer resulted into significant deviation of
measured optical constants from the values reported for bulk titania. The introduction of a
void layer into the ellipsometric model was found necessary for this particular type of titania
and enabled correct ellipsometric determination of layer thickness, well matching the
thickness values from mechanical profilometry.
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1. Introduction

Titanium dioxide has been attracting the attention of researchers for the past several decades, it is
probably the most extensively studied transition metal oxide [1] because of its unique photo-induced
properties, high refractive index, transmittance in the visible spectral range and general chemical stability.
It is an excellent semiconductor material, which crystallizes in three different structures: anatase
(tetragonal), rutile (tetragonal) and brookite (orthorhombic) [2]. The rutile phase is studied mainly in
terms of its optical properties. Recently, the optical and electrical properties of anatase and rutile showed
that the major difference between the two phases is the greater optical band gap and a smaller electron
effective mass of anatase compared with the rutile phase [3]. Rutile has one of the largest refractive
indexes, and also has high dispersion. Anatase phase can develop during crystallization temperatures below
600 °C, while at higher temperatures it is converted to the more stable rutile form. The low-temperature
anatase phase is interesting primarily for its efficient electron-hole generation upon irradiation by UV and
corresponding photocatalytic effects [4]. Rutile is stable at high temperatures, shows weaker photoactivity
and is primarily used for functional coatings in optics, photonics, microelectronics etc. TiO2 thin films
have particular application potential due to its specific properties such as chemical stability, high
refractive index, high dielectric constant and transparency in the visible region of the spectrum [2].

Spectroscopic ellipsometry (SE) is a nondestructive optical method that allows the study of optical
properties of materials forming thin layers. This technique is based on measuring the state of polarization
of the incident and reflected light waves [5]. There is no need to modify the samples as for optical
profilometry or interferometry, in the case of which the layer must be reflective and is therefore usually
covered by evaporated aluminum. It is possible to determine the complex refractive index by this method
and it is equally suited for nondestructive determination of layer thickness.

TiO2 thin layers have been successfully prepared by a number of deposition processes including both
gas phase methods (PVD and CVD) and liquid phase ones (dip-, spin- or spray-coating, doctor blade
spreading, roller coating efc.). Generally, the wet coating techniques constitute a simpler alternative to
the vacuum processes requiring sophisticated instrumentation and are therefore favored for large-scale
manufacturing. Obviously, a suitable liquid precursor formulations need to be developed for these
wet-coating techniques. The sol-gel approach proved to be well suited for this purpose and its advantages
and benefits were demonstrated repeatedly [6—12]. The process usually starts with soluble titanium salts
and/or titanium alkoxides which are complexed by suitable chelates, pre-crosslinked by partial
hydrolysis and the resulting metastable colloidal sols are then coated onto substrate, gelled and converted
into dense or porous oxide layer. Thermal calcination is the most common way to achieve this conversion
but low temperature alternatives are available as well [13].

However, recently the traditional wet-coating methods have been replaced to a great extent by modified
printing techniques [14]. Of these, inkjet material deposition seems to be especially promising [15]. The
technique shares basic principles with conventional inkjet printing, i.e., tiny droplets of a low-viscosity
liquid are precisely deposited onto a substrate by means of thermal or piezoelectric printhead. In the case
of material printing, the ink is a specially formulated low-viscosity liquid used for transporting a functional
component onto the substrate surface. Material printing has been successfully used to deliver a wide
variety of functional materials and to form thin films, fine 2D patterns and even 3D structures [16].
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The authors of this paper have previously reported the deposition of sols based on reverse micelle
templates [17] by inkjet printing. The resulting titania patterns showed interesting sensing properties [18] as
well as photocatalytic activity [19] and the material inkjet printing approach was found extremely useful
due to its precision, repeatability, inherent patterning capability and efficiency of material consumption.
In this paper, we present the results of a further study of reverse-micelles-inkjeted titania focused on the
optical properties of these layers.

2. Results and Discussion

Reverse micelles sol-gel formulation was successfully printed by a Dimatix 2831 printer (Fujifilm
Dimatix Inc., Santa Clara, CA, USA) as a simple rectangular pattern 10 mm x 10 mm on glass. The
printing process was repeated up to five times to get different thicknesses of the resulting TiOz layers,
producing a 5-patch series for each studied calcination temperature. The resulting layers we can observe
by optical microscope and by profilometry are smooth, shiny, clear and transparent, with a strong color
tint that is the result of light interference. Inkjet printing proved to be an elegant method for sol delivery to
a substrate. It provides a complete control of the deposition process parameters together with an excellent
efficiency of precursor use. Moreover, the possibility of precise patterning and the ease of up-scaling
make this type of deposition very appealing for the production of photonic devices such as sensors, solar
electrochemical cells, patterned coatings, etc. [20-25].

Figure 1 shows the visual characteritics of prepared samples as seen in the optical microscope with a
4x magnifying lens. We can observe visually homogeneous surface of B-E series, free of cracks and
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only rarely spoiled by dust particles.
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Figure 1. The layer surface as seen by optical microscopy. The matrix shows all the studied
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samples arranged according to the temperature of processing (rows, sample sets A—E) and
according to the number of printed layers (columns, 1-5 layers). At this magnification, the
field of view of each photo corresponds to the area 3137 um x 2083 um.

On some samples, slight banding artifact pattern has developed as the result imperfect band merging
during the printing process. However, the A sample series visual appearance is much different, with only
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traces of interference coloring present at the single layer sample and being apparently much thicker than
the corresponding patches from other sample series.

We conclude the 200 °C calcination temperature is not sufficient for complete mineralization of the
sol and TiOz crystallization therefore this series was omitted from further ellipsometric study (see further
discussion of XRD patterns and Table 1 summarizing thickness data for confirmation). Figure 2 shows the
SEM and AFM records of the surface layer clearly depicting the micellar template imprints manifested
as the globular surface structure known from previous studies of this type of titania layers [26].

Table 1. Thickness of prepared samples as determined by ellipsometry.

Samples A (200°C) B (300°C) C (400°C) D (500°C) E (600 °C)

Layers Thickness (nm)
1 465.3 89.4 97.9 63.7 56.3
2 918.3 161.9 185.6 150.5 148.1
3 1607.1 251.2 261.2 230.2 2299
4 2296.5 318.5 331.6 294.8 298.3
5 2670.7 408.7 384.1 353.2 357.4

b

nm

SEMHV: 15.00kV  WD:2.163 mm
View field: 1.655 ym  Det: InBeam 500 nm
SEM MAG: 130.92 kx  Date(m/dAy): 06/10/10 LabSensN: n

Figure 2. AFM (a) and SEM (b) scans of the printed layer surface.

Figure 3 depicts the recorded ellipsometric data expressed in terms of complex refractive index. We
can observe the undulating patterns which represent interference and different thicknesses.
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Figure 3. Ellipsometric experimental data of TiOz for the range 200—1000 nm for (a) sample
A; (b) sample C; and (c) sample E.
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We used Raman spectroscopy to detect the crystalline structure (Figure 4, Table 2) of prepared thin
films. Our spectrum confirmed the presence of anatase phase. The anatase phase exhibits major peaks
at about 635, 514, 396 and 144 cm ™.

m anatase phase

Raman intensity (a.u.)

u
— ’——/n\/\'uj\fr/\-"v‘"’"
100 200 300 400 500 600 700 800
Raman shift (cm")

Figure 4. Raman spectra.

Table 2. Characteristic of the studied TiOz2 thin layers prepared by sol-gel method.

Sample Temperature (°C) Supposed Crystal Phase by Raman Spectroscopy

A 200 incomplete mineralization and/or crystallization
B 300 amorphous

C 400 Anatase

D 500 Anatase

E 600 Anatase

Figure 5 shows obtained X-ray diffraction (XRD) spectra for to study the crystallinity of the films
that as the annealing temperature increases the intensity and linewidth of the (101) diffraction peak.
All the diffraction peaks of TiO2 can be indexes as anatas (Anatase XRD JCPDS card no. 78-2486).
As expected, with increasing calcination temperature the crystatalinity improves which is manifested by

more prominent diffraction peaks of samples calcined at higher temperatures.

3
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Diffraction angle 26 (deg)
Figure 5. XRD patterns for samples A-E.

2.1. Simplest Model of Studied Sample

Initially, the ellipsometric spectra were analyzed on the basis of the simplest dispersion model
consisting of glass/Ti02 layers (Figure 6). As is evident from Figure 7, there are considerable variations
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between the published results for TiO2 optical constants and the results which were obtained using the
simple model. For example, the previously reported values of # (633 nm) was observed to be in the range
of 2.43-2.50 for single anatase crystals obtained by the deposition on the substrate heated to 250 °C [27].

TiO,

Glass substrate

Figure 6. A schematic outline of the used ellipsometric model.
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Figure 7. Refractive index on studied samples each of layers at 590 nm wavelength after fitting.

However, the computed thickness values of the layers obtained by fitting this simple model agree
with the results obtained using a mechanical profilometer fairly well, with the exception of the thickest
sample, where a deviation of 23% was observed. The results of both methods for all samples analyzed
(layers 1-5) are given in Tables 1 and 3.

Table 3. Thickness of prepared samples as determined by mechanical profilometer.

Sample A (200°C) B (300°C) C (400°C) D (500°C) E (600 °C)

Layer Thickness (nm)
1 288.9 63.3 80.0 96.0 77.9
2 542.2 145.8 153.4 156.5 159.1
3 894.1 196.7 227.5 223.8 216.0
4 1025.6 305.8 307.1 273.1 2953
5 1752.0 331.0 390.7 389.4 370.6

2.2. Complex Model of Studied Samples

Since crystalline anatase phase was previously proved to be present in the layers calcined at
400-500 °C [18], but the value the calculated refractive index is not in agreement with optical parameters
for TiO2, we need to adopts a more complex model for experimental data fitting (Figure 8). This model
was suggested on the basis of studying the images from electron and AFM microscopy, where the surface
topology clearly manifesting the globular surface structure resulting from the micellar templating became
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obvious. This new model consist of two layers: the bottom one consists of the compact TiO2 inherited from
the simple model and a top surface layer consisting of pure TiO2 mixed with variable void fraction.

50% TiO, 50% void

TiO, — micelar structure

Glass substrate

Figure 8. Used ellipsometric model which involves a layer with an additional void.

Within this model we investigated two variables: the ratio of thicknesses of the two layers and also
the ratio of TiO2 and void in the upper layer. First, we studied the fraction effect of the void in the upper
layer. For these calculations we finally assumed that 90% of the total thickness is represented by
nonporous TiO2 and 10% builds up the surface voided layer (the explanation of selecting this particular
thickness ratio follows in the paragraph below). We confirmed the expected fact that the void fraction
value greatly influences the dispersion dependence of the refractive index on the wavelength. Obviously,
with increasing void fraction the global index of refraction of the whole layer system is decreasing.
However, if we attempt to substitute a solid layer by a composite one consisting of a solid material and
a certain fraction of void, then with increasing void fraction the refractive index of the complementary
solid fraction must increase as well in order to keep the global refractive index constant. This situation
is modeled at Figure 9. Based on this modeling, we adopted the 50% void fraction as a reasonable

starting point.
2
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Figure 9. The dispersion dependence of the refractive index (a) and extinction coefficient
(b) of the pure TiO2 solid fraction only.

Subsequently, we attempted a further tuning of the ellipsometric model by optimizing the second
variable, i.e. the thickness ratio of the two layers. The results are presented at Figure 10 for sample B
(one layer) and the ratio of TiO2/void in the upper layer is set to 50/50% by the previous analysis. The
figure shows that the ratios of thicknesses of layers have much smaller role. Nevertheless, the ratio
90/10% was selected because it provided the best match to refractive index values reported for TiO: at
590 nm.
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Figure 10. The dispersion dependence of the printed samples for various thickness ratios of
the two sublayers of the refractive index (a) and extinction coefficient (b).

Once the thickness ratio 90/10 was selected, this ellipsometric model was applied to all studied samples.
These results are depicted in Figure 11 and Table 4.
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Figure 11. The final computed refractive index (a) and extinction coefficient (b) values for

studied samples on their first layer.

Table 4. Properties refractive index of prepared materials TiO2 by sol-gel method at
590 nm wavelength.

Samples B (300°C) C (400°C) D (500°C) E (600 °C)

Layers Refractive Index
1 2.650 2.628 1.794 2.112
2 2.690 2.705 2422 2.578
3 2.768 2.717 2.809 2.618
4 2.803 2.764 2.817 2.779
5 2.792 2.811 2.768 2.914

We can see that the refractive index value is in the range of 2.6 to 2.9 for most of our samples, which
matches well the reported values. For the sample series calcined at lower temperatures (B, C) we can
note slight increase of refractive index values with increasing layer thickness, probably due to better
crystallite development in the thicker samples. However, an anomalous decrease of the refractive index
value with decreasing layer thickness can be observed in the case of the more heated sample series D
and E. We expect that during calcination at elevated temperatures in the proximity of glass softening
temperature, a significant material diffusive mixing takes place, this phenomenon has been observed
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earlier [28] and is known to have a detrimental effect on the photocatalytic performance of titania layers
resulting from sodium ions diffusion into titania lattice. It seems that the thinner one- and two-layered
samples suffer the most due to the contaminant diffusion path length being comparable to the total layer
thickness, while the thicker samples are less sensitive because only a fraction of their thickness is
contaminated. Moreover, the negative effect of diffusing contaminants can be eliminated by improved
crystallization in the thicker samples.

Obviously, sodium diffusion can be eliminated by using another substrate such as quartz or silicon.
Titania coating deposited onto these substrates can be processed at much higher temperatures which
would open the pathway to ellipsometric investigation of phase change from anatase to rutile. However,
working with different substrates would require the modification of our ellipsometric models and would
go far beyond the scope of this paper.

3. Experimental Section

Nanostructured micellarly templated TiO2 layers were prepared by inkjet printing of our previously
optimized [18] sol onto soda-lime glass plates (25 mm x 75 mm) usually used for microscopy. Sol
deposition and patterning was performed with a dedicated Fujifilm Dimatix 2831 material inkjet printer.
The drop formation characteristics were monitored by means of the built-in stroboscopic camera and the
interaction with substrate was inspected by an optical microscope. Optimal printing conditions were
defined in the previous studies: Dimatix Model fluid 2 waveform, 20 V driving voltage, nozzle temperature
30 °C, substrate temperature 40 °C, and nozzle span was kept constant 20 um.

The annealing temperatures after deposition are summarized in Table 2. Printing was repeated several
times in a wet-to-wet manner. Step-wedge like samples were fabricated by repeated overprinting onto a
single 26 mm x 76 mm glass slide. They consisted of five square patches 10 mm % 10 mm with gradually
increasing number of layers. This study started with five parallel samples series denoted as A, B, C, D,
and E, all printed in exactly the same way. However, they were calcined at different temperatures
(see Table 2) and the duration of the thermal treatment was 4 h. Raman spectroscopy was employed for
the determination of crystal phase of the studied samples.

Microphotographs were recorded using Nikon Eclipse E200 optical microscope equipped with a
Nikon D5000 digital camera and Nikon Camera Control Pro 2 software (Nikon, Tokyo, Japan). Polarised
light was used to enhance the interference-originating color of the printed layers. Captured raw images
were conveniently cropped, color balanced and organized by Adobe Lightroom. Scanning electronic
microscopy was performed on the MIRA II LMU (Tescan, Warrendale, PA, USA) and AFM analysis was
done on the Ntegra Prima by NT-MDT (Santa Clara, CA, USA). Physical thickness of the layers was
determined by a Dektak XT mechanical profilometer (Bruker, Tucson, AZ, USA).

A UVISEL 2 spectroscopic ellipsometer [27] by Jobin-Yvon (Palaiseau, France) was used for
recording the wavelength dependency of the principal ellipsometric quantities y and A at the angle of
70°. The setup of the phase modulated ellipsometer is as follows: xenon source (spectral range 1.5-5.5 eV)
polarizer/modulator/sample/analyzer/monochromator and detector (photomultiplier). The experimental
ellipsometric angles y and A are a measure of the polarization change of the incident light wave as it is
reflected at the different interfaces in the film profile. In order to determine the optical constants, the
film thickness and the surface roughness, a model film structure has to be established. In this simple
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single layer case, the model consists of a glass substrate and a dense TiO2 layer. Optional 50% Ti02:50%
void surface layer, which simulates the surface roughness, may be added to improve the accuracy of
modelling and the New Amorphous model was used for this purpose. It's based on Forouhi-Bloomer
formulation. The absorption coefficient is given by Equation (1) and refractive index given by Equation (2):

_ 2
. fj(w—g)g)z ;foroo>cog
(@) =1 (@-0)"+T; sfor o< o, (1)
0

where is ®, =(E,. —E;)/nh difference the basic frequency and the excited state, I', =y/2 is the
broadening term of the peak absorption and coefficient fj = A4 is proportional to the strength of the oscillator:
B(w—-,)+C, 5
(0—0,)"+T; (2)

n(w)=n_+

where B, = %[Fi — (o, - mg)2] and C; =2 f;T';(»,—®,) are coefficients. Where 7 is refractive index
J

for ® — oo, wj is the energy at which the extinction coefficient is maximum (peak of absorption), f; is

related to the strength of the extinction coefficient peak, wg is the energy band gap and I is the

broadening term of the peak of absorption. Recorded spectra in combination with different ellipsometric

models were processed in the DeltaPsi software package (HORIBA Scientific Systems, Longjumeau

Cedex, France) and a complete optical characterization was attempted.

Since both the printed TiO: layers and the glass substrates are transparent, it is important to suppress
the backside reflections [29] from transparent glass substrates. These unwanted backside reflections
must be accounted for in the fit model or suppressed by experimental arrangement. A common technique
used to eliminate backside reflections is to focus the probing beam onto an area small enough to permit
the separation of the front and the back reflection. Alternatively, the reflections can be suppressed by
modifying the reverse side of substrate opposite the measurement spot. This can be accomplished by
mechanical grinding using a fine sandpaper or, as in our case, painting the reverse side by black marker.

4. Conclusions

The paper presents the results of a comprehensive study on the optical properties of TiO2 layers
consisting of micellarly templated TiO: fabricated by material printing. We studied the influence of the
ratio of thicknesses of the both layers and void fraction effects on the optical properties of the layer
forming material. We demonstrate that the influence of voids on the properties of the layer is
substantial—at 50% void fraction the refractive index of the complementary fraction increased 1.8 times
(from 1.7 to 2.4 for a wavelength of 590 nm). On the other hand, the influence of the ratio of thicknesses
of the upper and lower layers was not so critical. Nevertheless, the ratio 90%/10% was selected because
it provided the best match to refractive index values reported for TiO2 at 590 nm. After the incorporation
of these two variables into the ellipsometric model, a reasonably good agreement between calculated
and tabulated values of the refractive index was obtained.
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ABSTRACT: A hybrid titania-silica cold-setting sol has been
developed that can be deposited onto a wide variety of sur-
faces without the need for high-temperature fixing and that is
suitable for material printing deposition. Thin hybrid titania-
silica coatings were patterned onto glass and PET substrates
by inkjet printing. Well-defined hybrid titania-silica patterns,
with thicknesses ranging from 40 to 400 nm, were fabricated by
overprinting 1 to 10 layers. Excellent mechanical, optical, and
photocatalytic properties were observed, making the reported
material well suited for the fabrication of transparent self-
cleaning coatings both on mineral and organic substrates. The
printed patterns exhibit photoelectrochemical activity that can
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be further improved by thermal or photonic curing. A concept of fully printed interdigitated photoelectrochemical cells on
flexible PET substrates utilizing the reported hybrid photocatalyst is disclosed as well.

KEYWORDS: photocatalysis, material printing, inkjet printing, direct patterning, titanium dioxide, silica, binder

1. INTRODUCTION

Metal oxide semiconductors, especially titanium dioxide, and
their related photocatalytic processes have been the subjects of
intensive research for the past four decades. The primary dis-
covery of the photoelectrochemical splitting of water on titanium
dioxide electrodes' has gradually evolved into a broad tech-
nological field of applied photocatalysis. This technology may
have the potential to address some of the most urgent techno-
logical challenges,” especially if solar light is employed as the
irradiation source.

Basically, any photocatalytic process is initiated by the photo-
generation of electron—hole pairs in a semiconductor crystal
lattice, which results from the absorption of UV (or even visible
light in the case of a narrow band gap semiconductor) quanta of
energy equal to or higher than the corresponding band gap. The
electrons and holes can either recombine, dissipating the ab-
sorbed energy as heat, or remain separated and available for
redox reactions with electron-donor or acceptor species ad-
sorbed at the semiconductor surface or localized in the electrical
double layer surrounding the particle.*

While photocatalytic processes utilizing the slurried form
of a catalyst deliver excellent performances because of their
inherently high surface area, a photocatalyst immobilized onto
a suitable support is usually the preferred form for practical
applications. Upon immobilization, the free surface of the
catalyst inevitably decreases, resulting into a loss of catalytic

-4 ACS Publications  ©2015 American Chemical Society
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performance because of limited mass transport. Conversely,
immobilized systems are not burdened by the need for catalyst
recovery, which could otherwise prohibitively increase the
operational costs. Both the gas phase deposition and the wet
coating method have been successfully adopted for the
preparation of immobilized photocatalyst layers.

Titanium dioxide is definitely the most popular and promising
material among transition metal semiconductors for photo-
catalytic applications. TiO, is both widely commercially available
and also easy to prepare by various methods that yield different
titania grades. It has been successfully used for the design of many
commercial devices that decompose hazardous substances in
our living environment based on the strong oxidizing power
of its photogenerated holes and its high photostability. So far, we
have witnessed the proposal and successful application of
photocatalytic phenomena for water purification® and dis-
infection,” toxic waste treatment,® air purification and deodor-
izing,9 and self-cleaning,10 self-disinfecting,11 and superhydro-
philic antifogging'? surfaces.

Self-cleaning surfaces generally belong to one of two types of
surfaces: hydrophobic or hydrophilic. The main characteristic of
hydrophobic surfaces containing specific polymers or waxes is a
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very high contact angle between the water droplet and the
support (>150°). Consequently, the adhesion of the dirty
spherical water droplet to the support is prevented. Another
possible approach to prevent the adhesion of water droplets is the
use of hydrophilic coatings composed of transition metal oxides,
most typically TiO,, as explained above. Such coatings contribute
to self-cleaning for two reasons. First, the presence of UV radia-
tion and water molecules induce chemical changes on the
surfaces (oxygen vacancies are created and subsequently filled by
hydroxyl ions), causing them to become highly hydrophilic with
a very low water contact angle (<5°). Such high hydrophilicity
enhances the adhesion of water, and the slightly adsorbed
inorganic dirt particles are easily washed away by e.g., rainwater.
Second, organic debris deposits are photocatalytically destroyed
by the photogenerated hole—electron pairs.

Although titania coatings have been fabricated by countless
different processes, wet coating techniques constitute a very
popular and usually simpler alternative to vacuum processes
requiring sophisticated instrumentation. Many different wet
coating techniques have been proposed, such as dip-, spin-, or
spray-coating, doctor blade, or roller spreading.13 However, these
traditional methods have been recently replaced by modified
printing techniques,14 among which inkjet material deposition
seems to be especially promising. The technique shares the basic
principles of conventional inkjet printing,15 i.e, tiny droplets of
a low-viscosity liquid are precisely deposited onto a substrate by
means of a thermal or a piezoelectric printhead.'® In the case of
material printing, the ink is a specially formulated liquid used for
transporting a functional component onto the substrate
surface.'”

However, to perform any of the above-mentioned traditional
wet coating processes or novel modified printing techniques,
a suitable liquid formulation carrying the functional com-
ponent (titanium dioxide photocatalyst in this case) needs to
be developed. Two distinct approaches to this task can be easily
identified:

The first approach is based on the sol—gel process, i.e., soluble
titanium salts and/or titanium alkoxides are complexed by
suitable chelates, precross-linked by partial hydrolysis, and
the resulting metastable colloidal sols are then coated onto a
substrate, gelled, and converted into dense or porous oxide
layers."® Thermal calcination is the most common way to achieve
this conversion, but low temperature alternatives are available.'?
Inkjettable titania formulations based on this approach were
reported by Arin®® and Manga.*' The authors of the present
paper have reported the deposition of conventional sol—gel
formulations based on tetraisopropoxy titanate and acetyl
acetone by a modified office inkjet printer.”* Thick multilayer
coatings were printed with the help of poly(ethylene glycol)
acting as a viscosity-modifying, templating, and anticracking
agent.”® Sols based on reverse micelle templates** were also
successfully adapted for inkjet printing, and the printed patterns
showed interesting sensing properties as well as photocatalytic
activity.25

Much experimental attention has also been paid to explore the
second possible approach leading to printed TiO, films. This
alternative route is based on the synthesis of stable colloidal
suspensions of nanocrystalline TiO, followed by the delivery of
this suspension onto a substrate by means of inkjet printing.
Bernacka-Wojcik and co-workers recently demonstrated® a
disposable biosensor integrating an inkjet printed photodetector
fabricated by printing a commercial dispersion of titania particles
with a desktop office printer equipped with a thermal inkjet head.

A similar approach was adopted by Yang et al.”” who used a
dispersion of TiO, printed by a modified office inkjet printer to
produce an oxygen demand sensing photoanode and by Arin
et al*® who fabricated photocatalytically active TiO, films by
inkjet printing of nanoparticle suspensions obtained from
microwave-assisted hydrothermal synthesis. The authors of the
present paper have recently reported the fabrication of titania
patterns by inkjet printing of rutile nanodispersions originating
from hydrothermal processes.””

The obvious issue inherently associated with this second
approach is the adhesion of the deposited material to the sub-
strate. The aggregated nanoparticles left after solvent evaporation
only have very limited adhesion to the substrate and need to be
fixed in some way. The above-referenced examples employed the
most common solution to this problem, ie., heat treatment at
300—500 °C. However, more sophisticated solutions have been
reported. Cold-setting processes yielding stable titania layers are
very attractive for the fabrication of photoelectrochemical
functional or auxiliary coatings on the surface of heat-sensitive
substrates. This is especially true in the case of dye-sensitized solar
cells, where the adoption of cheap flexible polymer supports is
considered a necessary condition for commercial success. A great
deal of attention has therefore been paid to this problem, and
several interesting processes have been reported so far. The key
lies in the mechanisms of titania layer building, and the processes
to address the above-mentioned necessary condition included
e.g,, UV-curing of a titanium alkoxide binder,* incorporation of a
mineral binder such as amorphous silica,®" atomic layer deposi-
tion over a mesoporous template,*> low temperature CVD fed a
with custom molecular precursor,® titanium alkoxide decom-
position in supercritical carbon dioxide,** or cold isostatic
pressing of standard P-25 grade titania.>®

In this paper, we communicate our development of a hybrid
titania-silica cold-setting sol that can be deposited onto a wide
variety of surfaces without the need for high-temperature fixing
and that is suitable for material printing. We employed a low-
temperature modification of the so-called brick-and-mortar
strategy® based on mixing prefabricated nanocrystalline titania
“bricks” with “mortar” consisting of an amorphous silica binder.

The synthetic route of the “bricks”, i.e., the photocatalytically
active component, was inspired by Yun et al.>” who prepared a sol
starting from titanium tetraisopropoxide in acidic aqueous
solution and kept it for several hours under reflux to induce
the crystallization of the amorphous TiO, already present in the
primary reaction mixture. The “mortar” consisting of amorphous
SiO, is capable of enhancing both the mechanical and physico-
chemical properties of the coatings. Apart from acting as the
binding agent,31 colloidal silica can improve adhesion,*® increase
the natural hydrophilicity of the material,®® promote the
adsorption of reactants,** and influence the thermal stability.*'

The original titania-silica stock dispersion*” was further mod-
ified by the addition of a suitable solvent system, and thus, a
stable inkjettable formulation was developed. Thin hybrid
titania-silica coatings were patterned onto glass and PET sub-
strates by inkjet printing, and their material characteristics were
closely investigated. A detailed report of the material properties
of the resulting coatings, a brief evidence of their photocatalytic
activity, and an envisaged proof of concept application are
disclosed in this paper.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Substrates. The chemicals in this study were
used as purchased: terephthalic acid (TPA) from Alfa Aesar, NaOH
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from Sigma-Aldrich, titanium(IV) tetraisopropoxide (TTIP) and
hydroxyethyl-cellulose (HEC) from Fluka (Product Nr.: $4290),
tetraethoxysilane from J.T. Baker, acetonitrile from Fischer Scientific,
96% ethanol from Itrij, Levasil 200/30% colloidal SiO, from H.C.
Starck, propane-2-ol and ethylene glycol from Penta, and propox-
yethanol from Sigma-Aldrich. All aqueous solutions were prepared by
using highly pure water from the NANOpure system (Barnstead).

Soda-lime glass plates were used as substrates (microscope slides
26 mm X 76 mm, Paul Marienfeld, Germany and custom cut 50 X
50 mm, Merci, Czech Republic). Commercial 2 mm-thick FTO-coated
glass (Sigma-Aldrich) cut in 25 X 45 mm slides was used for the
fabrication of samples for photoelectrochemical analysis. These slides
were scratched parallel to the longer edge with a diamond knife, and two
isolated FTO strips were thus created on a single substrate. Substrates of
both types were sonicated in Neodisher LM alkaline detergent, rinsed
with isopropyl alcohol, and dried in a flow of nitrogen.

2.2. Sol Synthesis. The preparation procedure of the titania/silica
sol is described in detail in the patent application.** Herein, a short
description is given: in a round-bottom flask, absolute ethanol (6.78 mL)
was mixed with TTIP (41.67 mL). Separately, 2.778 mL of perchloric
acid (70%) was added to 250 mL of double deionized water. This
acidified water was then added dropwise to the mixture of absolute
ethanol and TTIP under stirring. Then, the reflux was started, and after
48 h, a stable sol, denoted sol A, was obtained. Separately, TEOS
(1.11 mL) and Levasil 200/30% (1.7 mL) were mixed in a beaker, HCI
(32%, 30 L) was added under stirring, and finally, 1-propanol (S mL)
was added to produce the silica binder solution. The final sol used in this
study was prepared by mixing sol A with the SiO, binder. The molar
ratio of TiO, and SiO, was set to 1:1 according to the results of previous
testing. This particular ratio was denoted 1A, and the corresponding
solution was stored as a stock material for the subsequent study
described in this paper.

The stock sol 1A was further used for the formulation of a stable “ink”
suitable for deposition by piezoelectric inkjet printing. A mixed diluent
(MD) was prepared by mixing 25 mL of isopropyl alcohol, 25 mL
of propoxyethanol, and 2 mL of ethylene glycol. The stock sol 1A
was diluted with variable amounts of the mixed diluent, and a series of
printing formulation candidates was prepared and denoted 1B, 1C, 1D,
and 1E (see the Results and Discussion section for dilution details). The
viscosities, densities, and surface tensions of the resulting formulations
were measured by an automatic viscosimeter AVMn (Anton Paar), a
density meter DMA4500 (Anton Paar), and a rheometer AR-G2 (TA
Instruments), respectively. Preliminary printing tests were performed
with all these candidates.

2.3. Optimization of the Ink and Printing Conditions.
Jettability and patterning tests were performed with an experimental
Fujifilm Dimatix 2831 inkjet printer. The prepared printing formulation
candidates were sonicated for 5 min and then loaded into a syringe.
A 0.45-pm membrane filter (Pall Corporation, USA) and a blunt needle
were attached to the syringe luer port. The printing formulation was
filtered and filled into the Dimatix ink tank. A Dimatix 10-pL printing
head was attached to the tank and mounted onto the Dimatix printer.
At the beginning of the preliminary testing period, the optimal
printing conditions were determined: Dimatix Model fluid 2 waveform,
20 V driving voltage, a nozzle temperature of 30 °C, and a substrate
temperature of 40 °C. The nozzle span was set to 40 ym (i.e., 25 drops
per mm, 625 drops per mm?). The drop formation characteristics of all
the candidates were studied by means of a built-in stroboscopic camera,
and the interaction of the printed material with the substrate was
observed with an optical microscope. The printing settings were kept
constant during the evaluation of the printing performance of all the
candidate formulations. The printing performance of all the candidates
was evaluated at this stage, and the best performing formulation was
selected for the subsequent studies (formulation 1C, see below the
Results section).

2.4. Sample Fabrication. The best performing ink formulation was
subsequently used for the fabrication of a series of thin hybrid titania-
silica film samples of variable thicknesses. Simple square 20 X 20 mm
and 40 mm X 40 mm patterns were printed onto the microscopic and
custom-cut glass substrates, respectively. Printing was repeated up to

four times to obtain different overall thicknesses of titania-silica layers.
Each layer was completely dried after printing so that the following layer
was printed in the “wet-to-dry” manner. The deposition process was
finalized by drying at 110 °C for 30 min to remove the high-boiling point
components of the printing composition.

A1 X 1 cm square patch was printed on one of the FTO strips created
by scratching the FTO slides, thus forming the working photoanode,
while the second strip remained naked for use as the counter electrode.
Photoelectrodes of various thicknesses, with the thickest consisting of
ten overprinted layers, were fabricated.

2.5. Sample Analysis. Microphotographs of the printed layers were
recorded using a Nikon Eclipse E200 optical microscope equipped with
a Nikon D5000 digital camera used with the Nikon Camera Control Pro
2 software. SEM imaging and elemental analysis were performed on a
JEOL JSM-7600F scanning electron microscope. The same machine
was used for layer thickness estimation by observation of the sample
cross sections. The phase composition and crystallinity of the films and
powder samples were studied with Panalytical Empyrean and Siemens
D5000 X-ray diffractometers. Powder samples were prepared by drying
20 mL of the stock sol 1A and crushing the resulting flakes to fine
powder in a quartz mortar.

The film topography was investigated by AFM with a Veeco CP-1I
instrument operating in the noncontact mode. The probe tip radius was
estimated from the minimum feature size to be of approximately S0 nm.
The micrographs of different samples were acquired at approximately
the same position at the center of the layer, thereby avoiding any pos-
sible border effects. At approximately the same position, we scratched
the TiO, layer with a sharp inox needle. The scratch did not damage the
surface of the bottom substrate but enabled the determination of the
thickness of the TiO, layer. The film topography was characterized by
the mean square root of the deviation of the heights from the average
height (), which is known as the RMS roughness.

The layer thickness was further confirmed by spectroscopic
ellipsometric measurements using a Horiba UVISEL spectroscopic
ellipsometer in the 200—800 nm range. The optical properties of
the printed layers were further characterized by measuring the total
transmittance spectra using an Agilent Cary 100 UV—vis spectropho-
tometer equipped with an integrating sphere. Diffused reflectance
spectra were recorded using an Ocean Optics Redtide UV—vis
spectrometer, a PX-2 xenon light source and related to a Labsphere
Spectralon (r) diffuse reflectance standard. The band gap energy was
estimated from Tauc plots** based on the Kubelka—Munk function of
the reflectance data of bulk powder samples for the XRD analysis.

The hardness of the prepared titania films was studied by the “pencil
hardness test” according to the ISO 15184 standard.** The pencils used
as a measure of the relative hardness exhibit 17 distinct degrees of
hardness, ranging from the hardest 9H grade to the softest 9B grade. The
hardness of the layer is the same as the hardness of the pencil that does
not cause any defect on its surface. Despite being only a relative measure,
this method enjoys a general acceptance in the coating industry,* and
many commercial devices performing this test in manual or semi-
automatic ways are available. On the other hand, only smooth surfaces
can be measured, and this method is destructive. The scratched coatings
were imaged with a Nikon Eclipse E200 optical microscope equipped
with a Nikon D5000 digital camera.

Photoelectrochemical characterization was performed at room
temperature using a two-electrode setup with the 1 cm? titania-silica
patch on FTO as the working electrode and the opposite naked FTO
strip as the counter electrode. This setup was fitted into a 3 cm light path
fluorescence cell, and the measurement was performed with a single
source measurement unit. The cell was filled with 0.1 M phosphate
buffer (pH = 7) and fitted onto an optical bench equipped with a mer-
cury vapor medium pressure lamp and a narrow bandwidth interference
filter centered at 365 nm. The lamp emission was monitored with a
Gigahertz Optic X97 Irradiance Meter with a UV-3701 probe, and the
irradiance was set to 3 mW/cm? by adjusting the aperture of the lamp.
Photocurrent measurements were performed with an electrometer
driven by the National Instruments LabVIEW platform and by
supplying a linear voltage gradient of 10 mV s™' from —0.5 to 2 V.
For chronoamperometric measurements under illumination, the applied
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Table 1. Composition and Properties of the Printing Formulations

surface tension (mN/m) density (g/cm®) viscosity (mPa-s)
mixing volumetric ratio of 1A + MD mean SD mean SD mean SD Z-number
1E 0+10 26.23 0.18 0.8556 0.0012 2.1830 0.0059 9.705
1D 1+9 27.17 0.18 0.8837 0.0015 3.2444 0.0069 6.754
1C 2+8 27.84 0.19 0.9004 0.0016 3.8768 0.0113 5.775
1B 4+6 28.60 0.16 0.9372 0.0012 4.7276 0.0097 4.898
1A 10+0 32.84 0.13 1.0222 0.0020 54214 0.0134 4.779
voltage was set to 1 V, and the lamp radiation was manually chopped at 10
30 s intervals. 334 o
The self-cleaning photocatalytic activity of the different films was 1 .
. . . ) 32 | —m— surface tension | U
demonstrated by a fluorescence test with a solid organic contaminant —
containing terephthalic acid. The detailed procedure is published o
elsewhere and describes in full detail all the steps of this sensitive, > | e~
reliable, and quantitative photocatalytic test consisting of the following E 4l 1¢ &
steps: (1) preparation of a transparent organic coating (sodium salt of s | e E
terephthalic acid in cellulose host) over the photocatalyst layer, (2) % 29 . 2
irradiation of the coating for different times in a photochamber and b . - 1* g
. . . . . ] >t %]
washing the coating with ethanol/water solution, and (3) analysis of the 8 28+ P ./ | =
extracted solution containing oxidized products by high performance 2 s S o
liquid chromatography with fluorescence detection (HPLC-FLD). 27 4 / 12
6] " ]
3. RESULTS AND DISCUSSION ——— .
0 20 40 60 80 100

3.1. Optimization of the Ink Formulation and Printing
Conditions. The ink surface tension, substrate surface energy,
and ink viscosity are the most prominent factors influencing
droplet formation and layer merging during the inkjet printing of
a functional liquid onto a nonporous nonabsorbing substrate.
Apart from these ink properties, the substrate temperature
also plays a very important role because it is the main factor
influencing the solvent evaporation rate. Lower temperatures
result in slow drying, mottling, and dust accumulation, while
higher temperatures lead to premature evaporation and banding
pattern formation. These general rules also prove to be valid in
the case of our hybrid titania-silica sol. The 3-component mixed
diluent used for stock sol dilution deliver optimal jetting and
drying characteristics. The major components, isopropyl alcohol
and propoxyethanol, work as fluid vehicle by carrying suspended
titania and silica particles. They differ significantly in their
volatility, which contributes to the gradual drying and seamless
merging of the printed bands. The minor component, ethylene
glycol, acts as humectant that prevents the ink from drying in the
printhead nozzles. Table 1 summarizes the dilution ratios and
corresponding densities of the printing formulations. Figure 1
depicts the viscosity and surface tension of the tested for-
mulations. Formulation 1C, containing 20 vol % of the stock sol
1A, was identified as optimal for providing a balanced com-
promise between printing reliability and sufficient dry mass
content.

The final surface topologies of the printouts depend on
complex interactions between the drop-shaping forces and the
surface properties of the substrate used. Several distinctive phases
have been identified during drop-spreading on solid non-
absorbing substrates: a kinematic phase, a spreading phase,
a relaxation phase, and a wetting phase.”’” The drop dynamics
and film formation can be predicted to a certain degree by the-
oretical descriptors such as the Weber number (We = §-v*-d/0),
Ohnesorge number (Oh = 1/ \/(d-6:5)), Z number (Z =
\/(d-0'~5)/i1), and Reynolds number (Re = 5-v*-d/5), where § is
the density, v is the drop velocity, d is the diameter of the nozzle,
o is the surface tension, and 77 is the viscosity of the liquid. Table 1
also gives the values of the Z number that were used as the
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Figure 1. Dependence of the viscosity and surface tension of the tested
formulations on the dilution.

indicator of drop formation and printability (e.g, capillary break-
off length and time, droplet volume, and satellite formation).
While some theories predict a stable drop formation in drop-on-
demand systems when Z > 2,*® others determined that a
printable fluid should have a Z value between 1 and 10.*" It is also
known that the lower limit is governed by the viscosity of the
fluid and its printing ability, while the upper limit is determined
by the point at which multiple drops are formed instead of a
single droplet.*® In our study, the Z values were in the range
of 4-9.

The recommended optimal viscosity range for jetting with a
Dimatix printer is 10—12 mPa-s, and the recommended optimal
surface tension is 28—33 mN/m. Despite the relatively low
viscosity of all the studied mixing ratios, their jetting performance
was excellent, and a nozzle blockage was only rarely observed.
Moreover, printing of the low-viscous formulation did not
require viscosity reduction by print head heating, therefore
enabling printing at ambient temperature, which was beneficial
for the suppression of nozzle drying.

3.2. Layer Surface Morphology. The AFM scans of the
TiO, layers are presented in Figure 2. The surface morphology in
the micrometer range is characterized by the formation of
agglomerated grains. The diameter of the observed grains was
less than or equal to the radius of the AFM probe tip, which is
approximately 50 nm. Comparing the observed diameter of the
grains, we note that the diameter did not exhibit a significant
dependence on the number of layers, confirming that the average
grain diameter did not depend on the number of deposited layers
but on the size of the deposited nanoparticles. Because the same
nanoparticle composition was used for successive layers, the
average diameter did not change. Similar results were obtained
from the surface roughness (¢) measurements: ¢ was calculated
from 10 pzm X 10 pim area topography scans and ranged between
10 and 16 nm. Generally, o gradually increased with the number
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Figure 2. AFM images of the printed samples.
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of layers. However, the third layer (Figure 2(c)) presents
marginally higher roughness than the fourth layer (Figure 2(d)).
This is because the AFM topography imaging was performed
after the photoactivity tests. Particularly in the case of the 3-layer
films (Figure 2(c)), large voids were observed probably because
of film damage. Although these voids were excluded from the &
calculation, the roughness of the surface around these voids was
slightly increased, resulting in increased ¢. In addition to o, we
also measured the film thickness (see Table 2).

Table 2. Summary of Thickness Data

AFM SEM ellipsometry
average
thickness ~ RMS thickness thickness model
layer  (nm) (nm) (nm) SD (nm) error (nm)
1 37 10 41 7.9 42 0.4
2 71 11 73 21 72 0.2
3 149 16 115 34 119 0.5
4 161 13 163 10 172 0.3

A more detailed view of the surface texture is provided by SEM
(Figure 3). We can resolve the individual grains making up larger
flakes. The layer was compact without any obvious regular
porosity. A few random grooves or pores seemed to develop in
the thicker samples, but the layer was generally even without any
major defects or deposition artifacts. The SEM technique was
also used to observe layer cross sections (see below).

3.3. Thickness. Thickness is the most important parameter
influencing the physicochemical properties of thin layers.
Multiple techniques were used to measure and verify the thick-
ness of the printed samples. Because inkjet printing may not
necessarily produce even-thickness layers because of the banding
phenomenon or clogged nozzles, measuring the samples several
times with different methods also provided a means to verify the
thickness uniformity.

The SEM cross-section images are depicted in Figure 4. The
cut was directed perpendicular to the direction of the printhead
movement. In this way, we were able to observe the entire length
of the cut and check for printing artifacts and general thickness
uniformity. Excellent evenness without any significant variations
was observed, indicating the flawless printability of the used
formulation and well managed merging of the printed bands. The
sample thickness was measured at 10 randomly selected spots
along the cut, and the values are reported in Table 2. During the
AFM study, the samples of all thicknesses were mechanically
scratched, and the resulting edge was analyzed. The accuracy and
repeatability of this technique depends on the quality of the
scratch. Deformations of soft layers and contamination by peeled
material are difficult to avoid and are clearly visible as bright specs
in Figure 5. The AFM scans and extracted edge profiles for a
single measurement are also reported in Table 2. In addition, the
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ellipsometric data recorded for the optical characterization were
used for the thickness calculation (see the ellipsometric
characterization below for details).

The results of all three employed methods are summarized in
Table 2 and Figure 6. Because the measurements by the three
techniques were performed on different samples, the reasonably
good match between the obtained results indicates the good
repeatability of both the sample fabrication process and the
measurements. The mean thickness of a single layer was
approximately 40 nm.

3.4. Mechanical Hardness. The pencil hardness test was
performed according to the relevant ISO standard. Figure 7
depicts the optical micrograph for pencils 2B and 3B. We can
easily identify the long straight scratches corresponding to
entirely removed layers caused by the 2B pencil, while the softer
3B pencil only produced trails of shiny silver graphite flakes on
the surface of the analyzed sample. Thus, we can conclude that
the thickness of the printed layers is equivalent to that of a 3B
pencil.

3.5. Phase Composition. The presence of the anatase phase
in the powder sample is manifested by an intense peak at the
XRD diffraction angle of 20 = 25.4°, followed by less intense
peaks at 38°, 48°, 54°, 62°, etc. (see Figure 8).>! The peak
broadening associated with submicrometer particles is also
observed. Quite surprisingly, the peaks at 20 = 30.8° and 42.4°
indicate the presence of brookite. The determination of the
brookite content could have been conducted by comparing the
peak areas, which, in this particular case, would be difficult to
perform unambiguously because of the extensive peak broad-
ening and diffraction maxima overlap. While the formation of
brookite at elevated temperatures during the hydrothermal
treatment of amorphous titania slurries and organic templates is
well documented,®* its formation at ambient pressure and
temperature is less common. Nonetheless, several recent papers
confirm our observation and also report brookite formation
under similar synthetic conditions.**** The photocatalytic
activity of pure brookite is generally inferior to that of anatase
but is strongly influenced by its morphology,55 and mixtures of
these two phases can benefit from synergistic effects.>”

3.6. Optical Properties. The total transmission spectra
depicted in Figure 9 were referenced to the substrate and there-
fore reflect the transmission characteristics of the coating only. It
is worth noting the perfect transmission in the entire visible
region and the absence of interference coloring that is otherwise
typical for titania coatings. Figure 10 shows a comparison of the
visual appearance of typical samples obtained by sol—gel-
calcination (left) and the samples used in this study. Apparently,
while the sol—gel-calcination originated samples show strong
interference coloring originating in their high refractive index, the
reported samples exhibit no visual manifestation of the deposited
layer, which makes them well suited for the fabrication of self-
cleaning coatings on transparent glass surfaces.
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Figure 3. SEM images of the printed samples.
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Figure 4. SEM cross section images of the studied samples.
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The transmittance plot also indicates that significant
absorption occurs below 390 nm. The bandgap was estimated
from the Tauc plot depicted in Figure 11. The indirect transition
was observed at approximately 3.2 eV, corresponding to 387 nm.
The ellipsometric analysis was used for thickness determination
and for the determination of the optical constants. The new
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amorphous  ellipsometric model®® was adopted for both the
titania and silica components. The adopted ellipsometric model
consists of a mixed titania-silica layer topped by a thin surface
roughness layer (see Figure 12). The layer thickness, titania/
silica ratio, and model parameters were varied in the fitting
procedure. The resulting fitted ellipsometric spectra show
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Figure S. AFM determination of layer thickness.
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excellent match with the measured data (> well below 0.1).
While both the thickness and the titania-silica volume ratio values
resulting from the fitting procedure were in good agreement with
the measured and real values, respectively, the resulting fitted
model parameters had to be significantly altered from the default
values for bulk materials. The difference can be attributed to the
small size and imperfect crystallinity of the titania particles
constituting the studied layer.

3.7. Photoelectrochemical Properties. The dependence
of the current density on the linearly increasing voltage ramp for
the thickest 10-layered sample is illustrated in Figure 13. Because
the absorbance of the regular set of 40—160 nm samples was
rather low, their photocurrents were also poor. Therefore, thicker
photoelectrodes consisting of more overprinted layers were
fabricated, and the thickest 10-layered one (ca. 400 nm) finally
exhibited an appreciable photocurrent response. The depicted

linear voltammogram represents the polarization curves of the
studied sample in the dark and under UV irradiation. In the
positive potential range, the contribution of the photogenerated
current indicates free charge carrier formation and collection,
which result from the absorption of UV quanta. The response
curve of a typical 100 nm sol—gel originated titania photo-
electrode is given for comparison: it features much larger photo-
currents and a current plateau®® in the region of ca. 0.2—1.2 V.
Unfortunately, in the case of hybrid titania-silica photo-
electrodes, the photocurrent is much lower, and the typical
plateau is hardly recognizable.

The chronoamperometric record (Figure 14) illustrates the
efficiency, stability, and repeatability of photocurrent generation
at a constant potential of 1 V vs the FTO counter electrode.
Again, a typical 100 nm sol—gel originated titania photoelectrode
response is plotted for comparison. Both depicted samples
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Figure 6. Comparative thickness analysis by different methods.

feature a sharp increase upon irradiation, fast photocurrent
equilibrium establishment, and a sharp current decay upon
irradiation blocking. However, the photocurrent density of the
hybrid 400 nm-thick layer is approximately 10 times smaller
than the photocurrent generated in the 100 nm-thick sol—gel-
calcination originated titania. Such low photocurrent can be
attributed to the limited contact between the titania nano-
particles that are surrounded by the insulating binder and the
possibly residual solvent molecules adsorbed on the surface
of both the titania and silica nanoparticles. Yet, as shown in
Figure 14, the electrodes exhibit essentially no wear or corrosion
even after prolonged illumination (10 voltammetric cycles,
40 min).

3.8. Confirmation of Photocatalytic Activity. All four
printed layers were tested by a novel, highly sensitive,
fluorescence-based method which is based on the deposition of
a thin transparent solid layer of terephthalic acid (TPA) over a
titania layer. After irradiation of such a system of layers with
UV-A light, highly fluorescent hydroxyterephthalic acid
(HTPA) — among other degradation products — is formed due
to a reaction between the photoexcited TiO, and terephthalic
acid and can be finally detected by different analytical methods
(HPLC-FLD, spectrofluorometer). Figure 15 depicts the kinetic
profiles of the HTPA formed during the photocatalytic test
conducted with the studied samples. The only difference with
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Figure 8. XRD diffraction pattern of the printed titania-silica mixture.
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respect to the photocatalytic tests described in a published
paper*® was the use of a special plastic holder with 12 or 14 holes
(® = 9 mm), which was attached to the sample surface using
silicon grease. The purpose of such a holder was to separate the
parts of the tested photocatalytic layers from one another,
creating “wells with a photocatalytic bottom”, which allowed us
to take a sample from a photocatalytic surface at different times of
irradiation for analysis. The samples were obtained by washing

Figure 7. Optical micrographs of the pencil hardness test showing the scratched surface by a 2B pencil (right), while the softer 3B pencil leaves graphite

flakes on the surface of the analyzed sample (left).
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Figure 10. Visual appearance of the titania test patches originating from sol—gel-calcination (left; 1, 2, and 3 layers equivalent to 50, 100, and 150 nm,
respectively) and hybrid titania-silica patches (right), both fabricated by inkjet printing.
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Figure 11. Tauc plot used for bandgap determination. The Kubelka—
Munk function (KM) was calculated from the diffuse reflectance spectra
of the powders.

the “wells” with an automatic pipet using an ethanol/water mixture.
The UV source for the photocatalytic degradation was chosen as
suggested in the above-mentioned publication, and the HPLC
analyses and fitting of the data according to a simplified kinetic
analysis were carried out according to the same publication.*®
According to our published work, we can conclude that despite
the different HTPA and HBA formation rates, the thickness of

the photocatalytic layer is in good correlation with the
photocatalytic activity of the sample, which is clearly reflected
in the increased photocatalytic activity. Table 3 summarizes the
HTPA formation rate constants and also provides a comparison
with an established commercial self-cleaning glass.

4. APPLICATION PERSPECTIVE

While the benefits and application niches of titania direct
pattering have been listed in the introduction, at this point we
would like to mention one more specific example illustrating the
advantage of the direct patterning approach and the applica-
tion potential of the reported material: because the charge carrier
generation and transport capability of the reported titania-silica
hybrid coating are conserved to a certain extent in the hybrid
titania-silica layer, we were able to employ it for the fabrication of
interdigitated photoelectrochemical cell prototypes intended for
water purification.

Recently, the obvious advantage of using an electrical bias in
photocatalytic reactions on immobilized semiconductor layers
has been demonstrated.** The strategy is based on enhancing the
electron—hole separation and consequently increasing the
quantum yield of the pollutant degradation by the application
of an electrical bias, which is possible when the photocatalyst is
deposited on an electrically conducting substrate.’ "% However,
in the resulting electrochemical cell, the iR drop is one of the
factors limiting high-current throughput at moderate bias. If the
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Figure 13. i-V curves of titania electrodes fabricated by different
methods (top) and chronoamperometric records comparing the
currents generated at 1 V bias (bottom).

treatment of low ionic strength media (drinking water) is
envisaged, means for minimizing the iR drop must be secured.

One such means is achieved by using a parallel plate reactor
with two opposite electrodes with a small space between them
through which the electrolyte is passed.®* However, the pres-
sure build-up is considerable in a module consisting of many
such cells. This drawback can be avoided by using a planar electro-
chemical cell with two interdigitated electrodes (IDE). The working
electrode consists of an electrical conductor covered by semi-
conducting titanium dioxide. The counter electrode material is not
critical as long as sufficient electrical conductivity and corrosion
resistance is provided and interdigitated geometry is respected. Such a
design ensures two key functions: (1) it suppresses the main obstacle
to the efficient use of the absorbed photons, i.e., the recombination of
the photogenerated charge carriers, by applying an external electrical
bias to the semiconducting photocatalyst and (2) it avoids the
reduction of the generated photocurrent due to the iR drop, even in
electrolytes of low ionic strength. These features make the device an
interesting candidate for the photoelectrocatalytic purification of
drinking water. The decomposition of model pollutants has been
observed on centimeter-scale prototype devices fabricated by standard
lithographic techniques using optical copying through contact masks
for resist patterning.®®

The reported hybrid titania-silica formulation may be a
potentially useful material for the fabrication of larger devices,

500 nm

— 100onm 3/26/2015
X 50,000 10.0 EL SEM WD 4mm

Figure 14. SEM images of the electrode surface. Hybrid titania-silica
(top row) and sol—gel (bottom) images before (left column) and after
(right) voltammetric experiments. Grains of the substrate FTO layer are
apparent in the sol—gel samples.
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Figure 15. HTPA evolution during UV-A irradiation (moles of HTPA
per cm?).

Table 3. HTPA Formation Rate Constants Depending on the
Number of Printed Layers

no. of layers—typical thickness HTPA formation rate constant

(nm) [10~° M/min]
1-40 9.1+1.0
2—80 134+ 1.1
3-120 389 +3.5
4—160 63.3 + 10
Pilkington Activ 2.54 +£0.27

which is carried out solely by material printing. Recently, such
devices have been fabricated in our lab by a hot process involving

DOI: 10.1021/acsami.5b03494
ACS Appl. Mater. Interfaces 2015, 7, 16177—16190


http://dx.doi.org/10.1021/acsami.5b03494

ACS Applied Materials & Interfaces

Research Article

Figure 16. IDE devices fabricated on various substrates: sol—gel-
calcination originated titania electrode printed over interdigitated ITO
collectors (top), hybrid titania-silica sol printed on top of platinum
electrodes (middle), and a prototype 10 X 10 cm IDE device fabricated
on a PET substrate (bottom).

the printing of a reverse micelle-based sol—gel®>*® formula-
tion onto a prepatterned ITO layer and calcining at 450 °C
(Figure 16, top). They have been employed for the degradation
of model aqueous pollutants, and significant acceleration of the
process has been observed.”” With the reported formulation
readily available, we have investigated the option of switching to
a cold process, where the active semiconducting layer would
be patterned by direct inkjet printing of the reported formula-
tion (Figure 16, middle). Possible further upscaling has been
demonstrated by the fabrication of 10 X 10 cm prototypes on
PET substrates, which feature interdigitated electrodes fabricated
by inkjet printing of nanosilver ink (Figure 16, bottom).
However, as presented in the previous section, the electro-
chemical properties of the original 1C formulation are rather
poor, and the low photocurrent densities do not allow for
efficient photoelectrochemical oxidation of pollutants in water.

Therefore, two modifications of the deposition process were
made to improve its performance:

1) The titania-silica ratio was altered in favor of higher titania
content. A new stock sol (2A) containing 75 mol % of titania and
25 mol % of silica was mixed, and a new printing ink (2C) was
prepared using the same solvent doses as in the original 1A and
1C formulations. The printability of the 2C ink was equally good,
but the reduced binder content resulted into somewhat poorer
layer hardness equivalent to 4B on the pencil scale.

2) Various postprinting curing processes were introduced.
Thermal sintering of the printed pattern may be one option,
inducing not only the complete mineralization of organic com-
pounds but also titania crystallite redistribution and improved
contact with the conducting substrate. However, such a process is
not compatible with plastic substrates. Photonic annealing may
be able to deliver comparable results®® and ensure compatibility
with plastic substrates as the time scale of the process is in the
millisecond range, meaning that the required conversion occurs
much faster than the thermal damage of the substrate. High-
intensity UV-curing was recently reported69 for photocatalytic
coatings of similar composition loaded onto polymeric fibers.

To investigate the possible improvement of the electro-
chemical properties by these processes, another set of 1 cm?
electrodes on FTO substrates was printed with the new 2C
formulation (10 layers, 400 nm thickness), and various
postprinting processing options were selected: one sample was
left to dry naturally (marked as the “green body” layer), one was
sintered in air at 450 °C for 30 min, one was UV-cured by immer-
sion in a water bath placed 20 cm below an industrial UV—-C
lamp (model 80 BQL7, 250 W, Ultralight AG, Liechtenstein),
and one sample was photonically sintered by exposure to xenon
lamp radiation (BP 307, Eurosep Instruments, France). As only a
continuously operating lamp was available, photonic annealing
was improvised by manually moving the sample into the lamp
beam and out in 10 s cycles with 20% duty (2 s irradiation + 8 s
dark, 100 cycles total). In this way, the substrate overheating was
eliminated, and the sample temperature did not exceed 100 °C. A
sol—gel originated electrode acting as a reference was also
included in this experiment. Linear sweep voltammetry and
amperometry measurements were performed in the same way as
with the previous samples.

The photocurrent response curves depicted in Figure 17
indicate that significant but not equal improvement with respect
to the performance of the original 1C formulation has been
reached for all the tested postprinting processing methods. The
sol—gel process originated layers still remained superior in terms
of photocurrent generation efficiency, closely followed by the
thermally sintered titania-silica layers originating from the 2C
formulation. The photonically annealed and UV-cured layers
delivered lower photocurrent densities, but a nonetheless
acceptable value approaching 20 uA/cm® was achieved with
the photonically annealed electrode. The shape of the response
curve was similar in all cases, with a well-developed constant
current plateau between 0.2 and 1.2 V. As for the amperometry
records, all depicted samples featured a sharp current increase
upon irradiation, quick photocurrent equilibrium establishment,
and a sharp current decay upon irradiation blocking.

Prototype IDE devices of various sizes and finger densities
were fabricated on both glass and PET substrates with
photonically annealed electrodes, and their oxidizing activity
on various model and real pollutants was investigated. Figure 18
depicts the comparison of the short-circuited (electric bias =0V
between the finger families) and 1 V bias modes of operation of a

DOI: 10.1021/acsami.5b03494
ACS Appl. Mater. Interfaces 2015, 7, 16177—16190


http://dx.doi.org/10.1021/acsami.5b03494

ACS Applied Materials & Interfaces

Research Article

100
—— Sol-gel 100 nm + dark current
god [ 2C 400 nm, printed "green body"
— 2C 400 nm, sintered at 450 °C [
£ 2C 400 nm, UV-cured I
< 60 2C 400 nm, photonic annealing ‘/'
=
B
=
3 404
=
g
3 204
04
T T T T T T T T T
0.5 0.0 05 1.0 15
Potential vs. FTO
60
50 i = ===
. —— Sol-gel 100 nm
r'"E 1 2C 400 nm, printed "green body"
; 404 | 2C 400 nm, sintered at 450 °C
= [——2C 400 nm, UV cured
2 2C 400 nm, photonic annealing
2 30 i
@
2 |
= |
2 204
3
3 ] ‘
jul J L} ~\J LZ
A W P
L T
0 20 4 6 100
Time (s)

Figure 17. Linear voltammetry (top) and amperometry (bottom)
records for various postprinting processing options.

s~ 7x10° R

£ A I

% 6x10° f' 'ﬂmuw o m !"Mr Iy

3 ] A Wﬂ
S 5x10° ‘1

© ‘

T ax10° MWWMW
2 ]

8

o 3x10°

£ -

E 2x107 4

2 |

4 B —— 0V bias

5 ™0 +1V bias

= i

2 o

~

0 2000 4000 6000 8000 10000 12000
Reaction time (s)
Figure 18. 7-Hydroxycoumarine concentration during the illumination
of an IDE device (pairs of 1000 m wide titania-silica and FTO fingers)

immersed in an aqueous solution of coumarin (¢, = 0.1 mM). The finger
families were biased against each other at 0 Vorat 1 V.

1000 pm fingered cell (outline as in Figure 16, middle) when a
1 x 10™* molar solution of coumarin is used as the electrolyte.
Coumarin is another very useful fluorescent probe for
monitoring the oxidative activity of photocatalysts because one
of its oxidation products, 7-hydroxycoumarin, is formed at a

constant and repeatable quantum yield and is easily monitored
by its strong fluorescence at 460 nm.”° Figure 18 depicts the
changes in 7-hydroxycoumarine concentration (obtained from
its fluorescence at 460 nm) during the experiment, forming the
typical profile of a reaction intermediate: first, we witness a sharp
increase followed by a gradual decrease as 7-hydroxycoumarine is
further oxidized. A significant acceleration of the initial rate of
7-hydroxycoumarin formation in the photoelectrocatalytic mode
is evident and accounts for suppressed electron—hole recombi-
nation in the photoelectrocatalytic experiment at 1 V bias.

5. CONCLUSION

In this paper, we report our contribution to the technology
of cold-setting of liquid phase-originated titania coatings. We
developed a hybrid titania-silica sol, based on the brick-
and-mortar approach, which can be deposited onto a wide
variety of surfaces without the need for high-temperature fixing
and are suitable for inkjet material printing. The previously
patented stock sol containing nanocrystalline titania and
amorphous silica particles and with excellent shelf life was used
for the formulation of an inkjettable solution. Its printability was
theoretically evaluated based on the Z-number descriptor and
was subsequently confirmed with the research and development
level de facto standard Fujifilm Dimatix printhead. In this
way, well-defined thin hybrid titania-silica patterns of thick-
nesses ranging from 40 to 160 nm were fabricated by over-
printing 1 to 4 layers. Photoelectrodes of up to 400 nm thickness
were fabricated by overprinting 10 layers.

Inkjet printing proved to be an elegant method for sol delivery
to a substrate. It provides complete control of the deposition
process parameters together with an excellent efficiency of pre-
cursor use. Moreover, the possibility of precise patterning and
the ease of up-scaling make this type of deposition very appealing
for the production of sensors, solar cells, etc.

Detailed characterization of the physicochemical properties of
the studied samples indicates excellent mechanical and optical
properties, making the reported material well suited for the
fabrication of transparent self-cleaning coatings on both mineral
and organic substrates. The obvious issue of a polymeric sub-
strate resisting to photocatalytic degradation could be easily
addressed by the introduction of a pure silica barrier layer. The
observed photocatalytic activity is superior to that of commercial
CVD-originating products even with the thinnest layer used in
this study.

As expected, the photoelectrochemical properties of printed
titania nanoparticles were inevitably altered by the introduction
of silica in the layer composition. The generated photocurrent
density in the hybrid titania-silica samples fabricated with the 1C
formulation (1:1 titania to silica molar ratio) was far inferior
to the photocurrent response of pure, well-condensed, and
crystallized titania electrodes prepared by the sol—gel-calcination
process and used as reference.

However, after increasing the titania fraction to 75 mol % and
using a postprinting treatment that induced the mineralization of
the adsorbed residual solvents and contaminants, the redis-
tribution of titania crystallites, and an improved contact with the
conducting substrate, much improvement in the electrochemical
properties of printed titania has been achieved. Although thermal
sintering remains superior to other postprinting processing
methods, photonic annealing and UV—C curing are capable of
delivering appreciable photocurrent values and enable deposition
on organic substrates. Such processes may be generally useful for
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the preparation of large-area electrodes or interlayers in photonic
devices.

Further development of the printed interdigitated electro-
chemical cells concept was achieved using the reported material.
Prototype IDE devices of various sizes and finger densities were
fabricated on both glass and PET substrates with the photonically
annealed electrodes. Comparative photocatalytic and photo-
electrocatalytic experiments with coumarin as the model aqueous
contaminant confirmed the functionality of the photoannealed
working electrodes based on the beneficial role of an external
electrical bias in suppressing photogenerated electron—hole
recombination in the semiconducting photocatalyst. The PET-
based 10 X 10 cm prototype cell marks the direction for further
development: flexible, large-footprint IDE devices will allow the
construction of easily replaceable and lightweight IDE cell
modules.
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Thin layers of doped titanium dioxide on Pyrex glass were prepared by the material printing technique.
Titanium dioxide was synthesized by the sol-gel method employing titanium(IV)isopropoxide as the
precursor. A dedicated experimental inkjet printer Fujifilm Dimatix 2831 was used for the coating process.
The influence of various solvents onto sol jettability was investigated. The mixture of absolute ethanol
and 2-butanol was finally adopted because of its optimum viscosity and rate of evaporation. A series
of experiments with different printing conditions was carried out, the optimum printing settings were
determined. Consequently, iron and silver dopants were incorporated into the sol. The influence of doping
on the photocatalytic activity of TiO, as well as the shift of absorption edge towards high wavelengths
was investigated. The quality of all layers was studied by optical microscopy. The surface topology was
evaluated by atomic force microscopy. The study of surface structure was performed using scanning
electron microscopy. Crystallite phases of prepared TiO, were investigated by X-ray diffraction analysis.
Band gap energy was determined by UV-vis reflection spectroscopy. The photocatalytic activity of printed
thin films was examined as a degradation rate of stearic acid and 2,6-dichloroindophenol under UV
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radiation.
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1. Introduction

In recent papers, photocatalytics decomposition of dye com-
pounds [1-4] as well as simple organic compounds [5-8] has been
thoroughly discussed. The most usual photocatalyst is titanium
dioxide due to its specific properties, mostly the optical and elec-
tronics ones, chemical stability, non-toxicity and relatively low
cost. When the TiO, is illuminated by an appropriate light source,
the photocatalyst generates pairs of electrons and holes inside its
crystalline lattice. Free electrons are produced in the conduction
band and the holes in the valence one. Because TiO, has a large
band gap (anatase form of titania about 3.2 eV) only a small fraction
of solar light (about 5%) from the UV region can be utilized. There-
fore, a lot of studies have tried to develop a photocatalytic system
which can be activated under visible light irradiation [9-11]. Many
reports have been dedicated to the modification of TiO, by doping
of different elements, using metals as well as non-metals. The aim
of this work was to shift the absorption edge into the visible light
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** Corresponding author at: Faculty of Chemistry, Brno University of Technology,
Purkynova 118, 612 00 Brno, Czech Republic.
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region which can consequently lead to higher activity [12-15]. The
most usual non-metals dopants for modification of the physical
properties of TiO, such as optical and photoelectrochemical prop-
erties are N [16], C1 [17], S [18], F [19]. On the other hand doping
by metal ions is performed to extend the spectral response of TiO,
to the visible light region. Transition metal ions such as Fe, V, Mo,
W, Cr have been reported as possible dopants of titanium dioxide
[20-23].

The photocatalytic activity of TiO, strongly depends on the
preparation methods and on the post-treatment conditions. It has
decisive influence on the chemical and physical properties [24,25].
Sol-gel is one of the most successful techniques how to prepare
nanosized metallic oxides with high photocatalytic activity [26].
In the sol-gel process, titanium dioxide is usually prepared by the
reaction of hydrolysis and polycondensation of titanium alkoxides
(Ti(OR),) to form oxopolymers, which are consequently trans-
formed into an oxide network [27]. Controlled hydrolysis has to
be ensured during whole process to obtain homogeneous titania
network. Therefore, some of the chelating agents have to be added
to the precursor [28]. Condensation reaction is usually followed by
a gelation process and subsequently by calcination.

Titanium dioxide photocatalyst can be used in different forms:
as a powder or as an immobilized layer on various substrates. A lot
of various wet coating techniques have been proposed, such as dip-
coating, spin-coating, spray-coating and many others. One of the
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novel deposition methods is material printing. The term “material
printing” refers to the material deposition by (e.g. inkjet) printing
where traditional colour ink is replaced by a liquid media. Compari-
son of material printing with other deposition techniques generally
favours this method due to a lot of advantages. The most important
of them is the possibility of direct pattering. Printhead can be used
to focus the liquid media droplets on a specified place of the sub-
strate and thus create various patterns directly, without any mask
or lithographic processing.

The final surface topology of printouts depends on both the
drop formation mechanism and surface properties of the sub-
strate used. Various dynamic phenomena have been observed on
the three-phase boundary after droplet landing such as splash-
ing, spreading, receding, bouncing and crown formation. Rioboo
et al. [29] have identified the phases of drop spreading: kinematic
phase, spreading phase, relaxation phase and wetting phase. Drop
dynamics and film formation can be to a certain degree predicted
by theoretical descriptors such as Weber number (We =§v2d/o),

Ohnesorge number (Oh = 1n/+/(dod)), Z number (Z = +/(dod)/n)
and Reynolds number (Re = 8v2d/n), where § is the density, v is the
drop velocity, d is the diameter of nozzle, o is the surface tension
and 7 is the viscosity of printable liquid. While these models were
developed for Newtonian fluids, most commercially available inks
are non-Newtonian fluids since they contain different additives.
Nevertheless, it seems reasonable to apply these models also for
non-Newtonian fluids in order to assess the printability of the inks
[30-33].

2. Materials and methods
2.1. Sol synthesis

Titanium tetraisopropoxide (TTIP) (p.a.) was used as a precur-
sor for the preparation of titanium dioxide by the sol-gel synthesis.
Firstly, 20 mL of 2-butanol was mixed with 1.9 mL of acetyl-acetone
(p.a.). Acetyl-acetone (AcAc) was used as a chelating agent to pre-
vent uncontrolled hydrolysis. This mixture was added dropwise
under a continuous stirring to 5.15 mL of TTIP. Consequently, abso-
lute ethanol (22.5 mL) with small amount of water (0.343 mL) was
added drop by drop to the prepared mixture to start the hydrolysis
and condensation reaction. Finally, polyethylene glycol (p.s.) with
the average molecular weight 1500 was added. PEG was used as an
anticracking agent. The concentration of PEG was set to 4 g/L as the
most suitable for printing deposition [34]. Final printing mixture
consisted of 3 mL of titania solution and 2 mL of a-terpineol (96%,
Sigma-Aldrich).

The goal of this work was to investigate the doping influence by
iron as well as silver on the photocatalytic properties of final TiO,.
The influence on band gap energy as well as on the shifting of the
absorption edge towards higher wavelength was examined. Dif-
ferent amount of iron (IIl) acetylacetonate was added to prepared
titania sol (mole concentration 3%, 5%, 7%). The samples were noted
Ti; 3Fe; 5Fe; 7Fe. Silver nitrate was dissolved in the sol with mole
concentration 2% and the samples were noted Ag; Ag_3Fe; Ag_5Fe;
Ag_7Fe.

The viscosities, densities and surface tension of the resulting for-
mulations were measured by automatic viscosimeter AVMn (Anton
Paar), density meter DMA4500 (Anton Paar), and by rheometer AR-
G2 (TA Instruments), respectively. Printability of all formulations
was evaluated on the basis of theoretical models and confirmed by
printing tests.

2.2. Printing deposition

Pyrex glass substrates of size 30 mm x 30 mm x 3 mm were used
for titania immobilization. Firstly, it was necessary to pre-treat the

glass platesin aqueous solution of detergent Neodisher (BMT, Czech
Republic) in an ultrasound for 10 min to remove all dust and fat and
otherresidues which could contaminate the surface. Consequently,
these substrates were immersed to solution of Abesone (commer-
cial dodecylbenzene sulphonic acid based surfactant) to enhance
their wetting by the printed sol.

Titanium sols were deposited onto the Pyrex plates using an
experimental printer FUJIFILM Dimatix (Dimatix Materials Printer
DMP-2831). During filling the cartridge ink tank by the printing for-
mulation, it was necessary to filter it through a 0.45 wm mesh size
syringe filter in order to eliminate any aggregates and solid con-
taminants which might clog the printhead nozzles. The Dimatix
10 pL printhead containing 16 nozzles was attached to the filled
ink tank and mounted into the Dimatix printer. The nozzle tem-
perature was set up to 30°C and the piezo driving voltage was set
to 22 V. The “model liquid 2” waveform proved to be well useful for
our sols. We studied the influence of different coating conditions
on final structure of thin layers. We compared three droplet pitches
(20 wm, 30 wm, 40 pm), three substrate temperatures (30°C, 40°C,
50°C) and four levels of film thickness (from 1 to 4 layers printed
in the “wet-to-wet” manner, i.e., the following layer was printed
immediately after the previous one without any delay for drying).
Finally, the printed substrates were placed onto a hot plate (tem-
perature 110°C) for 30 min to quickly evaporate the solvents and
fix the layer. Subsequently, they were calcinated at 450°C for 4h
with the ramp of 3 °C/min. After that, the samples were carefully
investigated and the best deposition conditions were determined.

2.3. Characterization

The structure and quality of prepared layers were examined by
optical microscope Nikon Eclipse E200. All prepared titania thin
films were optically transparent, smooth and shiny. In the case of
iron-doped samples we observed yellowish colouring. The TiO, lay-
ers adhered well to the Pyrex glass substrates after the calcination
process. Optical micrographs were recorded by a digital camera
Nikon D5000 mounted on the optical microscope.

Afterwards, the sample structure as well as homogeneity of tita-
nia thin layers were investigated by scanning electron microscopy
(SEM Carl Zeiss Ultra Plus). Simultaneously, analysis of chemical
composition was carried out by EDS (Oxford X-max with silicon
drift detector). The influence of iron and silver doping was eval-
uated. The surface topology was further studied by atomic force
microscopy (AFM NT-MDT Prima).

Crystal phase composition of TiO, was investigated by X-ray
diffraction pattern measurement by using Cu Kf3 as the radiation
source. The samples were analyzed as prepared by printing, i.e., thin
layers on the Pyrex substrate, and the scan range was from 20° to
90°. We used X-ray diffractometer SmartLab, Rigaku. Consequently,
the crystallite size was calculated according to the Scherrer equa-
tion, where B is constant equal 0.94, X is the wavelength which is
equal to 1.54 A and S is the width of peak at a half of the maximum
height.

_ BA
" Bcosh

The analysis of band gap energy was performed by a reflectance
measurement of powdered samples. The remaining volume of sols
with different amount of iron and silver which had remained after
printing was transformed to powdery oxide phase by calcination
at the temperature of 450 °C for 4 h. Resulting powders were finely
ground and used reflectance measurement carried out using a
UV-vis spectrometer equipped with a reflectance fibre probe. The
optical path consists of several optical fibres where six of them
are connected with the lamp providing illumination of the sam-
ple (xenon strobe lamp) and one reading fibre connected to the

(1)
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spectrometer. The reflectance was measured in the range of wave-
length from 200 nm to 850 nm and a barium sulphate pressed pellet
was used as a reflectance standard. Molar absorption coefficient
was calculated according the formula (x=(1—R)%/2R), which is
derived from the Kubelka—-Munk theory.

The band gap energy was calculated for direct as well as for indi-
rect transition. For the direct transition, the dependence of (ahv)?
on (hv) is plotted where (hv) is the photon energy. For the indirect
one, we have to plot (whv)!/2 as a function of photon energy. Con-
sequently, band gap energy was found out from extrapolation of
molar absorption coefficient to zero [35].

2.4. Photocatalysis

Photocatalytic activity of thin TiO, layers was evaluated as a
degradation rate of stearic acid and 2,6-dichloroindophenol (DCIP)
under UV radiation. Stearic acid was chosen as a model compound
due to its very high stability under UV illumination in the absence
of photocatalysts, and because of the kinetics of SA decomposi-
tion is usually simple and zero order [36]. Material printing was
used once again for precise and repeatable deposition of stearic
acid onto the titania layers. The printing composition mixture
consisted of 1 mL of solution of stearic acid in toluene (30 g/L) and
9mL of isobutyl alcohol. Deposition conditions were the follow-
ing: temperature of substrate was 50 °C, droplet pitch was 20 pwm.
We printed two layers in order to create a sufficient thickness of
stearic acid (0.01 mg/cm?). The mineralization process was studied
by FT-IR spectrometer (Nicolet Impact 400) and was manifested
as the change of an integrated area under the absorption peaks in
the 2700-3100cm™~! region. Osram HQL 125 W lamp with inten-
sity of 2mW/cm? was used as the irradiation source. The FT-IR
absorption spectrum was measured offline (i.e., the irradiation was
interrupted) in regular time intervals. Values of the peak area were
calculated as an average of eight measurements from different
areas of the irradiated layers.

Apart from the stearic acid experiment, photocatalytic activity
was investigated also as the degradation rate of DCIP. This common
dye offers the possibility of rapid visual qualitative and quanti-
tative assessment of photocatalytic activity [37]. Similarly to the
previous case, also DCIP was printed onto the titania surface. The
conditions of this coating were the following: temperature of sub-
strate was 45 °C, droplet pitch was 3 wm, and amount of layers was
3. In this case, the printed formulation consisted of 3 mL of 10%
solution of polyvinylpyrrolidone in isopropyl alcohol, 3 mL of iso-
propyl alcohol, 3 mL of 2-propoxyethanol, 0.2 mL of glycerol, 30 mg
of DCIP. The radiation source used in this case was UV diodes with
wavelengths 320 nm (UVLUX 320-HL-3) and 374 nm (XSL-370-TB-
5), both supplied by Roithner Laser. The intensity of irradiation was
1 mW/cm?. Performing two experiments with different irradiation
source should reveal the effect of doping.

The experiment was performed in a special in-house con-
structed reactor. It consists of a visible LED working as the
light source for absorbance measurement and a slightly off-axis
mounted UV LED working as the acting radiation source for photo-
catalystactivation. Both LEDs are mounted on the top of a light-tight
measuring chamber covering the catalyst coated by a layer of
indicator ink. Its photocatalytic decolourization was monitored by
UV-vis spectroscopy - a collimator is mounted below the analyzed
sample and aligned with the visible LED. Optical fibre then connects
the collimator with an Ocean Optics Red-Tide UV-vis spectrom-
eter and its software provides automated on-line data collecting
every 1 min. The maximum absorption peak of DCIP is at the wave-
length 600 nm so visible LED was selected accordingly. The same
spectrometer can be also used for the determination of incident
radiation intensity.

Table 1
Reological properties of prepared printing mixtures.
Surface tension Density Viscosity z
(mN/m) (g/em?) (mPas)
Ti 24.7173 0.8582 4.2238 4.8764
3Fe 24.9028 0.8737 4.2628 4.8935
5Fe 23.5392 0.8743 4.3140 4.7029
7Fe 24.6895 0.8736 4.3189 4.8091
Ag 24.6358 0.8745 4.2191 4.9199
Ag_3Fe 24.7803 0.8735 42319 4.9165
Ag_5Fe 248115 0.8728 4.4085 4.7208
Ag_7Fe 24.9012 0.8771 4.4276 4.7205

3. Results and discussion
3.1. Printing conditions

Table 1 shows the values of Z number which is one of the indi-
cators used for the evaluation of drop formation behaviour (e.g.
capillary break-off length and time, droplet volume and satellite
formation). Some theories predict a stable drop formation in drop-
on-demand systems when Z>2 [38] while others determined that
a printable fluid should have a Z value between 1 and 10 [39]. It
is also known that its lower limit is governed by the viscosity of
fluid and its printing ability, while the upper limit is determined
by the point at which multiple drops are formed instead of single
droplet [32]. In our study the Z values were around 5 for all opti-
mized formulations reported in Table 1. Therefore, regardless of the
differences in the theories we presume good printability of all the
sols. This theoretical estimation was confirmed by empirical obser-
vations during printing. The drop formation characteristics of all
compositions were studied by means of stroboscopic camera and
interaction with substrate was observed by an optical microscope.
Their jetting performance was excellent and so was the sol shelf-life
in both filled cartridges and storage bottles. Nozzle blockage was
only rarely observed and if occurred, it was easily recovered by the
first following head cleaning cycle. No precipitation, aggregation,
separation or gelling was observed over the period of 4 months.

The non-doped sol without iron or silver was used for the study
of different deposition conditions and its influence on the final
character of prepared films. Namely, the amount of cracks and the
compactness of the layers were evaluated. The substrate temper-
ature was the first factor the influence of which we investigated.
We worked at temperature 30°C, 40°C and 50°C. 30°C was eval-
uated as the most favourable. We observed that in cases of 40°C
and 50°C the solvent evaporated too fast which resulted to the
creation of banding patterns (Fig. 1). After the comparison of dif-
ferent droplet pitch values we discovered that 40 pwm is too high
drop distance which means that the droplets were placed too far
and the layers were not compact. On the other hand, droplet pitch
20 wm means formation of thicker layers which leads to higher
stress during the calcination process. Subsequently, it caused cre-
ation of higher amount of cracks (Fig. 1). Droplets pitch 30 wm was
evaluated as the best. Finally, we compared the samples consist-
ing of different number layers. We observed a natural trend that
higher amount of layers caused thicker coating and more cracks in
the structure. Two-layered sample was discovered as the most suit-
able. The coverage of Pyrex substrate was not sufficient in case of
one layer. On the other side, three or four layers leaded to formation
of too high amount of cracks and the creation of non-homogeneous
films (Fig. 1).

3.2. Analysis of the structure

Structure and homogeneity of titania thin layers was investi-
gated by scanning electron microscopy. The layer of pure TiO, and
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Fig. 1. Images from optical microscope; lines represents three different used droplets pitches; columns represent different substrates temperatures and amounts of layers;

last image shows the best conditions (30°C, 30 wm, 2 layers).

doped layers were compared. We discovered that all prepared sam-
ples were homogenous without any cracks. The grain size of TiO,
doped by silver was a little higher than in case of pure anatase or
TiO, doped by iron. Nevertheless, the grain size did not exceeded
value of 10 nm (Fig. 2).

Chemical composition of layer was evaluated by EDS analy-
sis performed simultaneously with SEM analysis. The results are
shown in Fig. 3. Because the layers were quite thin we observe peak
for Si which belongs to the substrate as the most intensive signal.
In the case of doped titania we, can observed also peaks for Fe as
well as for Ag. Peaks for Au and Pd occur in the spectra due to using
AuPd as the metallization paste.

The topology of printed layers was evaluated by atomic force
microscopy. The measurement was performed on the area of
0.25 wm?. The record from this analysis is shown in Fig. 2. Grains of
size approximately 10 nm are clearly apparent and account proba-
bly for titania grains. However we can find also bigger grains up to
25 nm which are attributed to the presence of silver nanoparticles.

3.3. XRD analysis

The crystal phase of prepared layers was investigated using X-
ray diffraction. Pure anatase phase was determined in all samples.

Table 2
Crystallize sizes.

Crystallite size (nm)

Ti 123
3Fe 19.8
5Fe 21.0
7Fe 224
Ag 238
Ag_3Fe -

Ag_5Fe -

Ag_7Fe 224

In the case of doped TiO, we were not be able observed any specific
peaks of iron or silver. We supposed that these peaks are hidden in
the peak for anatase (Fig. 4).

It is well known that with increasing width of peaks the crys-
tallite size decreases. This behaviour is described by the Scherrer
equation (1). Most of our obtained peaks were wide which indicated
that crystallite size was very low. The exact value of crystallite sizes
is summarized in Table 2. We can observe values generally compa-
rable to the estimated ones based on SEM imaging. We discovered
that crystallite size in case of doped TiO; is higher than for pure
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Fig. 2. Images form SEM analysis, pure TiO; (top, left); Fe-TiO, (top, right); Ag-TiO, (bottom, left) and AFM analysis Ti_-Ag_3Fe (bottom, right).
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Fig. 3. Chemical composition of two layers; pure TiO, (left); TiO, doped by Ag and Fe (7%) (right).
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Fig. 4. XRD spectra; pure titania (top, left), Ti-3Fe (top, right) and Ti-Ag_7Fe (bottom, left).

titania. Crystallite sizes for samples Ag_3Fe as well as for Ag_5Fe
were not measured because of too low peaks intensity.

3.4. Band gap energy

The absorption coefficient was calculated according to equation
mentioned in Section 2.3 from reflectance measurement. Obtained
coefficient was plotted as a function of photon energy for both type
of transition, direct as well as indirect. Consequently, the band gap
energy was determined by the extrapolation of the linear part of
this dependence to zero. Because the powdered samples with silver
were dark, the band gap energy could not be found out for these
doped TiO,. It means that in these cases, most of the falling light
was absorbed so only small portion was reflected.

We discovered that all prepared TiO, samples were direct
photocatalysts. Obtained band gap energies were followed: Ti
(3.20eV), 3Fe (2.77eV), 5Fe (2.60eV) and 7Fe (2.52eV). We found
out that with increasing iron content the band gap energy was
decreasing. It means that iron caused red shift of absorption edge.

3.5. Photocatalysis

3.5.1. Stearic acid

FT-IR absorption spectra of stearic acid during the degradation
process are shown in Fig. 5. Three main peak of stearic acid are situ-
ated in range from 2600 to 3200 cm~'. This decomposition reaction
took place under the UV radiation with intensity 2 mW/cm?. Three
peaks are observed in the spectrum: 2958 cm~1, 2923 cm~! and
2853 cm™!, corresponding to the methyl and methylene groups of
stearic acid, respectively.

Naturally, the maxima of the peaks are decreasing during the
degradation of stearic acid. Simultaneously, a blank experiment
(without photocatalyst) was performed. In this case, no change
in the stearic acid FT-IR absorption spectrum over the irradiation
period occurred (Fig. 5).

The overall comparison of photocatalytic activity of prepared
samples is shown in Fig. 5. As we can observe, pure TiO, with-
out iron or silver is the most active sample. We observed that with
increasing amount of iron the rate of degradation was lower. It indi-
cates that iron was probably adsorbed in the specific sites which
lead to decreasing final photocatalytic activity. Total time of 60 min
was sufficient for total decomposition of stearic acid of all samples.
In case of pure TiO; required time was only 20 min.

We realized that 20 min duration of the experiment was suf-
ficient for a complete removal of stearic acid only for pure TiO,.
Reaction time 60 min was necessary for most of the samples.

3.5.2. 2,6-Dichloroindophenol

Apart from stearic acid, photocatalytic activity was evaluated
also as the degradation rate of DCIP. Dechloration accompanied by
discoloration is the first step of the degradation process. Subse-
quently, further oxidation of the carbon molecular skeleton takes
place. It leads to the formation of short carboxylic acids. Finally,
these acids undergo decarboxylation and they are totally cleaved
to CO, and water [40-42|. UV-vis spectroscopy is easy and suit-
able technique for analysis the discolouration. DCIP was chosen as
amodel compound of dye-polluted waste water which is one of the
target application fields for photocatalytic process. DCIP was suit-
able dye because of an easy spectroscopic detection and more over
due to its reasonably low absorption at wavelengths 360-400 nm.
The absorption maximum of DCIP is at wavelength 600 nm (Fig. 6).
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Fig. 5. FT-IR absorption spectra of stearic acid during the degradation process (left) and decreasing of relative peaks areas.
DCIP as well as stearic acid was printed onto the titania diox- Decreasing of DCIP absorption was observed during the experi-

ide layers and a thin coating of indicator ink resulted. In order ments and the fibre spectrophotometer was conveniently used for
to investigate the influence of dopant type and amount, two LED automated online recording of absorbance. It was measured con-

diodes with absorption maximum at wavelengths 320nm and tinuously and data were saved each one minutes. Total time of one
374 nm (Fig. 6) were applied for this purpose. The intensity of used experiment was 25 min because this time was sufficient for com-
lights was carefully set to 1 mW/cm? in both cases. However, it is plete decolouration for some samples. Finally, the rate constant was
important to realize that this irradiation intensity was delivered by calculated as an average from three independent measurements.
different molar photonic flux: one photon of 320 nm carries approx- Simultaneously, a blank experiment (no catalyst) was performed
imately 6.21E-18 ] while one photon of 374 nm carries 5.31E-18 ]. and its rate constant was subtracted from obtained rate constant of
Therefore, to achieve identical energy flux, the 374 nm source needs samples with catalyst in order to the rates for direct photocatalysis
to emit cca 1.17 times more photons than the 320 nm source. of DCIP.
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Fig. 6. DCIP decomposition, absorption spectra of DCIP for different initial concentrations (top, left); emission spectra of LED diodes (top, right); comparison of rate constant
of the samples for diode 320 nm (bottom, left) and comparison of rate constant of the samples for diode 370 nm (bottom, right).



M. Kralova et al. / Catalysis Today 230 (2014) 188-196 195

The results from this measurement are summarized in Fig. 6.
We discovered that increasing amount of iron in the sample
leads to decreasing of photocatalytic activity. This dependence was
observed for both used wavelengths. This result indicates that iron
ions were adsorbed to the active site which caused a reduction of
TiO; activity. Silver had a positive effect on the photocatalytic activ-
ity in the presence of iron. On the other side, this co-catalyst alone
caused the decreasing of titania activity but not so high as in case
of iron. We explained this decreasing by using a too high amount
of silver. Generally, small concentration of silver causes creation
of more active TiO, [43,44]|. We supposed that in our cases, the
concentration was too high and some particles were adsorbed on
the active site which leaded to certain decreasing of photocatalytic
activity.

After the comparison of rate constants for diodes with absorp-
tion maximum of 320 nm and 370 nm we found out that increasing
of wavelength resulted into decreasing of photocatalytic activity.

4. Conclusion

Iron and silver doped titanium dioxide was synthesized by the
sol-gel process employing PEG as the anticracking agent and con-
veniently deposited by inkjet material printing. The solvent type
and concentration in the printing formulation was optimized and
the concentration of PEG was set to 4 g/L providing a good compro-
mise between the intensity of its effect and the viscosity increase
inevitably accompanying its introduction into the printing formu-
lation. Full rheological characterization was performed and the
jetting performance was theoretically evaluated by means of Z-
number rheologic model. Empirical jetting behaviour confirmed
the positive expectations and all formulation showed flawless
printability. The Z-number was practically identical for all studied
formulations therefore printed catalyst samples of equal quality
were possible to prepare and the influence of added amount of
iron and silver on the final physical properties as well as photo-
catalytic activity were investigated. These samples were compared
with pure TiO, fabricated in the same way.

Once well performing jettable compositions were ready, differ-
ent printing conditions were tested and the quality of created thin
films was studied. Temperature of 30°C, droplet pitch 30 pm and
two overprinted layers were eventually evaluated as the best con-
ditions. These were eventually used for the fabrication of the doped
samples set investigated in this study. After firing the printed lay-
ers at 450 °C, homogeneous compact layers with grain size around
10 nm were obtained.

We observed that structure of the film was only slightly changed
with the silver addition. In this case we could observe higher grains.
In the case of iron we did not see any differences. From XRD analysis
we found out that pure anatase phase was present in all sam-
ples. Band gap energy of non-doped titania was determined at
3.20eV which is a typical value for pure anatase. Subsequently, we
observed that with increasing amount of Fe band the gap energy
decreased. This decrease of band gap indicates that shift of absorp-
tion edge to higher wavelength occurred however it did not lead to
increasing of photocatalytic activity. We were not able to measure
E; for silver doped titania because of a uniform dark grey colour of
prepared powders resulting into a high absorption of light and very
small reflection with no pronounced peaks nor edges.

Photocatalytic activity of prepared layers was quite high [45]
however we did not observed any increase of their activity in
the case of doped TiO, samples [46,47]. Decomposition of SA was
performed at 20min and DCIP was completely decomposed in
25 min for the best samples. From the strictly photocatalytic activ-
ity point of view, our simple experiments involving silver nitrate
and iron (IIT) acetylacetonate did not result into any breakthrough

in the field of titania doping and red-shift sensitization. However,
we managed to formulate sol-gel based inkjettable formulation
capable to contain a wide varied of dopants and delivering con-
sistent printing performance. The original un-doped formulation
remains interesting on its own because of its jetting reliability
and certainly deserves further study employing another doping
agents.
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fluidity and conductivity of the used ionic liquids.
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1. Introduction

In the past years endless number of ZnO, CeO,, TiO,, etc.
based functional materials have been described. In terms of their
photo-induced functionality two types of mutually dependent sub-
functionalities must be always considered. The primary function is
associated with the photo-induced generation of the hole-electron
pair. If the particular material is identified as sufficiently effec-
tive in this manner it can be considered for the next step, for
example as heterogeneous photocatalyst. Uniform functional films
of nanoscopic metal oxides could be produced in many possible
routines. One of such methods is the bottom-up generation of
ordered structure nanoparticles in cores of reverse micelles [1,2].
The overall process is organized as the sol-gel method, the coating
technique then as piezoelectric jet printing [3-6].

Undoubtedly titanium and zinc oxides are the most extensively
studied transition-metal oxides. There are many possible applica-
tions that might be taken into account depending on their structural
and functional features. Here we report on the possible utiliza-
tion of various types of room temperature ionic liquids (RTILs) as

* Corresponding author. Tel.: +420 220 390 340; fax: +420 220 920 661.
E-mail addresses: kluson@icpf.cas.cz, p.kluson@seznam.cz, kluson@seznam.cz
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0920-5861/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
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electrolytes in the step of functional characterization of the pro-
duced nanoscopic ZnO and TiO, films. Hundreds of structurally
different ionic liquids are currently available. However, the most
commonly used are those with the imidazolium type of cation
combined either with hexafluorophosphate or tetrafluoroborate
counter ions. Another attractive group of ILs might be ranked
among quaternary ammonium salts (QAS) [7]. Ionic liquids could
be regarded as nanostructured fluids with two distinctive kinds of
spatial domain: one ionic, the other non-polar. The driving force
for the segregation of the nonpolar chains is believed to be ener-
getic. They are excluded from the cohesive network of positive
and negative charges that is formed by the charged groups of the
ions in close contact [8,9]. If the side-chains are too short, they
do not disturb the ionic network significantly and, also, they do
not possess enough conformational freedom to adopt a low energy
configuration. However, increasing the chain-length the role of its
spatial arrangement becomes much more important. Obviously
such features must be also reflected in their specific behaviour as
electrolytes in the contact with photoactive semiconducting thin
films [10-13].

To the best of our knowledge electrochemical interactions of
these types of RTILs with the reverse micelles templated semicon-
ducting nanoparticles have not been reported yet. Special attention
was also paid to the correlation of the values of generated photo-
current densities in layers with the fluidity and conductivity of the
used RTIL's.
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2. Experimental part
2.1. Layer’s preparation

All TiO, and ZnO layers were prepared by means of the sol-gel
method. The TiO, films were produced from titanium isoprop-
oxide in the reverse micelles used as molecular templates at very
low water to surfactant ratio. This modification allows genera-
tion of very uniform particles as specified in details elsewhere
[1,2,14-16]. The method was previously optimized for piezoelec-
tric ink-jet printing [3-6]. The ZnO films were prepared by standard
sol-gel technique involving diethanolamine (DEA) (p.a., Penta,
Czech Republic), zinc acetate dihydrate (ZA) (Sigma Aldrich) and
propan-2-ol as solvent. The molar ratio between ZA and DEA was
held at 1:1, and the concentration of ZA was 0.45molL-1. First
propan-2-ol was mixed with ZA for 10 min to form a clear and trans-
parent solution. Subsequently DEA was added to the solution and
the arising sol was stirred for 5 min.

In both cases inkjet printer Fujifilm Dimatix 2830 was used for
deposition of the liquid sols on substrates. The sol was loaded into
the Dimatix ink tank and the Dimatix 10 pL printing head with
the piezoelectric nozzles attached to the tank. This equipment was
mounted into the Dimatix printer. As substrate the conductive ITO
glass (5-15Qcm~!, Delta-Technologies Ltd., USA) and the soda-
lime microscopic glass plates were used. In the case of TiO; layers
drying(110°Cfor30 min)and calcination steps (450 °C for4 h) were
performed after each coating cycle. ZnO layers were treated by dry-
ing (110°C for 30min) and then calcined at 500 °C for 4 h. These
conditions were already previously optimized [1,3-6,14-18].

2.2. Layers’ structural and functional characterizations

The crystallographic form and the particle size of the TiO, and
ZnO layers were determined by XRD analysis (Panalytical-MRD
diffractometer with the Cu anode) and by Raman spectroscopy
(Raman Dispersive Spectrometer Nicolet Almega XR). Surface prop-
erties of the layers were studied by SEM (Hitachi S4700) and AFM
(Thericroscopes) microscopy techniques. Layers’ thicknesses were
evaluated from SEM images. Values of absorption edges were elu-
cidated from UV-Vis spectra (Perkin-Elmer Lambda 35 equipped
with a Labsphere RSA-PE-20 integration sphere).

The photo-induced properties of the TiO, /ITO and ZnO/ITO elec-
trodes in 0.1 M Na;SO4 solution as electrolyte were investigated by
means of photo-electrochemical measurements under UV irradia-
tion in the three-electrode Pyrex cell. Prepared films were used as
working electrodes and they were irradiated with the light beam
of the wavelength of 365 nm. A saturated Ag/AgCl electrode and
a platinum plate were used as the reference and the auxiliary
electrodes, respectively. The incident light intensity was measured
by UV-meter (UV Light Meter UVA-365). The irradiation intensity
was 0.4mW cm~—2 at 365 nm. Detailed description of the electro-
chemical set-up and the used electrochemical methodology were
reported previously [19-21].

Initially a cyclic voltammetry (CV) was carried out. The CV
was carried out from —200mV to 1200mV. The linear change
of potential was 50mVs~!. The next measurement was a lin-
ear voltammetry (LV) with the linear speed of potential change
10mVs~! and starting again at —200 mV. The light was switched on
after 5s and kept on for 5s. Afterwards the light was switched off
for the next 5s. These periods were repeated until the potential hit
the final value of 1200 mV against the saturated Ag/AgCl electrode.
The next method was the amperometry at constant voltage of 0.6 V.
In the first 30s and the last 30s the irradiation was switched off.
Finally the OCP (open circuit potential) was performed. The OCP
started with 30 s in the dark then the layers were irradiated for 60 s
followed by 60 s of dark.
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Fig. 1. (a) N-alkyl-triethylammonium bis(trifluoromethanesulfonyl)

imides (Njr222)TH2N, R=4, 8 and 12). (b) N-alkyl, N'-methylimidazolium
bis(trifluoromethanesulfonyl) imides (RMIM Tf;N, R=2, 3 and 4).

Besides 0.1 M Na, S04 specific types of ionic liquids were used as
electrolytes [7]. Photo-electrochemical behaviour of the TiO,/ITO
and ZnO/ITO electrodes in the ionic liquid (RTIL) environment was
monitored using the same sequence of electrochemical methods as
for the Na,SO4 electrolyte. Molecular structures of the used ionic
liquids are shown in Fig. 1. The ionic liquids differed in the num-
ber of carbons on the quaternary bonded nitrogen atom (QAS), and
on nitrogen in imidazolium (RMIM). In Table 1 properties of ionic
liquids employed to construct the Walden plot [22,23] are sum-
marized. Tabled values were used to specify the current density by
means of the dynamic viscosity and conductivity.

3. Results and discussion
3.1. Characterization of TiO, and ZnO thin layers

All prepared TiO, layers produced by piezoelectric inkjet
printing possessed the crystallographic form of anatase (0001
dominating orientation). The particle size was 6 + 2 nm evaluated
by the Scherrer equation, and 8 +£2 nm and by the deconvolution
method [24,25]. The only crystallographic form determined in the
thin layers of ZnO was wurtzite with predominant 0002 orienta-
tion. The particle size was 12 +2 (15 £ 2) (Table 2). For the surface
morphology AFM analysis was employed. It provided information
on the relative surface roughness expressed here as the rms factor
(Table 2, Fig. 2.). All tested samples consisted of three layers (pro-
duced in 1-3 consecutive coating cycles as optimized previously
[3-6,17]). The thicknesses of films were estimated from the SEM
images (Fig. 2). It was found that the TiO, sample with same num-
ber of inkjet printed cycles revealed the thickness approximately
of 340 nm, the ZnO layers were about 250 nm. Locations of absorp-
tion edges of nanoparticulate TiO,/ITO and ZnO/ITO electrodes
were evaluated from absorption spectra for TiO, and ZnO layers
deposited on microscopic glass (Table 2). For TiO, the absorption
edge was located around 365 nm with very sharp discontinuity, for
ZnO it was determined at around 385 nm with less sharp increase
of absorption.

3.2. Electrochemical properties in standard electrolyte
environment

All prepared layers possessed very good photo-induced charge
separation characteristics. Dependence of the generated current
density on the linearly increased potential is illustrated in Fig. 3.
The linear voltammetry plot represents the polarization curves of
the ink-jet printed TiO, and ZnO film electrodes in 0.1 molL!
Na;SO4 solutions. These measurements proved their distinctive
behaviour in the UV region, in which all layers reacted immedi-
ately and reproducibly to the illumination. Values of the generated
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Table 1
Physical and chemical properties of the studied RTILs.

T=25°C(298.15K) Dynamic viscosity 1 [Pas]

Conductivity o [Sm~1] Molar volume [cm? mol~1]

EMIM Tf;N 0.032 0.91 257.9
PMIM Tf;N 0.0416 0.62 274.8
BMIM Tf,N 0.0626 0.41 291.2
Nis222/ Tf2N 0.179 0.92 3279
Nis222) TN 0.239 0.60 395.8
Nj12.222) TN 0.322 0.26 464.3
Table 2
Structural characteristics of the TiO, and ZnO layers.
Thin layer XRD Particle size/ Particle size/ Raman Absorption Thickness [nm] AFM rms factor
deconvolution [nm] Scherrer [nm] spectroscopy edge [nm] (nm)
TiO, Anatase 8+2 6+2 Anatase 365 340+30 14
Zn0 Waurtzite 1542 12+2 Wurtzite 385 250+30 1.5

photocurrents in the positive potential area for TiO, were constant
and it reached the characteristic plateau at both irradiated inter-
vals. At negative potential (—200 mV) the photocurrents were also
generated, however, their values were significantly lower with the
gradual growth to the constant level. ZnO thin layers also revealed
a very good photo-response in the UV region. Nevertheless their
photo-response stability was not as good as for the TiO, films (see
also Fig. 3.).

Values of generated photocurrents were measured at constant
potential (0.6V) by amperometry. The obtained curves indicate
the photocurrent-time behaviour of the layers. This experiment
shows the efficiency of the prepared TiO, and ZnO electrodes to
reach in the 5min and 20 min irradiation interval almost a con-
stant photocurrent. The photo-generated current decreased slowly
and the steady state was reached after 5min for TiO,, (see Fig. 3.
right), but the absolute value of the photo-generated current was
low in comparison with previously reported TiO, layers prepared
with assistance of various types of plasma [14,16,17,19]. The very

small but highly uniform TiO, particles having their origin the
reverse-micelle templating environment increased enormously the
surface to volume ratio. The inter-particle contacts then may serve
as efficient recombination centres decreasing the measured cur-
rent densities. For ZnO the current density reached higher values,
but the stability in time was not as good as for TiO,. The measured
samples embodied the very sharp maximum of the reached photo-
current densities. This so-called current peak appears immediately
at the first moment of the irradiation. Further, the curves decrease
slowly to get the steady state values. The instantaneous increase of
generated photocurrent densities means a rapid electrons-holes
generation and separation at the space charge region. The decrease
is assigned to their recombination.

The open circuit potential (OCP) was measured to focus on the
evaluation of the efficiency of separation of electrons and holes. The
photo-potential (Eoc) decay was also measured. Upon the UV irradi-
ation the open circuit potential shifts immediately to more negative
values, which reflects rising of the major charge carriers (electrons)

500nm

Fig. 2. SEM and AFM images of ZnO (left) and TiO; (right) layers.
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Fig. 3. Linear voltammogram (left) and amperogram (right) of ZnO (thin lines) and TiO (thick lines) with 0.1 M Na, SO as electrolyte.

concentration for both types of ink-jet printed layers. The potential
regresses to the original values after the light is switched off slowly
and reaches the starting potential after approximately 150s. The
constant Eqc values in the UV-light period correspond to the steady
state concentration of not recombined electrons. The amount of
photo-excited electrons reacts either with an electron scavenger
(e.g. oxidizable species) or with the photo-generated holes or
migrates through layers to the conductive substrate.

3.3. RTILs as electrolytes

For determination of the photo-electrochemical features of
RTILs as electrolytes in the contact with the prepared semiconduct-
ing films the same testing algorithm as previously was applied with
special focus on amperometry and open circuit potential measure-
ments.

The photo-generated current of the electrochemical system
involving RTILs showed an interesting behaviour. It is noteworthy
the values of generated photocurrent densities (Fig. 4) in both types
of layers almost perfectly correlate with the fluidity and conduc-
tivity of RTILs (Table 1). The highest currents were obtained for
EMIM Tf;N, the lowest for Njq3,227) Tf,N. The absolute values of
photocurrents were higher for systems involving RTIL’s than for
Na, S04 solutions. We think that ionic liquids create a continuous
interlayer within TiO, and ZnO layers (a capacitive layer), and thus
they may enhance the transfer of generated charge transport to the
electrolyte.

Values of OCP for both types of layers showed similar trends.
The high concentrated and high viscous electrolyte (Ng 23] Tf2N)
was able to create a thin layer of RTIL on the semiconductor. Forma-
tion of holes and electrons after irradiation by UV light was almost
immediate and this event was not the limiting step of the whole
charge generation (Fig. 4, bottom). After switching off the light the
restoration of new equilibrium tends to depend on the viscosity
of RTIL, due to the limiting diffusion current. The creation of new
equilibrium for the low viscous, high conductive (mobile) solution

of Na,S04 was not limited by the low mobility of charge carriers in
contrast to RTILs.

The inter-ratio of current densities for every RTIL showed
similar trends for both types of layers. Probably the generated
photocurrent densities for individual RTILs are affected by their
polarity and viscosity. Therefore, the modified empirical law found
by Walden [22,23] was applied to specify the effect of growing
alkyl chain in the series of chosen RTIL. In the original paper
of Walden [23] it was postulated that the product of equiva-
lent conductivity and the dynamic viscosity remains the same
for electrolytes behaving similar to solutions of KCl in water. The
Walden rule distinguishes parts with different ionic and fluidic
properties.

A% x n® = constant (1)

Eq. (1) represents the Walden rule in which A9 is the limiting
molar conductivity [2~1 cm?2 mol~1], 5 is the dynamic viscosity in
[Pas], and « is the adjustable parameter for fitting the experimen-
tal data. As was shown [26-28] ionic liquids of our series confirm
well the Walden rule with o~ 1 with almost the same behaviour
comparable with standard KCl solutions. This leads to an idea to
normalize the photo-generated current to the dynamic viscosity
and the equivalent conductivity. When the photocurrent densi-
ties are taken relative by means of viscosities and conductivities
(Table 1) new trends arise (Fig. 5).

The over-laying curves of the specific current density corre-
spond to the analogous system of RTILs, similarly as observed for
the Walden plot. The same property was found for both types of
thin layer electrodes in the RTILs electrolyte. For the system of ZnO
and RMIM Tf;,N, a small deviation in the behaviour according to the
Walden rule was found. Therefore the RMIM Tf,; N were purified by
solid liquid extraction [29] and measured again as previously. With
this particular case (example) it was demonstrated that the used
opto-electrochemical system could be potentially also utilized for
effective and rapid determination of purity of BMIM Tf, N and PMIM
Tf,N ionic liquids (Fig. 6). It can be seen that the pure ionic liquid
reveals a higher photo-generated current density in comparison to
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Fig. 6. Comparison of current densities for contaminated and purified BMIM Tf,N
(black stars, resp. grey stars) and PMIM Tf,N (black crosses, resp. grey crosses).

the contaminated one. This can be due to the loss of ionicity and
to the increase of viscosity. The difference in the current density is
small, but clearly evident.

4. Conclusion

The TiO,/ITO and ZnO/ITO electrodes prepared by piezo-
electric ink-jet printing were stable and possessed very good
photo-induced functional properties. The obtained electrochemical
characteristics reflected the ability to react immediately on the UV
light signal by generation the charge carriers. The measurements
also confirmed a high potential of the photo-electrochemistry
tests for evaluation the role of the used RTILs as electrolytes in
a series of individual Ng,277) Tf;N and RMIM Tf;N. The electro-
chemical system with RTILs behaved almost perfectly according
to the experimental Walden rule. We believe that the change of
polarity decreasing with growing alkyl chain results in a rapid
change in the photo-electrochemical behaviour for both types
of semiconductor layers. The alkyl chain obviously decreased
the molar conductivity of the molecule due to decreasing the
polarity/mass ratio and increasing the value of the dynamic
viscosity.
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Tungsten (VI) oxide—WOs3 is a widely studied functional inorganic semiconductor material with
exceptional chromogenic properties. It is used in energy efficient systems such as smart windows,
sensors, displays, storage units, photocatalysts and solar cells. Layers of WO5 are generally produced
using expensive vacuum deposition techniques. In this paper, the inkjet printing of sol-gel derived
tungsten inks on glass and transparent conductive oxide is reported. Peroxo sol-gel synthesis was used
to prepare peroxopolytungstic acid sols which were then modified using different solvents to obtain a
suitable jetting ink. Described are the rheological and structural properties of WOs3 inks, the dynamics of
WOs; droplets and the morphology and quality of WO5 printouts. The functionality of these transparent
WOs5 layers is successfully demonstrated in an electrochromic device.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Tungsten (VI) oxide-WOs; is arguably the most efficient inor-
ganic electrochromic material with excellent electrochromic prop-
erties both in the visible and infrared part of the spectrum. It
allows high coloration efficiencies (21 —167 cm?/C) and is rela-
tively inexpensive with typical electrochromic systems costing
between 10 and 1000 $/m? [1-4]. It can be used as either a buffer
layer or as a p-/n-type semiconductor, in sensors, displays, storage
units, photocatalysts and solar cells [5]. More recently attention
has focussed on integrating inorganic metal oxide layers (e.g. WOs,
V,0s5, and MoOs) into organic optoelectronic systems such as
organic photovoltaics (OPV) and organic light emitting diodes
(OLED) as a means of improving efficiency, stability and system
longevity [6,7].

Tungsten (VI) oxide has a defect perovskite structure based on
corner sharing WOg octahedra. Crystallization occurs in a variety
of modifications including monoclinic, tetragonal and cubic phase
depending on how the WOg octahedra are interconnect. This in
turn depends on synthesis, deposition and process parameters:
such as annealing temperature and surface treatment (O, or H,
plasma) of the WOs3 layers [3-8]. Its structure is also affected by
ion intercalation where the electrochemical insertion of Li ions
leads to the ordering of the crystalline structure from monoclinic
through tetragonal and finally to the cubic phase [9]. The structure
of the WOs; layer influences semiconductor properties, coloration
efficiency, stability and coloring-bleaching kinetics [3-8].

* Corresponding author.

http://dx.doi.org/10.1016/j.solmat.2014.02.023
0927-0248 © 2014 Elsevier B.V. All rights reserved.

The layers of WOj5 are typically created by RF vacuum sputter-
ing, chemical vapor deposition (CVD), electrodeposition or from
either dip-coating or spin-coating coating suspensions or solutions
made by sol-gel processing [1]. Unfortunately, these methods do
not meet the requirements of today's electronic production
systems, which demand cheaper and variable mass production
methods. For example coating techniques are limited in their
control of deposition, multi-layered structures and patterning.
The increasing demands of consumable electronics search for
low-cost deposition techniques, therefore digital printing techni-
ques are gaining importance. Amongst them inkjet printing is one
of the most promising methods. It allows precise and contact-less
transfer, the use of diverse materials, sampling and multi-layer
construction at low price [10]. This will require the development
of new functional inks that will avoid inhomogeneous film
formation, formation of cracks, irregular and deformed printed
lines and defects like coffee ring and fishbone effects [11,12]. To
obtain homogeneous layers optimum properties of the ink (visc-
osity, surface tension and evaporation rate) and printing settings
(voltage, the shape of pulse, substrate and ink temperature, size
and speed of ink drops) must be adopted [13]. The properties of
printable functional ink can be controlled by combining solvents
to control viscosity, surface tension and evaporation rate, as
recently reported by Chouki and Schoeftner [14]. An ideal ink for
a Drop on Demand — DOD inkjet system should have a viscosity of
0.002—-0.03 Pa s and a surface tension of 30 mN/m [15]. Addition-
ally, ink viscosity needs to allow the smooth delivery of the ink
between the printer head and the cartridge. The other important
property is the surface tension of the ink which plays an important
role on the interaction between the printer nozzle and ink, as well


www.sciencedirect.com/science/journal/09270248
www.elsevier.com/locate/solmat
http://dx.doi.org/10.1016/j.solmat.2014.02.023
http://dx.doi.org/10.1016/j.solmat.2014.02.023
http://dx.doi.org/10.1016/j.solmat.2014.02.023
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solmat.2014.02.023&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solmat.2014.02.023&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solmat.2014.02.023&domain=pdf
http://dx.doi.org/10.1016/j.solmat.2014.02.023

88 T. Vidmar et al. / Solar Energy Materials & Solar Cells 125 (2014) 87-95

as on the spreading of the drops over the substrate surface. Ideally
the surface tension must be such that the printing ink is held in
the nozzle without dripping while allowing a droplet to spread
over the substrate to form a continuous film [16].

The rheological and structural properties of WOs3 inks vary
according to temperature, pH, water content and the concentra-
tion of H,0, [17]. The sols referred to inks are Newtonian fluids,
which mean that their viscosity is independent of flow rate,
whereas the gels show non-Newtonian behavior and become
dilatants, whose viscosity increases with the rate of shear strain
[18]. Importantly, the homogeneity of printouts depends on the
mechanism of drop formation and this varies with a fluid's and
surface properties. Various dynamic phenomena are also observed
during drop formation such as splashing, spreading, receding,
bouncing and crown formation. Rioboo et al. [19] have analy-
zed the phases of drop spreading: kinematic phase, spreading
phase, relaxation phase and wetting phase. Drop dynamics and
film formation can be predicted with various computational
simulations and studied using the Weber number (We=35v%d/a),
Ohnesorge number (Oh=n/sqrt(dcod)=1/Z) or Z number (Z=8cd/
n) and Reynolds number (Re=6v2d/n), where § is the density, v is
the drop velocity, d is the diameter of nozzle, ¢ is the surface
tension and # is the viscosity of the printable liquid. Drop
dynamics and the impact of droplets on the substrate surface are
of great interest in deposition techniques such as spraying or
inkjet printing. These models were developed for Newtonian fluids
and despite that most commercially available inks are non-
Newtonian and contain various additives these models can still
be used to assess the printability of the inks [20-23].

Printing of functional sol-gel materials is a new and under-
explored area of research. There exist a few reports describing
inkjet printing of for example SiO,, ZnO, TiO,, and V,05 inorganic
layers by applying sol-gel made inks. These were used as trans-
parent electrically conductive (TCO) and dielectric substrates,
components for photoactive layers, layers for chromogenic sys-
tems and sensors [9]. To our knowledge no publication exists with
regards to printing of WOj5 sols. The only relevant publication [24]
describes the inkjet printing of suspensions based on TiO, and
WOs3 nano-powders using different solvents and additives. Inkjet
printing of sol-gel functional materials is complex and besides the
necessary fine tuning of their rheological properties, there is a
need to control gelation of inks and how materials interact.

In this paper, the focus is on inkjet printing of inorganic sol-gel
derived tungsten inks. The aim was to obtain homogenous
transparent WOs5 printouts applicable for use in electrochromic
devices. The tungsten inks were synthesized following the peroxo
sol-gel route [25] but modified for inkjet printing on glass and
transparent conductive oxide (TCO) substrates. Different WO5 inks
were synthesized based on different solvent compositions having
different rheological and physicochemical properties. Their effects
on inkjet printing on glass and TCO-glass substrates are discussed.

2. Experimental
2.1. Preparation of a WOs ink

Step one involved the synthesis of a WO5 sol. First, peroxo-
tungsten acid (PTA) was synthesized by reacting 5 g of tungsten
monocrystalline powder (99.9%, Aldrich) with 20 ml of hydrogen
peroxide (30%, Belinka). The reaction is strongly exothermic. Sols
where then prepared by adding solvent to the PTA solution at
120 °C. Two WOs sols used in this study as inks where prepared
with two different solvents: 2-propanol (puriss, Sigma-Aldrich)
and a mixture of 2-propanol and 2-propoxy ethanol (puriss,
Sigma-Aldrich). The inks are referred to as WOs-1 for a WOs; sol

based on 2-propanol and as WO3-2 for a WO3 sol based on a
mixture of 2-propanol and 2-propoxy ethanol.

The addition of alcohol resulted in the formation of the W-
ether (esterification) that polymerizes to peroxopolytungstic acid
(P-PTA) [25]. The ink appeared slightly orange and contained
27.7 mmol of tungsten per 30 ml of sol. To improve the ink
stability and inkjet jetting properties the primary inks were
further diluted to 60 ml with solvent. The diluted inks are marked
as d-WO0s-1 and d-WO0s3-2.

2.2. Deposition of WO3 layers

A layer of WO5; was printed on glass and glass coated with a
fluorine doped SnO,-K-glass (sheet resistance 13 €2/0) substrates.
Substrates were initially cleaned with 2 vol% mucasol (Sigma
Aldrich) aqueous solution, distilled water and 2-propanol or
2-propanol/2-propoxy ethanol. Inkjet printing was performed
using a piezoelectric Dimatix Materials Printer Series 2800 (Fuji-
film Dimatix Inc.) equipped with a silicon print head cartridges
having 16 nozzles, each with a nominal drop volume of 10 pL. We
varied different printing settings, such as substrate, ink tempera-
ture, jetting voltage, printing frequency, drop spacing and
cartridge angle.

2.3. Characterization

The viscosity of the WO5 inks was measured at 20 °C using
Vibro Viscometer model SV-1A. Contact angles, surface tension
and surface energy measurements of the substrates were made
using a Kriiss DSA 100 goniometer using the static sessile drop
method. The contact angle was evaluated by the circle fitting
method, based on the outline of a droplet as shown in Fig. 1. The
surface tension was then calculated from the measured contact
angles of distilled water, diliodomethane and formamide using the
Owens-Wendt model. Surface tension of the WOs3 inks was
determined using the stalagmometric method.

The chemical structure of the W03 inks was determined using a
Perkin Elmer FT-IR System Spectrum GX in the geometry of the
attenuated total internal reflection — ATR (500—4000cm~!).
Quality and morphology were monitored with a digital optical
camera (Digi 2.0 Micro Scale) and a scanning electron microscope
(JSM 6060-LV, JEOL). Image analysis (Image] tools) was used to
show the shape and size of droplets printed at voltages from 10 to
40 V using different formulations of WOs inks. The thickness of the
WOs layers was measured with a surface profilometer (Taylor-
Hobson Ltd.). Estimated thickness of WOs layers was between
0.2 and 1.0 um and dependent on the concentration of WOs; inks,
printer settings and the annealing process. The quality of adhesion

1mm

Fig. 1. Contact angle of distilled water on glass substrate.
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Table 2
Contact angles of test liquids and calculated surface energy of glass substrate.

Substrate Contact angle of test liquids (deg) Calculated surface tension (mN/m)
Distilled water Diiodomethane Formamide
Glass 324 48.5 11.7 63.1
A T T T T T T
204 —-—WO,-1 / i
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0
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Fig. 2. FT-IR spectrum of WO3-1 and WOs3-2 inks (A) and corresponding layers

dried at room temperature (B). (*denotes typical peaks of 2-propoxy ethanol and x
denotes peaks of 2-propanol).

of the WOs3 layers was ascertained using the 1 mm cross-cut tester
(Byko-cut Universal, Byk Gardner).

3. Results and discussion

The rheological and physicochemical properties (viscosity and
surface tension) of four WOs5; inks have been analyzed. The
printability of the inks using inkjet printing was determined by
calculating the Weber and Z number and an analysis of the printed
WO;3 droplets was made.

3.1. Rheological, physicochemical and structural properties of W03
inks

The viscosity and surface tension are the most important
properties of printing ink. Solvents for piezoelectric inkjet printing

V(V)

Fig. 3. The velocity of concentrated and diluted WOs inks vs applied voltage.

Table 1
Density, viscosity, surface tension and Z number of WOs3 inks at 20 + 0.5 °C.

WOs inks Density Viscosity Surface tension  Z number
(g/em®)  (mPas) (mN/m) (0]

WO0s-1 1.05 8.4+ 0.01 22.1+0.003 3

WO03-2 112 111 4+0.03 25.5+0.01 2

d-WO0s-1 0.92 4.7 +0.02 21.8 +0.03 4

d-WO05-2 0.96 5.2 +0.02 25.0+0.02 4

should have a viscosity around 0.01 Pas and surface tension of
30 mN/m, in addition they must have low vapor pressure. Stan-
dard WOs5 sols prepared via the peroxo route are based on highly
volatile ethanol [26] which has a viscosity of 6.1 mPa s and surface
tension of 27.2 mN/m at 20 °C. The high evaporation rate of
ethanol can clog nozzles resulting in layering defects like an
inhomogeneity, a coffee ring, or the fishbone effect [11]. To avoid
these problems the WOs3 ink was prepared by replacing ethanol
with 2-propanol (ink WOs-1) and 2-propanol/2-propoxy ethanol
mixture (ink WO3-2). The result was a higher ink viscosity and a
lower surface tension. While the addition of 2-propoxy ethanol, as
a higher boiling point solvent (b.p. 150 °C, [27]) slowed evapora-
tion. The stability of WOs-1 and WOs-2 inks, prior to gelation, is
limited to 1 month if refrigerated. The stability of the ink can be
prolonged by diluting the WOs5 inks with the corresponding
solvent, to obtain ink d-WOs-1 and d-WOs-2 (see Section 2). This
enabled the preparation of a thinner layer preventing cracking of
the layers after the evaporation of the solvents.

To achieve good wetting, the surface tension of the substrate
must be ideally for (10 mN/m) than the surface tension of the
printable liquid. Diodomethane, distilled water and formamide
were used as test liquids to determine the surface tension of the
glass substrate. The resultant contact angle measurements and
calculated surface tension are presented in Table 2. The calculated
surface tension of the glass substrate is 63.1 mN/m, which is more
than 30 mN/m higher than the surface tension of the inks.
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Unfortunately, it was not possible to determine the surface tension
of TCO substrate precisely due to its complex surface roughness
and sensitivity to the storage conditions after cleaning.

Results reveal that the surface tension between glass substrate
and the ink is not perfectly matched, and to further optimize the
printing process improvements based on surface cleaning and
substrate treatment or ink modification should be investigated.

320 T T T T T T T
—-—WO,-1
—-—Wo0,2

Weber number [/]

0 T T T T T T T
5 10 15 20
v[m/s]

Fig. 4. Weber number at different velocities of WOj3 inks.

3.2. IR spectroscopy of WO3 inks

The WOs5 inks prepared via the sol-gel peroxo route are based
on peroxopolytungstic acid (P-PTA). The structure of P-PTA has
been determined by Nanba et al. [28] and consists of a polyanion
in which a 6-membered ring of corner-shared polyhedra such as
WOs5(0,) or WOg are sandwiched between W50 units consisting
of edge shared WOg octahedra. The complex structure of the P-PTA
suggests the existence of specific vibrational modes in the IR
spectrum. The IR spectrum of the P-PTA contains the following:
stretching modes of terminal (zW=0 at 980 cm '), corner shar-
ing (VW-0-W at 600—650 cm~!) and edge sharing (W-0-W at
700-750 cm~ ') stretching W-O modes, while bending modes
appear below 450 cm—". In addition, the presence of the peroxo
groups in the P-PTA structure is shown by the presence of W-0-
O-W and W-0-O modes at 800—830cm~' and 560 cm',
respectively. Stretching modes incorporating the vibration of
hydrogen bonded H,O appear between 3500 and 3000 cm™’,
while the bending mode appears at approx. 1600 cm~'. For a
detailed vibrational band assignment of P-PTA see Ref. [29].

The IR spectra of fresh WOs-1 and WOs-2 inks (Fig. 2) also
show, besides the modes assigned to the solvents, a band at
980 cm~ ' (VW =0), an intense band at 810 cm~! (W-0-0-W), a
broad band peaking around 630 cm~' (WW-0-W corner sharing
octahedra) and a band at 550 cm~! (W-0-0). Bending W-O
modes were not observed since they appear outside the range of
the spectrometer. Comparisons of the spectra of fresh inks (WOs-1
and WO0s-2) show no differences regarding the vibrational modes

A B
C D

Fig. 5. Optical microscopic images of dried droplets of concentrated WOs sol-gel ink printed on glass (top) and TCO substrate (bottom) at voltages of 19 —40 V. Pictures A

and C correspond to WOs3-1 ink and pictures B and D to WO3-2 ink.
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A B

Fig. 6. Optical microscopic images of dried droplets of diluted WO3 sol-gel ink printed on glass (top) and TCO substrate (bottom) at voltages of 10—35 V. Pictures A and C

correspond to WOs-1 ink and pictures B and D to WOs5-2 ink.

Fig. 7. SEM images of printed WO droplets using sol WO3-2

characteristic of P-PTA. Alternatively, the spectra of the inks dried
at RT for 1h show that 2-propanol (ink WOs-1) completely
evaporates while 2-propoxyethanol is still present in the W03-2
ink. In addition, the intensity of the W-0-O-W mode at 810 cm !
shows the content of the peroxo groups is much higher in the
WOs-2 ink dried at RT. Decomposition of the peroxo groups is

(left) and diluted sol d-WOs-2 (right) on glass at 19 V.

therefore faster in ink WOs-1. This is due to the slower decom-
position of the peroxo groups (0,)?>~ with chelating properties in
ink WOs-2. Its stability is also prolonged. The stability of the P-PTA
inks based on different solvents is under investigation.

The XRD spectra of dip-coated P-PTA xerogel films and films
treated at 150 °C revealed amorphous structure [29]. Transmission
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electron spectroscopy of the xerogel layers confirmed the presence
of up to 2 nm large clusters of monoclinic WOz modification that
are embedded in amorphous tungsten oxide matrix [30].

3.3. Dynamics of WOs droplets

Droplet dynamics and the formation of a printed film can be
predicted by theoretical models. To determine the printability of
concentrated and diluted WOs5 inks calculating the Weber
(We=6v?d|c) and Z number (Z=8cd[n) was done. First, the
velocity of inks (v) droplets at different voltages was determined
using the Dimatix Drop Watcher set-up. The results for different
inks are shown in Fig. 3. As expected, printing velocity increases
with increasing voltage. The datasets do show overlap in the lower
voltage range; above 25V we can clearly see that higher v values
are characteristic for diluted inks (d-WOs-1 and d-WO03-2) due to
their lower viscosity while the more concentrated viscous samples
have lower velocities (Table 1).

Drop formation (single droplet, satellite droplets and droplet
break up) and spreading on solid substrates are dominated by
material properties (internal, surface tension and viscous forces of
fluids) and drop parameters (drop velocity and drop diameter)
[21]. Dynamics of droplet spreading can be characterized by the
Weber and Z number. The best formulation of droplet behavior is
the use of both parameters; moreover the Z number includes

viscosity which is an important and variable property for printing
of sol-gel materials. A liquid drop with a high Weber number
spreads out under the influence of the impact-induced inertia,
whereas at low Weber number the capillary force tends to resist
the droplet from spreading at the contact line. The relative
importance between the capillary and viscous forces is scaled by
the Z number. At low Z number fluid viscosity plays a major role in
inhibiting drop spreading and at high Z number the dominant role
is played by surface tension. In inkjet printing drop spreading is
dominated by inertial forces and resisted primarily by viscous
forces. The Z number for the WO5 inks varies from 2 to 4, and
increases with viscosity and surface tension [31]. Fig. 4 shows the
Weber number at different velocities of concentrated and diluted
WOs; inks. Results reveal the same trend in the Weber number vs
velocity of droplets for all the WOs inks. A critical Weber number
(Wegriticar=12(1+1.077—-Z~16)) for concentrated WO5 inks is
around 15, while for diluted WOs3 inks it is around 13. If the
Weiticar 1S surpassed, that is at higher velocities, it causes the
appearance of satellite droplets or droplet break up and distortions
in drop formation. The effect is a distorted, missing or inhomoge-
neous printed layer.

Table 1 shows the obtained Z numbers which characterizes
drop formation e.g., capillary break-off length and time, droplet
volume and satellite formation. Some theories predict a stable
drop formation in drop-on-demand systems when Z>2 [32],

Fig. 9. SEM images of a WO3-2 layer printed on a TCO substrate, surface (A) and cross section (B).
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while others suggest a Z value of between 1 and 10 [33]. The lower
limit is governed by the viscosity of the fluid and its printing
ability, while the upper limit is determined by the point at which
multiple drops are formed in place of a single droplet [23].

The dilution of the inks slightly reduces the Wegsica value,
making the diluted formulation theoretically more prone to drop
formation defects at higher velocities and suggests that the
studied ink formulations should be suitable for printing only at
relatively low velocities. Yet, the reduction of Weiticar With
dilution is only marginal. With increasing dilution, the Z number
increases as the viscosity term dominates, and Z values shift with
dilution from just an acceptable value of 2 to a much more
optimistic value of approximately 4 (Table 1). This implies a
trade-off between these two parameters and either an optimal
formulation or, if necessary, another solvent is required. The drop
formation process modeled by means of the Weber and Z number
is only one part of the story. Drop-substrate interactions governed
mainly by ink and substrate surface tensions and discussed in the
following chapter are no less important. An ink with inferior
jetting performance is often justified by its special wetting
behavior.

3.4. Inkjet printing of WO3 inks

Studying the printability of four different WO3 inks shows poor
reproducibility of the printing process when using concentrated
WOs inks (i.e. WO3-1 and WOs3-2 inks). The main constraints were
clogged nozzles, because the polymerization/gelation of the ink
occurred during the printing process. Diluted WOs3 inks were
much more favorable for inkjet printing due to their better
stability.

Scanning electron microscopy and image analysis results are
presented in Figs. 3 and 4 and show that lower voltages can be
applied for the diluted WOs3 inks, which agrees with the deter-
mined Weiticar (see Section 3.3). Figs. 5 and 6 show different
droplet shapes on both glass and TCO substrates which are related
to the mismatch between the surface tension of the substrate and
inks, and depends on material interaction. Results also show the
effect of increasing printing voltages to the shape and deformation
of the droplets. Printing settings vary depending on the form of
the printed layers i.e., a homogenous plane or a complex forms,
and dictates precision of the printing. The areas of the droplets are
approximately 0.11 mm? at 10 V and up to 0.23 mm? for printing at
40 V.

Figs. 7 and 8 are SEM images of printed WO3 droplets formed
using ink WOs-2 and diluted ink d-WOs3-2 on glass and TCO
substrate at 19 V. The difference in contrast is due to the different
conductivity of the substrates. The images show the difference in
droplet printout that depends on the concentration of the printed
ink and on the substrate. Droplets printed with concentrated inks
are slightly deformed in shape and size, but especially on the TCO
substrate where cracks appear at the edges due to the greater
thickness. The estimated diameters of droplets printed using WOs-2
ink are around 0.08 mm on both substrates, while printing the
droplets using d-WOs-2 ink leads to thinner and bigger printouts
with a diameter of 0.12 mm on glass and 0.15 mm on the TCO
substrate.

The SEM image shown in Fig. 9A indicates a rough surface
structure of the printed WOs-2 layer while the cross section image
(Fig. 9B) indicates a good adhesion of the layer to the TCO
substrate. The thickness of the printed WOs-2 layer estimated
from Fig. 9B is around 700 nm.

A cross-cut test performed on a WO3-2 layer printed on a TCO
substrate is shown in Fig. 10. The results show very good adhesion
of the WOs-2 layer to the TCO substrate because the edges of the
cuts are smooth and none of the squares of the lattice is detached.

Adhesion of the WO; layer tested with adhesion tape (Scotch
Magic Tape, 3M) was also good. The layer did not peel off during
testing.

3.5. Electrochromic devices containing an inkjet printed WOs layer

While printing WOs inks various problems occur including mis-
directed nozzles, non-jetting nozzles, non-matched and velocities,
which are related to improper rheological and physicochemical
properties of the WO3 inks. The majority of issues were successfully
solved by adding solvent or solvent mixture with low evaporation
rates. To achieve simple and complex layers different variations of
printing parameters including voltage, waveform, temperature and

Fig. 10. Cross-cut of WOs-2 layer deposited on TCO substrate.

Fig. 11. Inkjet transparent WOs-2 printouts.
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Fig. 12. Electrochromic display device with a printed WO3-2 logotype in bleached
(A) and colored state (B).

frequency were used. Two examples of transparent WOs3 printouts
that do not show optical defects are shown in Fig. 11 and have been
used to assemble an EC device. Our aim was to demonstrate the EC
response of the layers rather than to optimize the EC device
performance.

The functionality of the printed WOs3 layers is shown in an
electrochromic (EC) display device with glass—-TCO/WOs3-2/electro-
lyte/TCO-glass configuration (Fig. 12). For this a 0.5M Lil and
0.005 M I, in propylene carbonate as an electrolyte was used. The
EC device was colored and bleached at +/—1.0 V.

An additional EC device with the same configuration (glass—
TCO/WOs-2/electrolyte/TCO-glass), but with a square shaped
WOs-2 layer (1.5 x 1.5 cm?) was assembled. The important char-
acteristics of the EC device such as optical modulation between
the bleached and colored states and coloring/bleaching kinetics
have been examined. Fig. 13 presents the transmittance spectra of
the EC device in colored (at—1V and—1.5 V) and bleached states
(at 0V and 1 V). Monochromatic transmittance at 550 nm of the
EC device in the short circuit state (0V) is 59%, while a fully
bleached state is achieved at a positive potential (1 V) with a
transmittance of 64%. The transmittance (at 550 nm) of the EC
device in the colored state varies from 12% to 15% depending on
the applied voltage.

The coloring/bleaching kinetics of the EC device under positive
(1V) and negative (—1 V) potential is presented in Fig. 14. The
results show that coloring and bleaching is achieved within a few
seconds (3-7s), which shows the responsive nature of the EC
device to the applied voltage.

Fig. 15 presents the 5th and 200th cyclic voltammogram of the
printed EC device. The EC device reached a maximum current
density of 2.15 mA/cm? at— 1 V after 200 cycles. Comparison of the
5th and 200th CV response shows only a slight deterioration with
cycling which demonstrates the good stability of the EC device.
The EC device has a slightly bluish coloration under short circuit
(without applied potential), so a positive potential is required for
complete bleaching.

There are several established vacuum and non-vacuum techni-
ques e.g., chemical vapor deposition (CVD), radio frequency (RF)
sputtering deposition and electrodeposition exist for depositing
chromogenic WOs3 films. The chromogenic performance of an EC
device depends mostly on deposition and annealing process [34-36].
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Fig. 13. Transmittance spectra of the EC device in colored (—1V and—1.5V) and
bleached states (0 V and 1V).
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Fig. 14. Coloring/bleaching kinetics of the EC device under positive (1V) and
negative (—1 V) potential followed at wavelength of 550 nm.
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Fig. 15. Cyclic voltammograms (5th and 200th cycle) of the printed EC device.

Chemical vapor deposition and RF sputtering use dry deposition,
whereas electrodeposition is a wet method. Also important is the
flexibility of RF sputtering deposition conditions, which enables large
area deposition of thin films under various conditions. All of these
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methods give uniform and homogenous layers exhibiting good
chromogenic performance with regards to stability, coloration and
bleaching kinetics, transmission modulation and coloration effi-
ciency. However, electrodeposition is the only low cost conventional
procedure with the ability to produce amorphous or nanocrystalline
coating over a large area at room temperature.

In comparison inkjet printing is relatively cost efficient, enables
selective deposition over a large area, flexibility, and allows the use
of different functional materials. Despite this, further optimization
of the WOs5 ink is neccesary to improve the reproducibility of the
method with respect to the homogeneity and uniformity of the
printed WOs films.

4. Conclusions

This is the first report of inkjet printed transparent WOs layers
using a sol-gel derived tungsten ink. A suitable WOs3 ink via the
peroxo sol-gel route modified for piezoelectric inkjet printing on
glass and TCO substrates was developed. To obtain optimal jetting
properties of the ink four formulations of WO inks with different
ratios and combination of solvents were made and tested. The
rheological and physicochemical properties of WOs inks can be
adjusted for inkjet printing by correctly adjusting the printing
settings so that transparent WOs printouts can be produced free of
optical defects. The applicability of the printed WOs layer was
successfully demonstrated in a functioning electrochromic device.
This study opens up a new way for WOs3 layer manufacturing and
could further the future development of chromogenic as well as
other optoelectronic devices.
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ABSTRACT: Nanometric thin films were prepared by dip-coating
and inkjet printing ZnO nanosheets on glass plates. The side-by-side \
alignment of the ZnO nanosheets on the substrate resulted in thin,
transparent, oriented ZnO surfaces with the high-energy {001}
facets exposed. The method of nanosheet deposition affected the
film morphology; the dip-coated films were very smooth and
nonporous, while the inkjet-printed films were rough and porous
with the estimated void volume approximately 60—70% of the total
film volume. The first-order rate constants for the photocatalytic
degradation of 4-chlorophenol on the nanosheet-based films were
approximately 2 times larger than those on nanocolumnar ZnO films
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or ZnO films prepared by the sol—gel technique. We attribute the
high photocatalytic activity of the ZnO nanosheets to the fact that their {001} facets were predominantly exposed to the oxidized
substrate. This surface arrangement and the simplicity of fabricating the ZnO nanosheet-based films make them promising for the

construction of optical devices and dye-sensitized solar cells.

B INTRODUCTION

In recent years, nanocrystalline zinc oxide (ZnO) has attracted
considerable attention because its chemical and physical
properties can be tuned for many potential applications in
optoelectronics and transparent electronics. ZnO is a wide band
gap semiconductor with similar optical properties to TiO,;
however, ZnO has a higher light absorption coeficient." ZnO
has been recognized as a promising alternative to TiO, for the
photocatalytic degradation of dyes.”” The efficiencies of TiO,
and ZnO photocatalysts in the degradation of organic
pollutants in aqueous solutions can be compared under
identical experimental conditions.'®™'®> Thus, Sakthivel et al.
reported the activities of TiO,, ZnO, SnO,, ZrO,, a-Fe,0;,
WO;, and CdS for the degradation of acid brown 14 using
sunlight as an energy source and found that ZnO was the most
active semiconductor of the series.'

The hexagonal wurtzite structure of ZnO consists of
alternating planes of tetrahedrally coordinated oxygen and
zinc atoms arranged along the c-axis. This anisotropy results in
the spontaneous polarization of certain planes, e.g,, {001} or
{101}, whereas other planes are nonpolar, e.g,, {100}."® ZnO
nanostructures with predominantly high-energy facets exposed
surface exhibit higher catalytic'”'® and photocatalytic activities
than those with exposed nonpolar facets.'”*° The proportion of
exposed high-energy facets can diminish rapidly during crystal
growth due to the minimization of the surface energy;

-4 ACS Publications  © 2013 American Chemical Society
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therefore, the synthesis of micro/nanoparticles terminated
with high-energy facets is a challenge.”’ Research has also
focused on preparing thin films of transition metal oxides,
especially porous ones. These materials possess promising
properties suitable for applications in a number of advanced
technologies, such as solar cells, sensors, displays, catalysis, and
photocatalysis.”** Porous films have been prepared using a
wide range of physical and chemical technologies; the most
common methods are sol—gel and electrochemical techni-
ques.59%*

To optimize the performance of mesoporous films, the
material properties must be well-defined and controlled. One of
the most successful methods for fabricating well-defined films,
the so-called “brick and mortar” technique, was originally
developed for TiO, and is based on the fusion of preformed
nanocrystalline “bricks” using a surfactant-templated sol—gel
“mortar”, which acts as a structure-directing matrix and a
chemical glue.zs_28 This method was also generalized for other
oxides and mixed oxides.”®>*

In this work, we fabricated thin, highly transparent films
using ZnO nanosheets. The 0.6—0.7 nm thick nanosheets were
built from 2 or 3 stacked ZnO tetrahedral layers.*>* The large
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surface area of the nanosheet {001} planes makes the films
suitable for catalytic, photocatalytic, and sensing applications.
To explore different nanosheet arrangements, dip-coating and
inkjet printing were used to prepare the films. The latter
method has emerged as a promising wet-coating technique for
large-scale deposition and direct patterning. As in conventional
inkjet printingf’7 tiny droplets of a low-viscosity liquid are
precisely deposited onto a substrate by a thermal or
piezoelectric printhead.*® Inkjet printing has been successfully
employed to deposit a variety of functional materials, e.g,
carbon nanotubes,” graphene,*® metallic nanoparticles, pro-
teins,*" living cells,*” semiconductive polymers,” and TiO,
nanoparticles as photocatalytic coatings**** or photoelectro-
chemical sensors,***” in thin layers, two-dimensional patterns
(arrays, gaps, sandwich structures), and three-dimensional
structures.

To examine the effects of the crystallographic plane
orientation on the photocatalytic properties of the ZnO
surfaces, the photocatalytic degradation of 4-chlorophenol
was performed. The photocatalytic activities of films prepared
by the sol—gel technique and nanocolumnar ZnO films were
also studied for comparison.

B EXPERIMENTAL SECTION

Materials. Zn(NO;),-6H,0 and NaOH (both Lachner, Czech
Republic); Zn(CH;COO0),-2H,0, monoethanolamine, and hexame-
thylenetetramine (all Lachema, Czech Republic); C;,H,;0SO;Na and
2-ethoxyethanol (both Sigma); and CHCl; (Penta, Czech Republic)
were used as received. n-Butanol (BuOH) (Penta, Czech Republic)
was dried with 3 A molecular sieves (Sigma) for at least 2 days.

Synthesis of Layered Zinc Hydroxide Intercalated with
Dodecyl Sulfate (LZH-DS).>* Zn(NO;),-6H,0 (20.1 g, 67.6 mmol)
and C,H,;0S0;Na (3.03 g, 10.5 mmol) were dissolved in 200 mL of
water. A total of 50 mL of 0.75 M NaOH (37.5 mmol) was added
dropwise to the vigorously stirred solution over 1 h at room
temperature. Immediately after the addition of NaOH, the suspension
was centrifuged (Hettich Rotina 35, 7000 rpm, 4 min) and washed
three times with water. The white precipitate was air-dried at room
temperature.

Preparation of ZnO Nanosheets.>® 2.50 g of LZH-DS was
suspended in 125 mL of BuOH. The mixture was stirred in a sealed
flask at 80 °C for 24 h. The suspension was cooled and then
centrifuged (10000 rpm, 20 min), and the solid was washed with
BuOH and redispersed in BuOH or CHCl;. The dispersion was kept
in the dark and was stable for over a month.

Preparation of ZnO Films. Dip-Coating Method. The films were
prepared by dip-coating (velocity 0.5 mm s™') a ZnO nanosheet
dispersion in CHCl; (~6.5 mg mL™") onto standard glass microscopic
plates (25 X 7S mm). The plates were washed with peroxosulfuric acid
and water and dried with a heat gun before the deposition. After each
ZnO layer was deposited, the plate was washed with water and dried.
After the deposition of the last layer, one side of the glass plate was
washed with diluted hydrochloric acid and water. We prepared the
films with 1—9 layers of the ZnO nanosheets.

Inkjet Printing Method. The films were printed onto microscopic
glass plates using a DMP-2831 FUJIFILM Dimatix Materials printer
equipped with a 16-nozzle piezoelectric printhead. The plates were
sonicated for 10 min in a hot (60—70 °C) 20 wt % solution of
Neodisher LM3 (alkaline cleaning agent) to ensure good wetting and
adhesion of the ZnO nanosheets. A ZnO nanosheet dispersion in
BuOH (12.7 mg mL™") was used as the printing ink. Immediately
before printing, the dispersion was sonicated for S min to degas it and
break apart particle agglomerates and then filtered through a 0.2 ym
membrane filter (Pall Corporation). A Dimatix 10 pL printing head
was attached to an empty ink tank and mounted in the printer. The
following settings were used for printing: Dimatix Model fluid 2
waveform, driving voltage 16 V, nozzle temperature 30 °C, substrate

381

temperature 40 °C, and nozzle span 25 ym. A 25 X 50 mm rectangular
pattern was printed onto the plates and air-dried in the printer.

Sol—Gel Method. A solution of 0.5 M Zn(CH,COO), and 1 M
monoethanolamine in 2-ethoxyethanol was prepared by suspending
the zinc salt in 2-ethoxyethanol and then adding monoethanolamine.
The suspension was heated to 40 °C to quickly dissolve the salt. The
films were prepared by dip-coating on a freshly cleaned (by
peroxosulfuric acid) microscopic plate. After air-drying, the plate was
calcined in a furnace at 300 °C for 2 h.**

Seed/Growth Method. The nanocolumnar ZnO films were
prepared by chemical bath deposition on a ZnO seeded layer similar
to the procedure described earlier.*” Dry microscopic plates were
washed with chromic—sulfuric acid and water and then dip-coated
using a ZnO nanosheet dispersion in CHCl;. Then, the seeded plates
were placed in aqueous mixture of 0.02 M hexamethylenetetramine
and 0.02 M Zn(CH;COO), and heated to 80 °C upside down for 1 h.
Every 10 min, the solution was shaken to remove bubbles from under
the plate. After removing the plate from the bath, the upper side of the
plate was washed with hydrochloric acid and water.

Photocatalytic Experiments. 4-Chlorophenol (initial concen-
tration 1 X 107 mol L™") was photocatalytically degraded in a 25 mL
vessel at 25 °C. In the photoreactor, the solution was open to air and
magnetically stirred; i.e., the concentration of dissolved oxygen was
constant during the experiment because the solution was equilibrated
with ambient air. A Sylvania Lynx-S 11 W BLB lamp was used as a 365
nm source, and its intensity was 1 mW cm™ at the film surface. The
irradiated area of the ZnO film was 12.5 cm? In each experiment, eight
0.5 mL aliquots were removed at regular time intervals and analyzed
by HPLC (Agilent Technologies 1200 series). The measured 4-
chlorophenol concentrations were used to construct the kinetic curves.
The first-order rate constants for the 4-chlorophenol degradation were
calculated using a nonlinear regression fitting of the kinetic curves.

Instrumental Methods. Powder X-ray diffraction (XRD) patterns
were recorded with a PANalytical X'Pert PRO diffractometer in the
Bragg—Brentano geometry equipped with a conventional X-ray tube
(Co Ka, 40 kV, 30 mA) and multichannel X’Celerator detector with
an antiscatter shield. The beam passed through a 1/2° divergence slit,
1° antiscatter slit, and 0.04 rad Soller slit. The diffraction patterns were
recorded in the range of 35°—45° with a step size of 0.033° and
acquisition time of 2000 s per step, corresponding to a scan time of 95
min. The analysis was performed using the HighScore Plus software
package (PANalytical, Almelo, The Netherlands, version 3.0) and
JCPDS PDE-2 database.®

Scanning electron microscopy (SEM) images were collected using a
JEOL JSM-6510lv microscope. Surface imaging was performed using
an atomic force microscope (AFM) (Dimension Icon, Bruker) in the
ScanAsyst mode with standard Si probes (SNL-10, Bruker). The
absorption spectra of the films deposited on glass or quartz plates (SPI
Supplies) were recorded using a PerkinElmer Lambda 35 spectrom-
eter. The film thicknesses were measured using a KLA Tencor Alpha-
step IQ surface profiler. The porosity and adsorption properties of the
films were probed by measuring the krypton adsorption isotherms at
the boiling point of liquid nitrogen (ca. 77 K) with a Micromeritics
ASAP 2010 apparatus. Prior to the adsorption experiment, the films
were evacuated at 150 °C overnight. The percentage of void volume
was estimated using the absorbance of the film Aj5 and the film
thickness; the average absorbance at 350 nm of the nonporous layers
prepared by dip-coating was 0.004 per 1 nm of the film thickness.

B RESULTS AND DISCUSSION

Film Preparation. The ZnO nanosheet dispersions were
prepared according to the procedure recently developed in our
laboratory.>>*¢ The starting LZH-DS material was delaminated
in BuOH to zinc hydroxide nanosheets, which were
solvothermally transformed into the ZnO nanosheets flattened
along the [001] direction. The procedure is an easily scalable
one-pot reaction and produces ZnO nanosheet dispersions that
are stable for over a month. The thicknesses of the prepared
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nanosheets were 0.6—0.7 nm and corresponded to 2 or 3
stacked ZnO tetrahedral layers. The lateral size varied between
1S and 25 nm. The nanosheets were arranged to form
transparent films with a large {001} surface area by dip-coating
and inkjet printing,

The ZnO nanosheets dispersed in chloroform were dip-
coated on a glass substrate. The thickness of the film after one
deposition procedure was approximately 10 nm. Therefore,
multiple dip-coating cycles were performed to prepare films
with thicknesses of up to 85 nm (Table 1). After each dip-
coating cycle, the deposited layer was washed with water;
otherwise, the ZnO film would be washed off during the next
dip-coating cycle.

Table 1. Morphological, Absorption, and Photocatalytic
Properties of the Films Prepared by Dip-Coating and Inkjet
Printing ZnO Nanosheets, Sol—Gel Processing, and the
Seed/Growth (ZnO Nanocolumns) Method

no. of thickness SBET“ 15

method layers (nm) (cm? ecm™2) Ay’ (min7Y)
dip-coating 1 ~10 nd 0.061  0.000S
3 ~30 nd 0.124 0.0012

S ~50 nd 0.184 0.0020

7 70 nd 0.276 0.0026

9 85 nd 0.377 0.0037

inkjet printing 1 120 nd 0.141  0.0017
2 230 11 0.314 0.0027

3 275 14 0.454 0.0034

4 350 16 0.577 0.0040

S 425 32 0.725 0.0055

sol—gel 1 110 4 0.165 0.0012
nanocolumns - 120 nd 0.435 0.0019

“SBET is the BET surface area related to the geometrical area of the
film. PA,q is the absorption at 350 nm calculated by subtracting the
measured absorbance at 400 nm from the absorbance at 350 nm to
minimize scattering effects. “k is the first-order rate constant for 4-
chlorophenol degradation. Based on two independent tests, the error
in the rate constant was estimated to be less than 8%.

The ZnO nanosheet dispersions in BuOH were suitable for
piezoelectric printing without modifying the solvent because of
the optimal jetting characteristics of BuOH and stabilization of
the formed nanosheets by adsorbed dodecyl sulfate molecules,
which prevent particle aggregation even during the hydro-
dynamic stress that inevitably accompanies the piezoelectric
printing process. The combination of these characteristics led
to excellent printability as shown in Figure S1 of the Supporting
Information.

Generally, the ink surface tension, substrate surface energy,
and ink viscosity are the most important factors influencing
droplet formation and layer merging during the inkjet printing
of a functional liquid onto a nonporous, nonabsorbing
substrate. The surface tension of BuOH matches well the
surface energy of the glass surface, which allows for even
wetting by the printed liquid. Despite the relatively low
viscosity of BuOH (3.95 mPa s at 20 °C; the recommended
optimal viscosity range for jetting with the Dimatix printer is
10—12 mPa s), the jetting process was reliable, and no satellite
droplets were observed. Moreover, BuOH had an optimal
evaporation rate, which contributed to uniform drying and
smooth merging of printed bands, and because of the low
viscosity formulation, the viscosity did not have to be reduced
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by printhead heating. These properties enabled printing at
ambient temperature, which suppressed nozzle drying.
Although the “ink” was a colloidal solution of ZnO nanosheets,
nozzle blockage rarely occurred. A nozzle span of 25 ym (1600
drops/mm?) resulted in quite dense droplet packing compared
to that of a single droplet whose impact spot had a diameter of
approximately 40 pm. This narrow nozzle span led to
significant droplet overlap, which was undesirable because it
prolonged the fabrication time; however, it allowed a large
amount of the ZnO nanosheets to be delivered to the substrate
and to create a 90—120 nm thick layer in a single pass of the
printhead. We prepared ZnO films with 1—S5 layers, resulting in
thicknesses between 120 and 425 nm (Table 1).

Film Morphology. The preferential arrangement of the
ZnO nanosheets in the films was confirmed by the XRD
patterns (Figure 1). The intensity ratios of the (100) and (002)
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Figure 1. Powder XRD patterns of the (a) seed/growth film
(nanocolumns), (b) inkjet-printed, five-layer film, (c) dip-coated,
nine-layer film, and (d) sol—gel film compared to standard ZnO data
in bars (JCPDS 36-1451).

diffraction lines were approximately 0.1 and 0.4 for the dip-
coated and inkjet-printed films, respectively. Because the
corresponding ratio for crystalline ZnO (JCPDS 36-1451) is
1.3, the film ratios indicate that the nanosheets were
preferentially oriented with the {001} planes parallel to the
support. The very low value of 0.1 suggests that the dip-coating
method led to better nanosheet orientation than inkjet printing.
This result was expected because dip-coating allowed the
nanosheets to be oriented at a slow rate at the substrate surface
as the substrate was pulled off the dispersion, whereas during
inkjet printing, the approximately 10 pL droplets fell rapidly
onto the support, and the solvent then quickly evaporated.

The high degree of regularity of the dip-coated films was
confirmed by AFM measurements (Figure 2). The flatness of
the film surface was characterized by a roughness factor (Ra) of
approximately 3.6 nm, which was comparable to that of a clean
microscopic plate (2.4 nm). The AFM measurements of the
inkjet-printed films confirmed that the printed ZnO nanosheets
were less oriented, as demonstrated by an Ra of 20 nm (Figure
S2). The SEM images of the films were consistent with the
AFM results (Figure S3a).

The nanocolumnar ZnO films were prepared using a
standard chemical bath deposition procedure on a seeded
ZnO layer prepared by dip-coating the ZnO nanosheets.*” The
vertical alignment of the nanocolumns was confirmed by SEM
(Figure S3b) and XRD (Figure 1). The preferential orientation
of the ZnO nanocolumns resulted in the disappearance of the
(100) diffraction line. The hexagonal rods of the nanostructure
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Figure 2. AFM image of the dip-coated ZnO film (nine layers) with a
profile analysis along the white line (lower panel).

were covered predominantly with nonpolar facets, mainly
{100} and {110}. The sol—gel method was used to prepare
ZnO films with ridges and fiber-like structures (Figure S3c).
The absence of diffractions in the XRD pattern indicated the
presence of very small ZnO nanocrystals (Figure 1).

The UV/vis spectra of the dip-coated and inkjet-printed films
exhibited a sharp absorption edge typical for a wide band gap
semiconductor (Figure 3 and Figure S4). The films were
transparent, and the absorption in the UV region linearly
increased with an increase in the number of deposited layers.
This observation indicates that the ZnO mass increased
regularly as each layer was deposited. The UV/vis spectra of

0.6 T ; T

Absorbance

0.4

0.2

Number of layers 7

400
Wavelength / nm

450

Figure 3. UV/vis absorption spectra of the dip-coated films with 1—9
layers of the ZnO nanosheets (denoted by the number above the
curves). Inset: absorbance at 350 nm with an increasing number of the
ZnO layers.
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the ZnO nanocolumns and sol—gel film also showed the typical
spectra of ZnO (Figure SS).

The textural properties of the films were determined by gas
adsorption. Nitrogen and argon are the most commonly used
adsorbates, but they cannot be used with materials such as thin
films that have small surface areas in the range of tens of square
centimeters. As an alternative, we used an adsorbate with a
substantially lower saturation vapor pressure, krypton, at the
boiling point of liquid nitrogen. The volume of adsorbed
krypton on the dip-coated films was below the detection limit
of the adsorption apparatus (several tens of cm”), denoting that
the surface areas of the films were comparable with the
geometrical surface area (Figure 2). These results confirmed
that the dip-coated films were compact and had no apparent
porosity.

Because the inkjet-printed films adsorbed a larger volume of
krypton than the dip-coated films, their surface area was
measurable and was found to increase with an increase in the
film thickness (Table 1). The five-layered films had the largest
surface area of 32 cm® cm™> The adsorption isotherms for all
the inkjet-printed films exhibited narrow hysteresis loops
(Figure S6), indicating that the films had some porosity in
the range of approximately 2—10 nm. Because the adsorption
isotherms did not reach a limiting plateau at a relative pressure
of 1, all of the films also contained pores larger than ca. 10 nm.
The estimated void volume, based on the film thickness and its
absorbance, was approximately 60—70% of the total film
volume.

Photocatalytic Activity of the ZnO Films. The photo-
catalytic activities of films with different morphologies, i.e.,
smooth, nonporous, highly transparent dip-coated films, were
compared to rather rough, porous inkjet-printed films.
Additionally, we studied the photocatalytic activities of the
sol—gel and nanocolumnar ZnO films to compare the
performance of the nanosheet-based films to those with more
common ZnO morphologies.

The photocatalytic degradation of 4-chlorophenol was used
as a test reaction because 4-chlorophenol has good chemical
stability, undergoes negligible photolysis, exhibits very low
adsorption on the photocatalyst surface, and suitable analytic
methods are available for the kinetic analysis. In addition, 4-
chlorophenol is an important model pollutant in water
remediation. The reaction mechanism of 4-chlorophenol
degradation is complex and involves at least three separate
pathways, namely hydroxylation, substitution, and direct
charge-transfer oxidation, which form 4-chlorocatechol, hydro-
quinone, and nonaromatic compounds, respectively, as the
primary intermediates.”’ Our previous studies and those of
other groups have shown that the concentration of aromatic
intermediates was close to the detection limit and often could
not be reasonably evaluated.>> Therefore, for comparative
purposes, we calculated the first-order rate constants based on
the disappearance of 4-chlorophenol and correlated them with
the film characteristics, namely the thickness, UV absorbance,
and, if possible, surface area (Table 1).

The kinetic curves of the 4-chlorophenol degradation,
photocatalyzed by the inkjet-printed and dip-coated films, are
presented in Figure 4 and Figure S7, respectively. The good
reproducibility of the catalytic experiments was demonstrated
by the small differences between two independent tests (less
than 8% in the rate constant). Figure S illustrates the superior
photocatalytic activities of the nanosheet-based films compared
to nanocolumnar and sol—gel films. The rate constants for the
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Figure 4. Photodegradation of 4-chlorophenol on the inkjet-printed
ZnO films (the number of layers is specified at each curve). Each

kinetic curve is an average of two independent experiments.
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Figure S. Effect of the ZnO morphologies on the photodegradation of
4-chlorophenol. The films were prepared by sol—gel processing (&),
seed/growth (nanocolumns) technique (@), dip-coating (nine layers)
(M), and inkjet printing (three layers) (V). The films were irradiated
with 365 nm light. Each kinetic curve is an average of two independent
experiments.

dip-coated and inkjet-printed films exhibited a nearly linear
dependence on the UV absorbance (Figure 6). The curves
coincide in the lower absorption region. It indicates a good
mobility of electrons and holes in the films to the external
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Figure 6. Dependence of the rate constant on the absorbance at 350
nm for the films prepared by dip-coating (M), inkjet printing (@),
seed/growth (nanocolumns) technique (O), and sol—gel processing

(A).
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surface and explains the similar photocatalytic activities
observed for the porous inkjet-printed and nonporous dip-
coated films. The observed linearity is comparable to the
behavior of multilayered mesoporous TiO, films tested under
identical experimental conditions.”> A long-term experiment to
completely degrade 4-chlorophenol (Figure S8) using the
inkjet-printed film indicated that complete degradation was
achieved after 11—12 h of irradiation.

To test the stability of the ZnO films, two consecutive
photocatalytic experiments were performed with each film. The
inkjet-printed films were found to be the most stable, exhibiting
slightly higher photocatalytic activity during the second run
(Figure S8). On the other hand, the activities of the reused
sol—gel and dip-coated films were substantially lower. The
decrease in the amount of ZnO in the films, monitored during
the photocatalytic experiments with UV/vis spectroscopy
(Figure S9), clearly shows that the dip-coated and sol—gel
films lost most of their ZnO mass during the first photocatalytic
run. Generally, ZnO photocatalysts suffer from corrosion due
to the hydrochloric acid produced during the mineralization of
4-chlorophenol and from photocorrosion that leads to ZnO
dissolution.*® In these experiments, the pH was constant, even
after substantial degradation of 4-chlorophenol, which indicates
that the produced hydrochloric acid could have only a minor
effect. With respect to the stability, the inkjet-printed films were
clearly superior to the dip-coated films.

The results show that inkjet printing allowed for the quick
and reproducible fabrication of very active, photostable films
with various amounts of ZnO. Importantly, the ZnO nano-
sheet-based films exhibited the best photoactivity; dip-coated
(five layers) and inkjet-printed (three layers) films had
approximately 1.5—1.7 times greater 4-chlorophenol degrada-
tion rate constants than those of the sol—gel and ZnO
nanocolumns films with similar absorbances. These observa-
tions indicate that the morphology significantly enhanced the
photocatalytic activity, and the porosity of the film played a
minor role. The high photocatalytic activities of the inkjet-
printed films can also be compared to those of TiO, films
measured under identical experimental conditions. The rate
constants of the inkjet-printed films (two layers) were
approximately 1.8 times greater than those of mesoporous
TiO, films (dip-coating, four layers) with a comparable UV
absorbance.**

B CONCLUSIONS

We fabricated transparent thin films composed of arranged
ZnO nanosheets terminated by the high-energy {001} facets
and tested them for the photocatalytic degradation of 4-
chlorophenol. The films were prepared by dip-coating and
inkjet printing, and their photocatalytic activities were
compared to those of ZnO films with common morpholo-
gies:nanocolumns and sol—gel films. The nanosheet-based films
had rate constants that were 1.5—1.7 times higher than those of
the films prepared by sol—gel or composed of oriented
nanocolumns. We ascribe the enhanced photocatalytic activity
to higher surface area of polar {001} facets. The method of
nanosheet deposition affected the porosity and photostability of
the films, but the photocatalytic activities were comparable
regardless of the deposition method. Printing ZnO nanosheet
dispersions (“ZnO ink”) on suitable supports can provide a
facile means for fabricating large area well-defined transparent
films or high-resolution patterns, which are needed for printed
electronics. The physical properties (e.g,, porosity) of the film
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can be tuned by using a various techniques to deposit the
nanosheets. This tunability, combined with the predominantly
high-energy {001} facets at the surface, makes the ZnO
nanosheet-based films attractive for a wide range of applications
in the construction of sensors, optical devices, and dye-
sensitized solar cells.
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Titanium dioxide (TiO;) colloidal dispersions were synthesized by hydrothermal synthesis in acidic pH
under various process conditions. Phase structure of prepared TiO, was identified as pure rutile by X-
ray diffraction analysis and crystallite sizes determined by the Scherrer equation were in the range of
10-25nm. These values correlated with particle sizes observed by transmission electron microscopy
(TEM). Afterwards, the prepared TiO, dispersions were used for the formulation of stable inkjet print-
able “inks”. Thin layers of nanocrystalline TiO, were deposited by inkjet printing onto soda-lime glass
substrates. After sintering at 500°C, thin patterned films were obtained. Their basic physicochemical
properties were characterized by standard methods. Optical microscopy and SEM imaging revealed highly
structured topography of samples surface. Layer hardness was equivalent to the B pencil as determined by
the “Pencil Hardness Test”. The topology and roughness were examined by atomic force microscopy and
RMS roughness was in the range of 40-100 nm. Band gap energy of TiO, determined by UV-vis reflection
spectroscopy was consistent with known rutile values. The photocatalytic activity of printed layers was
evaluated on the basis of 2,6-dichloroindophenoldiscoloration rate monitored by UV-vis spectroscopy
and did not exceed the performanceof Aeroxide P-25. Despite average photocatalytic performace of this
particular TiO, type, inkjet printing proved to be an efficient method for the fabrication of patterned
titania films originating from nanocrystalline precursor.
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1. Introduction

Heterogeneous photocatalysis being a promising water and
air purification technique, has attracted a great deal of atten-
tion in the last years [1-6]. The main advantage of this method
compared to the traditional wastewater treatment, such as chlo-
rination or ozonolysis is that a lot of persistent contaminants,
(e.g. phenol, 4-chlorophenol, trichloroethylene and chloroben-
zene) can be completely mineralized including their potentionally
problematic degradation byproducts [7-9]. Among various oxide
semiconductorsefficient for photocatalysis, titanium dioxide is the
bestphotocatalyst because of its strong oxidizing power, non-
toxicity and relatively long-term photostability [10].

Absorption of UV light causes the generation pair of an electron
and a hole. The excited electrons are trapped by O, to form super-
oxide radical ion (O,). The holes can react with adsorbed water to
formreactive hydroxylradicals (*OH). These radicals are considered
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to be the major active species responsible for the photocatalytic
oxidation reaction. These hydroxyl radicals can by quantitatively
detected by photoluminescence [11].

Three main different crystalline phases of titanium diox-
ide exists: anatase (tetragonal), rutile (tetragonal) and brookite
(orthorhombic). However, only anatase and rutile have been used
in most photocatalytic studies and the photocatalytic activity of
amorphous titania is negligible [12]. Anatase phase shows a higher
photocatalytic activity than rutile due to its lower recombination
rate of photo-generated electrons and holes [13,14].

It is well known that the photocatalytic activity of TiO, strongly
depends on the preparation methods and post-treatment condi-
tions, since they both have a decisive influence on the chemical
and physical properties of TiO, [15-16]. Many approaches to
improve the photocatalytic activity of TiO,have been proposed.
Generally, modification of its morphology, crystal composition,
crystallinity, and surface area are the most common [17-24]. Of
these approaches, hydrothermal treatment is one of the most
widely used methods for increasing the crystallinity of TiO; [25,26].

The hydrothermal method of TiO, particles preparation has
many advantages. A major advantage of using the hydrothermal
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process is the ability to produce different crystalline phases with-
out the need of subsequent thermal treatment as it provides the
capacity to grow good-quality crystals and to control the crystalline
composition simultaneously [27]. By changing the hydrothermal
reaction conditions, such as the reaction temperature, pH values,
reactant concentrations and molar ratio, crystalline products with
different compositions, structures and morphologies have been
obtained.

Nanocrystalline dispersions of titanium dioxide, either of the
hydrothermal or any other origin, are very efficient for the
photocatalytic degradation of various pollutants. However, pho-
tocatalytic reactions utilizing the slurried form of catalyst are
burdened by the need for catalyst recovery. Therefore, photocat-
alyst immobilised onto suitable support is usually the preferred
form for practical application. Although titania coatings have been
fabricated by countless different processes, wet coating techniques
constitute a very popular approach. At the same time, hydrother-
mally synthesized nanocrystalline titania dispersions are excellent
raw materials for wet coating formulations, providing a good level
of control over the crystallinity of the resulting layer.

Many different wet-coating techniques have been proposed,
such as dip-, spin- or spray-coating, doctor blade spreading, roller
etc [28]. However, recently a new promising wet coating tech-
nique has become available. This novel approach is usually termed
inkjet material deposition or shortly material printing. The tech-
nique shares the basic principles with conventional inkjet printing,
i.e. tiny droplets of a low-viscosity liquid are precisely deposited
onto a substrate by means of thermal or piezoelectric printhead. In
the case of material printing, the ink is a specially formulated liquid
used for transporting a functional component onto the substrate
surface [29-33].

Material printing has been successfully employed for the depo-
sition of a great variety of functional materials, titanium dioxide
including. Generally, two different approaches can be identified
when discussing titania printed layers: The printing “ink” can be
based on the sol-gel chemistry utilizing an organometallic precur-
sor in the form of stable sol. Printed ink dries to form a xerogel layer
which is further processed into oxide layer usually by calcination
at 300-500°C [34-40]. The second route relies on the formulation
of stable colloidal suspension of nanocrystalline TiO, followed by
a delivery of this suspension onto substrate by means of the inkjet
printing [41-47]. Naturally, the free-standing nanoparticles have
only very limited adhesion to substrate and need to be fixed e.g. by
heat sintering or the addition of suitable binder [48].

In this paper, we report the influence of different hydrothermal
conditions on the physical properties and photocatalytic activity
of prepared TiO,. Hydrothermally prepared titania slurries were
deposited onto soda-lime glass substrates by material printing and
effect of layers thickness was investigated.

2. Experimental
2.1. Hydrothermal synthesis of TiO,

Colloidal dispersion of titanium dioxide was prepared by
hydrothermal synthesis using titanium oxochloride(TiOCl,) as a
precursor. TiOCl, was added dropwise to 480 mL of potassium
hydroxideaqueous solution with concentration 5molL~! to neu-
tral reaction. KOH was used as the precipitation agent. Mixture
was washed several times to remove excess of chloride ions which
can have a negative influence on final TiO, photocatalytic activ-
ity [49]. According to our previous finding, acidic environment is
much better for photocatalytic activity of colloidal TiO, than basic
medium [50]. So HClI (p.s.)(0.9 mL) was added to TiO, mixture for
decreasing final pH value to 1. The mixtures were hydrothermally

treated under different conditions. The influence of temperatures
and duration of hydrothermal synthesis on the final properties of
prepared samples was investigated. We used temperature 110°C
and 160 °C. These particular temperatures were selected arbitrarily
to include samples processed at a temperature close to the boiling
point of water (which is favourable from the practical engineering
and energy consumption point of view) and a sample set processed
at a significantly higher temperature. According to our previous
experience the difference of 50 °C was expected to be sufficient to
induce significant differences in the properties of prepared sam-
ples. Treatment duration was 6 h, 24 h and 48 h yielding 6 samples
of nanocrystalline titania dispersions.

2.2. Thin layer printing

Soda-lime glass platesof size 50 mm x 50 mm x 1.1 mm were
used for TiO, immobilization. Firstly, it was necessary to pre-treat
the soda-lime glass plates in sulphuric acid in order to prevent
sodium ions diffusion which would have caused a reduction of pho-
tocatalytic activity [51,52]. Just after and before the layer coating,
the plates were washed in an aqueous surfactant solution to remove
of dust, grease and other residues which might have contaminated
the surface during plate storage.

Titania application was performed in an innovative way utiliz-
ing an experimental printer FUJIFILM Dimatix (Dimatix Materials
Printer DMP-2831). In order to fully exploit the full potential of this
device, printing inks needed to be formulated and optimized prov-
ing stable and reliable jetting:1 mL of hydrothermally synthesized
TiO,dispersion was mixed with 1 mL HCI (p. s.) and 1 mL surfactant
(see Section 3.4. for surfactant choice discussion) and 1 ml H,O,
respectively.

The prepared formulation was stable and was used directly as
the printing ink. Before filling the cartridge ink tank, it was neces-
sary to sonicate the ink for 5min and filter it through a 0.45 wm
size syringe filter in order to eliminate any aggregates and solid
contaminants which may clog the printhead nozzles.

The Dimatix 10 pL printhead containing 16 nozzles was attached
to the filled ink tank and mounted into the Dimatix printer. The noz-
zle temperature was set to 40°C which was beneficial for further
viscosity reduction without increasing the evaporation rate from
printing nozzles too much. Nozzle span was set to 20 pwm, i.e. 2500
drops per mm2. Dimatix model liquid 2 waveform was used and
the piezo driving voltage was set to 22 V.

One-layer and two-layer samples were coated by this method
for all six samples. The printing of two layers was performed in
the so called “wet-to-dry” manner, meaning that the first layer
was completely dry before printing the second one. Simultaneously
with the synthesized TiO,, we printed also one- and two-layer sam-
ples with an ink prepared from commercial TiO, (Evonik Aeroxide
P-25) which was used as a comparative standard. A simple 4cm
square pattern was printed in the middle of the 5 cm square glass
plate. Finally, the printed substrates were placed into a calcination
furnace and printed titania layers were fixed by heating with aramp
of 3°C/min and keeping at 500 °C for 30 min.

2.3. Characterization

Crystallinity of TiO, was examined from X-ray powder diffrac-
tion pattern measurement by using Cu Ko as the radiation source.
We used X-ray diffractometer Empyrean, Panalytical for this analy-
sis. The titania powder was prepared by drying the hydrothermally
synthesized colloidal dispersion at the temperature of 50 °C to con-
stant weight.

Subsequently, the crystallite size was calculated using Scherrer
Eq. (1), where Bis constant equal 0.94, X is the wave length which is
equal to 1.54 Aand Bis the width of peak at a half of maximal height.
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Transmission electron microscopy (TEM) was used for the anal-
ysis of prepared TiO; crystallite size as well as their shape. We used
a JEOL JEM 2010 microscope operated at 200 kV, equipped with a
LaBg tip. The samples were prepared by simply putting a drop of
the solution containing the particles on a holey-carbon thin film
supported on a microscopy copper grid.

The band gap of the prepared TiO, was evaluated from diffused
reflectance measurement. We used fiber UV-vis spectrometer
equipped with two lamps, deuterium lamp for UV region and halo-
gen lamp for VIS area. The optical path consists of several optical
fibers where six of them are connected with the lamps provid-
ing illumination of the sample and one reading fiber connected to
the spectrometer. Reflectance was measured in the range of wave-
length from 290 nm to 500 nm and barium sulfate was chosen as
a reference. Molar absorption coefficient was calculated using the
following formula (1), which is derived from Kubelka-Munk theory
where « is molar absorption coefficient and R is reflectance.

(1-Ry?
= "R (2)

Direct as well as indirect transitions were examined. For direct
transition, the dependence of (o-h-v)? on (h-v) is plotted where (h-v)
is the photon energy. On the other hand, (a-h-v)'/2 as a function of
photon energy was plottted for the indirect transition, and we cal-
culated the band gap energy from extrapolation of molar absorption
coefficient to zero [53].

The amount of deposited TiO, particles was determined by
gravimetric method. We measured the weight of glass substrate
before printing and then after thermal fixing of the printed tita-
nia layer. Consequently, all prepared samples were imaged by
optical microscopy where we evaluated their homogeneity. Nikon
Eclipse E200 microscope was used for this purpose. Images were
recorded by a digital camera Nikon D5000 mounted on the optical
microscope. The quality of one-layers as well as double-layers was
compared.

Hardness of prepared titania films was studied by “Pencil hard-
ness test” according to standard ISO 15184 [54]. The pencils differed

(1)

in their hardness. Today there are 17 degrees of the hardness, from
9H what is the hardest to 9B what means the softest. The hardness
of the layer is the same as the hardness of the pencil which does not
cause any defect on its surface. This method was chosen because
it is very rapid and inexpensive. On the other hand only smooth
surfaces are useful and this method is destructive technique.

The surface topology of prepared layers was studied by atomic
force microscopy AFM. Veeco Di CP-II (Dymek, Japan) machine in
a tapping mode was used for this purpose. Images from scanning
electron microscopy were received from MIRA Il LMU machine by
Tescan and by this analysis we examined the surface morphology
of prepared thin layer of TiO5.

2.4. Photocatalyticactivity

Photocatalytic experiments were performed in aqueous solu-
tion of 2,6-dichloroindophenol (DCIP) with an initial concentration
of 2 x 10-> mol L-!. The sample was placed into a circulated batch
reactor featuring a rotary sample holder (Fig. 1). Each sample was
irradiated before the photocatalytic reaction by UV radiation with
intensity 7.5mW cm~2 for 10 min in order to activate the titania
photocatalysts. UV radiation was provided by Philips Metal-halide
lamp HPA 400/30 SD. The intensity was measured by Gigahertz
Optic X97 Irradiance meter with X9-7 probe. Consequently, 70 mL
of reaction solution was poured into the reactor and the reactor
chamber was immediately covered by a UV-transparent PE foil to
prevent solution evaporation. Continuous flow of the model sub-
stance was maintained by a peristaltic pump. Due to the circular
movement of the sample holder the model solution was evenly
spread over the whole active surface and a constant thickness of the
liquid film was maintained during the whole reaction. SpectraSuite
Ocean Optics software of fibre spectrometer provided on-line data
collecting every 1 min. Change of DCIP concentration was deter-
mined at 600 nm. All experiments ran for 40 min.

3. Results and discussion
3.1. XRD analysis

The X-ray diffraction patterns of the systems allowed us to iden-
tify the crystal phase in TiO, systems. All studied powders were
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Fig. 2. XRD spectra of raw TiO, powders obtained from slurries synthesized at 110°C (left) and 160 °C (right).

pure rutile (Fig. 2). This result indicates that the final crystallite
phase is mostly dependent on pH, in less extent on the treatment
temperature and time of hydrothermal synthesis. All investigated
samples were prepared at pH 1 in contrast to the previous work
[50] where TiO, was prepared at pH 2. This pH decreasing brought
about change of TiO, crystallite phase from mixture of anatase and
rutile to pure rutile. This result is in good agreement with pub-
lished data of Yin et al. [55] where they observed that pure rutile

is obtained at lower temperature of hydrothermal synthesis using
pH around 1.

We can also observe quite intensive peak for KCl which could
remain in the samples due to the insufficient washing of titania
slurries.

Crystallite sizes were calculated using Scherrer Eq. (1). Obtained
results are summarized in Table 1. We can observe that crys-
tallite size decreases with increasing time of hydrothermal
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Fig. 3. TEM images of TiO, synthesized at 160°C; 6 h (left), 24 h (middle), 48 h (right).

Table 1

Crystallite size (nm).
110°C 160°C
6h 24h 48h 6h 24h 48h
12nm 10nm 9nm 26 20 12

synthesis. This dependence was observed for both tempera-
tures.

3.2. Transmission electron microscopy

Transmission electron microscopy shows that particle size
decreases with increasing time of hydrothermal synthesis. We also
studied the shape of prepared titania particles. We can observe rods
(Fig. 3) which is typical shape for rutile phase of TiO,.

3.3. Evaluation of band gap

Absorption coefficient was calculated according Eq. (2)from
reflectance measurement (Fig. 4) and consequently used to estab-
lish the type of band-to-band transition in these TiO, nanoparticles.
The dependence of molar absorption coefficient was recorded as a
function of the photon energy for direct as well as for indirect tran-
sition (Fig. 5). Subsequently, the extrapolation for value o =0 was
performed from which the band gap energy was found. Generally,
it is known that band gap energy of TiO, in anatase phase is 3.23 eV

100 -
/W—“ ‘,—/—;
80
60 ——160°C, 48 h
e ——160°C, 24 h
= ——160°C, 6 h
40 110°C, 48 h
——110°C, 24 h
——110°C, 6 h
20 -
T T T T T
300 350 400 450 500

(nm)

Fig. 4. Result from reflectance measurement of powder TiO,.

and rutile phase 3.03 eV. Results summarized in Table 2 show that
all prepared TiO, were direct semiconductors.

3.4. Preparation of thin layers by inkjet printing

Hydrothermally synthesized TiO, was deposited onto soda-lime
glass plates by material printing. Titania dispersions were used for
the formulation of water based printing inks. Organic solvents are
generally more preferred for industrial inkjet formulations because
of greater possibilities to control wetting, evaporation rate and
nozzle drying issues, but their use is accompanied by greater envi-
ronmental impact (VOC emissions, waste disposal etc.). Water was
therefore chosen as a greener alternative in this case.

Because TiO, particles can aggregate which would cause the
problem with clogging of printed head nozzle and consequently
their damage we have to avoid the aggregation by adding a sur-
factant. Three different surfactant Fig. 6 were tried; non-ionic
surfactant (Tween 20), cation active surfactant (CTAB) and anion
active surfactant (Dodecylbenzene Sulfonic Acid, Abeson). We
found that only anion active surfactant has the required effect and
the aggregation of colloidal particles was completely suppressed.
Non-ionic (Tween 20) leaded to decreasing of aggregation but in
insufficient extend. CTAB caused the precipitation of titania par-
ticles from the solution. Therefore all samples were printed using
an anion active surfactant. HCl was added in order to maintain the
required pH providing the surface charge of titania particles. Abe-
son, being a surfactant with anion-active character, is thus capable
of effective stabilization of positively charged colloidal particles of
TiO,. Water was added to reach the optimum viscosity of the prin-
ting formulation (10 mPas). Viscosity is one of the key properties
that determine the printability. Wetting ability, i.e. the printing ink
surface tension, plays also an important role in both the jetting pro-
cess as well as the wet layer formation. Reasonably good wetting
even on glass surface was provided by the relatively high surfactant
concentration.

The stability of prepared TiO; colloidal dispersions was an issue
of a previous study [50]. The stability of used printed mixtures was

Table 2
Summarised of band gap energy.

Temperature Time Direct transition Indirect transition
110°C 6h 3.019eV 3.348eV

24h 2.984eV 3.272eV

48h 2.983eV 3.282eV
160°C 6h 2.990eV 3.319eV

24h 2.972eV 3.303eV

48h 2.977eV 3.274eV
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Fig. 5. Evaluation of band gap energy from direct transition (left) and indirect transition (right) for sample 160 °C, 48 h.
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Fig. 6. Used surfactant, (a) non-ionic Tween 20, (b) cation active CTAB, (c) anion active Abeson.

sufficient because any sedimentation was not observed during 1
month of storage. All prepared samples were consumed within this
time so no further data on stability is available.

Since one-layered as well as double-layered films of TiO, were
prepared, the influence of layers thickness on the final pho-
tocatalytic activity was investigated apart from the time and
temperature variables of the hydrothermal process. All prepared
films were fixed on the substrate drying at temperature 500 °C for
30 min. This final heat treatment is necessary in order to remove
the non-volatile organic fraction of the printing formulation (i.e. the
surfactant), to sinter the titania particles together and to provide
sufficient adhesion to the glass substrate.

3.5. Gravimetric analysis

The amount of TiO,, particles deposited onto soda-lime glass was
examined by gravimetric measurement of the substrate before and
after the printing process. The obtained results are summarized in
Table 3. We confirmed that in the case of double-layers the amount

Table 3
Total amount of deposited TiO, per 16 cm? sample area.
Temperature Time (h) 1 layer (g) 2 layer (g)
110°C 6 0.0015 0.0028
24 0.0012 0.0023
48 0.0015 0.0030
160°C 6 0.0011 0.0021
24 0.0011 0.0026
48 0.0008 0.0020
P-25 0.0006 0.0014

of deposited titania increased twice. This result indicates that depo-
sition process was stable and reliable during the whole printing
process and no nozzle clogging took place.

3.6. Optical microscopy

The quality of prepared layers was investigated using Nikon
Eclipse E200 optical microscope connected with a digital camera
Nikon D70. 20x magnifying lens were used. This was sufficient
because the main purpose of this imaging was to monitor the homo-
geneity of prepared layers. The TiO, films deposited on soda-lime
glass plates by material printing method show milky colour and
they adhered well to the glass substrate after the fixing process.
All prepared layers were quite compact and homogeneous with-
out any noticeable cracks. All double-layers were darker which was
caused by higher amount of TiO5, in the layers (Fig. 7). No significant
difference was observed using different hydrothermal conditions.

3.7. Investigation of layers hardness

The hardness of titania layers was examined by “Pencil Hard-
ness test” according to standard ISO 15184. This study was carried
out only for two-layer samples where we supposed lower adhesion
than in case of one-layers. The test was performed using a mechan-
ical device.The pencils with different hardness were used and we
studied the extend of caused damage. We can observe defectin tita-
nia layer caused by pencil with hardness HB in Fig. 8. However no
defect is obvious using pencil with hardness B (Fig. 8). These results
indicate that the hardness of our layers corresponded to “B” pencil
hardness.
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Fig. 8. Titania layers after pencil hardness test for HB pencil hardness (left) and B pencil hardness (right).

3.8. Scanning electron microscopy

The morphology of titania printed layers was studied by SEM
analysis. The grain size of TiO, and the homogeneity of prepared
layers were compared for samples synthesized under different
conditions. This analysis confirmed that with increasing time
of hydrothermal treatment the homogeneity of printed layers
increased (Fig. 9). It is in a good agreement with the results from
TEM analysis (Fig. 3). The grain size of each sample was evaluated
and we found that the grain size decreases with increasing time of
treatment. These results were observed for both temperatures.

3.9. Atomic force microscopy

We confirmed the result from SEM measurements by AFM anal-
ysis where we observed that with increasing time of hydrothermal
treatment the grain size decreases (Fig. 10). The comparison of grain
sizes was carried out from scans across 1 wm? area. We also exam-
ined the roughness of prepared layers from 25 wm? area. Roughness
(Rq) increases with increasing time of hydrothermal treatment
(Table 4).

3.10. Photocatalysis

The photocatalytic activity was evaluated as the rate of DCIP
degradation reaction carried out in a circulated batch reactor. The

degradation of DCIP takes place in several steps. The first one
is dechloration which is accompanied by discoloration. Conse-
quently, the oxidation of the carbon skeleton occurs which leads
to the formation of short-chain carboxylic acids. Finally, these
acids undergo decarboxylation and are totally cleaved to CO, and
water [56-59]. Decolourization can be conveniently measured as
absorbance decreasing by UV-vis spectroscopy. This method is very
attractive for the purpose of studying photocatalytic activity due
to its low demands for instruments and labour. Nevertheless, the
authors are well conscious of the problems inherently associated
by using any dye molecule: dye molecules are complex systems
and during their degradation many intermediates compete for
oxidation by reactive oxygen species [60,61]. From the scientific
point of view, the use of simple molecules such as formic acid or
dichloroacetic acid would be preferable [62]. On the other hand

Table 4
Roughness of titania printed layers.

Temperature Time (h) Roughness (nm)
110°C 6 40

24 84

48 91
160°C 6 60

24 53

48 105
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Fig. 9. SEM images for one- layers samples of titania synthesized at 110 °C (top) and 160°C (bottom) for different time; 6 h (left); 24 h (middle); 48 h (right).
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Fig. 11. Absorption spectrum of DCIP during 40 min of degradation.

the choice of DCIP is relevant because the treatment of dye-polluted
waste water is one of the target application fields for photocatalytic
process. Moreover, DCIP is a good model dye molecule because of
an easy spectrophotometric detection and also a reasonably low
absorption at wavelengths 360-400 nm.

The absorption maximum of DCIP is at wavelength of 600 nm
(Fig. 11). 70 mL of DCIP with initial concentration of 2.5 x 10— g L~!
was used for photocatalytic experiments. Absorbance was recorded
each minute and total reaction time was forty minutes which was
sufficient for a total discoloration of DCIP. The influence of amount
of TiO, (comparison one- and two-layers) as well as time and
temperature of hydrothermal treatment was investigated. The pho-
tocatalytic activity was compared with common commercial TiO;
(Evonik Aeroxide P-25). A blank experiment (no catalyst) was per-
formed and its rate constant was subtracted from the obtained rate
constants of prepared titania printed layers in order to correct the
rates for direct photolysis of DCIP.

The dependence of natural logarithm of relative concentra-
tion versus reaction time was linear for all prepared titania layers
(Fig. 12). So we assumed that reaction runs according the first order
kinetics within the studied range. The reaction rate constants (k),
their standard errors (SE) and conversion degree were calculated
(Table 5).

The analysis was performed with intensity 7.5mW cm~2. We
found out that the double-layered samples were more active. This
result was supposed because of higher presence of TiO, in the
double-layers, i.e. more photocatalyst and so higher amount of
photoactive sites.

Although the amount of deposited TiO, in case of double-
layered samples increased twice (Table 3) we did not observe

110°C; one layer
1.8

1.6
1.4 = 48h
1.24
1.0
0.8 1

-In (clc )

0.6 4
0.4 4
0.2+

0.0 T T T T

0 10 20 30 40
time (min)

Table 5
Formal 1st order rate constant, their standard errors and conversion degree for
experiment took place using intensity 7.5 mW cm~2.

Sample k (min~1) SE (min~1) Conversion
degree (%)
110°C 6h 1 layer 0.0002 0.0001 51.0
2 layers 0.0090 0.0005 66.4
24h 1 layer 0.0049 0.0003 61.6
2 layers 0.0163 0.0009 749
48h 1 layer 0.0130 0.0007 69.6
2 layers 0.0212 0.0012 79.2
160°C 6h 1 layer 0.0084 0.0005 68.6
2 layers 0.0083 0.0005 67.4
24h 1 layer 0.0122 0.0008 72.8
2 layers 0.0153 0.0009 76.3
48h 1 layer 0.0271 0.0015 83.1
2 layers 0.0313 0.0017 86.0
P-25 1 layer 0.0284 0.0017 84.5
2 layers 0.0344 0.0019 87.7
60
I 110°C; 6h
I 110°C; 24h
50 - [ 110°C; 48h
I 160°C; 6h
I 160°C; 24h

| I 160°C; 48h
I P25

1 layer 2 layers

Fig. 13. Photocatalytic activity per gramof photocatalysts.

increasing of photocatalytic activity two times. It means that not all
titania particles participated in the photocatalytic degradation pro-
cess. This can be caused either by insufficient intensity of incident
radiation and resulting self-shadowing of the thicker photocatalyst
layers or by limited access of DCIP to deep buried catalyst particles
resulting into mass-transfer limiting the reaction rate.

When we compared TiO; hydrothermally treated for different
time we discovered that samples synthesized for longest time
were the most active (Fig. 13, Table 5). It could be caused by
the decreasing of particle size with increasing of treated time
which was found by TEM and SEM analysis and also by increase of

160 °C; one layer
22

201 = 6h
1.84 e 24h
164 * 48h
1.4+
1.2
1.0
0.8+
0.6+
0.4+
0.2+
0.0 T T T T

-In (c/c,)

time (min)

Fig. 12. Dependence of In (c/cy) on time for one layer samples (110°C and 160°C).
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roughness (Table 4). Smaller crystallite size leads to higher specific
surface area and to increasing of photocatalytic activity [63].

In order to compare the relative efficiency of all prepared sam-
ples, the observed photocatalytic activities were related per 1g of
photocatalyst (Fig. 13). The final standard error of these related val-
uesisinfluenced by the SE of both partial measurement (calculation
of constant rate and SE of weighting). Final standard error was cal-
culated according the equation (3) [64] where SE; is standard error
of calculated rate constant, SE;; is standard error of the mass and
SEk/mis final standard error of the rate constant per 1 g of photocat-
alyst. When the considered values are independent r is equal to 0.
When there is a total dependence r is equal 1. Because the rate con-
stant is dependent on the amount of photocatalysts only in a small
range and consequently it is independent we considered r equal to
0

(Sﬁ«m)z () () (S5 (SEm) ®)
k/m k m k m

P25 was the better photocatalyst than our samples. Most of
prepared samples had activity much lower than P25, only TiO,
synthesized for 48 h at 160 °C showed a comparable activity.

This difference between our TiO, and P25 was probably caused
by the different phase of TiO,. In case of P25 there was mixture
of anatase and rutile however all our titania were pure rutile. So
this result was expected because it is well known that mixture of
anatase and rutile is much more active than only pure anatase or
pure rutile.

4. Conclusion

Six TiO, colloidal dispersions were synthesized by the
hydrothermal process. We investigated the influence of process
conditions on their material properties. TEM analysis shows that
particle size decreased with increasing time of synthesis. In all
cases, pure rutile was prepared that implies that neither time nor
temperature of hydrothermally treatment have significant influ-
ence on the final crystalline phase. Phase depends mainly on the
pH used and it was the same in all samples in this study. Using a
less acidic pH level (2-3) would probably result into the formation
of a mixture of anatase and rutile or pure anatase. Another process
parameter which could lead to the creation of rutile phase is pos-
sibly insufficient washing of the primary slurry. From the band gap
energy analysis we found out that all prepared TiO, samples were
direct semiconductors.

Consequently, synthesized TiO, dispersions were used for the
formulation of stable “inks” and deposited onto soda-lime glass
plates by inkjet printing. Only anion-active surfactants could be
used for preparation of stable printing formulations. One-layered
and two-layered samples were prepared and fixed by heating to
500°C.

The quality of prepared layers was investigated by optical
microscopy. The layers of TiO,were homogeneous, compact with-
out any cracks. The adhesion of these layers corresponds to B pencil
hardness. The morphology and particle size were evaluated by
SEM and AFM analysis. We observed decreasing particle size with
increasing duration of hydrothermally synthesis. This result con-
firmed the result from TEM analysis.

In all cases, the photocatalytic activity of double-layer samples
was greater than the activity of single-layer ones. As far as the
influence of the hydrothermal treatment conditions is concerned,
the greatest photocatalytic activity was observed from the longest
treated sample. However, the commercial de-facto standard cat-
alyst Evonik Aeroxide P-25 still provided better activity than our
best sample. This result was supposed because the activity of pure
rutile is generally lower than the activity of pure anatase or anatase

and rutile mixtures [65]. The use of less acidic environment during
the synthesis of TiO, might be a viable option for reaching higher
photocatalytic activity in future experiment. Despite average pho-
tocatalytic performace of this particular TiO, type, inkjet printing
proved to be an efficient method for the fabrication of patterned
titania films originating from nanocrystalline precursor.
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Abstract Thin sol-gel TiO, layers deposited on the
conductive ITO glass by means of three various deposition
techniques (dip-coating, inkjet printing and spray-coating)
were used as photoanode in the three-compartment elec-
trochemical cell. The thin TiO, films were treated at
450 °C and after calcination all samples possessed the
crystallographic form of anatase. The relationship between
surface structure and photo-induced conductivity of the
nanostructured layers was investigated. It was found that
the used deposition method significantly influenced the
structural properties of prepared layers; mainly, the for-
mation of defects and their quantity in the prepared films.
The surface properties of the calcined layers were deter-
mined by XRD, Raman spectroscopy, SEM, AFM, UV-Vis
analyses and by the optical microscopy. The photo-induced
properties of nanoparticulate TiO,/ITO photoanode were
studied by electrochemical measurements combined with
UV irradiation.
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1 Introduction

The photovoltaic effect was discovered in 1839 by French
physicist A. E. Becquerel and since this time the idea of
converting the sunlight into the electric power has evoked a
great interest [1]. In the generation of electric current the
photovoltaic effect consists of material which is actually a
semiconductor exposed to the light. The absorbed photons
with corresponding energy create the electron—hole pairs
and at the junction between two different materials an
electric potential difference can be set up [2]. The electrons
then take a part of the current in an external electrical
circuit.

Thanks to these photo-excited properties titanium
dioxide (TiO,) has been the very favoured semiconductor
for such studies. TiO, has become very attractive material
since 1972, when Fujishima and Honda [3] described its
photocatalytic activity. Unfortunately, TiO, absorbs only
the UV light part of the solar spectrum owing to its large
band gap. Low efficiency of the solar energy conversion by
this semiconductor oxide similarly as the limited activity
(only in the UV area) are crucial and do not enable to
develop the application for the effective conversion of
sunlight to electrical power. Nevertheless, the light
response is sufficient for application of TiO, in the field of
photocatalysis, photo-electrochemistry and sensing. The
most prominent applications are photocatalytic water and
air purification [4, 5]. Its specific physical and chemical
properties predetermine the other applications of TiO,; the
use as a gas sensor, thin layer photoanode and as a part of
“sandwich” electrode or fuel cells [6-8]. The major
interest is focused on the sensor field [9, 10]. The semi-
conductor-liquid interface possesses the very specific
photoelectrochemical properties and it represents the
interesting and promising area in electrochemistry. The
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present and the future practical applications of the semi-
conductor electrode can include the liquid junction solar
cells, photoelectrolysis cells for photolytic water splitting
and sensing technology [11].

The nanostructured electrode materials with uniform
nanoparticles could be prepared by physical (PVD), phys-
ically-chemical (PECVD) or purely chemical methods
[12]. The sol-gel technique is the most common and suc-
cessful method for the uniform nanoparticle preparation.
This wet chemical method offers approaches to the syn-
thesis of metal oxides with the controlled structure, mor-
phology, particles sizes and even the chemical composition
of the final material. The sol-gel chemistry is based on
inorganic polymerization reactions [13]. In the case of
TiO,, the nanoparticle synthesis includes hydrolysis and
polycondensation of titanium alkoxides in an organic sol-
vent. Due to rheological properties of the prepared liquid it
is possible to create fibres by spinning or thin films by
various deposition techniques [14].

A number of articles concerning various deposition
techniques of the thin layer preparation from liquid pre-
cursors have been reported [15]. Each of them refers to
advantages and disadvantages of the applied method. The
dip-coating belongs to the traditional and the widely used
method of the thin layer preparation. It is based on dipping
the substrate into the sol and pulling it out at constant and
the well-defined speed [16]. The layer thickness could be
controlled by the pull-out speed, by the time interval which
the substrate spends in a liquid and/or by the viscosity of
the liquid sol.

The spray-coating is the other elementary technique
which applies liquid precursor on the substrate by the spray
head with one three-axe system nozzle. The system is able
to cover homogenously the large substrate areas by drop-
lets of liquid solution [17]. Usually, this technique is
widely used in industry, e.g. for organic lacquer deposition.

Inkjet printing has appeared recently as a new way of
the sol application. The inkjet print head contains an array
of piezoelectric nozzles ejecting very small droplets of a
low viscosity ink or other functional liquid. The possibility
of a complete control over the deposition process param-
eters and precise patterning without the need of any
mechanical or optical masking make this deposition
method very appealing for the production of sensors, solar
cells etc. [18-20].

This study is a follow-up to our recently published
articles [21-23] and it is focused on comparison of the
photo-induced conductivity of the thin TiO,/ITO electrode
deposited by three various deposition techniques. The thin
TiO, layers were prepared by the sol-gel method using
molecular tamplating, which allows a production of uni-
form particles in layers. This article presents a summary of
the photoelectrochemical and structural properties of the

thin layers prepared by the sol-gel method and created on
conductive substrate by dip-coating, spray-coating and
inkjet printing.

2 Experimental
2.1 Preparation of the thin TiO, layers

The thin TiO, layers were prepared by means of the tem-
plated sol-gel process. A homogenous sol was synthesized
by addition of titanium isopropoxide (TTIP, 99.999 %,
Sigma—Aldrich) to the inverse micellar solution. The
reverse micelles were created by the molecular template
TX 102 (non-ionic surfactant, Sigma—Aldrich) in the non-
polar environment of cyclohexane (Aldrich, 99.9 %, HPLC
grade) or xylene (Sigma—Aldrich, xylenes). The detailed
information about the sol-gel preparation had already been
reported [21-23]. The sol with cyclohexane was used for
the dip-coating in original molar ratio of compounds
(1:1:1) and for the spray-coating the volume was diluted
(1:2 / sol:solvent). In the case of the inkjet printing the
nonpolar environment had to be changed to xylene since
cyclohexane sol not only had poor jetting performance but
also disturbed the plastic ink storage tank. TiO, films were
deposited on one side of the indium tin oxide conductive
glass (ITO, 5-15 Q, Delta-Technologies Ltd.) or on
the soda-lime microscopic glass plates (25 x 75 mm,
Marienfeld, Germany), respectively, and then calcined at
450 °C for 4 h. The samples on ITO were prepared for
electrochemical characterization and thin layers on
microscopic glass were used for optical characterization.
The sol application was performed by dip-coating,
spray-coating and inkjet printing. For dipping a laboratory
dip-coater (ID-Lab coater 4) was used. The substrate was
dipped into the sol where was kept for 30 s and then it was
pulled with velocity 6 cm min~'. Among the single dip-
coating cycles the samples were heated. The semi-indus-
trial equipment developed at ICT Prague was used for the
sol deposition by the method of spray-coating. This set up
is composed of a sliding beam with the spraying head and a
sliding samples holder. The shift rate of spraying head was
7 cm min~" and the substrate distance from the nozzle was
15 cm. In this case the samples were treated by the one
final calcination step after finalization of the spray cycles.
An experimental inkjet printer Fujifilm Dimatix 2,831 was
used for the printed layer preparation. The xylene-based sol
was loaded into the Dimatix ink storage tank through a
0.45 pm syringe filter and Dimatix 10 pL print head was
attached. The tank and print head were installed into the
printer and the following settings were used for printing:
Dimatix Model fluid 2 waveform, 20 V driving voltage,
nozzle temperature 30 °C, substrate temperature 40 °C,
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nozzle span 20 pm. Printing each single layer was followed
by a gelling and drying phase (30 min at 110 °C). The
finished samples were then calcined.

2.2 Layer’s characterization

Surface properties of the calcined layers were determined
by XRD, Raman, SEM, AFM, UV-Vis analyses and by the
optical microscopy. The photo-induced properties of
nanoparticulate TiO,/ITO layers were investigated by
means of electrochemical measurements combined by UV
irradiation. Photo-induced electrochemical behaviour of
TiO, electrode was measured by potentio-dynamic meth-
ods in the three-electrode Pyrex cell. This cell contained
the basic electrolyte (0.1 M Na,SO,) and was equipped by
the window. Through the window the light beam with the
wavelength 365 nm irradiated the sample which was used
as a working electrode. A saturated Ag/AgCl electrode and
a platinum plate were used as the reference and the aux-
iliary electrodes, respectively. The exposed surface area of
the working TiO,/ITO electrode was 1 cm” and the pho-
toelectrochemical reaction was monitored by the poten-
tiostatic set-up. The incident light intensity was measured
by UV-meter (UV Light Meter UVA-365) and recalculated
to Incident-Photon-Current-conversion-Efficiency (IPCE)
[24]. The light intensity was 10 mW cm ™2 at 365 nm for
experiments. The detailed description of the electrochem-
ical set-up and the used electrochemical methods had been
reported previously [21-23].

3 Results and discussion
3.1 Structural properties

Material prepared by the templated sol-gel method
revealed the size and structural uniformity. The prepared
layers usually possess high transparency, surface homo-
geneity, size and structure uniformity and very high
adhesion to substrate. Figure 1 shows the XRD patterns of
the thin TiO, films deposited on the microscopic glass
plates. It is obvious that anatase was the only crystalliza-
tion phase of the thin TiO, films prepared on ITO glass by
all applied deposition techniques. Moreover, the crystal-
lographic structure was independently confirmed by Raman
spectroscopy. By means of XRD measurement the size of
anatase crystals was also determined (see Table 1). The
size depends on the deposition technique and it is slightly
rising between 7 and 10 nm in the order: dip-coating, inkjet
printing, spray-coating.

For the surface morphology studies AFM and SEM
analyses were employed. Corresponding images of the
layer surfaces are shown in Fig. 2. Furthermore, AFM
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Fig. 1 XRD patterns of the thin sol-gel TiO, films prepared by
various deposition techniques

measurement provides information about the relative sur-
face roughness expressed as rms values (results in Table 1).
The smoothest surface (rms factor <1) without remarkable
defects was detected for the dip-coated samples. The rel-
atively uniform surface was also observed for thin films
generated by inkjet printing. The sprayed layers possess the
lower surface homogeneity. The AFM results are corrob-
orated by the surface images obtained by SEM analysis.
The characteristic porous structure can be easily identified
for the sprayed films likewise for the printed samples,
however, being a little rough. All prepared layers evince
the very good mechanical stability.

The layer thicknesses were determined from SEM
images, where the layer edge was depicted. It was found
that the layer thickness for the three dip-coated, three
inkjet-printed and six sprayed cycles reached relatively
comparable values about 330 nm. Results are summarized
in Table 1.

In the photoelectrochemical measurements the absorp-
tion edge position of the semiconductor used as photoan-
ode is one of the most important parameters. The
absorption spectra were also studied for TiO, layers

Table 1 Characteristics of the produced layers

Layers Rms Particles size® Thickness SEM Eoc

factor (nm) £ 1 nm (nm) £ 10 nm (mV)
(nm)
Dip- 0.4 7 330 —460
coating
Inkjet 1.4 8 340 —420
printing
Spray- 2.2 10 310 —400
coating

% From XRD measurement
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Fig. 2 SEM and AFM images
of layers surface

Inkjet printing

deposited on microscopic glass (see Fig. 3). The UV-Vis
measurement took place in the device equipped with
integration sphere where transmittance and reflectance
spectra were measured. The blue-shift caused by the effect
of the small size particles was observed. The absorption
edge was determined approximately at 350 = 5 nm for all
tested layers.

Figure 4a—c made with the help optical microscope
illustrate the surface morphology of thin films produced by
dip-coating, spray-coating and inkjet printing. As can be
seen a visual appearance provided by the optical micros-
copy show a homogeneous layers with the smooth surface
for samples prepared by dip-coating and inkjet printing
without the larger extent of the obvious surface defects.
Nevertheless, some heterogeneity in the printed layer
thickness reflected in the light interference was macro-
scopically visible. On the other hand, the sprayed layers

1000 nm

39.66 NA 500 ym

possess a great amount of the surface heterogeneity, which
is visible by the naked eyes. This fact is obviously caused
by the relatively big and unequal droplets ejected by the
nozzle and these droplets cannot create a homogenous
surface. However, the sprayed layers owing to the highest
roughness and heterogeneity could possess higher surface,
which then could be useful for the better adsorption of
oxidizable species from solution.

3.2 Photoelectrochemical properties

The photo-induced properties of semiconductors use to be
interpreted as the band gap excitation of the oxide film in
the aqueous electrolyte which leads to the photogeneration
valence band holes. The electrons shift to the conducting
band, where they can move through the solid. This process
can be quantified by measuring the number of the
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Fig. 3 UV-Vis absorption spectra

photogenerated conduction band electrons (IPCE) [24, 25].
In this study the photoelectrochemical measurements of the
TiO,/ITO photoanode prepared by the three various
deposition techniques were carried out in the described
electrochemical cell. Dependence of the generated current
density (recalculated to IPCE values) on the linear
increasing potential and the photocurrent-time behaviour of
the thin films was investigated similarly as dependence of
the potential change on time of the UV light irradiation.

Figure 5 represents the linear voltammogram of the
three dip-coated layers, three inkjet printed layers and six
cycles of the sprayed layers in the light—dark 5 s irradiation
period. These photocurrent-potential curves prove the
ability of the layers to react on the UV light signal
immediately and repeatedly. All tested samples have
shown the constant values of the generated photocurrents
(plateau) at positive potentials. In the case of the negative
potential the photocurrents values were lower and have
grown gradually to the constant level.

As can be seen in Fig. 5, values of the generated pho-
tocurrent differ for layers prepared by deposition tech-
niques. These differences in IPCE values are probably
caused by the various surface/bulk defects concentration in
the prepared thin films. In principle, surface and bulk
defects play a very important role in the photoactivation
processes owing to the divergence of the diffusion mech-
anism for the various types of defects [26, 27]. The influ-
ence of defects on TiO, electric properties has been
reported; the higher photocurrent (the higher electron—hole
pair separation efficiency) the lower ratio of bulk/surface
defects (the lower among of places where the generated
charge carriers can recombine) [26-29]. From the photo-
electrochemical experiments it follows that the layers with
the lowest value of photogenerated current and thus the
highest ratio of bulk to surface defects were prepared by
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Fig. 4 Optical surface image of (a) 1 dip-coated layer, (b) 1 inkjet-
printed layer, (c) 6 sprayed cycles layer

the spray coating method, whereas the dip-coated layers
form the homogeneous thin film immediately, and thus the
bulk defects are minimized. Therefore, this method pos-
sesses the lowest ratio of the bulk to surface defects. The
spray coating and the inkjet printing techniques are based
on the same principle of the drops spreading on substrate.
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Fig. 5 The polarization curves of the coated, printed and sprayed
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Evidently, it can lead to creation a higher amount of bulk
defects. It is necessary to note that even though the dif-
ferences of the generated photocurrent are rather low, this
trend was observed for all experimental measurements.

The IPCE values obtained from the linear voltammetry
are confirmed by the amperometry in Fig. 6. By this
method the long-term stability of the photo-excited species
in the films and the generated photocurrent as a function of
time at the constant inserted potential (600 mV) can be
determined. The TiO,/ITO electrode was 5 min irradiated
and during this interval the constant values of photocurrent
were reached. There is evident (in Fig. 5) that the sharp
maximum of the IPCE values was more obvious for the
inkjet printed layers. This so called current peak appears
immediately at the first moment of irradiation. Further, the
curves very slowly decrease to get the steady state values.
The instantaneous increase of IPCE values means a rapid
electron—hole generation/separation and the decrease is
assigned to their recombination.

The open circuit potential (OCP), also called the equi-
librium potential, which provides information on the ther-
modynamically tendency of a material to electrochemical
oxidation and about the kinetics of separation and recom-
bination of the electron-hole pairs, was also studied. The
OCP measurements record dependence of the changing
potential on time. The photopotential decay (E,.) was
monitored upon the UV irradiation of the TiO,/ITO elec-
trode. Generally, photopotential is the difference between
the potential values at the beginning of the irradiation
period and at the end. Potential values at the beginning of
irradiation shift immediately to more negative values,
which indicate the increase of the electron concentration.
In the UV light period, the E,. has reached constant values,

Time [s]

Fig. 6 The photocurrent-time behaviour of the TiO,/ITO anodes
prepared by dip-coating, inkjet printing and spray-coating techniques,
the incident light intensity was 10 mW c¢m™2, constant potential 0.6 V

which correspond to the steady state concentration of the
not recombined electrons. The maximum photopotential is
normally obtained for zero photocurrent. The potential
regresses back to the original values after the light is
switched off. The obtained E,. values for individual
applied techniques are summarized in Table 1. The mea-
sured results from OCP experiment correspond with the
detected trend of IPCE values in amperometry: the sample
with the highest photocurrent possess also the highest
photopotential decay.

4 Conclusion

Three deposition techniques of the templated sol-gel
method were applied for formation of TiO, thin layers
consisting of the small uniform particles. It was found that
the used deposition techniques influenced the type of cre-
ated defects similarly as their amount and ratio of the
surface/bulk defects in the prepared thin films. These
defects probably arise from the means of the sol deposition
on substrates similarly as from the sol volume presented on
substrate at calcination. Evidently, the surface and bulk
defects in TiO, thin layer play very important roles in
photoinduced processes. By choice of the liquid sol depo-
sition method the surface/bulk defect concentration in
layers can be controlled.

It was proved that decreasing ratio of the bulk to surface
defects improved the charge carriers (electron—hole pairs)
separation efficiency. Thus, the photocurrent generation
could be significantly enhanced. In general, it is obvious
that structural properties, especially the surface morphol-
ogy can significantly influence the local surface chemistry.
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To compare their photoelectrochemical properties TiO,
layers supported on ITO glass were tested as TiO,/ITO
photoanode. All tested photoanodes possessed very good
photo-induced properties; moreover, a very fast response to
the light signal was proved even for the low light intensity.
On the other hand, the observed differences in the reached
IPCE values for the photoanodes prepared by dip-coating,
inkjet printing and spray-coating were relatively low.

It can be summarized that each of the deposition tech-
niques offers some advantages as well as disadvantages.
The dip-coating method forms the best homogeneous thin
film with minimum of the bulk defects and thus the highest
IPCE values and the photogenerated current. The inkjet
printing method also forms the homogeneous thin film with
a low amount of the bulk defects and the high IPCE values.
Moreover, this technique enables printing of the regular as
well as the irregular patterns. The spray coating method
reveals the rather lower IPCE values and the photogener-
ated current, but this method enables to cover any surface
by the nanosized TiO, layers even if the area would be
larger.
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Abstract

Thin transparent TiO, layers were created on the conductive ITO glass by means of the templated sol-gel technique
and by the subsequent calcination at 450° C. The sol-gel method using molecular templating is based on a chemical
process utilizing hydrolysis and polycondesation of metal alkoxides in the core of reverse micelles which allows a
production of uniform particles in layers. The sol-gel method was chosen by reason of the sol-gel layers electrodes
are transparent and possess very stabile surface. For the preparation of the thin sol-gel TiO, films, numerous
deposition techniques were applied. This contribution is focused on the study of structural and photo-electrochemical
properties of the sol-gel nanostructured layers deposited by two various techniques (a dip-coating and an inkjet
printing). The sol’s viscosity, concentration, solvent volatility, speed of pulling etc. may influence the final structural
properties of layers, such as film thickness, nanoparticles size and surface morphology. The surface properties were
determined by XRD, Raman, SEM, AFM and UV-Vis analyses. Photo-induced electrochemical properties were
measured by potentiodynamic methods in the three-compartment electrochemical cell. This Pyrex cell contained
supporting electrolyte (0.1M Na,SO,) and the TiO,/ITO electrode was used as a working electrode. As an UV source
the polychromatic mercury lamp was employed and the wavelength of the incident light was focused by an
interference filter on 365 nm.
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1. Introduction

Nanoscaled titanium dioxide (TiO,) in thin layer or powder forms appertains to the most extensively
studied semiconductors. This metal oxide is a promising semiconductor frequently used as a photocatalyst
in the advanced oxidation processes (water or air purification) due to its non-toxicity, chemical stability,
photocatalytic activity and low cost [1-4]. Especially, thin films as the nanostructured electrode materials
have become very important in fields of photovoltaics, energy storage, sensing, photoelectrocatalysis etc.
[5,6]. As generally known, the photoactivity arises from the semiconductor nature, especially from the
ability of the light quantum absorption followed by the charge carrier generation. TiO; in crystallographic
form of anatase has become an interesting candidate as an n-type photoanode due to its excellent
efficiency to generate the electron-hole pairs [7,8].

Preparation of the nanostructured electrode materials with highly uniform nanoparticles has been
investigated by many groups [9-11]. The most commonly used method is the sol-gel technique utilizing
the molecular templates. The main advantage of this purely chemical method lies in a possibility of layer
preparation under laboratory conditions as well as the possibility to tailor TiO, layer properties by varying
preparation conditions. Nanoparticles with controlled chemical composition, size distribution, uniformity
and dispersion can be readily synthesized using reverse micelles [12-14]. Layers prepared in this way
possess usually highly transparency, surface homogeneity, size, structure uniformity and very high
adhesion to substrate in comparison with the particulate layers.

Nowadays, a variety of deposition techniques for the liquids deposition, such as dip-, spin- or spray-
coating, doctor blade, roller etc., has been appeared and each of them offers some advantages and
disadvantages [15]. There are three traditional method of thin layer preparation from liquid precursors:
spin-coating, spray-coating and dip-coating. Dip-coating belongs to the traditional and widely used
methods of the thin layer preparation. It is based on dipping the substrate into the sol and pulling it out at
constant speed. Spray-coating is the other elementary technique which applies liquid sol on the substrate
by the spray head with one three-axe system nozzle. And the last method spin-coating uses centrifugal
force to form a film of liquid precursor [15-17]. As a new process of the sol application the ink-jet
printing has been appeared. This technique proved to be very elegant and clean method for liquids
deposition and direct patterning [18].

The sol viscosity, concentration, solvent volatility and the speed of pulling influence the resulting film
thickness and structural properties. This contribution is focused on the study and the comparison of
structural and photo-electrochemical properties of the sol-gel nanostructured TiO,/ITO electrode
deposited by dip-coating and inkjet printing.

2. Experimental
2.1. Layers preparation

Thin transparent TiO, layers were created on the one side of the conductive ITO glass (5-15 Q, Delta-
Technologies Ltd., USA) and on the soda-lime microscopic glass plates by means of the templated sol-gel
technique and by the subsequent calcination at 450° C for 4 h. The sol-gel method using molecular
tamplating is based on a chemical process utilizing hydrolysis and polycondesation of metal alkoxides in
the core of reverse micelles which allows a production of uniform particles in layers. The reverse micelles
were created by molecular templates TX 102 (Sigma—Aldrich) in the nonpolar environment of
cyclohexane (Aldrich, 99.9%, HPLC grade) or xylene (p.a., Penta, Czech Republic). In the core of the
created micelles a small amount of demineralised water was added. As titan precursor the titanium
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isopropoxide (TTIP, 99.999%, Sigma—Aldrich) was used drop-wise. The sol-gel with cyclohexane was
used for the dip- and spray- coating techniques. In the case of ink-jet printing the nonpolar environment
has been changed to xylene by reason that cyklohexane disturbed the plastic print head [19].

The sol application was performed by laboratory dip-coater (ID-Lab coater 4). The substrate was
dipped into the sol where it was kept for 30 s and then substrate was pulled with velocity 6 cm/min. After
the each dip-coating cycle the samples were heat-treated. An adapted experimental inkjet printer Fujifilm
Dimatix 2830 was used for preparation of the printed layers. Xylene sol was loaded into the Dimatix ink
tank and the Dimatix 10 pL printing head with the piezoelectric nozzles was attached to the tank. Then
this equipment was mounted into the Dimatix printer. Then small droplets (10 pL) were ejected from the
print nozzles and they fall onto ITO glass. After the every new printed layer a gelling and drying step was
performed [18].

2.2. Characterization

The deposited thin films were treated by calcination and the surface properties were determined by
XRD (Panalytical-MRD laboratory diffractometer with the Cu anode), Raman spectroscopy (Raman
Dispersive Spectrometer Nicolet Almega XR), SEM (Hitachi S4700), AFM microscope (Thericroscopes)
and optical microscope equipped with Nikon D5000 digital camera. The layer thickness was evaluated by
Ocean Optics USB4000 diode array photometer with fibre optic reflectance probe (NanoCalc). Values of
absorption edges of layers were obtained from UV—Vis spectra (Perkin-Elmer Lambda 35 equipped with a
Labsphere RSA-PE-20 integration sphere).

2.3. Photoelectrochemical measurement

Photoelectrochemical measurements were performed at room temperature in the three-electrode Pyrex
cell by means of electrochemical methods. All potentials were referred to Ag/AgCl/KCl(sat) electrode,
whereas a Pt sheet was used as a counter electrode. The exposed area of the working TiO,/ITO electrode
for UV illumination and photoelectrochemical reaction was 1 cm’. Measurements were performed with a
computer-controlled Voltalab 10 PGZ-100 potentiostat. For all electrochemical experiments 0.1 M
solution of Na,SOy in ultrapure water (0.06 uS cm') was used as working electrolyte. A 500 W
polychromatic lamp (Hg, LOT-Oriel) with a water filter was used for UV—Vis irradiation and the incident
light beam was modified with an interference filter (Melles Griot) producing spectrally narrow flux of
photons (365 + 10 nm). The applied irradiance was measured with an UV sensor (UVA Light Meter) with
intensity 10 mW cm > in the most experiments. Obtained incident light intensity was recalculated to
Incident-Photon-Current-conversion-Efficiency (IPCE). The layer photoexcitation properties were
characterized by linear voltammetry, amperometry and open circuit potential (OCP) [20].

3. Results and discussion
3.1. Structural properties
Figure 1 (a and b) made by optical microscope illustrates the surface morphology of sample produced

by dip-coating and ink-jet printing. As can be seen a visual appearance provided by the optical
microscopy shown a homogenous layers with smooth surface without the higher extent of surface defects.
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Nevertheless, some heterogeneity in the printed layer thickness reflected in the light interference was
macroscopically visible.

Fig. 1. The layer’s surfaces as seen by optical microscopy (a) 1 dip-coated layer; (b) 1 inkjet printed layer

Figure 2(a, b) depicts the surface morphology of sample produced by the three ink-jet printed cycles
and three dip-coated cycles recorded by SEM and AFM. The more detailed view at the surface
morphology made by SEM shows a smooth porous surface without the higher extent of surface defects
which corroborate the results form the optical microscopy. The relative surface roughness expressed as
the roots mean square values (RMS) was studied by AFM. Very smooth surface (RMS factor < 1) was
detected for the dip-coated layers.

a)

40.51 nA 1000 nm
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Fig. 2. The images of the 3 dip-coated and 3 inkjet printed layers surface as seen by (a) SEM and (b) AFM

The thin TiO, layers produced by various deposition methods possess the crystallographic form of
anatase, which was determined by XRD analysis and confirmed Raman spectroscopy. The particles size in
layer was obtained from the XRD diffraction lines and calculated by special method (Table 1). The layers
thicknesses were investigated from images made by SEM and the absorption edge for both samples was
determined from absorption spectra approximately at 355 nm.

Table 1. Characteristics of the produced layers

Layers RMS factor Particles size Thickness Eoc [mV]
[nm] [nm] of 3 layers [nm]
Dip-coating 0,5 7 330 -460
Inkjet printing 3,6 8 340 -400

3.2. Photoelectrochemical properties

All prepared layers possess very good photoinduced properties. The dependence of the generated
current density (recalculated to IPCE values) on the linear increasing potential is illustrated in Fig. 4. This
linear voltammogram represents polarization curves of the three dip-coated and the ink-jet printed cycles
Ti0, film electrodes. The plot proves the ability of the layers to react on the UV light signal immediately
and repeatedly. A very fast photo-response was a general property of all tested layers and represents an
important feature that might be appreciated practically (fast response of a sensor). The generated
photocurrents in the positive potential area were constant with time and reached characteristic plateau at
every irradiated intervals. At negative potential (—400 mV) the photocurrents were also generated,
however the values were lower and it can be seen the gradual growth to the constant level.

577



578 M. Morozova et al. / Procedia Engineering 42 (2012) 573 — 580

. fAnARaaRAAr
w N
S i

-500  -250 0 250 500 750 1000
Potential [mV] vs. Ag/AgCI

Fig. 4. The polarization curves of the coated and printed TiO, layers, scan rate 0.01 V s, the incident light intensity 10 mW/cm?
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Fig. 5. Photocurrent-time behavior of the prepared TiO,/ITO anodes. The incident light intensity was 10 mW/cm?, constant potential
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The values of generated photocurrent were measured at constant potential (0.6 V) by amperometry
measurement. This experiment shows the efficiency of the prepared TiO,/ITO electrode to reach in the 5
min irradiation interval constant photocurrent. The obtained curves indicate the photocurrent-time
behavior of the layers. The measured samples embodied the very sharp maximum of the reached IPCE
values which was much obvious for the inkjet printed layers. This so called current peak appears
immediately at the first moment of the irradiation. Further, the curves decrease very slowly to get a steady
state values. The instantaneous increase of [PCE values means a rapid electrons-holes generation and
separation at the space charge region. The decrease is assigned to their recombination.

The open circuit potential (OCP) represents the experiment focused on evaluation the kinetics of
efficient separation of electrons and holes. The photopotential (Eoc) decay was measured and the obtained
Eoc values are summarized in Table 1. Upon UV irradiation, the open circuit potential shifts immediately
to more negative values which reflects rising of the major charge carriers (electrons) concentration. The
potential regresses to the original values after the light is switched off. The constant Eoc values in the UV
light period correspond to the steady state concentration of the not recombined electrons. The amount of
photoexcited electrons reacts either with an electron scavenger (e.g. oxidisable species) or with the
photogenerated holes or migrates through layers to the conductive substrate.

4. Conclusions

It was proved that the prepared TiO,/ITO electrodes (TiO, thin layers deposited on ITO glass by dip-
coating and inkjet printing technique and used as photoanode) are stable and possess good photoinduced
properties. The structural properties, especially the surface morphology, and also the
photoelectrochemical behavior, mainly the generated photocurrent values, are slightly different. The
structural distinction was caused by the used deposition technique. In the photoelectrochemical
measurement the differences are very negligible. The obtained electrochemical curves of layers reflect the
ability to react on UV light signal by generation of the charge carriers. The electrochemical measurements
confirmed the high potential of photoelectrochemistry for detection of the semiconductor oxides
photoactivity.
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Abstract:

An optimized reverse micelles sol-gel composition was deposited by inkjet direct patterning onto glass supports.
Experimental “materia printer” Fujifilm Dimatix 2831 was used for sol patterning. Printing was repeated up to 4
times in wet-to-dry manner and photocatalytic coatings of various thickness were obtained after fina thermal
calcination. Basic material properties of prepared coating were studied by optical microscopy, electron and atomic
force imaging, Raman, XRD and UV-VIS spectrometry. Photocatalytic activity was evaluated by dye and faity
acid degradation rate as well as photoinduced hydrophilic conversion rate. Reverse micelles proved to be viable
synthetic route for the preparation of titania coatings with even structure and their compatibility with inkjet

direct patterning deposition was demonstrated.

I ntroduction

For the past 4 decades, titanium dioxide has been
the subject on an intensive research. What was started
by Fujishima and Honda' s seminal report (1) on photo-
electrochemical splitting of water on titanium dioxide
electrodes, has gradually developed into a broad tech-
nological field of agplied photocatalysis. So far we
have witnessed the proposals and successful goplication
of photocatalytic phenomena for water purification
(2), toxic waste treatment (3), air purification (4), self-
cleaning and self-disinfecting surfaces (5) as well as
superhydrophilic antifogging ones (6).

Water-in-oil emulsions consisting of reverse
micelles continue to receive a great deal of attention.
This approach proved to be especially useful for
controlled synthesis of various nanosized ceramic
materials with a narrow size distribution. Reverse
micelles are nanometer-scale surfactant association
colloids formed in a nonpolar organic solvent useful
as potential microreactors (7). Titanium dioxide
particles synthesized by controlled hydrolysis of
titanium precursor in such micelles suffer from
amorphous structure. Therefore the reverse micelles
synthetic route is often coupled with a hydrothermal
treatment (8) or the sol-gel process performed inside
micelles is followed by thermal calcination or super-
critical extraction (9) in order to produce crystaline
titania nanoparticles.

Undoubtedly, the 0l-gel process definitely proved
its benefits and potential so far. However, the sol-gel
chemistry is only one part of the story — in order to
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produce titania layers, the liquid sol formulation must
be coated onto a substrate. Many different coating
techniques have been proposed, such as dip-, spin- or
spray-coating, doctor blade spreading, roller etc. (10).
While all these techniques proved to be useful, they
are buried by some inherent limitations. These include,
but are not limited to: sensitivity to surface defects,
limited coating area, ambient humidity interference,
efficiency of precursor use. Fortunately, a new promis-
ing deposition technique has become available recently.
The novel gpproach is usualy termed inkjet materia
deposition or shortly materia printing. The technique
shares the basic principles with conventional inkjet
printing, i.e. tiny droplets of alow-viscosity liquid are
precisely deposited onto a substrate by means of thermal
or piezoelectric printhead. In the case of materia print-
ing, the ink is a specialy formulated liquid used for
transporting a functional component onto the substrate
surface.

This technique is very robust and outperforms the
traditional ones in most aspects:

e Senditivity to surface defects is strongly sup-
pressed, because a defect is simply overprinted. In
the worst cases it may eventualy disrupt the layer
homogeneity, but it certainly won't influence its
surroundings.

e Coatingarea islimited solely by the printer design.
Inkjet printers handling roll media of a meter
width or rigid media of several square meters area
are common nowadays in the printing industry.
Such printers can be easily converted for printing
functional liquids instead of original colored inks.
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o Environmental sealing: The ink is kept in airtight
tanks and tubing until printing so evgporation and
humidity absorption is eliminated.

e Efficiency of sol consumption: A tiny fraction of
the ink is consumed for print head cleaning and
purging, but most of the ink is actualy delivered
to the substrate.

o Themost important advantage this technique brings
is the possibility of direct patterning, i.e. the
fabrication of 2D patterns on the substrate without
the nead of any mechanical or optical masking.

Material printing has been successfully employed
for the deposition of a great variety of functional
materials forming thin layers, vaious patterns 2D
(arrays, gaps, sandwich) and even 3D structures. Asfar
as printed titania is concerned, several important papers
areworth mentioning.

Yoshimura and Gallage summarized the general
ideas of direct patterning in a neat review (11). They
proposed severa possible pathways leading to ceramic
films, distinguishing between “inkjet reaction”, “inkjet
deposition” and “inkjet printing” methods. However,
in their illustrative example, the preparation of TiO;
films by inkjet printing was limited to patterning small
letters and simple shapes onto a substrate heated to
548 K.

A lot of experimental attention has been paid to
explore the most direct way leading to TiO- printed
films: synthesis of stable colloida suspension of nano-
crystalline TiO-, followed by a delivery of this suspen-
sion onto substrate by means of inkjet printing. Kim
and Mckean (12) have studied the stability agqueous
dispersion of commercia TiO, powder stabilized by
proprietary polymeric dispersants. With their best and
most stable samples, they were able to print the
suspension by thermal inkjet printhead and obtained
TiO, patterns on trangparent polymeric foil. However,
while they focus solely on the dispersion stability
issues, problems of layer fixing and adhesion were not
addressed.

Bernacka-Wojcik and coworkers recently dem-
onstrated (13) a disposable biosensor integrating an
inkjet printed, dye sensitized TiO, photodetector to be
used in conjunction with DNA detection method based
on non-cross-linking hybridization of DNA-function-
alized gold nanoparticles. For the photodetector pre-
paration, a commercia dispersion of titania particles
was printed by a desk-top office printer equipped with
athermal inkjet head. A similar approach was adopted
by Yang (14), who used an in-house synthesized disper-
sion of TiO, printed by amodified office inkjet printer
to produce an oxygen demand sensing photoanode.

90 J. Adv. Oxid. Technoal. Val. 15, No. 1, 2012

Matsuo and coworkers chose a totally different
approach (15). Rather than printing heterogenenous
digpersion of titaniaparticles, they employed acolloidal
organometallic sol for the preparation of titania layers.
Their somewhat complex approach included a two-
step preparation of the printing “ink” (sol based on
titanium tetraisopropoxide, ethanol and nitric acid was
evgporated and then re-dissolved in a mixture of ethanol
and water to give 0.02 M Ti concentration). Printing
was peformed by a single jet piezo device onto
substrate heated to 275 °C.

Manga and co-workers (16) utilized a similar
approach to prepare an inkjet printed photosensor based
on graphene oxide/titanium dioxide composite layer.
However, the use of traditional sol-gel method did not
prove to be favorable because of limited compatibility
of agueous gragphene oxide solutions with titanium
alkoxide sols. Instead, an aqueous solution of ionic
organotitanate salt was employed.

Recently, Arin et a. (17) demonstrated a signif-
icant modification of the traditional sol-gel composi-
tion. With the help of complexing agents such as citric
acid, they were able to formulate a sol-gel composition
with water as the main solvent. Further, they prepared
photocatalytic coatings by printing this sol with alarge-
orifice (90 um) single-nozzle experimental printer.

The authors of this paper have previously reported
(18) the deposition of conventiona sol-gel formula-
tions based on tetraisopropoxy titanate and acetyl
acetone by a modified office inkjet printer equipped
with piezoelectric print head (Epson R220). In this
way they were able to prepare thin layers of TiO,
with excellent optical properties and photocatalytic
performance comparable to dip- or gpin-coated layers.
Thick multilayer coatings were printed with the help
of poly(ethylene glycol) acting as viscosity modifying,
templating and anti-cracking agent (19).

In this letter, the authors inform about their further
achievements concerning titania coatings deposited by
inkjet printing. The presented study deals with the
modification of previously reported (20) dip-coated
reverse micelles sol-gel composition for inkjet direct
patterning of titania coatings. The reverse-micelles
route has been the preferred one due to favorable
material propertiesof resulting layers. However, amore
convenient deposition method than the originally used
dip-coating was sought mainly with respect to further
applications of resulting titania coatings (sensors,
photovoltaics). Inkjet printing was the obvious choice
because of thereason listed aove This paper discusses
the basic material properties as well as photocatalytic
and salf-cleaning performance of prepared titania layers.
A separate paper (21) describing the sol development,



optimization, the photoexcitation properties of the
TiO, printed layers and the ability of photocurrent
generation is published simultaneously with this one.

Experimental
Sol Depostion by I nkjet Direct Patterning

The optimised sol formulation (see (21) for detail9
was prepared by mixing 15.3 ml xylene (p.a., Penta,
Czech Republic) with non-ionic surfactant Triton X
102 (Sigma-Aldrich) in a glass beaker placed on a
magnetic stirrer. 0.06 ml of demineralized water was
added causing the solution to turn first milky opague
and clarify within 10 minutes of intensive stirring.
Titanium isopropoxide (TTIP, 99.999% trace metals
basis, Sigma-Aldrich) was added drop-wise making
the solution color change to deep yellow. Prepared sol
was stored ant room temperature in airtight bottles and
was stable for 6 months at least.

Experimental inkjet printer Fujifilm Dimatix 2831
was used for sol deposition and patterning. Prepared
sol was sonicated for 5 minutes and then loaded into a
syringe. A 0.2 um membrane filter (Pall Corporation,
USA) and a blunt needle were attached to the syringe
luer port and the sol was filtered and filled into the
Dimatix ink tank in once. A Dimatix 10 pL printing
head was attached to the tank and mounted into the
Dimatix printer. The following settings were used for
printing: Dimatix Model fluid 2 waweform, 20 V
driving voltage, nozzle temperature 30 °C, substrate
temperature 40 °C, nozzle span 20 um. Since the sol is
a true analytical solution and does not contain any
solid components, the jetting performace was excellent
and nozzle blockage was rarely observed. Anyway, if
nozzle blockage occurred, it was usualy easly
recovered by thefirst following head cleaning cycle.

Two sizes of soda-lime glass substrates were usad
for printing the sol: Standard microscopic plates
(25x75 mm, Paul Marienfeld, Germany) and custom
cut plates (50x50 mm, Merci, Czech Republic). Plates
of both sizes were pre-treated by boilingin 9 M sulfuric
acid for 1 hour in order to remove the surface sodium
ions. Without such trestment, sodium ions would
migrate (22) during the calcination process into the
forming TiO, layer and could reduce the photocatalytic
activity (23, 24).

A simple rectangular pattern 20x20 mm and 40x
40 mm were printed onto the microscopic and custom-
cut plates, respectively. The printing process was
repeated up to 4 times to obtain various thicknesses of
the resulting TiO, layers: each printing phase was
followed by a gelling and drying phase (30 min at
110 °C) The finished samples were then calcined in
air for 4 hoursat 450 °C.

Figure 1. Even droplet formation of the optimised sol composition
as viewed by the Dimatix stroboscopic camera

Layer Characterization

Microphotograps of printed layers were recorded
using Nikon Eclipse E200 optical microscope equipped
with a Nikon D5000 digital cameraand Nikon Camera
Control Pro 2 software. Polarised light was used to
enhance the interference-originating color of theprinted
layers. Captured raw images were conveniently
processed and organized by Adobe Lightroom.

Structural analysis of the prepared thin films was
performed by Raman spectroscopy (Raman Dispersive
Spectrometer Nicolet Almega XR), scanning e ectron
microscope ( Hitachi S4700, Tescan MIRA 1l LMU)
and AFM microscope (Ntegra Prima by NT-MDT).
Diffuse reflectance UV-Vis spectra were recorded by
Ocean Optics Redtide spectrophotometer with reflec-
tance fiber probe.

Photocatalytic Experiments

Photocatalytic activity in aqueous environment was
evaluated on the basis 2,6-dichloroindophenol (DCIP)
degradation rate. A simple two-chamber batch reactor
circulated by a peristaltic pump was used. DCIP
solution of 2x10° mol/L starting concentration was
circulated between the reaction chamber containing
the glass plate with printed photocatalyst and the
storage chamber. Ocean Optics transmittance dip-probe
was inserted into the storage chamber and attached to
the Ocean Optics Redtide spectrophotometer. This set-
up enabled fully automated on-line absorbance
measurements. The UV irradiation was provided by a
medium pressure mercury lamp (OSRAM HQL 125W,
without the fluorescent bulb). The intensity of UV
radiation was 10 W m™ and it was measured by
Gigahertz Optic X97 Irradiance Meter with X9-7 probe.
A water cell was used to remove IR radiation.
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Figure 2. Optical micrographs of printed titania layers showing the edge (top row) and central area (bottom row).

Photocatalytic activity of prepared titania coatings
towards solid organic matter was evaluated on the
basis of fatty acid thin film degradation monitored by
FTIR spectrometry. Stearic acid (SA) was used in this
experiment. SA film was again deposited by inkjet
printing: printing ink was prepared by mixing 1 ml of
0.1 molar solution of SA in toluene with 9 ml of
isobutanol. This ink was filtered through 0.2 um
membrane filter and loaded into a Dimatix ink tank.
The tank was attached to a 10 pL print head and
mounted into the Dimatix 2831 printer set to 20 um
nozzle span. A single layer was printed onto previously
prepared samples of TiO,. Only a half of the sample
was covered by SA in order tokeep a na&ked TiO;
surface for reference background measurement.
Samples were irradiated by medium pressure mercury
vapor lamp (OSRAM HQL 125W, without the fluores-
cent bulb). The integral irradiation intensity in the
range 300-400 nm was 0.2 W m? (determined by
Gigahertz Optic X97 Irradiance Meter with X9-7
probe). IR spectra were recorded on a Nicolet |mpact
400 FTIR spectrophotometer in regular time intervals
and the integral absorbance in the 3000-2700 cm™
region (corregponding to various modes of C-H vibra-
tion) was noted down.

Water droplet contact angle values before and
during irradiation were used for monitoring of surface
wetting and its photoinduced change. We usad an
OCA-20 device (DataPhysics, Germany) and utilized
the sessile drop method. Drop volume was 5 ul and the
drop shape was recorded appr. 15 s after deposition at
5 different places onto an aged sample (3 months in
darkness). Then the samples were irradiated by an UV
lamp and the contact angle was monitored in the same
manner in regular timeinterval, until it dropped below
5°. We used medium pressure mercury vapor lamp
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(OSRAM HQL 125W, without the fluorescent bulb).
The integra irradiation intensity in the range 300400
nm was 0.21 W m™ (determined by Gigahertz Optic
X97 Irradiance Meter with X9-7 probe).

A combined experiment simulating the re-hydro-
philization of a soiled photocatalytic surface was per-
formed as well. The printed photocatalyst samples were
overprinted by a SA film and irradiated in the same
way as for the FTIR study. However, this time the
water droplet contact angle change upon irradiation
was monitored on these smeary glass plates, giving
indirect information about the fatty acid removal and a
measure of therate of surface re-hydrophilization.

Results and Discussion
Material Properties of Patterned Titania

Figure 2 illustrates the visua appearance of
prepared samples as seen in the optical microscope.
The catalyst layers are smooth, glossy, clear and
transparent, with a slight color tint originating from
light interference. Cracking takes place in the thickest
4-layered sample and on the edges of other samples
where the thickness is increased by edge effects. The
adhesion of 1-3 layered samples is very good and no
abrasion has been observed even after repeated use.
Some abrasion has been observed on the cracked 4-
layered samples upon mechanical rubbing.

SEM images at Figure 4 show the characteristic
even porous structure free of defects. SEM cross-
sectional images were aso used to determine the layer
thickness which is gppr. 110 nm per single layer. AFM
imaging revealed the globular structure originating
from the micellar nature of sol. It is evident that the
printed and calcined layer maintained the imprints of
individual micelles very well. On the other hand, the
globular surface topology is extremely regular with



Figure 3. Macroscopic appearance of printed samples. Catalyst has been printed as two square patterns 20x20 mm on to this microscopic
glass.
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Figure 4. SEM images of printed photocatalyst.

minimal vertical deviations and therefore contributes  Photocatalytical Performance

to the very high smoothness of the printed layer. RMS DCIP is oneof the many dye molecules fessible as
roughness of 3-layered sample was 3.7 nm. Raman a model pollutant compound to study photocatalytic
spectroscopy and XRD was used to study the phase  activity. Dechloration is the first step of its degradation
structure. Both confirmed pure anatase phase in al  and is accompanied by discoloration (25). Then further
printed samples, details are discussed at (21). Diffuse  oxidation of the aromatic skeleton goes on, producing
reflectance spectra of prepared samples are presented  carboxylic acids as the main intermediates. The dis-
a Figure 6. coloration is naturally very easily detected by UV-VIS
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Figure 6. Diffuse reflectance UV-VIS spectra of printed
photocatalyst.

spectrometry. DCIP has an absorbance maximum at
600 nm, the reduction rate of which reflects the photo-
catalytic reactivity of TiO, upon UV irradiation.
Unfortunately, a photocatalytic system degrading dye
molecules becomes very complex and eventudly
enables many competitive reaction pathways, including
the injection of the dye photoexcited electrons into the
conduction band of TiO; (26, 27). Analyzing and
understanding such a complicated system can be
extremely difficult. On the other hand, photocatalytic
processes are thought to be a good candidates for the
remediation of industrial wastewaters, including those
containing dyes, so using a simple dye molecule for
activity testing certainly makes sense.

Figure 7 shows the graphica plot of recorded
kinetic data averaged from 5 repeated experiments.
The decrease of DCIP concentration calculated from
absorbance measurements at 600 nm has been plotted
as the function of irradiation time and corresponding
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Figure 7. DCIP decolorization.

exposure dose. Data trend analysis suggests a linear
decrease of DCIP concentration as long as a sufficient
amount of reactant is present (gppr. till 50% conver-
sion). Thus the zero-order rate constant are plotted in
the figure inset. Error bars of the concentration data
are not plotted for the sake of readability, however
they were used for the calculation of rate constant
error bars which are plotted in the inset indeed. Worth
noting is the poor stability of DCIP in the absence of
photocatalyst, i.e. the blank check for direct photolysis.
Apparently, with this particular light source the DCIP
is prone to quick photolysis. The catalyzed samples
degrade 3-4 times faster and the influence of catalyst
thickness is marginal. It seems that with this particular
reactor design, the reaction rate is limited by mass-
trandfer processes rather than photon absorption and/or
charge generation phenomena which could be expected
to be strongly depending on the layer thickness.
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Figure 8. Degradation of stearic acid.

On contrary, the photocatalytic activity towards
solid fatty acid is strongly influenced by the layers
thickness. Figure 8 illustrates the kinetic data obtained
from the stearic acid degradation experiment. Relative
decrease in the integral peak area of FTIR absorption
bands over the range 2700-3000 cm * has been plotted
as the function of irradiation time and corresponding
exposure dose. Data were obtained from the averaging
of 5 parallel batches whose deviations were well below
1% making the error bars invisible. The pseudo-first
order rate constants and their errors linear fitting are
plotted in thefigure inset.

The observed trends are in a good agreement with
previous findings (28). The degradation process follows
pseudo first-order kinetics and the rate is strongly
dependent on the layers thickness. Although the
oxidative cleavage of stearic acid takes place only on
the interface, the reactive species are generated deep
in the catalyst layer. Apparently, a single layer of
catalyst is too thin to absorb al the incident photons
and therefore the efficiency of absorption isincreasing
with increasing layer thickness, resulting into a signif-
icant dependence of the degradation rate on the number
of layers. Stearic acid proved to be highly stable in the
absence of photocatalyst layer which is manifested by
the almost constant absorbance value of reference
blank sample bearing no catalyst layer.

Photoinduced hydrophilic conversion of aged
photocatalyst surface is another popular method to
characterize the activity of immobilized photocatalyst.
Preliminary results have been disclosed at (21). This
time we report data of a repeated experiment on the
complete sample set including all 4 samples. Figure 9
shows its dependence on exposure time and cor-
responding exposure dose expressed in Jm™. Theinitid
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Figure 9. Photoinduced hydrophilization.

water droplet contact angle of cca 40° is reduced to
15° within 15 minutes. Increasing of the exposure
dose beyond this point will not cause further lowering
of the contact angle. Therefore a superhydrophilic
wetting (contact angle < 10°) has not been reached on
this type of titania This behavior corresponds well with
the very high smoothness and low porosity detected
by AFM: a superhydrophilic surface needs to be
rougher and more porous to enhance wetting by water
adsorbed in surface pores and 2D microcapillary
action (29, 30). No significant influence of the layer
thickness on the hydrophilic conversion rate has been
observed, reflecting the strictly interfacial nature of
the process.

The results of the re-hydrophilization experiment
are given at Figure 10. Recorded contact angle values
averaged from 5 parallel experiments were again plotted
as a function of exposure time and corresponding
exposure dose. Standard deviation was below 5% and
thereforethe errors barsweren't plotted either.

Although this method gives only indirect informa-
tion about the fatty acid concentration, it is quite
popular dternative to the FTIR based detection,
because it can be used on virtually any surface (31).
Quite surprisingly, theinitia contact angle variesfor 3
and 4 layered samples. With respect to the high activity
of these thicker coatings, it is possible that samples
were “contaminated” by exposure to actinic radiation
before the experiment. At the final stage of experiment,
contact angle just below 10° was obseved on Al
samples, indicating better wetting than in the case of
pristine catalyst wetting (Figure 9). This behavior
might have been facilitated by the degradation product
of fatty acid acting as surfactants.
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Conclusions

A reverse-micelle organotitanate sol composition
was printed by experimenta inkjed printer onto glass
support. After thermal calcination, titania coating of
various thickness were obtained. The coatings were
smooth and transparent (with the exception of 4-
layered samples which cracked significantly), consist-
ing of pure anatase phase structure SEM and AFM
analysis revedled a well preserved globular surface
topology with low surface roughness

Photocatalytic and self-cleaning activity was
described by some of the well established techniques.
A linear decrease of DCIP concentration was observed
up to cca 50% conversion and the corresponding
zero-order rate constants were cal culated, showing 3-4
times faster degradation of the catalyzed samples and
the influence of catalyst thickness being marginal. On
the other hand, the degradation process of SA follows
the pseudo first-order kinetics the rate of which is
strongly dependent on the layers thickness. The initial
water droplet contact angle of cca 40° is reduced to
15° within 15 minutes and prolonged exposure will not
cause further lowering of the contact angle. At the final
stage of the re-hydrophilization experiment, contact
angle just below 10° was observed on all samples.

Direct patterning performed by piezoelectric inkjet
printing proved to be an attractive method for deposit-
ing liquid formulations onto solid supports. It provides
clean, efficient and highly repeatable way of coating.
Moreover, it is easy to up-scale to coat large substrates
by means of industria large-format printers and at the
same time it brings the possibility to produce 2D
patterns with micrometer accuracy. These features
make direct inkjet patterning one of the prominent
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deposition techniques for the quickly expanding field
of printed electronics.
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1. Introduction

Nanoscale semiconductor oxides in the thin layer form for sen-
sors, optical electrodes, and solar cells have recently evoked great
interest [1-4]. As generally known, their photo-induced properties
arise from the semiconductor nature, especially from the ability of
the light quantum absorption followed by the charge carrier gen-
eration [5,6]. Titanium dioxide in crystallographic form of anatase
is a promising semiconductor widely used in the field of advanced
oxidation processes and photoelectrochemical sensing due to its
excellent efficiency to generate the electron-hole pairs [7,8]. In
recent years, gas sensing properties of TiO, for various applica-
tions have been studied by many groups [9-11]. Pure or doped TiO,
can find application as sensor for alcohols, reducing/oxidizing gases
(NO3, CO, H;, O;), chemical oxygen demand (COD) determination
or a range of organic compounds (glucose, oxalic acid) detecting.

Preparation of the nanostructured electrode materials with
highly uniform nanoparticles has been investigated by many
groups [12,13]. The most commonly used method is the sol-gel
technique utilizing the molecular templates. Nanoparticles with
controlled chemical composition, size distribution, uniformity and
dispersion are readily synthesized using reverse micelles [14,15].
For the first time reverse micelles were used as nano-templates for
material synthesis in 1982 [16]. Afterwards these self-organised

* Corresponding author. Tel.: +420 220390282; fax: +420 220920661.
E-mail address: morozova@icpf.cas.cz (M. Morozova).

0925-4005/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.snb.2011.07.063

multimolecular structures have been utilized for a wide range of
applications [17]. Micro-emulsions are generally formed from mix-
tures of non-polar solvent, surfactant and polar solvent, usually
water. Layers prepared in this way possess usually highly trans-
parency, homogeneity, size and structure uniformity.

So far the sol-gel process, no doubts, proved its benefits. How-
ever, in order to produce titania layers, the liquid sol must be coated
onto a substrate. Various coating techniques have been used for
this purpose, such as dip-, spin- or spray-coating, doctor blade,
roller etc. [18]. Recently, a new promising deposition technique
has appeared. The novel approach is usually termed inkjet material
deposition or shortly material printing. The technique shares the
basic principles with conventional inkjet printing, i.e. tiny droplets
of alow-viscosity liquid are precisely deposited onto a substrate by
means of thermal or piezoelectric print head. In the case of mate-
rial printing, the ink is the specially formulated liquid purposed for
transporting functional components onto the substrate surface.

With this method sensitivity to surface defects is strongly sup-
pressed because a defect is simply overprinted. It may eventually
disrupt the layer’s homogeneity, but it certainly does not influ-
ence its surroundings. Coated area is limited by the printer design
- printers handling roll media of a meter width or rigid media of
several square meters area are common nowadays. The ink is kept
in airtight tanks and tubing until printing, and thus evaporation
and humidity absorption is eliminated. A tiny fraction of the ink
is consumed for print head cleaning and purging, but most of the
ink is delivered to the substrate. This technique also brings the
possibility of direct patterning, i.e. the fabrication of 2D patterns
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Table 1

Composition and properties of prepared sols.
Sol designation X 2X 3X 4x
Xylene [ml] 5.1 10.2 15.3 20.4
Triton X 102 [ml] 25
Water [ml] 0.06
TTIP [ml] 1
Density [g/cm?] 0.94 0.91 0.90 0.89
Viscosity [mPas] 4.86 2.03 1.44 1.18
Viscosity standard deviation [%] 0.5 0.3 0.3 0.2

on the substrate without the need of any mechanical or optical
masking. Material printing has been successfully employed for the
deposition of a great variety of functional materials forming thin
layers, various patterns (arrays, gaps, sandwiches) and even 3D
structures. Yoshimura and Gallage summarized the ideas of “direct
patterning” in a neat review [19]. They proposed several possible
pathways leading to ceramic films, distinguishing between “inkjet
reaction”, “inkjet deposition” and “inkjet printing” methods. Many
other approaches have been reported in the recent past document-
ing the steeply increasing interest in this method [20-25].
Authors of this communication already reported [26] on the
deposition of conventional sol-gel formulations based on tetraiso-
propoxy titanate and acetylacetone when using an inkjet printer
equipped with piezoelectric print head (Epson R220). Thin layers
of TiO, with excellent optical properties and photocatalytic per-
formance comparable to dip- or spin-coated layers were prepared.
Thick multilayer coatings were printed with help of poly(ethylene
glycol) acting as viscosity modifying and anticracking agent [27].
In this study we report on the adaptation and optimization of the
reverse micelles sol-gel composition to make it suitable for inkjet
printing. The solvent choice and viscosity adjustment issues cru-
cial for the reliable jetting performance are discussed. The layer
morphology and material properties were in detail investigated
by optical, scanning electron and atomic force microscopy, and by
Raman and XRD analysis. Photocatalytic activity of the prepared
inkjet layers was evaluated on the basis of the stearic acid thin film
degradation monitored by FTIR spectrometry. The photoexcitation
properties of the TiO, layers and the ability of photocurrent genera-
tion were investigated by photo-induced electrochemical methods.

2. Experimental
2.1. Sol optimization

The original reverse micelle sol formulation was using cyklohex-
ane as non-polar solvent [28]. However, cyclohexane - excellent for
the dip-coated layers, is not well suited for the inkjet printing. Its
high volatility causes quick evaporation from the print head nozzle
orifices and results into nozzle blockage. Moreover, its low sur-
face tension and low viscosity impart “bad droplets” and excessive
satellite droplets generation.

As an alternative for jetting, Xxylene was chosen. A set of sam-
ples with various concentrations was prepared (see Table 1): xylene
(p.a., Penta, Czech Republic) was mixed with non-ionic surfactant
Triton X 102 (Sigma-Aldrich) in a glass beaker placed on a magnetic
stirrer and then demineralised water was added. Solution imme-
diately turned milky opaque, but became clear within 10 min of
stirring. Then titanium isopropoxide (TTIP, 99.999% trace metals
basis, Sigma-Aldrich) was added drop-wise turning the solution
colour to deep yellow. The viscosities and densities of the prepared
sol compositions were measured by automatic viscosimeter AVMn
(Anton Paar) and by densitometer DMA4500 (Anton Paar). Results
are summarized in Table 1.

Fig. 1. Optical micrographs illustrating the wetting behaviour of the printed sols.
Printing with 20 wm nozzle span (left) and 60 wm (right).

2.2. Thin layer preparation

Nanostructured TiO, layers were prepared by the ink-
jet printing of optimized sol (composition 3X) on soda-lime
microscopic glass plates (25mm x 75mm, Paul Marienfeld,
Germany and 50 mm x 50 mm, Merci, Czech Republic) and indium
tin oxide (ITO) transparent conducting glass plate (5-15€2,
50mm x 12.2mm x 1.1 mm, Delta-Technologies Ltd., USA). The
microscopic glass plates of both sizes were pre-treated by boiling in
9 M sulphuricacid for 1 h to guarantee removing the surface sodium
ions to suppress the sodium ions migration into the forming TiO,
layer. The ions migration could affect crystallization of TiO, [29]
and thereby influence the photoinduced properties [30,31]. Then
the microscopic glasses (both sizes) were immersed into the solu-
tion of Triton X 102 in propan-2-ol (1vol.%) and quickly dried in
N, flow immediately prior to printing. The conductive ITO glass
was slightly pre-treated in detergent solution in ultrasonic bath for
40 min, subsequently treated by deionised water and dried at 50 °C.

Sol deposition and patterning was performed with experimental
inkjet printer Fujifilm Dimatix 2831. The prepared sol compositions
were sonicated for 5min and then loaded into a syringe. A 0.2 pum
membrane filter (Pall Corporation, USA) and a blunt needle were
attached to the syringe luer port. The sol was filtered and filled into
the Dimatix ink tank. Dimatix 10 pL printing head was attached to
the tank and mounted into the Dimatix printer. The drop forma-
tion characteristics of all compositions were studied by means of
built-in stroboscopic camera and interaction with substrate was
observed by an optical microscope. During the preliminary test-
ing period the optimal printing conditions were defined: Dimatix
Model fluid 2 waveform, 20V driving voltage, nozzle temperature
30°C, substrate temperature 40 °C. Nozzle span was varied in the
range 20-80 pwm. Substrate temperature is the most prominent fac-
tor influencing layer formation. Lower temperatures result into
slow drying and mottling while higher lead to premature evapo-
ration and banding pattern formation.

The recommended optimal viscosity range for jetting with
Dimatix printed is 10-12 mPas. Therefore the most concentrated
composition (X) was selected as the best choice; nevertheless the
sol generally does not wet glass substrates well. Fig. 1 illustrates
the wetting behaviour of the printed sol at different nozzle spans.
In the case of 60 um nozzle span the printed sol withdrew together
and a banding structure results; while 20 pm nozzle span ensured
a higher sol loading per unit area and completely covered the sub-
strate surface. Naturally, such narrow nozzle span led to thicker
layers. Application of the more concentrated sols (X and 2X) for
printing results in thick layers with severe cracking. Owing to the
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aims that produced layers should be approximately 100 nm per
single printer pass, the more diluted composition (3X) was cho-
sen. Despite its relatively low viscosity, the jetting performance
was excellent and a nozzle blockage was observed only rarely.
Moreover, printing of the low-viscous formulation did not require
viscosity reduction by print head heating. It enabled printing at
ambient temperature which was beneficial for nozzle drying sup-
pression.

Simple rectangular patterns 5mm x 12 mm, 20 mm x 20 mm,
and 40 mm x 40 mm were printed onto the ITO plates, microscopic
and custom-cut soda-lime glass substrates, respectively. Printing
was repeated up to 4 times to obtain different thicknesses of result-
ing TiO, layers. After printing each layer, gelling and drying steps
were repeatedly performed (30 min at 110°C). The terminal gelling
step was followed by calcination for 4 h at 450°C in air.

2.3. Layer’s characterizations

Structural analyses of the prepared films were performed by X-
ray diffraction (Panalytical-MRD laboratory diffractometer with the
Cu anode), Raman spectroscopy (Raman Dispersive Spectrometer
Nicolet Almega XR), scanning electron microscope (Hitachi S4700,
Tescan MIRA II LMU) and AFM microscope (Thericroscopes). The
layer thickness was evaluated by Ocean Optics USB4000 diode array
photometer with fibre optic reflectance probe (NanoCalc). Values
of absorption edges of layers were obtained from UV-Vis spectra
(Perkin-Elmer Lambda 35 equipped with a Labsphere RSA-PE-20
integration sphere).

Microphotographs of the printed layers were recorded using
Nikon Eclipse E200 optical microscope equipped with Nikon D5000
digital camera and Nikon Camera Control Pro 2 software. Polarised
light was used to enhance the interference-originating colour of the
printed layers.

2.4. Photocatalytical and photoelectrochemical experiments

Surface wetting and its photoinduced change were studied by
monitoring the water droplet contact angle before and during irra-
diation on an OCA-20 device (DataPhysics, Germany). Drop volume
was 5 pl and the drop shape was recorded for 15 s after its deposi-
tion at 5 different positions. Then the samples were irradiated by an
UV lamp and the contact angle was recorded in the same manner
in regular time interval.

Photocatalytic activities of the films were evaluated on the basis
of stearic acid (SA) thin film degradation monitored by FTIR spec-
trometry. SA film was also deposited by inkjet printing. Printing ink
was prepared by mixing 1 ml of 0.1 M solution of SA in toluene with
9ml of butan-2-ol, then filtered through 0.2 um membrane filter
and loaded into a Dimatix ink tank. A single layer was printed onto
previously prepared samples of TiO,. Only half of the sample was
covered by SA in order to keep a naked TiO, surface as reference.
In all experiments samples were irradiated by medium pressure
mercury vapour lamp (Philips HPLN 125 W, without the fluores-
cent bulb) with the integral irradiation intensity 2 mW cm~2 in the
range 300-400 nm. IR spectra were recorded in regular time inter-
vals and the integral absorbance in the 3000-2900cm~! region
(corresponding to various modes of C-H vibrations) was noted
down.

Photoelectrochemical measurements were performed at room
temperature in the three-electrodes Pyrex cell by means of electro-
chemical methods. All potentials were referred to Ag/AgCl/KCl(sat)
electrode, whereas a Pt sheet was used as a counter elec-
trode. The exposed area of the working TiO, electrode for UV
illumination and photoelectrochemical reaction was 1cm?2. Mea-
surements were performed with a computer-controlled Voltalab
10 PGZ-100 potentiostat. For all electrochemical experiments 0.1 M

solution of Na;SO, in ultrapure water (0.06 .Scm~1) was used
as working electrolyte. A 500W polychromatic lamp (Hg, LOT-
Oriel) with a water filter was used for UV-Vis irradiation and
the incident light beam was modified with an interference fil-
ter (Melles Griot) producing spectrally narrow flux of photons
(365 +10nm). The applied irradiance was measured with an UV
sensor (UVA Light Meter) with intensity 10mW cm~2 in the most
experiments. Obtained incident light intensity was recalculated
to Incident-Photon-Current-conversion-Efficiency (IPCE) [32]. The
layer photoexcitation properties were characterized by linear
voltammetry, amperometry and open circuit potential (OCP). Lin-
ear voltammograms (LV) were recorded from —0.5V to 1V at a
scanrate of 10 mV s~!. The working electrode (TiO, /ITO) was irradi-
ated at the 5 s intervals of the UV light/dark periods. The generated
photocurrent as a function of time at constant inserting poten-
tial (600 mV) was measured by amperometry. During this method
the layers were irradiated for 5min. The information about the
electron-hole pairs recombination kinetics are provided by the
open circuit potential (OCP) measurement. This experiment is again
based on the light/dark interval combination. The detailed descrip-
tion of these methods has been reported previously [33].

3. Results and discussion
3.1. Structural properties

Fig. 2 depicts appearance of the printed layers as seen in the
optical microscope. Smooth, shiny, transparent layers with strong
interference colouring were produced. Samples consisting of 1-3
layers were completely crack-free, but 4 layered samples exhib-
ited intensive cracking and reduced adhesion. Apparently, such
thick layer could not withstand the stresses caused by organic frac-
tion removal during calcination. 4-layered samples were therefore
excluded from experiments.

Fig. 3(a) and (b) illustrates the surface morphology of sample
produced by the three ink-jet printed cycles recorded by SEM and
AFM. As we can see a visual appearance provided by the optical
microscope shown a smooth surface without the higher extent
of surface defects which was corroborated by the more detailed
view at the surface morphology made by SEM (see Fig. 3(a)).
The characteristic porous structure without discrepancies can be
easily identified. The relative surface roughness expressed as the
roots mean square values (RMS) obtained by AFM microscopy (see
Fig. 3(b)) was low - 3.7 nm which confirmed the very smooth sur-
face appearance of the printed layers. The layers also possess very
good transparency and mechanical stability. Nevertheless some
heterogeneity in the layer thickness reflected in the light interfer-
ence was macroscopically visible.

The crystallographic form of the pure anatase present at the
thin layers was detected by XRD analysis and confirmed by Raman
spectroscopy on microscopic as well as ITO supporting glasses.
Figs. 4 and 5 reveal characteristic diffraction lines as well Raman
vibrations of the anatase crystallites with particle size of 8 + 1 nm.

The layer thickness was determined from optical properties
(reflection and interference) by spectroscopic method NanoCalc
[34]. The thickness values of 3 deposited layers varied around
230 nm. The layer thickness estimated from SEM image (see Fig. 6)
was approximately 340 nm. The differences in thickness values
obtained by these two methods might have been caused by the
porosity of prepared layers. Values from SEM provide the real geo-
metrical thickness of the layer, including internal voids, while the
results from optical measurements give the net optical thickness of
TiO, interacting with the probing beam, which is of course smaller
than the total geometrical thickness. Also, other phenomena such
as surface roughness may influence the results obtained from the



374 M. Morozova et al. / Sensors and Actuators B 160 (2011) 371-378

4 layers

1000 pm
—_—

Fig. 2. The layer’s surfaces as seen by optical microscopy.

optical method. Anyway, the optical measurement gives a very easy
way of comparing the relative thicknesses of the studied layers.
The UV-Vis absorption spectra of the ink-jet printed TiO,/ITO
electrodes with variable number of deposited layers and pure ITO
substrate are shown in Fig. 7. Only negligible shift of the absorption
edge to higher wavelengths with the layer thickness increase was
detected. The position of absorption edge was located at 350 nm.

3.2. Photocatalytic activity

Figs. 8 and 9 summarize results of the photocatalytic activ-
ity reaction tests. The experimental error of obtained results was
lower than 5% for all tested samples. Photoinduced hydrophilic con-
version was expressed as the rate of water droplet contact angle
change. No influence of layer thickness has been observed in this
case (see Fig. 8), indicating a strictly interfacial process. The ini-
tial contact angle of cca 40° is quickly reduced to 15° and even
prolonged exposures do not cause further lowering, so a super-
hydrophilic wetting (contact angle < 10°) has not been reached on
this type of titania. Such behaviour may be caused by the high
smoothness and low porosity of the surface (as confirmed by AFM

measurements). The superhydrophilic wetting is usually observed
on rougher surfaces which tend to enhance wetting by water
adsorbed in surface pores and 2D microcapillary action [35,36]. On
the other hand, photocatalytic activity is strongly influenced by the
layers thickness. Fig. 9 illustrates the kinetic data obtained from
stearic acid degradation experiment. Relative decrease in the inte-
gral peak area of absorption bands over the range 2700-3000 cm ™!
has been plotted as the function of irradiation time and correspond-
ing exposure dose. The degradation process follows pseudo-first
order kinetics (see Fig. 9) where experimental points are in a good
agreement with lines calculated according the quadratic equation.
Stearic acid proved to be highly stable in the absence of photocata-
lyst layer which was manifested by the almost constant absorbance
value of the reference blank sample bearing no catalyst layer.
Although the oxidative cleavage of stearic acid takes place only on
the surface, the reactive species are generated deep in the catalyst
layer and migrate to the interface. Apparently, a single layer of cata-
lyst is too thin to absorb all the incident photons and therefore the
efficiency of absorption is increasing with increasing layer thick-
ness, resulting into a significant dependence of the degradation rate
on the number of layers.

1000 nm

Fig. 3. The images of the 3 layers surface as seen by (a) SEM and (b) AFM.
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Fig. 4. XRD patterns of the printed layers (a) on microscopic glass, (b) on ITO glass.
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Fig. 6. SEM image of the TiO, film edge produced in 3 printed cycles.

3.3. Photoelectrochemical properties

The dependence of the generated current density (recalcutated
to IPCE values) on the linear increasing potential is illustrated in
Fig. 10. This linear voltammogram represents polarization curves
of the ink-jet printed TiO, film electrode with different number
of printed layers. The plot provides information of the layers effi-
ciency to generate current upon irradiation and the efficiency to
respond fast and repeatedly to the light signal. A very fast feedback
to illumination with a light of the corresponding energy is a gen-
eral feature of all tested layers. The generated photocurrents in the
positive potential area were constant with time and reached char-
acteristic plateau at every irradiated intervals. At negative potential
(—-400mV) the photocurrents were also generated, however the
values were lower and it can be seen the gradual growth to the
constant level. The influence of the film thickness which depends
on the number of printing cycles is also evident. The obtained IPCE
values increase with the number of printed layers.

The amperometry measurements (Fig. 11) express the ability of
the ink-jet printed TiO,/ITO electrode to produce the measurable
photocurrent values in the 5min irradiation interval at constant
potential 0.6 V. The obtained curves indicate the photocurrent-time
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Fig. 7. UV-Vis absorption spectra of ITO substrate and the ink-jet printed layers.



376 M. Morozova et al. / Sensors and Actuators B 160 (2011) 371-378

Exposure dose [Jm?]

45 0 10000 20000 30000 40000
—a&— 1Lr
—eo— 2Lrs

40 —a— 3Lrs

Contact angle [°]

10 1 1 1 1 1 1 1
0 4 8 12 16 20 24 28 32

Time [min]

Fig. 8. Photoinduced hydrophilicity.

behaviour of the layers. All measured samples embodied the very
sharp maximum of the reached IPCE values. This so called current
peak appears immediately at the first moment under the light. Fur-
ther, the curves decrease very slowly to get a steady state values.
The instantaneous increase of IPCE values means a rapid electrons-
holes generation and separation at the space charge region. The
decrease is assigned to their recombination. A fraction of the holes
which reached the semiconductor surface at the first irradiation
time captures electrons from the conduction band and/or accu-
mulates at the surface [37,38]. The influence of the printed cycle
number is evident; the IPCE values increase again with increasing
thickness of the prepared layers.

The photopotential (Eoc) decay was also measured. Fig. 12 rep-
resents the dependence of the changing potential values on time.
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Fig. 9. Photocatalytic degradation of stearic acid.
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Fig. 10. The polarization curves of the printed TiO, layers, scan rate 0.01Vs~!, the
incident light intensity 10mVvs-1.

Upon UV irradiation, the open circuit potential shifts immediately
to more negative values which reflects rising of the major charge
carriers (electrons) concentration. The potential regresses to the
original values after the light is switched off. The constant E, values
in the UV light period correspond to the steady state concentra-
tion of the not recombined electrons. The amount of photoexcited
electrons reacts either with an electron scavenger (e.g. oxidisable
species) or with the photogenerated holes or migrates through lay-
ers to the conductive substrate. The influence of the printed layers
number can be seen, which is in agreement with results obtained
from voltammetry and amperometry. The amount of accumulated
electrons in the TiO, nanostructure electrode depends on the layer
thickness. Generally, the higher photopotential values, the higher
thickness of the TiO, /ITO layers electrode.
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Fig. 11. Photocurrent-time behaviour of the prepared TiO,/ITO anodes. Calculated
IPCE values as a function of the layers thicknesses. The incident light intensity was
10mVs-'.
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4. Conclusions

The inkjet printing technique that enables printing of regular
as well as irregular patterns was successfully applied to prepare
thin TiO, layers deposited on substrates via the template sol-gel
method. The substantial sol properties as viscosity and density were
successfully optimized. Xylene was found as the suitable optimal
non-polar solvent for the reverse micelle sol preparation owing
to its low volatility and good surface tension. The printed layers
possess smooth, homogeneous and transparent surface with low
amount of defects.

The photoelectrochemical functionality and photocatalytic effi-
ciency of the inkjet printed TiO; layers have also been discussed.
The photocatalytic degradation of stearic acid revealed strong
dependence of photocatalytic activity on the layers thickness.
On the contrary, no influence of the layer thickness to photoin-
duced hydrophilicity has been noticed. It was proved that prepared
TiO, /ITO electrodes (TiO, thin layers on ITO glass used as pho-
toanode) are stable and possess good photoinduced properties.
The obtained electrochemical curves of layers reflect the ability
to react on UV light signal by generation of the charge carriers.
The electrochemical measurements confirmed the high potential of
photoelectrochemistry for detection of the semiconductor oxides
photoactivity. This study clearly proved the possibility of produc-
tion of transparent functional thin layers deposited on various
substrates by inkjet printing from the liquid sol utilized the reverse
micelles system.
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Abstract

Colloidal solutions of titanium dioxide (TiO,) were prepared from titanium oxo-chloride (TiOCl,) which was used as precursor by
hydrothermal treatment. The preparation of these suspensions was performed at different pH. Times and temperatures of hydrothermal
treatment were varied. We studied the influence of these conditions on photocatalytic activity. Optical characterization of prepared
colloidal suspensions of TiO, was accomplished using UV-VIS spectrometer with an integration sphere. The crystallinity and
crystallite size was determined by X-ray diffraction (XRD). Consequently the particle size was evaluated by photon correlation
spectroscopy and studied also by transmission electron microscopy (TEM). The photocatalytic activity of TiO, colloidal suspension

was evaluated on the basis of formic acid degradation.

Keywords: TiO, colloidal solution, hydrothermal synthesis, organic pollution, water treatment, photocatalytic activity

1. Introduction

Heterogeneous photocatalysis as a water and air
purification technique has attracted a great deal of
attention in recent years [1-6]. The main advantage of this
technique over other wastewater treatment methods (such
as chlorination, ozonolysis) is that a broad variety of
persistent compounds such as phenol, trichloroethylene
and chlorobenzene, can be mineralized completely [7-9].
Among various oxide semiconductors, titania is very
important photocatalyst owing to its strong oxidizing
power, non-toxicity and long-term photostability.

Titanium dioxide (TiO,) nanomaterials are used in a
wide range of applications such as photocatalysis,
separations, sensor devices, pigments and paints and dye-
sensitised solar cells [10-11]. Many papers [12-16] have
reported that the surface properties of TiO, including
grain size, crystallinity, morphology, specific surface area,
surface state, porosity and surface hydroxyl content
obviously influence the photocatalytic activity of titania.
It is well known that the photocatalytic activity of TiO,
strongly depends on the preparation method as well as the
post-treatment conditions, since they both have a decisive
influence on the chemical and physical properties of TiO,
[17].

Hydrothermal treatment is one of the most widely
used methods for increasing the crystallinity of TiO,. The
application of elevated temperatures and pressures in an

aqueous solution facilitates the conversion of amorphous
TiO, into crystalline TiO, and causes an increase in its
crystallinity. Hydrothermal treatment can also be used to
change the morphology, microstructure and phase
composition of materials by varying the reaction
parameters [18].

The advantages of this method are:

Crystallization temperature for phase is bellow 200 °C.

By changing the process conditions (such as
temperature, time, pH, reactant concentration, additives,
ect.), various crystalline products with different
composition, structure and morphology can be obtained.

Low energy consumption and environmentally
friendly process.

Control  of
straightforward.

So the hydrothermal synthesis should be a good
method for the preparation of semiconductor
photocatalyst and other oxide powders.

reaction conditions is easy and

2. Materials and methods

2.1 Preparation of colloidal TiO, solutions

Titanium dioxide colloidal suspensions were prepared
using TiOCI, as the precursor. KOH was used as the
precipitating agent. Precursor was added dropwise to
aqueous solution of KOH (with concentration 5 mol-dm™2)
until neutral reaction of the resulting mixture. Then this
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mixture was washed by water for several times to
remove chloride ions. In this work, apart from the
hydrothermal treatment conditions, we also studied the
influence of different pH on final physical properties and
photocatalytic activity of TiO,. For this purpose, we
added 0.25 cm® KOH (concentration 1 mol-dm™) to the
washed mixture to rise the final pH value to 10. Or 0.9
cm® HCI (p.s.) to lower the final pH value to 2. All
prepared mixtures were the hydrothermally treated. We
investigated the influence of different temperatures of the
hydrothermal treatment (110 °C and 160 °C) and different
time of treatment (6 hours, 24 hours and 48 hours) on
physical and chemical properties of prepared colloidal
suspensions.

2.2 Optical characterization and evaluation of stability

Optical characterization of TiO, solutions was
performed using UV-VIS spectrometer equipped with an
integration sphere (RSA-PE-20, Labsphere). The system
consists of two lamps, one deuterium lamp for UV region
and another tungsen lamp as a source of visible light. The
measurement was performed in the range of 200-800 nm.
We studied the change of transmission during 1 hour. By
this method we compared the stability of samples
prepared in different pH.

The influence of different time of hydrothermal
treatment on the colloidal stability was evaluated by
gravimetric  measurement. We  investigated the
concentration of TiO, particles in the solutions
immediately after the preparation and then after 1 day of
sedimentation.

2.3 Crystal structure

Crystalline phase in the samples were identified from
X-ray powder diffraction pattern measured by using
CuKa as radiation source. Subsequently the crystallite
size was calculated using Scherrer equation (1), where B
is a constant equal to 0.94, A is the wave length which is
equal to 1.54 A and B is the width of peak at a half of
maximal height.

d=(B-A)/(B - cos(0)) (1)

2.4 Particle size measurement

The particle size was examined by photon correlation
spectroscopy. For this purpose we used dynamic light
scattering analyzer Coulter N4 Plus. We measured the
rate of particles diffusion through the solution and from
this measurement the particle size could be determined.

2.5 Transmission electron microscopy

Analysis of size and shape of TiO, colloidal particles
were studied by transmission electron microscopy. We
used a JEOL JEM 2010 microscope operated at 200 kV,
equipped with a LaBg tip. The samples were prepared by
simply putting a drop of the solution containing the

particles on a holey-carbon thin film supported on a
microscopy copper grid

2.6 Photocatalytic activity

Photocatalytic activities of TiO, colloidal suspensions
were evaluated by means of the degradation rate of formic
acid (FA). FA was chosen because it undergoes direct
mineralization to H,O and CO, without the creation of
any stable intermediate species [19-22]. Moreover, it also
represents a possible final step in the photodegradation of
more complex organic compounds [23].

This experiment took place under ambient temperature
in a Pyrex reactor with 50 cm® of reaction slurry under
constant stirring. The final concentration of FA in
solutions was 100 ppm and the concentration of TiO, in
reaction solutions was 1g-dm™. First we placed the
examined slurry into darkness for 30 minutes under
continuous stirring in order to reach adsorption
equilibrium of FA on TiO, During the FA
photodegradation, 1 cm?® of reaction solution was sampled
for HPLC analysis. The total reaction time was
60 minutes. We compared the activity of our samples
with commercial TiO, (P25, Degussa). The intensity of
radiation used during the photocatalytic test was
7.209 mW - cm2 in the UVA region, 2.044 mW - cm™ in
the UVB region and no radiation of the UVC region was
presented.

3. Results and discussion

3.1 Stability of TiO, suspension

We examined the influence of pH on the final stability
of TiO, colloidal solutions by UV-VIS spectroscopy. We
measured all prepared samples during 1 hour each
10 minutes. The results show us the kinetic stability of
TiO, suspensions. When we compared all samples we
discovered that the samples prepared in acidic
environment are more stable than samples prepared in
basic one Fig. 1.

From the gravimetric measurement we discovered that
the best time for hydrothermal treatment is 48 hours
Fig. 2 (for these samples the concentration decrease is the
lowest). No sedimentation was observed in the case of
suspension prepared at the temperature 110 °C for
48 hours.
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3.2 Crystal structure

XRD was used to investigate the dependence of the
final phase structure of TiO, powder on the pH values.
From this analysis we found out that we obtained pure
anatase in basic environment, while we received a
mixture of rutile and anatase in the acidic environment

Fig. 3. These results were generally obtained for all
prepared samples.

acidic

Intensity (a.u.)

10 20 30 40 50 60 70

20
Figure 3. Spectra from XRD
Using Scherrer equation (1) we could calculate the
mean crystallite size. The results from this calculation are
summarized in Tab. 1.

Table 1: Crystallite size (hm)

pH Time 110 °C 160 °C
6h 135 19.9

Basic 24 h 9.1 42.0
48 h 135 37.3
6h 22.6 30.7

Acidic 24 h 135 30.5
48 h 8.3 25.9

We discovered that the crystallite size decreases in the
acidic environment with increasing time. However, we
could observe no such dependence between the time of
hydrothermal treatment and the crystallite size in the
basic environment. After the evaluation the crystallite
sizes for different temperatures we found out that with
increasing temperature the crystallite size increases as
well. This result is in a good agreement with previously
published data [24, 25].
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3.3 Particle size measurement

We investigated the particle size by photon correlation
spectroscopy and we studied the influence of pH and
varying hydrothermal conditions on the particle size.
Based on this analysis, we conclude that at the
temperature of 110 °C the particle size decreases with
increasing time of hydrothermal treatment (Tab. 2). These
results are in a good agreement with the results from
XRD analysis. On the other hand, for the treatment
temperature of 160°C we obtained an opposite
dependence. It means that with increasing treatment time
the particle size increases. We could record such high
values due to the aggregation so subsequently we
examined the aggregation behavior of our particles by
transmission electron microscopy.

We discovered that the particle sizes are higher for
samples prepared in basic environment when we
compared particle size for samples prepared in different
pH (Tab.2).

Table 2: Particle size (nm)

pH Time 110 °C 160 °C
6h 157.9 18.5

Basic 24 h 77.5 24.1
48 h 15.8 40.8
6h 146.9 2.9

Acidic 24 h 62.3 151
48 h 12.1 29.3

3.4 Transmission electron microscopy

Firstly, we studied the crystallite size for the samples
prepared in the basic environment and the influence of
treatment time. From XRD analysis we found out that
there is no dependence between crystallite size and time
of hydrothermal treatment. However, we received quite
different results by TEM analysis. We found out that with
increasing treatment time the crystallite size decreases
(Fig.5). It is the same dependence which we could
observe in the acidic environment by XRD analysis. In
Fig. 5 we can also see that in the case of sample which
was treated for the longest time there is a quite high
aggregation taking place. This aggregation could be the
reason why we recorded such a high value of particle size
by the photon correlation spectroscopy. Indeed, the
particles are smaller than 15 nm actually.
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Subsequently, we investigated the crystallinity of
prepared samples by TEM. We compared the particles
shape of samples prepared at different pH values. We
discovered that in the case of samples prepared in the
basic environment there are only cubic particle present
Fig. 4. This shape is typical for anatase. So we confirmed
that the samples prepared in pH of 10 are pure anatase
phase. In case of acidic environment we could observe
apart from the cubic shape also rods (Fig. 5). This shape
is typical for rutile [26]. So we affirmed that the samples
prepared in pH of 2 consist of mixture of rutile and
anatase. These results are consistent with the results of
XRD analysis.

3.5 Photocatalytic activity

The photocatalytic activity was evaluated by the
degradation rate of formic acid. For this purpose we used
HPLC. We examined the decreasing of FA concentration
caused by UV radiation. In Fig. 6 we can observe the
profiles of time-dependent photocatalytic reactivity of our
prepared samples. Since the dependence of relative
concentration on time is linear within the studied range,
we assumed the zero order kinetics model for this part of
the reaction coordinate. Subsequently we calculated the
reaction rate constants (k) and their standard errors (SE)
for all prepared samples (Tab. 3).
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Figure 6. Photocatalytic activity of samples prepared in basic
environment at temperature 160 °C

From this analysis we discovered that the most active
TiO, colloidal suspensions originating from samples
treated for the longest time (these samples have the
highest reaction rate, Tab. 3). It could be caused very
small particle size. Since with increasing treatment time
the particle size decreases, therefore in the case of
48 hours the particle size is the smallest. It means that
also the specific surface area plays a dominant role and it
can significantly influence the photocatalytic activity.
After comparing samples prepared in the acidic and basic
environments, we found out that the samples prepared in
Figure 5. TEM images for samples prepared at 160 °C in basic acidic environment are more photocatalytically active.

environments, a. 6 hours, b. 24 hours, c. 48 hours We supposed this is due to the generally known fact that
the mixture of anatase and rutile has higher photocatalytic
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activity than pure anatase. When we compare the
different temperature we found out that the samples
prepared in basic pH have higher activity at the
temperature 160 °C but samples prepared in acid
environment show the higher photocatalytic activity at the
110 °. Samples prepared at temperature 110 °C in pH of 2
perform the best from the photocatalytic activity point of
view. Even the photocatalytic activities of reaction
slurries prepared from samples treated for 24 and
48 hours are comparable to the activity of P 25.

Table 3: Rate constants and their statistical errors

[5]

[6]

[71

(8]

[9]

pH Time 110°C 160 °C
k -10° SE k -10” SE
2(minY  (minY) 2(min?)  (min?)
6h 0.18 0.01 0.43 0.02
Basic 24 h 0.10 0.02 1.14 0.20
48 h 0.21 0.01 1.70 0.16
6h 0.61 0.01 1.87 0.05
Acidic 24 h 2.57 0.13 2.08 0.04
48 h 2.68 0.20 2.17 0.09
P 25 2.26 0,07
4. Conclusion
This paper has shown that time, temperature as well as  [15]

pH value significantly affect the physical properties and
photocatalytic activity of TiO, slurries. The varying time
of hydrothermal treatment had a strong influence on the
crystallite and particle size. With increasing time the
particle size decreases which causes an increase of
photocatalytic reactivity of these suspensions. The pH
value of the starting solution effects the crystallinity,
stability and photocatalytic activity. Basic conditions
supported the creation of pure anatase whereas acidic
conditions brought about the formation of rutile and
anatase mixture. When we compared the different time of
hydrothermal treatment we concluded the time of
48 hours as the best. The samples treated for this time
were more stable and had the highest activity.
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Abstract

measured in non-ideal conditions.

Nanoparticles are often measured using atomic force microscopy or other scanning probe microscopy methods.
For isolated nanoparticles on flat substrates, this is a relatively easy task. However, in real situations, we often need
to analyze nanoparticles on rough substrates or nanoparticles that are not isolated. In this article, we present a
simple model for realistic simulations of nanoparticle deposition and we employ this model for modeling
nanoparticles on rough substrates. Different modeling conditions (coverage, relaxation after deposition) and
convolution with different tip shapes are used to obtain a wide spectrum of virtual AFM nanoparticle images
similar to those known from practice. Statistical parameters of nanoparticles are then analyzed using different data
processing algorithms in order to show their systematic errors and to estimate uncertainties for atomic force
microscopy analysis of nanoparticles under non-ideal conditions. It is shown that the elimination of user influence
on the data processing algorithm is a key step for obtaining accurate results while analyzing nanoparticles

Introduction

Nanoparticle analysis is an important challenge in the
present nanoscale metrology. Nanoparticles are used in
many fields of research and technology [1-5], and their
proper characterization is, therefore, very important.
Even if there are several general and well established
experimental methods to nanoparticle analysis (optical
methods [6-8], electrochemistry-based methods [9], elec-
tron microscopy [10,11], X-ray methods [10,12] and
scanning probe microscopy [10,13]), their results differ
mutually very often due to different effects of non-ideal
measurement conditions [6,7,10,14].

In this article, we focus on nanoparticle analysis per-
formed using atomic force microscopy (AFM) [15],
which is one of the most popular scanning probe micro-
scopy methods. The interaction of nanoparticles with
the AFM probe was studied in the past quite extensively
from the experimental point of view—from the point of
nanoparticle measurement, AFM tip modification, or
nanoparticle manipulation [10,13,16-18]. If the isolated
nanoparticles of spherical shape are deposited on an ide-
ally flat substrate, their size can be determined easily
from the AFM image by measuring the nanoparticle
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@ Springer

image height [13]. This quantity is not influenced by
tip-sample convolution effects and can provide accurate
nanoparticle size results.

However, if the particles are deposited on rough
substrates (or curved substrates generally), particle size
analysis is not so straightforward and therefore many
questions arise from the point of particle analysis imple-
mentation in AFM image processing software. Another
effect strongly influencing the AFM analysis of nanopar-
ticles is particle agglomeration and self-ordering on the
substrate. In real measurements, we can often observe
both effects. The statistical results of nanoparticle prop-
erties therefore rely on a good choice and correct use of
AFM data evaluation algorithms, which adds a human
error to the whole measurement process. From a
metrology point of view, this approach is not satisfac-
tory, as we cannot easily determine the measurement
uncertainty.

The aim of this article is to investigate the influence of
the substrate roughness and particle agglomeration on
the statistical analysis of nanoparticle properties. We
study the measurement uncertainty of nanoparticle
parameters with respect to different nanoparticle data
processing methods and scanning parameters (e.g., tip
related effects). To do this, we employ a simple model
that simulates the real particle deposition and ordering

© 2011 Klapetek et al; licensee Springer. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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on the substrate and the basic physical phenomena con-
nected with this processes. Afterward, we simulate AFM
scans obtained on modeled samples and we evaluate
nanoparticle statistical properties using different data
analysis methods. Finally, we compare the results with
the nominal values of the nanoparticle statistical proper-
ties used for modeling on the first stage. This approach
enables us to determine the level of confidence in AFM
measurements of nanoparticles and to determine the
limits of measurement uncertainty in these cases.

Experimental arrangement

Atomic force microscopy measurements shown in
Figure la-d to illustrate the numerical models connec-
tion to real data in this article were performed using

Page 2 of 9

AFM Explorer (Thermomicroscopes) in contact and
non-contact mode, using standard contact (type
MSCT-EXMT-A1) probes supplied by Veeco company
and non-contact probes (type PPP-NCLR) supplied by
NanoAndMore company. Measurements were per-
formed in ambient conditions. Image resolution was
between 500 x 500 pixels and 1, 000 x 1, 000 pixels,
scan speed between 1 and 5 ym/s. Raw data obtained
from the microscope were processed in Gwyddion
open source software using the plane leveling algo-
rithm [19].

Nanoparticle samples were prepared by spin-off coat-
ing, using a simple home-built apparatus; nanoparticles
were dispersed in ethylene glycol [20] (palladium) resp.
in water (polymer) and dried after deposition.

76 nm

0 nm

12.7 nm

0.0 nm

Figure 1 Typical AFM nanoparticle measurement of palladium on flat (a) and rough silicon (b), polymer on rough (c) and flat silicon (d).

8.5 nm

0.0 nm

34.1 nm

0.0 nm
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Data modeling and analysis

In order to simulate the full process of nanoparticle
deposition, measurement and analysis, data modeling
was performed in several successive steps:

1. modeling of a rough surface.

2. simulation of particle deposition on the surface.
3. creation of virtual AFM images by tip-sample
convolution.

4. nanoparticle statistical analysis using virtual
AFM images and data processing software.

In order to simulate the effects of both surface rough-
ness and nanoparticle clustering, we need to vary the
following parameters in steps 1 -3:

« surface roughness (parametrized using the root
mean square roughness and autocorrelation length),
« number of particles and their size (parametrized
using the surface coverage and the particle radius),

« AFM tip shape (parametrized using the tip radius
and the apex ratio).

The resulting nanoparticle statistical properties are
then compared to values used in step 2 (particle deposi-
tion). The algorithms used for data modeling are
described in more detail in the next two sections. All
the data modeling and processing algorithms were
implemented in Gwyddion open source software http://
gwyddion.net and are available for public in the present
version of software.

Surface generation and particle deposition modeling
Rough substrates were modeled to have a Gaussian
autocorrelation function [21], which is a simple model
often used in many fields of surface physics [22].

First, a sufficiently large field filled by independent
random numbers needs to be created, having these
properties:

(n(r))=0 (1)

(n(r)n(r)) = 7¥28(x — ). )

where 1 (r) is the random number at the position
given by r, 1 (r') is the random number at the position
given by r’ and d is the surface dimensionality (here d =
2).

The surface z(r) is created by performing a convolu-
tion according to the formula

T2 7 _ )2
z(r) = 2d/zand/z / xp [_2 y T2 ) }”(r)dﬂ' (3)

—00

Page 3 of 9

where o and/or T are the root mean square roughness
and/or autocorrelation length corresponding to the sur-
face to be constructed. As this integral is evaluated
numerically, it is necessary to limit the computation to a
sufficient area, depending on the decay of the Gaussian
function inside the integral. The resulting values z(r)
form a surface with the required root mean square
roughness o and autocorrelation length T.

Surface properties are therefore controlled by two
parameters—the root mean square roughness (o) and the
autocorrelation length (7). Note that for our simulation,
the autocorrelation length was kept constant and only
the root mean square roughness was varied.

For particle deposition, a simple model similar to
molecular dynamics calculations was constructed as
described below. The aim of the model is to include
basic interaction between nanoparticles and between a
nanoparticle and the substrate and to model the effects
of thermal and mechanical vibrations in nanoparticle
dispersion (e.g., Brownian motion). In contrast to more
rigorous models shown in literature [10,23], this model
does not include the effects of nanoparticle atomistic
structure or effects of the presence of the vapor phase
[24]; however, as seen from the results, it is still able to
generate images of nanoparticles very similar to real
images observed using atomic force microscopy (see
Figure la-d). In contrast to even simpler models (e.g.,
random placement of nanoparticles on substrate), it can
include the nanoparticle self-organization effects, which
are important phenomena affecting nanoparticle analysis
in scanning probe microscopy as seen in Figure lc-d.

In order to model the nanoparticle deposition, we
used the following algorithms and physical models:

+ Nanoparticles were modeled as Lennard-Jones
spheres, the surface by an integrated Lennard-Jones
potential [25,26].

+ Verlet algorithm was used for the integration of
the Newton equations.

+ The Anderson thermostat was used to simulate
Brownian motion of nanoparticles in a liquid (which
is the nanoparticle deposition in practice).

+ Nanoparticle velocities were damped during com-
putation to simulate the decreasing mobility.

Typical images of nanoparticles obtained using this
approach are given in Figure 2a, c. The developed algo-
rithm enables us to create even more complex struc-
tures by varying the particle number, mobility and force
constants between particles and between particle and
substrate. A structure similar to a real measurement can
be therefore obtained relatively easily even for other
samples than those shown in Figure la-d.
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layers of nanoparticles convolved with tip 3.

Figure 2 Results of nanoparticle deposition modeling and tip convolution: (a)-isolated nanoparticles with no convolution (or convolved
with tip 1), (b)-isolated nanoparticles convolved with tip 2, (c)-film of nanoparticles with no convolution (or convolved with tip 1), (d)-several

Virtual microscopy measurement and data evaluation

Virtual AFM measurement were performed using the
dilation algorithm presented in Ref. [27]. As we focused
on the analysis of statistical data processing methods in
this article, we limited the selection of used AFM tips to
a few commercially available probes (described by their
nominal radius and aspect ratio parameters). The dila-
tion algorithm returns simulated AFM images, deter-
mined morphologically as a convolution of rigid bodies.
This approach is therefore valid under the assumption
that there are no tip or sample changes due to tip-sam-
ple interaction. This could be in principle problematic
for very soft materials or for extremely small nanoparti-
cles whose geometry could change significantly due to
tip-sample forces [28,29]. Examples of results of the
dilation on simulated surfaces are given in Figure 2b, d.
We can see that the resulting images are very similar to

the real measurements (shown in Figure la-d). The
effect of dilation on a single nanoparticle on a curved
substrate is shown in Figure 3a. We can see that the tip
convolution prevents the AFM from seeing the mor-
phology below the nanoparticle. As there is no complete
information about both nanoparticle and substrate geo-
metry at these parts of AFM image, all the data proces-
sing algorithms need to make some assumptions
regarding nanoparticle and substrate properties.

For the characterization of nanoparticles from AFM
data, several algorithms can be used. The first stage is
always the segmentation of data into separate particles.
In principle, a simple thresholding can be used to do
this for the case of isolated particles on a flat substrate.
For rough or curved substrates and for agglomerated
particles, this approach usually fails as we cannot deter-
mine an appropriate threshold value; therefore, we use a
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D

Figure 3 Schematics of data processing methods. Nanoparticle on curved substrate (a). Solid lines denote the substrate and the nanoparticle,
respectively, and the dotted line denotes the path of the AFM tip. The convolution effect on used data processing algorithms: (b)-nanoparticle
projection, (c)- nanoparticle volume at minimum basis, (d)-nanoparticle volume at Laplacian basis. Light gray represents the nanoparticle.
Medium gray shows the nanoparticle as seen by AFM (after tip convolution), dark gray represents volume determined by the data processing

algorithm. Note that even Laplacian basis cannot properly determine the whole nanoparticle volume as the surface geometry below
nanoparticle is unknown. As the power spectrum-based algorithm is a global one, it cannot be illustrated within this schematic figure.

watershed approach for image segmentation in this
article.

The watershed algorithm is a relatively simple alter-
native to thresholding, providing much better segmen-
tation on complex structures [30,31]. In this case,
AFM data are first inverted in the z-direction. Virtual
drops are then placed on the surface, leaving them to
relax to minimum height, forming small “lakes.” This
is the first place (so-called location phase) after which
the individual “lakes” are associated with a particle.
After that, in the second phase (segmentation phase)
the drops continue to be placed on the surface and
relaxed, but unlike during the first phase, they are no

longer allowed to merge. This leads to image segmen-
tation. As a result, we obtain an image with marked
individual grains.

The second stage is to convert marked grains into
grain size distribution information of the nanoparticle
characterization. We can divide the nanoparticle proces-
sing algorithms into three categories:

1. algorithms based on nanoparticle projection on
the xy plane. Even if this quantity can be highly
affected by tip convolution, the effect of substrate
curvature or particle agglomeration can be much
smaller here than for height-based algorithms.
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In this paper, this class of algorithms is represented
by equivalent disk projection.

2. algorithms based on nanoparticle height or
volume determination. For flat substrates and non-
agglomerated particles, this class of algorithms leads
to results that are not affected by tip-sample convo-
lution effects. For curved substrates, they can differ
in the treatment of the surface beneath the particle,
which cannot be observed using the AFM. In this
paper, this class of algorithms is represented by two
methods—volume analysis using minimum boundary
and Laplacian boundary method.

3. algorithms based on the statistical analysis of the
whole measurement, e.g., autocorrelation function or
power spectral density. These algorithms benefit
from the self-organization of nanoparticles on sub-
strate; in an ideal case, a honeycomb thin film is
observed. In this work, power spectral density
method is used.

There can be many varieties of details of the men-
tioned algorithms, providing slightly better or worse
results in particular cases. In this article, we cannot dis-
cuss all of them. We aim to show the main trends in
errors of different classes of algorithms under non-ideal
conditions in order to estimate how much we can trust
their results.

For nanoparticle radii evaluation, the following algo-
rithms were used (all based on their Gwyddion imple-
mentation, see http://gwyddion.net):

« particle radius determined on the basis of equiva-
lent disks (having the same area as the xy projection
of particle). Here, the selected particle area (obtained
from image segmentation, see above) is directly used
as the particle cross-section. Particle volume is then
calculated as volume of sphere having the same
cross-section (see Figure 3b).

» particle radius determined on the basis of its
volume with respect to its boundary minimum.
Here, the particle boundary is obtained from image
segmentation, and the minimum height value along
this boundary is used as a lower boundary to mea-
sure the particle volume (see Figure 3c). A numerical
correction by a factor of 0.8 is employed to remove
the apparent volume below the particle due to pro-
jection. The factor of 0.8 is the ratio between sphere
volume and the volume of the sphere together with
its cylindrical projection to the substrate.

» particle radius determined on the basis of its
volume with respect to Laplacian interpolation of its
boundary. Here, the particle boundary is obtained by
image segmentation, and Laplacian interpolation is
run to obtain the morphology of the substrate below
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the particle (see Figure 3d). A numerical correction
by a factor of 0.8 is employed to remove the appar-
ent volume below particle due to projection.

« particle radius determined by radial power spectral
density evaluation. Here, a 2D Fast Fourier trans-
form is performed from the whole image, and the
particle size is determined from the observed max-
ima in the resulting radial power spectrum, which in
the ideal case of closely packed nanoparticles are
directly connected with the size of the nanoparticle.

As shown in the next section, each of the algorithms
has its own benefits and drawbacks with respect to the
treatment of nanoparticle agglomeration, tip size, or sur-
face roughness.

Results and discussion

Typical examples of nanoparticle measurements are
shown in Figure la-d, representing palladium and poly-
mer nanoparticles of different surface coverages, depos-
ited on a flat silicon and a rough (anodically etched)
silicon surface. We can see that both substrate rough-
ness and particle agglomeration can be easily seen on
the AFM images.

We have simulated several sets of nanoparticles on
rough substrates with variable roughness (o = 0 + 10
nm). This range was chosen in order to include typical
surface morphologies observed on surfaces and thin
films prepared by different technological methods
[32,33]. Note that the surface root mean square value of
10 nm represents surface morphology with minimum to
maximum range of some 100 nm, which is already a
very high value (higher than the simulated nanoparticle
size).

First, the nanoparticle coverage (ratio of sample area
occupied by particles to total sample area) was varied,
to include all the typical effects starting from isolated
nanoparticles up to a substrate covered by several layers
of nanoparticles. Secondly, the effects of relaxation and
self-ordering of nanoparticles were studied, simulating
the nanoparticles with same coverages but different
mobility and relaxation parameters during deposition
modeling.

In the following paragraphs, the effects of tip convolu-
tion on different nanoparticle processing and evaluation
algorithms are discussed. For analysis, we have chosen
three different AFM tips:

1. ideal tip, represented by a J-function (0 nm tip
radius and slope of 90°), unavailable in practice but
sometimes almost reached by carbon nanotubes -
based tips [14,34].

2. sharpened tip with 10 nm tip radius and slope
of 75°.
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3. standard tip with 15 nm tip radius and slope
of 57°.

In Table 1, results for the chosen data evaluation algo-
rithms are presented. Values are calculated for different
coverages (13, 50 and 140%), different AFM tips and dif-
ferent roughnesses (0 = 0 and 10 nm). A nominal parti-
cle radius of 30 nm was used for the modeling,
representing a value in the mid-range of the typical
reference nanoparticles sizes. The maximum in the size
distribution or in the power spectrum (determined
using one of the algorithms mentioned above) was used
to determine the mean nanoparticle size. Presented
uncertainties are based on widths of appropriate distri-
butions, so they do not contain any systematic error or
other B-type uncertainty information [35]. We can see
that for a flat substrate and an ideal tip, we get the
nominal values (which could be expected); for a rough
substrate or non-ideal tip values, we can see increasing
differences between nominal values and results. Note
that for some cases, there was no maximum observed in
appropriate distribution and results could not be
obtained.

We can discuss each algorithm performance more in
detail separately, sorted by the amount of user influence
on measurement results (which itself can affect the
method reliability significantly):

« Particle projection: particle projection evaluation
method is in principle only as good as the segmenta-
tion used. Even if the watershed approach is very
robust itself, in the presence of voids between parti-
cles, there is a need of fine tuning of the algorithm
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parameters in order to get an optimum segmenta-
tion. Moreover, this algorithm is the one most influ-
enced by tip convolution effects as the particle
projection changes significantly after convolution
(namely for isolated particles).

« Particle volume—boundary minimum basis: here,
the influence of the tip convolution is smaller as the
volume of particle changes relatively less than its
projection. However, the location of the proper
minimum on the particle boundary is crucial here
and for densely packed particles, this algorithm fails.
Here, the tip is no more able to reach the substrate
at the voids between particles and detected boundary
minimum is wrong, which leads to a distortion,
namely for larger probes. Moreover, it can be
expected that this algorithm is significantly affected
by the local substrate slope (even for isolated nano-
particles) as the substrate slope is not employed in
the evaluation (see Figure 3c).

+ Particle volume-Laplacian boundary interpolation
basis: this approach treats the substrate geometry in
an optimum way for isolated particles, and it can
therefore provide slightly better results for high sub-
strate roughnesses than the previous one. However,
for densely packed particles or wide tips, it also fails,
as the tip does not reach the substrate, similarly as
in the previous case.

» Power spectrum analysis: as for area analysis meth-
ods, this approach fails for small coverages and non-
ideal tips namely. As the tip convolution increases,
the apparent width of the nanoparticles increases
and there is no packing effect to block this. Result-
ing radii are much higher than would be expected.

Table 1 Nanoparticle radii results of nanoparticle radii simulated measurements for nanoparticles with nominal radius

of 30 nm and different surface coverages.

o=0nm o =10 nm

Pow Min Lap Disk Pow Min Lap Disk
Cl, tip 1 32+2 301 301 301 33+1 30+3 30+ 1 30+ 1
C1, tip 2 37+7 34 + 1 34 + 1 44 + 2 44 + 20 33+5 32+4 41 +3
Cl,tip 3 N. A 33+3 33+3 52+5 N. A 34+6 34+5 55+9
C2, tip 1 32+ 1 30£1 30£1 29 £ 1 33+£2 30£2 30+ 1 30 £ 1
C2, tip 2 38+5 29+3 25+ 4 36+3 38+ 4 30£5 28+ 4 38+6
C2,tip 3 37+6 28+5 22+6 38+3 38+8 260£6 22+7 38+5
C3, tip 1 30+1 30+1 30+7 301 31+2 30+2 28+ 3 301
C3, tip 2 31+3 31+2 24+6 34+ 4 34 +2 28+6 23+7 34+5
C3,tip 3 34+5 29+5 21+7 37+5 33+ 12 23+8 17+9 33+£7
C4, tip 1 31 £1 N. A 25+ 4 29 £ 1 35+5 29+9 22+38 28+ 2
C4, tip 2 30+ 1 N. A. 19+6 31+3 31+ 4 23£12 18+ 10 30£8
C4,tp 3 29+1 N. A. 16£5 36+4 31+4 N. A N. A 30+9

(C1: 13%, random, C2: 50%, random; C3: 50%, self-organized; C4: 140% self-organized) and different AFM tips (tip1: ideal, tip2: sharpened, tip3: standard; see text

for details).

Power spectrum (pow), minimum basis volume (min), Laplacian basis volume (lap) and xy projection (disk) methods were used. All values are in nanometers.
Total number of deposited particles was approximately 50 (C1), 180 (C2, C3) and 400 (C4)
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However, for dense packing this method seems to be
quite robust, even for higher surface roughness. The
main benefit of this method is that is does not use
any segmentation; therefore, the amount of user
influence is the smallest of all the discussed
approaches.

As seen from the table, generally the particle volume
-based methods are only suitable for small coverages,
where they produce reasonable results even for rough
substrates. With higher packing of particles or smaller
AFM tip side slope, the tip cannot reach the void
volume between particles, which leads to a loss of infor-
mation. Volume or height analysis methods are most
sensitive to this effect.

For power spectrum and particle projection methods,
the densely packed particles are an ideal measurand.
However, even for isolated nanoparticles, these methods
can be very effective if the AFM tip is sharp enough.

For all the methods based on image segmentation, the
effect of the roughness can be highly suppressed by
using a proper segmentation technique. Thresholding
can be effective only for an extremely small roughness
or substrate curvature. With a robust implementation of
any more complex technique, e.g., the watershed algo-
rithm, the effect of substrate irregularities can be highly
suppressed.

As a real example, the self-organized nanoparticle film
presented in Figure 1d was analyzed using all the men-
tioned algorithms. The nominal particle diameter of
NIST traceable polymer nanoparticles was (46 + 2) nm,
i.e., the particle radius was 23 nm. They were deposited
on a flat silicon substrate forming a film of unknown
thickness and measured using a standard AFM tip. The
resulting radii were (23 = 3) nm for the equivalent disk
radius method (particle projection), (11 + 8) nm for the
minimum basis grain volume method, (8 + 8) nm for
the Laplacean basis grain volume method and (24 + 2)
nm for the power spectrum analysis method. We can
see that similarly to the modeling results, the particle
projection and power spectrum method provide signifi-
cantly better results for this type of sample.

Conclusion

In this article, the results of simulated nanoparticle mea-
surements are presented. Nanoparticles are located on
rough substrates, in some cases forming self-organized
structures or even several layers. In this way, we simu-
late typical non-ideal conditions observed at nanoparti-
cle measurement using atomic force microscopy. To
treat different tip convolution effects, nanoparticles are
convolved with several typical AFM tip geometries.
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Results of different nanoparticle analysis algorithms are
compared and discussed.

It is shown that for isolated nanoparticles, height-
based algorithms can be successful if the area below the
nanoparticle is properly treated, both for flat and rough
substrates, providing no systematic errors and uncer-
tainties in the range of a few percents. However, for
agglomerated nanoparticles or blunt AFM tips, these
algorithms provide poor results and this effect is even
worse for rough surfaces; in this case, the errors are
comparable to estimated values.

For agglomerated particles, methods using lateral
dimensions, both power spectrum -based and particle
projection -based methods are very effective, even for
rough substrates. These methods can provide results
with uncertainty of a few percents and no systematic
errors.

The worst case was observed for non-agglomerated
nanoparticles with surface coverages between 30 + 80%,
where all classes of algorithms provide systematic errors
and uncertainties larger than 10%. Here, a combination
of all the approaches must be used and results must be
interpreted very carefully.

It is shown that using a simple particle deposition
modeling technique, together with a tip-sample convolu-
tion algorithm, one can get relatively easily estimates of
uncertainty components related to data processing
methods in nanoparticle analysis. This can be also
understood as a fast approach for uncertainty estimation
in any particular case in practice. The method described
is implemented in the open source software package for
SPM data analysis Gwyddion http://gwyddion.net.
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This study focuses on the preparation of the TiO, thin films from alkoxide solutions containing polyethy-
lene glycol (PEG) as an anticracking agent by the sol-gel method on soda-lime glass plates. Sol application
was carried out by inkjet printing using a modified office inkjet printer equipped with piezoelectric print
head. The grey level of the printed image was varied in order to control the sol loading of the resulting
printed pattern. The effect of PEG addition on the precursor and prepared layer properties was studied.
Also, the influence of sol loading on physical properties and on photocatalytic activity of the printed lay-

'[lfi?; V;?J{‘:fijioxi de ers was investigated. The thickness of prepared layer was studied by NanoCalc 2000 and the structure of
Sol-gel prepared layers was evaluated by optical microscopy, AFM and SEM. The hydrophilic properties of TiO,
Inkjet printing thin films were studied by examining the contact angle of water on these films. Photocatalytic activity
Cracking was investigated as a rate of 2,6-dichloroindophenol (DCIP) decomposition. In all cases, we prepared

transparent thin layers of TiO, with varying thickness and surface morphology. PEG proved to be an
efficient agent suppressing the formation of cracks.

Polyethylene glycol

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Photoinduced processes are studied in a manifold ways and var-
ious applications have been developed since their first description.
Despite the differences in character and utilization, all these pro-
cesses have the same origin. Semiconductors can be excited by
radiation of higher energy than the band gap and an energy rich
electron-hole pair is formed. This energy can be utilized electrically
(solar cells), chemically (photochemical catalysis), or to change the
catalyst surface itself (super-hydrophilicity).[1]

We concentrate on titanium dioxide, TiO,, which is one of the
most important and most widely used semiconductors. TiO, has
received a great deal of attention due to its chemical stability, non-
toxicity, low cost, and other advantageous properties. As a result
of its high refractive index, it is used as anti-reflection coating in
silicon solar cells and many thin-films optical devices [2].

TiO, can be deposited on a variety of substrates, such as glass,
ceramics or metal panels. During the past two decades, many
synthetic methods have been proposed to obtain mesoporous tita-
nium dioxide including the sol-gel method, template method,
hydrothermal method, solvothermal method, ultrasound-induced
method, ion liquid method, and evaporation-induced self-assembly
method [3-10]. Particularly, it has beenreported that materials pre-
pared by the sol-gel process are more bioactive than materials of
the same compositions but prepared by other methods [11]. At the
same time, templating has become one of the most attractive meth-
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ods used to obtain porous structure [12]. In this work we prepared
thin TiO, layers by inkjet printing. This method is quite attractive
since it provides a great level of control over the layer formation
process and the possibility to tune the composition of deposited
films [13].

The photocatalytic activity of resulted TiO, film depends
strongly on the crystal phase structures, thickness and porosity of
the thin films. A highly porous surface structure is very impera-
tive among these factors because it offers a much larger number of
catalytic sites than a dense surface.

Porous inorganic TiO,-anatase films can be obtained using tem-
plating membranes or conventional alkoxide sol-gel route with
the addition of surfactants [14]. The templates permit to retain
the initial polymer morphology up to the final porous structure.
Polyethylene glycol is especially suitable for modifying the porous
structure of coatings [15] due to its complete decomposition at rel-
atively low temperature [16]. To prepare porous and thicker TiO,
films, Miki et al. had developed the new precursor solution com-
prised of aqueous TiO, sol and PEG, into which trehalose dehydrate
was added as a viscous solvent [17]. In this study, PEG func-
tioned as a pore-forming agent. Kajihara and Nakanishi prepared
thicker TiO, macroporous films from a system containing PEG and
poly(vinylpyrrolidone) (PVP), where PEG also played the role of
pore-forming reagent and PVP having higher molecular weight was
used to increase the viscosity of the solution [18]. The formation of
porous structure in TiO, thin films strongly depends on the amount
and the molecular weight of PEG [19].

In recent studies, several authors reported that the introduc-
tion of PEG enhances the crystallite size while it reduces density
of the crystallite compared to the TiO, film of the same thickness,
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Fig. 1. Layer build-up for different values of sol loading.

prepared without PEG. It was also observed that PEG induced mod-
ification is a gradual change from dense, random structure to an
early stage of porous network structure, where porosity and rough-
ness increases continuously [20]. With increasing amount of added
PEG also the hydroxyl group content of TiO, thin films increase
and after adding suitable amount of PEG the photoinduced super-
hydrophilicity can be enhanced and it can caused forestalling of the
conversion from the hydrophilic to the hydrophobic state [21].

However, the aim of this work was to investigate the photocat-
alytic activity of compact, nonporous TiO, thin films prepared with
the addition of PEG as an anticracking agent.

2. Experimental
2.1. Synthesis of sol

The titanium dioxide sol was prepared using titanium(IV) iso-
propoxide (TTIP, p.a. purity, Fluka, Germany) as a precursor by the
following route. Firstly, 40 mL of absolute ethanol (p.a., Penta, Czech
Republic) was mixed with 3.8 mL of acetyl-acetone (p.a., Lachema,
Czech Republic). This prepared mixture was added dropwise to TTIP
under continuous stirring to control the hydrolysis and condensa-
tion reactions. This solution was maintained for a few minutes to
obtain the complex chelate. Then absolute ethanol (45 cm?) with
0.69 cm3 of water was added drop by drop to the prepared mix-
ture to start the hydrolysis and condensation reactions. Different
amounts of PEG (p.s., Merck, Germany) with average molecular
weight of 1500 were added to form the printing solutions (0, 1,
4, 16 g/L). Sol was the stored in darkness at the temperature 5°C
for a several days before it was deposited by inkjet printing.

The viscosities of prepared solutions were measured by auto-
matic viscosimeter AVMn (Anton Paar). We observed a viscosity
change as a function of the amount of present PEG. The densities
were measured by densitometer DMA4500 (Anton Paar) and also in
this case we observed the dependence of PEG amount on the results
density. All measurements were performed at the temperature of
25°C.

2.2. Coating deposition

Soda-lime glass plates with size 50 mm x 50 mm x 1.1 mm were
chosen as substrates for the immobilization of TiO, thin films.
Firstly, the glasses had to be pre-tread in sulphuric acid (50%,
for 120min) in order to prevent sodium ions diffusion, which
would have caused a reduction of photocatalytic activity [22]. Sub-
sequently, these plates were washed in a surfactant solution to
remove of dust, grease and other residues, which might have col-
lected during the storage of pre-treated glass plates.

Sol application was carried out by a novel innovative way utiliz-
ing a modified office inkjet printer (Epson R220). Firstly all original
cartridges were removed and the ink tubing and printhead were
purged by anhydrous propanol. This step is very important for
removing any traces of remaining aqueous ink because if the sol
came in contact with aqueous impurities the precipitated TiO,
would clog the printhead nozzles.

Then the prepared sols were filtered through 0.45 pum mesh size
syringe filter into the one of the ink cartridges, the other remained
empty. The full cartridge was installed into the printer in the black
position. After a series of head cleaning cycles a perfect nozzle check
pattern was obtained. Since the sol is essentially colorless when
viewed in daylight, the nozzle check printout had to be observed
under a UV-A light source to prove all ink nozzles of the black chan-
nel were firing the loaded sol. Under this type of illumination, the
printed sol appeared deep yellow while the paper was bright blue
because of fluorescent brightening agents present in the paper [23].
Then the glass substrates were mounted into a modified CD holder,
fed into the printer and printed with “black only” driver setting. It
means that only the ink from the “black” cartridge (now containing
titanium sol) was utilized for printing.

One of the inherent advantages of this method is that we can
directly control the amount of the deposited sol (i.e. the sol load-
ing) by changing the grey-scale level of the printed image. In Fig. 1
we can observe the creation of printed layer. The different grey lev-
els (generally continuous tone bitmap) need to be converted into
a halftone screen patter (planar distribution of dots). In the case of
inkjet printing, a combination of amplitude modulation screening
and frequency modulation screening is used: ink droplets of varying
size are placed at different pitch. However, printing on non-porous,
non-absorbing substrates results into a very high level of dot gain
(the printed droplets spread on the substrate and their diameter
is much larger than diameter of eject droplet which roughly cor-
responds to the nozzle diameter). Therefore, the printed substrate
becomes completely covered by the ink at lower tonal vales (the
compact layer threshold, see Fig. 1). Before this point, the sub-
strate is covered by separate individual droplets. Beyond this point,
the substrate is covered by varying amount of ink resulting into a
compact layer of varying thickness.

In this work, three levels (100%, 90% and 80%) were used to
give samples having three different thicknesses. Before the printing
we had to also choose from three modes of the printer operation
- “Slow, Medium and Rapid” [22]. Mode “Rapid” was chosen in
this work. This mode means that the printhead runs very quickly
above the glass surface and it prints continuously in both direc-
tions. Because the motion of the printhead and the sol deposition
is very fast, the evaporation of the printed solutions takes after the
printing phase is finished. Hence, in this way smooth and glossy
layer of TiO; can be obtained.
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Finally, the deposited layers were dried in an oven at tem-
perature 110°C for 30 min and consequently they were thermally
treated in a calcinations furnace at 450°C for 4 h with the ramp of
3°C/min.

2.3. Characterization of prepared layers

The thickness of prepared thin films was determined by spec-
ular reflectance measurements using NanoCalc-2000 (Micropack,
Germany). This method is based on the evaluation of how the film
interacts with light. The main advantages of this method are accu-
racy, high speed, simplicity, non-destructive approach and no need
of sample preparation.

The quality of prepared layers was investigated by optical micro-
scope Nikon Eclipse E200. The records were obtained from a digital
camera Nikon D70 mounted on the optical microscope. The influ-
ence of PEG and the sol loading on a cracking intensity were
evaluated from the optical images.

The surface topology was studied by atomic force microscopy
AFM. Veeco Di CP-II (Dymek, Japan) machine in a tapping mode
was used for this purpose. SEM imaging was performed in Hitachi
S$4700 FESEM scanning electronic microscope.

The crystalline composition of TiO, thin films was determined
by Raman spectroscopy. For this purpose we used LabRAM HR
Jobin-Yvon Raman spectrometer. The argon-krypton laser RM 2018
(Spectra Physics) at 514.5 nm was used as the excitation source and
laser power was kept at 1 mW.

The hydrophilic properties of prepared layers were studied by
examining the contact angle of water on TiO, thin films. The deter-
mination was performed on the OCA20 (Dataphysics, Germany) by
applying a sessile drop method. After the droplet deposition, its
evolution was recorded by a CCD camera and the contact angle was
obtained by the software processing the tangent method. Water
droplets were placed at five different positions for one sample and
average value was adopted as a contact angle. We investigated by
this method, freshly prepared layers and also films, which were
placed in the darkness for 10 days.

2.4. Photocatalysis

Photocatalysis experiments were performed in an aqueous
solution of 2,6-dichloroindophenol (DCIP) with an initial concen-
tration of 2 x 10~> mol/L. The photocatalysis reactor consists of two
beakers, which were connected by a peristaltic pump. The samples
were placed in one of the beaker and the other beaker was used
a storehouse for DCIP. The UV irradiation was provided by high-
pressure mercury lamp (OSRAM HQL 125W). This lamp had the
same distance from the sample for all experiments. The intensity
of UV light was 10 W/m? and it was measured by X97 Irradiance
Meter with X9-7 probe.

Awater cell was used to remove IR radiation. Before the reaction,
each glass plate was irradiated for 10 min and then 2 mL of reaction
solution was sampled every 5 min for UV-vis analysis.

3. Results and discussion
3.1. TiO; sols and films

Transparent thin films of photocatalytic TiO, were prepared
using the sol-gel method. The sol was deposited onto the soda-lime
glass plates by inkjet printing, gelled at 110°C and calcinated at
450°C. Four different concentration of PEG (0, 1, 4 and 16g/L)
denoted PEG 0, PEG 1, PEG 4, PEG 16 and three sol loadings (100%,
90% and 80%) were used.

The prepared sols were characterized by the investigation of
their viscosity and density. Viscosity was measured during 17 days

1.50
PEG 16 v -
1484 v _:.)L—f-f—* e
= v? v
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& 1.44- * v
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§ 1.40 - ] PEG 4
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Fig. 2. Change of viscosity during 17 days.

Table 1
Density of prepared sols.
Type of sol Density (g/mL)
PEG O 0.8193
PEG 1 0.8196
PEG 4 0.8208
PEG 16 0.8263

because it was the maximal time for which all sols were stored
before printing. We examined if the rheological properties are mod-
ified during this time. It was discovered that the viscosity was
varied insignificantly (Fig. 2). From these results it was concluded
that all sols can be stored for this time without change of their
rheological properties.

After comparing the density of the solutions it was discovered
that the density increases with increasing amount of PEG in sam-
ples. The exact values can be found in Table 1.

3.2. Characterization of prepared layers

We probed the dependence of PEG amount and sol loading on
the final thickness of TiO, layers. It was discovered that there is not

Thickness. nm

Fig. 3. The dependence of thickness of thin layers on the PEG amount for different
sol loading.



100 M. Cernd et al. / Catalysis Today 161 (2011) 97-104

sol loading (%0)
90
-
PEG 1
]
.
PEG 0 "
G
L
scale
100 um

Fig. 4. The influence of sol loading on the cracking intensity.

a great difference between the samples PEG 0 and PEG 1. On the
other side, there is a notable decreasing in the thickness for PEG 16
apparently caused by the removal of the organic matrix. With added
PEG the viscosity is naturally changing. An increase of the viscosity
would have a significantly influence in dip-coating and spincoat-
ing. However, based on our experience, the observed change of the
viscosity does not affect the layer thickness of inkjet printed layers.
Within the studied viscosity range, the droplets are formed in the
same way, their amount and most important their volume is con-
stant, so also the thickness of printed layer has to be independent on
viscosity (but influenced by the organic matrix franction content).
We also confirmed that with increasing sol loading the thickness

of prepared TiO layers increase. So the highest value was reached
in 100% sol loading (Fig. 3).

The quality of prepared layers was investigated by optical
microscopy. All samples were optically transparent and they
adhered well to the glass substrate after the calcinations process.
We found out that as the sol loading decreases (i.e. the layer thick-
ness), so does the amount of cracks (Fig. 4). In case of 80% there
were no cracks present. This cracking is caused by a tensile stress,
which arises during the thermal treatment of layers.

When PEG was added to the sol, it induced a gradual suppression
of cracking (Fig. 5). All cracks disappeared when the concentration
of PEG reached 4 g/L. This was observed in all prepared samples.

PEG 16

100 pm

Fig. 5. The influence of PEG on the cracking intensity.
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We believe the free volume created by PEG decomposition enables
the stress-free arrangement of TiO, crystallites created during the
calcinations step and in this way the formation of cracks is sup-
pressed.

The surface topology was further studied by AFM microscopy.
The influence of added PEG on the roughness of prepared films was
evaluated. The results can be observed in Fig. 6. When we compare
the roughness for the sample PEG 0 and PEG 16 (see the vertical
scale) we can conclude that the roughness increases with increasing
amount of PEG in the samples.

The SEM images (Fig. 7) give us a detailed look at appearance
of the printed layer at the nanoscale. We can roughly estimate
the size of primary crystallites to be approximately in the range
of 30-50nm. We can also clearly see that the way the primary
cracks develop at the nanoscale is different: with the addition of
PEG, the primary nanocracks are shorter and more frequent. We
assume this contributes to better relaxation of tensional stresses
occurring during the calcination of the layer and thus prevent the
formation of larger microcracks. We also studied the thickness of
the layers (Fig. 8) and we compared these results with results from
specular reflectance measurement. Generally, we obtained higher
values of thickness from SEM then from the optical measurement

SEMHV:15.00KV  WD: 2497 mm
View feld: 1.795 pm  Del: InBeam
SEM MAG: 120,69 kx

WD: 2.064 mm
Del: InBeam
|SEM MAG; 250.00 kx D

200 nm
1001/0

RMS = 0,28 nm

Fig. 6. The influence of PEG on the roughness of thin layers of PEG O (left) and PEG
16 (right).
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Fig. 7. SEM of the surface of TiO, thin films of PEG O (left) and PEG 16 (right).
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Fig. 8. Thickness of PEG 4 by SEM.

by NanoCalc. We believe this difference is caused by the poros-
ity of prepared layers: Values from SEM give the real geometrical
thickness of the layer, including voids, while the results from opti-
cal measurements give the net optical thickness of TiO, interacting
with the probing beam. Of course, the actual refractive index porous
layers will be lower then refractive index of bulk TiO,. Also, other
phenomena such as surface roughness may influence the results
obtained from the optical method. Anyway, the optical measure-
ment gives us a very easy way of comparing the relative thicknesses
of studied layers.

Raman spectroscopy was employed to reveal the crystalline
structure of prepared layers. In this particular case, the printed
samples were compared to a dipcoated samples prepared using
the same sol in order to see if the hydrodynamic stresses during
printing have any impact on the crystalline structure of resulting
TiO, (Fig. 9). It has been described that TiO, has 4 active Raman
modes in rutil phase, (Ag, B1g, By and Eg), 6 for anatase (Ag, 2B
and 3Eg) and 36 for brookite (61, 62). Indeed, Raman spectra can be
influenced by chemical and structural defect causing shift in Raman
band positions. Recorded spectra of the sol-gel originated TiO,
(both printed and dip-coated) were compared with the spectrum of
Degussa P-25 as the de-facto industrial standard of photocatalytic

7
8000+ anatase

7000

6000 | - -4 -~~~ rutile
5000

4000+

intensity, a.u.

——100 % Rapid
........ dip coating
----- P-25

3000

T T T T T T T T T T 7 T T T
250 500 750 1000 1250 1500 3000 3500
wavenumber, cm™

Fig.9. Comparison of Raman spectra of Degussa P-25, dipcoated and printed sample.

Table 2

Raman bands identification.
Phase  P-25 dip-coating, 2 layers 100% rapid printing Vibration

[em~1] (84nm) [cm™'] [em~1] mode

Anatase 197 201 201 Eg
Rutile - 240 240 -
Anatase 401 401 401 Big
Rutile 444 436 436 Eg
Anatase 517 521 521 Aqg, Big
Anatase 642 642 646 Eg
Anatase 800 807 803 Big

TiO,. Our spectra confirmed the presence of anatase phase with a
small portion of rutile [23] (Table 2).

The hydrophilic properties of prepared layers were evaluated by
measuring the water contact angle as a function of the incident UV
light exposure dose. All freshly prepared films showed hydrophilic
properties. However, after placing these samples to the darkness
for 16 days, we found out that the contact angle grew up in all
studied thin films. For example, the contact angle for water on the
PEG 1 grew up to 50° after 16 days in the darkness. Obviously, after
the irradiation of these films by UV light with intensity of radiation
of 15W/m? all samples were converted hydrophilic nature again.

This could be explained by two ways. One of them is that by UV
illumination the holes are transferred to the surface, creating oxy-
gen vacancies most likely at the two coordinated bridging sites,
which are suitable for dissociative water adsorption. Photopro-
duced electrons are also transferred to the surface Ti**, forming Ti3*
followed by the electron transfer to adsorbed oxygen molecules.
[24,25]

But on the other site, recent communication by Yates and co-
workers suggest that photoproduced hydrophilic behaviour on
TiO, does not involve the production of surface oxygen vacancy
defect sites, enhanced surface Ti-OH coverage on defect sites, or
the modified surface bonding of bridging >OH groups. They explain
the hydrophilic properties as the production of the critical sur-
face condition at the perimeter of a water droplet, which covers
a hydrocarbon-coated TiO, surface. And they discovered that gas-
phase O, is necessary to cause the photoinduced hydrophilicity
effect. [26]

Recently, it had been found that the contact angles for water on
the porous TiO; films decreased with increasing of PEG [27]. This
has been confirmed by our experiment: samples PEG 0 had the
greatest contact angles. It could be caused by a smaller hydroxyl
group content and smaller surface roughness since in this case
water could not easily enter the interior region of the thin films.
Previous studies report that larger amount of the added PEG caused
higher roughness so also larger surface area. The coating films with
larger surface area are more easily attacked by the water vapour
to produce more hydroxyl groups. Hydroxyl groups existing in the
coating films are attributed to the chemically adsorbed H,0O and
also some H,0 is physically adsorbed on the surface of TiO, coating
films. Generally, with the increase of chemically adsorbed hydroxyl
groups on the surface, van der Waals forces and hydrogen bonds
interactions between water and hydroxyl groups will be increased.
Water can easily spread across the surface and the hydrophilic
character will be enhanced [27].

The rate of conversion from hydrophobic to hydrophilic charac-
ter of prepared layers was studied. In order to evaluate the contact
angle changes upon UV irradiation, the relative change of contact
angle has been plotted as a function of the irradiation time. The
relative plot has been adopted to be able to compare the samples
with different PEG content which showed different values of initial
contact angle.

The smallest rate was observed for the samples PEG 0. On the
other side, the highest value of conversion rate was observed in



M. Cernd et al. / Catalysis Today 161 (2011) 97-104 103

Exposure dose. kJ/m’
2 4 6

1.0+

0.8

0.6

®/6

0.4 4

0.2

0.0 T

Time. min

Fig. 10. Decreasing of water contact angle after 10 min of irradiation.

sample PEG 16 (Fig. 10). It can be explained by the different rough-
ness of the samples, as the PEG 16 sample reached higher roughness
(0.50 nm) than PEG 0 sample (0.32 nm).

3.3. Photocatalysis

The photocatalytic activity was evaluated as arate of DCIP degra-
dationrealized in a batch reactor. The first step of the degradation is
dechloration accompanied by discoloration. Then, the oxidation of
carbon skeleton follows, leading to the creation of short carboxylic
acids. Finally, these acids undergo decarboxylation and are totally
cleaved. [28-30] The discoloration is naturally very easy to measure
by UV-vis spectroscopy. This is very attractive from the practical
point of view as inexpensive instrumentation can be used for the
studying of photocatalytic efficiency. However, the authors are well
conscious of the problems inherently associated with using any dye
molecule for the photocatalytic testing: dye molecules can absorb
photons, especially in the visible light range, and thus photoexcited
electrons may be injected into the conduction band of TiO,, and the
dye is thereby oxidized. [31,32] From the scientific point of view,
using simple molecules such as formic acid or dichloroacetic acid
make much more sense [33].

Nevertheless, DCIP was chosen due to its very easy detection
in the VIS range and a very low absorption at 360 nm wavelength.
Moreover, an experiment with a blank (without photocatalyst) was
carried out (Fig. 11). There was a little (up to 10%) decrease of
absorbance of the blank due to direct photolysis. This value was
subtracted from the final measured values to obtain the net photo-
catalytic efficiency.

DCIP has an absorbance maximum at 600 nm Fig. 12, the reduc-
tion rate of which reflects the photocatalytic reactivity of TiO, upon
UV irradiation. The total reaction time for photocatalytic test was
30 min as this time was sufficient for a total decolorization of DCIP.

In Fig. 13 we can observe the profiles of the time-dependent
photocatalytic reactivity of different TiO,/PEG thin films. As we
can observe, the absorbance of treated DCIP solution at 600 nm
decreases with the irradiation time. We compared the photocaty-
lytic efficiency of samples with and without PEG. We discovered

Table 3
Rate constant and their standard errors.
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Fig. 11. Change of the absorption spectra of 2,6-dichloroindophenol during 30 min
(blank).
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Fig. 12. Decreasing absorbance with irradiation time (PEG 16).
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Fig. 13. Decreasing of 2,6-dichloroindophenol during first 30 min.

that samples with PEG have higher photocatalytic activity than the
sample without PEG. It can be accounted for the higher roughness
of thin layers surface, which is created by the present of PEG.
Since the dependence of relative concentration on time is lin-
ear within the studied range, we assumed the zero order kinetics
model for this part of the reaction coordinate. Therefore, the reac-
tion rate is independent on the substrate concentration. It seems

80% 90%

100%

k(x1078), min~! SE (x1078), min~!

k(x10-8), min~!

SE (x1078), min~! k(x1078), min~! SE (x1078), min~"!

PEG 0 0.88 0.13 0.89
PEG 1 1.79 0.11 1.70
PEG 4 1.41 0.22 1.64

PEG 16 1.28 0.06 1.30

0.07 0.89 0.07
0.12 1.54 0.13
0.08 1.82 0.06
0.15 1.85 0.20




104 M. Cernd et al. / Catalysis Today 161 (2011) 97-104

—380

100

0,84

< 0,6 Al

) T T T T T
200 300 400 500 600 700 800
A (nm)

Fig. 14. UV-VIS absorption spectra for layers with different sol loading.

that the rate-determining step is therefore of other nature, such
as the rate of electron-hole generation or the substrate delivery
and/or removal from the catalyst interface. We calculated the reac-
tion rate constants (k) and their standard errors (SE) for all prepared
layers (Table 3).

Then we compared the influence of sol loadings on the pho-
tocatalytic reactivity of TiO, thin layers. We discovered that the
samples with 100% sol loading were the most photocatalytically
active. It can be explained by the effect of layers thickness, which
is directly related to the value of sol loading.

Generally, when we consider a TiO, layer of sufficient thickness
(100% layers), a complete absorption of incident radiation can be
assumed. In this case, we can see a correlation between the initial
drop spreading rate and the rate constants both as functions of PEG
content: as the PEG content increases, both the rates increase as
well. We assume that similarly to the situation with droplet spread-
ing rate, the addition of PEG increases the surface RMS roughness,
which also contributes to the increase in photocatalytic activity.

Such correlation was not observed in the case of thinner layers
(80% and 90%). In this case, we do not see any direct influence of the
PEG content or layer thickness on the reaction rate. We discovered
that in this case the absorption of incident radiation is not complete
(Fig. 14). Naturally, the efficiency of absorption can be influenced
by other phenomena not identified in this study.

4. Conclusion

Transparent TiO; thin films were successfully prepared using
PEG in a sol-gel system. The PEG plays a key role in stopping the
generation of cracks in the layers during the annealing step at a
high temperature. Sol coating on the substrate was performed in
a novel way utilizing a modified office inkjet printer. This method
often called “material printing” is very efficient, clean and superior
to the traditional methods of spin- and dip-coating.

We discovered that the PEG concentration of 4 g/L is sufficient
for suppressing the formation all cracks in the layers. When we
compared the samples with and without PEG, we found out that
with increasing amount of PEG the contact angle is decreasing and
so is the value of its initial rate of droplet spreading. It is probably
caused by increasing of the roughness with higher PEG concen-
tration. Sample PEG 4 showed the best photocatalytic efficiency.
When we compared different sol loading we discovered that the
best sample is with 100% sol loading. In the case of thinner layers,
the absorption of incident radiation was probably not complete and
therefore no general trends were identified.
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Thin Layers of Photocatalytic TiO, Prepared by Inkjet Printing of a Sol-
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Abstract:

Transparent thin layers of photocatalytic TiO, were prepared using conventional sol-gel chemistry and a promising
method of sol delivery to the substrate. Prepared sol based on tetraisopropoxy titanate and acetylacetone was
loaded into a modified office inkjet printer equipped with piezoelectric print head. Sol was then printed onto
pyrex glass plates, gelled at 110 °C and calcinated at 450 °C. Thus we prepared transparent thin layers of TiO, of
varying thickness and surface morphology. Structure of prepared layers was studied using optical microscopy,
SEM and AFM. Layer thickness and crystalline phase structure were also determined. Photocatalytic performance
was evaluated by the rate of DCIP decomposition and surface properties were studied by water droplet contact
angle change. In this way we were able to prepare thin layers of TiO, with excellent optical properties and
photocatalytic performance comparable to dip- or spin-coated layers. Inkjet printing proved to be very elegant
and clean method for sol deposition. Unlike the traditional methods of dip- and spin-coating, inkjet printing
gives the user a great level of control over the deposition process, provides excellent efficiency of precursor use

and easy scalability.

Introduction

Photocatalysis on TiO, has received much attention
during the last two decades. If TiO, absorbs a quantum
of UV radiation of sufficient energy (A < 380 nm) (1),
an electron is excited into the conduction band and an
electron-hole pair is created (2, 3). The potentials of
electron and hole are strong enough to oxidize water
to hydroxyl radicals and reduce molecular O,. Resulting
reactive oxygen species (ROS) are very powerful
oxidizing agents and readily attack any organic matter
in their proximity until it is totally cleaved to CO, and
water (4-6). Numerous applications utilizing this process
for water purification (7), toxic waste treatment (8), air
purification (9, 10) and deodorizing have been proposed
and some of them already successfully marketed. The
same process can be applied for the design of self-
cleaning (11-13) and self-disinfecting surfaces. More-
over, the oxygen vacancy creation and subsequent
photo-corrosion on irradiated surfaces of TiO, convert
the surface nature to superhydrophilic one, which
further enhances its self-cleaning ability (14-16).

Photocatalytic systems based on slurryied powder
of TiO, offer excellent performance due to their very
high catalyst surface area (17). Upon immobilization,
the free surface of catalyst inevitably decreases, result-
ing into a loss of catalytic performance due to limited
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mass exchange (18). Nevertheless, immobilized TiO,
is the preferred form of photocatalyst for industrial
application. The need of removing powder photo-
catalyst can prohibitively complicate any process at
the industrial scale (19).

So far, several forms of immobilized TiO, were
reported, featuring glass (20), quartz (21), stainless steel
(22), silica gel (23), and many other materials as
support. There are many methods of TiO, powder
immobilization, such as suspension dip-coating, electro-
phoretic coating (22), spray coating (24, 25), etc.
However, inferior optical and mechanical properties
or resulting films restrict the use of these materials only
to some type of applications, such as photocatalytic
reactors.

Sol-gel technique represents a totally different
approach to the preparation of TiO, thin layers. Sol-gel
is one of the most successful techniques for preparing
nanosized metallic oxide materials with high photo-
catalytic activities (26, 27). By tailoring the chemical
structure of primary precursor and carefully controlling
the processing parameters, nanocrystalline products
with very high level of chemical purity can be achieved.
In sol-gel processes, TiO, is usually prepared by the
reactions of hydrolysis and polycondensation of
titanium alkoxides, Ti(OR)n to form oxopolymers,
which are then transformed into an tridimensional
network (28, 29).
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Table 1. Comparison of deposition techniques (adopted from (36), modified)

Spin

Dip Inkjet

Precursor use efficiency ~95 % wasted

Coated area ~cm
Sensitivity to surface defects high
Possibility of “patterning” none

~95 % wasted ~5 % wasted

(print head cleaning and purging)

~dm ~m
high low
none excellent

In this way, thin, compact and transparent layers
of preferably photocatalytically active TiO, can be
conveniently produced. Such layers find their use in
the design of “smart” surfaces, such as self-cleaning
glass sheets and tiles (30), mirrors with antifogging
effect (31), self-disinfecting material etc (32). However,
a suitable method for liquid sol application is needed
in order to obtain a thin layer with excellent properties.

There are two traditional method of thin layer
preparation from liquid precursors: spin-coating and
dip-coating. Spin-coating method uses centrifugal force
to form a film of liquid precursor: a sufficient volume
of precursor is placed onto the support which is then
rotated at a high speed (33). The liquid is spread by
centrifugal force and a wet film of precursor is formed.
The thickness of the resulting wet film depends mainly
on the angular velocity of substrate rotation, precursor
viscosity, precursor concentration and solvent evapora-
tion rate (34). In contrary, dip coating is based on
dipping the substrate into liquid precursor and pulling
it out at constant speed (35). Again, viscosity, concen-
tration, solvent volatility and speed of pulling influence
the resulting film thickness. The faster we pull, the
thicker the film is.

Both these methods are widely used, yet they are
burdened by several significant disadvantages, as sum-
marized in Table 1. Firstly, the coated area is rather
limited. In the case of spin coating, this limitation is
due to the centrifugal force. Substrates larger than a
few centimeters simply can not be rotated at several
thousands rpm. The area of dip coated substrates is
usually also limited to centimeter scale, although
devices handling large substrates up to meter size are
known. Secondly, the efficiency of precursor use is
extremely poor. In both spin- and dip-coating, most of
the precursor is wasted, and only few percents are
actually used to build up the film. Moreover, dip-
coating gives us substrates coated from both sides,
which is not always desired. Thirdly, both these methods
are very sensitive to surface defects. A surface defect
can produce traces and streaks and degrade large areas
of coated substrate. At last, these classic methods on
their own are not capable of selective deposition
(“patterning”), i.e. the whole area of substrate is
coated.
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Because of these problems and limitations, a more
robust method of liquid precursor application has been
searched for. Inkjet printing is apparently a very good
candidate for this task. In a conventional inkjet printer,
small droplets of low viscosity ink are ejected from a
print head and fall onto printed substrate (37). The
movement of the print head and the substrate is
precisely controlled by computer and so is the volume
of ejected droplets and their loading per unit area. If
we are able to replace the ink with a TiO, precursor and
the printing paper with suitable substrate, we obtain a
very robust device for preparation of TiO, layers.

Naturally, both the printer and precursor must
fulfill certain requirements in order to be employed as
a thin layer deposition tool. The printer has to be able
to handle rigid media so that solid materials can be
used as layer support. The precursor must be of a very
low viscosity (less than 20 mPa.s) and must not damage
the printer. If solid particles are present in the precursor,
their diameter must be well below (preferably by two
orders of magnitude) the print head nozzle diameter
(50-20 um typically) and their aggregation must be
prevented. Despite these limitations, inkjet printing
has been successfully used for the deposition of a wide
variety of functional liquids so far, such as conducting
polymers (38, 40), metallic nanoparticles dispersions
(41, 42), metallic precursor solutions (43), catalyst
nanoparticles dispersions (44) etc. Numerous applica-
tions of inkjet printing have been reported in the
biochemical domain, such as tissue scaffolds (45, 46)
or cellular patterns (47, 48). Moreover, many prototype
multicomponent devices such as capacitors (49),
transistors (50), electronic filter (51) and OLEDs (36)
have also been successfully fabricated.

So far, a huge amount of information has been
published on the photocatalytic process on TiO, and
preparation of titania layers, but very little on the
possibilities of inkjet printing such layers. Keat et al.
reported printing aqueous mixture of TiO, sol and
dissolved barium salts to prepare BaTiO3 thin ceramic
films (52). Recently, Nishimoto published a five-step
procedure for the preparation of a superhydrophobic-
superhydrophilic pattern on a TiO, layer (53). How-
ever, in this particular example aimed to the graphic
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arts application field the TiO, sol is deposited on the
whole surface of substrate by dip coating and a
temporary optical mask is inkjet printed onto the
substrate.

Matsuo and coworkers utilized inkjet deposited
sol-gel precursor for the preparation of titania layers.
Their somewhat complex approach included a two-
step preparation of the printing “ink” (sol based on
titanium tetraisopropoxide, ethanol and nitric acid was
evaporated and then re-dissolved in a mixture of
ethanol and water to give 0.02 M concentration).
Printing was performed by a single jet piezo device
onto substrate heated to 275 °C. Printed films reached
420 nm thickness and showed broader and higher
wave-number shifted Eg raman peak due to smaller
crystallite size or some other defects (54).

Yoshimura and Gallage further developed the idea
of “direct patterning” by utilizing inkjet printing as the
precursor delivery tool. They proposed several possible
pathways leading to ceramic films, distinguishing
between “inkjet reaction”, “inkjet deposition” and “inkjet
printing” methods. However, in their illustrative
example, the preparation of TiO, films still required
printing onto heated substrate (55).

On contrary to the mentioned functional layers,
pigment-grade titania has been printed for ages (56)
and inkjet-printed on a massive scale for the past
decade. In the field of graphic arts industry, TiO,
derived pigments are used mainly in white primer
coatings. The relative printing density and color bright-
ness is often insufficient when a colored or transparent
substrate is printed. In these cases, it is advantageous
to print an opaque white mask first and then overprint
the colored figures over this primer (57, 58). This
technique is especially useful for the UV-curable ink-
jet, because the pigment loading is limited by viscosity
requirements and white backing layer is essential for
all non-white substrates (59).

In this letter, we demonstrate the benefits of using
inkjet printing for the preparation of TiO, layers. By
utilizing the well know sol-gel chemistry (used so far
mostly for spin- and dip coated layers of TiO,) together
with the wide deposition possibilities offered by inkjet
printer, we are able to prepare thin layers of TiO, in a
very effective and clean way with minimum waste.

Experimental
Sol and Substrate Preparation

Sol-gel technique was applied for titanium dioxide
thin films preparation using titanium(I'V) propoxide as
titanium precursors. 40 ml of ethanol was mixed with
3.8 ml acetylacetone. This mixture was then dropwise
added to 10.3 ml titanium (IV) tetraisopropoxide (TTIP).
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Finally, 45 ml of ethanol was mixed with 0.69 ml
water and this mixture was again dropwise added to
the sol composition. Prepared sol was stored in an
airtight bottle in darkness at 5 °C. The dynamic viscosity
of prepared sol was 1.23 mPa.s.

Borosilicate glass plates of 30x30%2 mm size (Verre
Equipements, France) were chosen as the substrate for
immobilization of TiO, thin films. This type of glass
contains only 4.2 wt.% Na,O and 0.1 wt.% of CaO.
Before the application of the thin films, each glass
was pre-treated in order to eliminate any dust, grease
and other residues using an aqueous solution of
industrial surfactant and dried under air flow.

Sol Application

Sol Application was performed in a novel innovative
way utilizing a modified office inkjet printer (Epson
R220). Original ink cartridges were removed from the
printer and the ink tubing and printhead were flushed
and purged with anhydrous propanol. Flushing with
anhydrous propanol is extremely important in order to
remove any traces of remaining aqueous ink. If this
step is omitted or performed incompletely, the titanium
sol will hydrolyze upon contact with residual aqueous
impurities and precipitated TiO, will clog the print
head nozzles.

“Virgin empty” spongeless cartridges were supplied
by MIS Associates, USA. Titanium sol was filtered
through 0.2 um mesh size syringe filter and loaded into
one “virgin empty” cart. This cart was installed into
the printer in the black position while the remaining
positions were occupied by carts of the same type
filled with a dummy ink (a mixture consisting of water,
surfactant (isopropanol), humectant (DMSO) and
colorant (water soluble dye)). After a series of head
cleaning cycles a perfect nozzle check pattern was
obtained. Since the sol is essentially colorless when
viewed in daylight, the nozzle check printout had to
be observed under a UV-A light source to prove all
ink nozzles of the black channel were firing the loaded
sol. Under this type of illumination, the printed sol
appeared deep yellow while the paper was bright blue
because of fluorescent brightening agents present in
the paper.

Cleaned glass plates were then mounted into a
modified CD holder, fed into the printer and printed
with “black only” driver setting. This setting ensured
that only the ink from the “black” cartridge (now
containing titanium sol) was utilized for printing.

However, a suitable image had to be created to be
used for printing. The amount of sol delivered to the
substrate (i.e. the sol loading or dot area in the graphic
arts terminology) was controlled by the intensity of
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Figure 1. Layer build-up for different values of sol loading.

Table 2. Print Settings

80 %

Continuous-tone
grey scale image

60% 70% 90 %

Rasterized image

Varying amount
of deposited ink

Rapid Slow
Media Settings Plain paper CD Premium Surface
Resolution 360 720
yes no

High-speed Printing
Absolute Printing Speed

(= bidirectional printing)
appr. 5 cm’ s~

(= unidirectional printing)
appr. 0.5 cm” s

black color of the printed image. The black color
intensity was therefore varied in different levels of
grey (100%, 90%, 80%, 70%, 60%) and thus glasses
with corresponding relative sol loading values were
printed. Sol loading of 200% and 300% was achieved
by printing 100% pattern twice or three times onto the
same support.

Figure 1 illustrates the printing process and layer
bild-up: the different grey levels (generally a continuous-
tone bitmap) needs to be converter into a halftone
screen pattern (planar distribution of dots). In the case
of inkjet printing, a combination of amplitude modula-
tion screening and frequency modulation screening is
used: ink droplets of varying size (i.e. AM screening)
are placed at different pitch (i.e. FM screening). How-
ever, printing on non-porous, non-absorbing substrates
results into a very high level of dot gain (the printed
droplets spread on the surface of the substrate and
their diameter is much larger than the diameter of
ejected droplet which roughly corresponds to the
nozzle diameter. Therefore, the printed substrate
becomes completely covered by the ink at lower tonal
values (the compact layer threshold). Before this
point, the substrate is covered by separate individual
droplets. Beyond this point, the substrate is covered
by varying amount of ink resulting into a compact
layer of varying thickness.

Two print setting were adopted — rapid and slow
(see Table 2). The resolution, print speed and media
settings were varied and their influence on the resulting
TiO; layer properties was evaluated.
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Figure 2. Emission spectrum of metal halogen lamp Philips HPA
400W (measured at the distance of 1 m).

Layer Treatment

After being printed, the coated glass plates were
dried in an oven at 110 °C for 30 min. Finally, the
deposited layers were thermally treated in a calcination
furnace at 450 °C for 4 hours with the heating rate of
3 °C.min"" to obtain transparent photocatalytically active
titanium dioxide films in anatase presupposed phase.

Study of Printed Layers Properties
The following methods were used for the

characterization of prepared layers:

1. Optical and SEM imaging was performed in an
ordinary manner on a Nikon Eclipse E200 optical
microscope equipped with a Nikon D200 digital
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Figure 3. Macroscopic appearance of rapidly (left) and slowly (right) printed layers with 80% sol loading. The images cover the area of

appr. 1 cm’.

camera and Hitachi S4700 FESEM scanning
electronic microscope. Recorded SEM images also
give a general idea about the layer thickness range.
Surface topology was studied by atomic force
microscopy. Veeco Di CP-II machine in tapping
mode was used for this purpose.

2. Layer thickness was determined from reflectance
spectra by Ocean Optics NanoCalc thin film
analysis system. Nanocalc measures the amount
of reflected light from a thin film over a range of
wavelengths and using a database of material
constants calculates the film thickness.

3. Amount of deposited TiO, was determined by
ICP-AES. Printed layers were dissolved in hot
nitric acid, Ti concentration was determined and
the amount of Ti0O, calculated.

4. Raman spectroscopy was performed on LabRAM
HR Jobin-Yvon Raman spectrometer in order to
determine the crystalline composition of TiO, thin
films. The Argon-Krypton laser RM 2018 (Spectra
Physics) at 514.5 nm was used as the excitation
source and laser power was kept at 1 mW.

5. Surface properties were studied by evaluating the
water droplet contact angle (CA). We measured the
CA by OCA 20 device (DataPhysics, Germany)
and utilized the sessile drop method. The deposited
drop volume was 5 ul and the drop shape was
recorded 15 s after its deposition. We measured
the CA value at 6 different places on each sample
and then the average value was calculated. Then
the samples were irradiated by an UV lamp and
the CA change was recorded. We used medium
pressure mercury vapor lamp (Philips HPLN 125
W, without the fluorescent bulb). The integral
irradiation intensity in the range 290-390 nm was
2mW cm”® (determined by irradiance meter
LUTRON UV 340).
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6. Photocatalytic activity was confirmed by recording
the dechloration rate of 2,6-dichloroindophenol
(DCIP). The reaction took place in a simple single-
plate reactor where the solution was circulated
through a siphon by a centrifugal pump. The siphon
ensured a constant level of solution over the
catalyst plate during the whole reaction despite
decreasing volume due to sampling. UV radiation
was delivered by Philips HPA-400 W metal halogen
lamp and the intensity was 2.4 mW cm’. (again
determined by irradiance meter LUTRON UV
340) .

We used 150 ml of 2,6-dichlorindofenolu solution
of starting concentration 2x 10> mol dm . 2 ml samples
were taken at 20 minutes intervals (0, 10, 20, 40, 60,
80, 100 minutes). The DICP concentration change was
determined by UV-VIS spectrophotometry at 600 nm.
Formal first order kinetic model was adopted and the
reaction rate constants were calculated.

Results and Discussion
Sample Appearance, Layer Topology and
Roughness

Figure 3 illustrates the visual appearance of the
prepared samples. Generally, we obtained transparent,
homogeneous layers of TiO,. However, a difference
between the rapidly printed series and slowly printed
series was clearly visible even by a naked eye: rapid
printing resulted into poorly resolved letters but
perfectly smooth, homogeneous surface of the layer
giving mirror-like gloss when viewed at an angle. The
slowly printed layers featured well resolved letters,
but the layer surface had a pearl appearance, scattered
light slightly and provided rather attenuated, semi-
matt gloss.

These differences in layer appearance could be
attributed to the structure and topology of the layers at
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Figure 4. Side-by-side comparison of the slowly and rapidly printed sample series.

the micro-scale. Therefore a series of optical micro-
graphs was recorded. Polarized light was found very
useful for this, because the slightest deviations in layer
thickness were clearly visualized by the vivid interfer-
ence coloring. These images then clearly illustrate the
principal differences between rapid and slow printed
layers, no matter what the sol loading is. The rapid
printed layers are very smooth and compact up to 80%
of sol loading. When the sol loading value exceeds this
threshold, cracking occurs, but the layer itself is still
very smooth. On the other hand, the slow-printed layers
show completely different structure — their surface
appears to be grooved and rough. It clearly keeps the
structure of individual drops forming islet-like pattern.
When the sol loading value is low, we can clearly see
the traces of individual drops. When the sol loading
value increases, the drops overlap to much extend, but
the islet-like pattern is still present and some cracing
occurs in very thick regions. This islet-like structure
gives the layer its pearl finish resulting into a slight
scattering of both reflected and transmitted light.

The differences in the layer structure can be
explained as the consequence of different speed of sol
ejection: During rapid printing, the sol ejection rate is
faster then solvent evaporation, and therefore a liquid
film is formed on the substrate. Only then the solvent
evaporates, leaving a “dry” layer of gel. However,
during slow printing, the sol ejection rate is quite slow
and the rate of evaporation is comparable. Therefore a
solid gel is formed on the substrate already during
printing and the last drops of sol are deposited onto
already dried gel. Therefore the observed distinctive
structure develops and the resulting layer keeps the
droplet-like structure.
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Optical micrographs also reveal that at higher sol
loading values severe cracking occurs. Obviously, as
the sol loading increases, so does the layer thickness.
In thicker layers, the tension resulting from different
coefficients of thermal expansion is more pronounced
and these thicker layers tend to crack. The 200% and
300% layers crack so severely that layers eventually
disintegrated and separated from the support. In the
case of slow printed layers, cracking occurs locally at
places of higher thickness.

A more detailed view at the nano-scale is provided
by the SEM imaging. Here we get a closer look at the
cracks and it is also possible to estimate the thickness
of the layers. Figure 5 clearly illustrated that the TiO,
layer partly separated from the support at the crack
and bends upwards. Further, the images of greater
magnification depict the crystalline structure of both
the pyrex support and of the TiO, layers. According to
these images, we can roughly estimate the crystalline
size of TiO, to be appr. 50-30 nm. The bottom pair of
high magnification SEM images also reveal that the
structure of rapidly printed layer is slightly coarser —
the individual crystallites seem to be more pronounced
and the gaps separating them are broad and even. On
the other hand, the crystallites of the slowly printed
layer seem to be packed more tightly and prominent
gaps are less frequent.

The surface topology was further studied by means
of AFM microscopy. We focused both on the cracks
topology as well as on the roughness of smooth areas
between cracks. Figure 6 gives more insight into the
surface topology in the microscale. We can clearly see
the loose edge of the crack and its bended curvature.
Naturally, the crack appear as V-shaped trenches on
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1008

Figure 5. SEM images of slowly (right) and rapidly (left) printed
layer having 100% sol loading.

the AFM records because the tip is scanning over the
surface and can not reveal the topology below the
loose edge.

While these micro-scale AFM scans show the same
morphology for both the rapidly and slowly printed
samples, scans recorded at higher magnification reveal
some interesting differences. It seems that the slowly
printer samples have an extremely smooth surface
(Figure 7, bottom right). However, this smooth surface
is shaped into hills and valleys up to 50 nm high and up
to several micrometers wide/long (Figure 7, top right).
We believe these hills and valleys are the imprints of
delayed satellite droplets which have landed on a semi-
dried gelling layer as the printing head repeatedly
passed over the same spot during the process of slow
printing. Apparently, the repeated drying and swelling
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Figure 6. Large area AFM records of the rapidly printed sample
with sol loading of 100 %.

of the layer resulted into the formation of extremely
smooth layer but at the same time the casts of individual
droplets shape the surface. On the other hand, the
rapidly printed layers are relatively smooth when
compared to slowly printed layers observed at the
same scale (Figure 7, top left). However, a closer view
reveals considerable roughness at the nanoscale (Figure
7, bottom left). Obviously, the at-a-blow dried layer
originating from a liquid film of rapidly printed
precursor cannot reflect any drop-like structure, but
during the fast and single-step drying process a coarser
and rougher surface is produced.

The previous verbal description of the surface
topology is exactly articulated by the values of RMS
roughness given in Table 3. Note that the value of
RMS roughness of the rapidly printed sample is appr.
1 nm and this value is basically identical for both the
1 um and 400 nm scans, i.e. the observed features are
much smaller than the scan area. On the other hand,
the RMS roughness for 1 um scan of the slowly printed
sample is 5.3 nm. This value includes the contribution
of the satellite droplets imprints. The size of these
imprints is comparable with the scan size. However,
when we scan a smaller area not affected by these
artifacts, we obtain an extremely low RMS value of
appr. 0.2 nm. The RMS value of rapidly printed sample
is close to published values for dip-coated layers (60),
while the slowly printed samples feature surprisingly
low RMS value (when droplet artifacts are excluded).

Amount of Deposited TiO, and Layer Thickness

So far, the amount of deposited TiO, has been
expressed as the sol loading value, measured relatively
with respect to the maximum loading. However, the
real absolute amount of TiO; as well as the real absolute
thickness is of course of a great importance.

We measured the total Ti content by ICP-OES and
then calculated the corresponding amount of TiO; per
unit area. We found out that the amount of TiO, does
not depend on the deposition mode (rapid or slow),
i.e. the deposited amount was the same in both rapidly
and slowly printed samples (see Figure 8). Quite
surprisingly, the relation between the amount of TiO,
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Table 3. RMS roughness at the sub-micro and nanoscale

linear scale Rms Rough (Rq) Ave Rough (Ra) Mean Ht Median Ht Surface Area Projected Area

L00R 1 pm 0.9398 nm 0.6820 nm 2.606 nm  2.489 nm 1.004 pm 1.000 pm
0.4 ym 1.042 nm 0.7776 nm 4317nm  4.201 nm 0.1635 pm 0.1600 pm
1008 1 pm 5.268 nm 3.053 nm 3248 nm  32.21 nm 1.025 pm 1.000 pm
0.4 um 0.1980 nm 0.1504 nm 1.595nm  1.634 nm 0.1610 pm 0.1600 um
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Figure 7. AFM records at the nanoscale. Rapidly printed sample with sol loading 100% (left) and slowly printed sample of the same sol
loading (right).

per unit area and the value of relative sol loading in It has been described that TiO, has 4 active Raman
not linear. We believe this non-linearity is implemented  modes in rutile modification, (Alg, Blg, B2g and Eg),
into the printer driver intentionally as an internal 6 for anatase (Alg, 2 Blg and 3 Eg) and 36 for brookite
calibration. When the printer is used for its original (61, 62). Indeed, Raman spectra can be influenced by
purpose, this calibration provides a compensation for chemical and structural defects causing shifts in
the non-linear dependence of printed optical density Raman band positions. Recorded spectra of the sol-gel
on the amount of deposited ink. originated TiO, (both printed and dip-coated) were
A similar trend could be observed when the layer compared with the spectrum of Degussa P-25 as the
thickness has been determined by the NanoCalc system.  industrial standard of photocatalytic TiO,. Our spectra
Unfortunately, this measurement was possible only for  confirmed the presence of anatase phase with a small
the rapidly printed layers. The drop-like structure giving  portion of rutile.
the slowly printed layer its typical pearl finish caused
difficulties during reflected light measurements and  Water Droplet Contact Angle

therefore the thickness of slowly printed samples could The superhydrophilic nature of irradiated TiO,
not be determined. surfaces plays an important role in the self-cleaning

phenomenon observed on these surfaces. We deter-
Raman Spectroscopy mined the water-droplet contact angle on as-prepared

Raman spectroscopy was employed to reveal the samples and then observed its change upon irradiation.
crystalline structure of prepared layers. In this particular ~ There is no direct relation between the initial contact
case, the printed samples were compared to a dip- angle and either the sol loading or printing mode. The
coated samples prepared using the same sol in order to  initial water droplet contact angle is in the range of
see if the hydrodynamic stresses during printing have  40-45°. Here it would be worth noting that the islet-
any impact on the crystalline structure of resulting like structure of slowly printed layers has no impact
Ti0,. on the value of initial water droplet contact angle.
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Table 4. Raman bands identification

P-25 dip-coating, 2 1 84 100 % rapid printin . .
Phase 1 ip-ooating iy ers (84 nm) °rap 1 P 9 Vibration mode
[em™] [em™] [em™]
Anatase 197 201 201 E,
Rutile - 240 240 -
Anatase 401 401 401 Big
Rutile 444 436 436 E,
Anatase 517 521 521 Ajg, Big
Anatase 642 642 646 E,
Anatase 800 807 803 Big
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Figure 8. Amount of deposited TiO, as a function of sol loading.
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Figure 9. Comparison of Raman spectra of Degussa P-25, dip-
coated and printed sample.

After the irradiation of the samples by UV, the
contact angle quickly decreased. Within 20 minutes,
its value stabilized well below 10° and the samples
thus became superhydrophilic. Figure 10 illustrates
the initial rate of contact angle decrease. Generally,
the slow printed layers have somewhat greater initial
droplet spreading rate than the rapidly printed ones
but taking into account the error of measuring such
low contact angle values these differences do not
seem to be significant.

ISSN 1203-8407 © 2010 Science & Technology Network, Inc.

Rapid
Figure 10. Initial rate of drop spreading.

Photocatalytic Activity

2,6-dichloroidophenol (DCIP) is one of the many
dyes which can be used as a model compound for the
evaluation of photocatalytic activity. The reactive
oxygen species generated on the surface of irradiated
titanium dioxide readily attack DCIP molecule and a
series of degrading reaction takes place. The first step
is dechloration accompanied by discoloration. Then
the oxidation of carbon skeleton follows, leading to
the formation of short carboxylic acids. Finally, these
acids undergo decarboxylation and are totally cleaved.

The discoloration is naturally very easy to measure
by means of UV-VIS spectrometry. This is very
appealing from the practical point of view as in-
expensive instrumentation can be used for the evalua-
tion of photocatalytic activity. However, the authors
are well aware of the problems inherently associated
with using any dye molecule for the photocatalytic
activity evaluation: dye molecules are complex systems
and during their degradation many intermediates
compete for oxidation by ROS. From the scientific point
of view, using simple molecules such as formic acid
makes much more sense.

Anyway, DCIP was used in this particular case to
evaluate the photocatalytic activity of printed TiO,.

J. Adv. Oxid. Technol. Vol. 13, No. 2, 2010 180



T’é 0,008 1 %%7 2

éo,oos- %/7% //
=l LT
-0

Figure 11. The dependance of formal Ist-order reaction rate
constant on sol loading and printing mode.

We especially focused on the influence of sol loading
and printing speed on the photocatalytic activity of
prepared layers.

Figure 11 clearly depicts our results: The sol
loading value strongly influenced the reaction rate
constant and this dependence was more pronounced in
the case of slowly printed layers. This is of course due
to the increasing amount of deposited photocatalyst
with increasing value of sol loading. Higher sol loading
results into thicker layer where the absorption of
incident UV radiation is more efficient.

Also, there is a slight difference between the slowly
and rapidly printed layers of the same sol loading.
Rapidly printed layers featured generally greater
reaction rates then the slowly printed ones, despite the
fact that the amount of TiO, is essentially the same. It
seems that the different layer roughness influences the
reaction rate — rougher layer giving greater rates. This
observation is in a compliance with previously published
data for dip- and doctor blade-coated layers (60), where
rougher layers also resulted into greater reaction rates.

Conclusion

In this letter, we demonstrate the benefits of using
inkjet printing technology for the preparation of TiO,
thin layers and report about some important properties
of prepared printed layers of photocatalytically active
TiO,. By utilizing the well known sol-gel chemistry
used so far mostly for spin- and dip coated layers of
TiO,, together with the wide deposition possibilities
offered by inkjet printing, we are able to prepare
transparent, photocatalytic layers of TiO, of variable
thickness in a very effective and clean way with
minimum waste.

While the previous work dealing with inkjet printed
titania film focused on direct patterning of various
shapes onto substrate, our work was targeted to the

ISSN 1203-8407 © 2010 Science & Technology Network, Inc.

fabrication of smooth compact films applicable as self-
cleaning surfaces. We managed to prepare samples up
to 25 cm? large. The structure of prepared layers greatly
depends on the printing conditions: If the sol ejection
rate is faster then solvent evaporation, a smooth compact
layer is produced. On the other hand, when the solvent
evaporation rate is grater than sol ejection, we obtain
optically rough and highly structured layer.

Slowly printed layers have a structured surface at
the microscale with the “islet-like” pattern giving them
a semi-opaque pearl appearance. Their photocatalytic
performance is slightly lower compared to rapidly
printed layers. Rapidly printed layers have better optical
properties — they are perfectly smooth, even and mirror-
like glossy. Their photocatalytic performance is better
than the performance of the slowly printed layers
probably due to greater roughness at the nanoscale,
while the even thickness and smooth surface resulting
into a more efficient absorption of UV radiation may
also contribute.

Inkjet printing proved to be an elegant method for
sol delivery to substrate. It provides a complete control
over the deposition process parameters together with
an excellent efficiency of precursor use. Moreover, the
possibility of precise patterning and the ease of up-
scaling make this type of deposition very appealing
for the production of sensors, solar cells etc.
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Introduction

Among various oxide semiconductor photocatalysts,
titanium dioxide (TiO,) appears to be a promising and impor-
tant prospect for use in enviromental purification, because of
its strong oxidizing power, photoinduced hydrophilicity, non-
toxicity and long-term photostability. TiO, shows excellent
photocatalytic activity for oxidative degradation of environ-
mental pollutants!'.

The first description of antimicrobial effect of TiO, film
was published by Japanese professor Matunago and collea-
gues in 1985. At the beginning of the photocatalytic reac-
tion, highly reactive groups containing oxygen atoms (ROS
— reactive oxygen species) are formed. These ROS produced
by photocatalysis cause different type of damage in live orga-
nisms. After a hydroxyl radical attack, the outer membrane
is partially destroyed. There is no important change of cell
viability during this process, but membrane permeability
towards ROS is changed. At this stage, ROS can attack the
cytoplasmic membrane more easily, which results in the lipid
membrane peroxidation and subsequent cell death?.

Experimental
Preparation of TiO, Thin Film

The substrates used as film supports were soda-lime
glass plates. Boiling the glass plates in sulfuric acid removes
the surface sodium ions and therefore the photoactivity of the
film can be improved.

Transparent TiO, layers were immobilised on glass pla-
tes using sol-gel method with titanium tetraisopropoxide in
ethanol as precursor. Depositions of thin films were realized
by dip-coating method with withdrawal speed 120 mmmin!.
In the next stage, the coated substrates were dryed for 30 min.
at 110 °C and then calcinated for 4 hours at 450 °C with tem-
perature ramp of 3 °Cmin .

Photooxidation of 2,6-
dichloroindophenol

The photocatalytic activity of the TiO, films was eva-
luated by examining the oxidation rate of water solution 2,6-
DCIP (2 x 107> moldm™3) upon UV irradiation (2.4 mW cm 2,
solar lamp Philips HPA-400 W) in a desk reactor. The con-
centration decrease of 2,6-DCIP was determinated spectro-

Photochemistry

photometrically. A photochemical dechloration of 2,6-DCIP
is a reaction of first order kinetics.

Antimicrobial Efect of TiO, Thin
Film

Photocatalytic killing of yeasts Candida tropicalis and
Candida albicans were performed to study the antimicrobial
properties of TiO, films. These yeasts belong to the class of
Ascomycetes, the family of Saccharomycetaceae and the
kingdom of Fungi. Generally, Candida is the most common
cause of opportunistic mycoses (Candidiasis) worldwide.
This type of endogenous infection mostly arises from overg-
rowth of the fungus inhabiting normal flora. C. albicans is the
most frequently encountered medical pathogen, the second
one is C. tropicalis.

The yeast culture for the photocatalytic test was pre-
pared as follows: 1 ml of yeast culture cultivated for 24 h
in GPY liquid nutrient media was diluted with 9 ml of deioni-
zed water and centrifuged for 5 min at 4,000 rpm. The super-
natant was separated from yeast sediment and centrifugation
was repeated once again with 10 ml of deionized water. After
the last change of liquid, the pure yeast suspension in water
was well homogenized using minishaker. 30 pl of this sus-
pension was dropped onto 15 min pre-irradiated TiO, film
on glass plate and spread for better contact of yeasts with
photocatalyst surface. The sample was put in Petri dish and
covered by quartz plate. The UV irradiation was provided
by fluorescent lamp Sylvania Lynx-S 11 W with intensity
1.5 mWcm 2. After exposure suspension of yeasts, 40 ml of
1.8x10* moldm™ Acridine Orange was added to the drop
of irradiated sample. Nicon Eclipse 200 with epifiuorescent
adapter equipped with Camera Pixelink Canada was used for
dead and live cell resolution and calculation. It was calcu-
lated survival ratio of yeasts.

N

SR = xr‘ five )]

I

Results
Photooxidation of 2,6-DCIP

Fig. 1. shows that the number of layers (i.e. thickness)
influences the photocatalytic activity. The higher number of
TiO, thin layers is, the higher the photocatalytic activity is.
But in the case of 4 layers, the photocatalytic activity is smal-
ler due to its large thickness. The layer is too thick, so the
generation of electrons and holes proceed deep in the semi-
conductor layers, and therefore they can’t get to the surface
and participace the reaction. It causes the decrease of pho-
tocatalytic activity.

Antimicrobial efect of TiO, thin
film

The reaction was performed only in deionized water
without the nutrient compounds to avoid their influence on
yeast degradation process.

The dependence of Candida tropicalis and Candida
albicans survival ratio on irradiation time and TiO, layer
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number is demonstrated at the following figures (Fig. 2.
and Fig. 3.). It can be seen, there is no antimicrobial activity
during UV irradiation of yeast suspension when the photoca-
talyst is absent.

Concerning the induction period, it is decreasing with
increasing number of TiO, layer.

In the case of Candida albicans, we observed worse
antimicrobial efficiency (Fig. 3.) therefore longer time of ir-
radiation is necessary to kill them.

Photochemistry
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Fig. 3. The survival ratio of Candida albicans during irradia-
tion
Conclusions

We prepared TiO, thin films on soda-lime glass plates by
dip coating method. Films are homogenous and transparent.

The photocatalytic efficiency of prepared coatings was
evaluated on photocatalytic oxidation 2,6-DCIP in aqueous
phase, as well as on killing of microorganisms, Candida tro-
picalis and Candida albicans yeasts.

We found that the number of layers (i.e thickness) positi-
vely influences the photocatalytic oxidation of 2,6-DCIP.

Concerning the microorganisms killing, Candida tro-
picalis and Candida albicans were selected for determina-
tion of TiO, thin film antimicrobial properties, because they
represent the most frequently encountered medical pathogen,
causes the opportunistic mycoses. We observed that the pho-
tocatalytic degradation rate increases with increasing TiO,
film thickness.
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Introduction

Environmental pollution is becoming more and more
serious. Catalysis under UV irradiation, called photocataly-
sis, is attracting a great deal of attention from environmental
purification point of view!. Titanium dioxide (TiO,) photoca-
talysis has been focused on the elimination of toxic and haza-
rdous organic substances and metals in wastewater, drinking
water and air, which is important for the protection of the
environment?. Heterogenous photocatalysis is a process based
on the excitation of a semiconductor by light of energy equal
to or higher than the bynd gap one. This excitation genera-
tes electron-hole pairs which can give rise to redox reactions
with species adsorbed on the catalyst surface’. Among the
warious semiconductors, TiO, is the most suitable photoca-
talyst because of its high activity, photostability and availabi-
lity. Anyway, serious practical problems arise from the use of
TiO, powders in the photocatalytic process — the need for post
treatment separation in a slurry system. A key technology for
the practical application of photocatalysis to environmental
problems is the immobilization of TiO, as thin film on a solid
substrate (even if normally the film-type photocatalysts have
low surface areas and their intrinsic photocatalytic activity is
usually smaller than of the powders).

TiO, films have been often prepared by expensive
methods as pulsed laser deposition, reactive evaporation and
chemical vapour deposition. Low cost preparation methods
are the sol-gel process including dip-coating, spin-coating
and micropiezo jet as the final step of preparation. Sol-gel
method usually requires a thermal post-treatment in order to
eliminate organics present in the films or to induce crystalli-
zation of the deposited material. An important requirement
for improving the TiO, photocatalytic activity is to increase
its specific surface area, which is certainly dependent on the
crystal size. It is known that the smaller the catalyst is, the
larger will be its specific surface area. Nevertheless, if the
particles are very small, the charge carrier recombination is
more probable. Thus the particle size must be optimized.

Formic acid (FA) was choosen because of simple
mechanism of degradation: it undergoes a direct minera-
lisation to CO, and H,O without the formation of any stable
intermediate species®. Moreover, it also represents a possible
final step in the photodegradation of more complex organic
compounds.

Photochemistry

Experimental
Preparation of TiO, Thin Films
Borosilicate glass plates (30 %30 x2 mm, Verre Equipe-
ments, France) were chosen as a substrate for immobiliza-
tion of TiO, thin films. TiO, layers were prepared using fol-
lowing organometallic precursor in sol-gel process: a mixture
of absolute ethanol (85 ml) and acetylacetone (3.8 ml) was
added to titanium(I'V) propoxide (10.3 ml) under continuous
stirring, a small amount of water (0.69 ml) in ethanol was
dropped at last to the previously mixed solution.

Depositions of thin films were realized by dip-coating
method (withdrawal speed 120 mm min~!) and by micro-
piezo jet. In the case of micropiezo jet one cartidge of desk-
top printer (EPSON R220) was filled with sol. The substrate
was fixed into the holder for CD and it was printed by sol. It
was possible to choose the area covered of substrate by sol
or the quality of printing. The amount of printed precursor
(i.e layer thickness) was determined by the gray level (dot
area) of printed images. We used 2 printing speeds: slow at
720 DPI and rapid one at 360 DPI. These values are given by
the printer driver setup. In the next stage, the coated substra-
tes were dried for 30 min. at 110 °C and then calcinated for 4
hours at 450 °C with temperature ramp of 3 °C min~! which
allowed us to obtain TiO, predominantly in anatase form.

Fig. 1. Picture from optical microscope, TiO, thin films pre-
pared by dip coating method. 2 layers at the edge (upper) and
4 layers at the edge (down)
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Formic Acid Photocatalytic
Degradation

The formic acid reaction solution was prepared with ini-
tial concentration of 20, 50, 100, 200 and 400 mg dm. The
degradation process took place at ambient temperature in a
Pyrex reactor (100 ml) with 30 ml of reaction solution under
constant stirring. Before the reaction, the FA solution in the
reactor was stirred during 30 min in obscurity to reach the
solution adsorption equilibrium in contact with TiO, surface.
During the FA photocatalytic oxidation with concentration
ranging from 20 to 400 mg dm3, 0.5 ml of reaction solution
was sampled every one hour for HPLC analysis. The total
reaction time was 7 h. The UV irradiation was provided by
high pressure mercury lamp (Philips HPK—125 W).

In order to determine the kinetic behavior of formic acid
degradation on TiO, films, the initial reaction rate was esti-
mated up to 120 min of irradiation time. The obtained values
of reaction rate for various FA initial concentrations were tre-
ated using Langmuir-Hinshelwood (L-H) model.

k :: - , (per gram of photocatalyst) (1)

+ B

r=k-f=

where k is the rate constant, 6 is coverage degrese of surface
active sites, K is adsorption constant and c is the initial con-
centration of reagents in the solution’.

Fig.2. Picture from optical microscope, TiO, thin films prepa-
red micropiezo jet by rapid (upper) and slow (down) mode

Photochemistry

Results

Characterization of TiO, Thin
Films Prepared by Optical
Microscope

The TiO, thin films deposited on the borosilicate glass
plates were optically transparent and they adhered well to the
glass substrate after the calcination process. In the case of
TiO, layers prepared by dip-coating method, the layers are
homogenous and without cracks in the middle of a coated
surface, whereas the homogeneity gets worse towards the
edge of glass. The TiO, film quality slightly decreased with
increasing layer number, in the case of 4 layers some cracks
is appeared in the film structure (Fig. 1.).

The second method for preparation TiO, thin films was
the newly adopted picropiezo jet. Surface morfology of pre-
pared thin film greatly depends on the print setting. The TiO,
prepared by micropiezo jet by rapid mode have smooth and
flat surface, cracks are observed when sol loading exceeded
90% dot area. On the other hand, the layers prepared by slow
mode are uneven and discontinuous (Fig. 2.).

Degradation of Formic Acid in
Aqueous Phase

At first we will discused TiO, thin films prepared by dip-
coating method. The reaction rate constants k depend stron-
gly on TiO, layer number (i.e. layer thickness) whereas the
adsorption constants decrease. The same behaviour we obser-
ved for two values of irradiance (7.7 and 4.6 mW cm2). The
thicker TiO, film effectively absorbs the radiation, the holes
can better oxidize FA (Fig. 3.).
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Fig. 3. Comparison of Langmuir-Hinshelwood parameters for
different intensity of irradiance

We observed the same characteristics in the case of thin
films prepared by micropiezo jet (Fig. 4.). The photocatalytic
activity grows with the value of dot area. It is caused by the
growing amount of deposited TiO, and the thickness of TiO,
thin film. Roughness of surface has a positive influence on
the adsorption of FA on the surface of TiO,. We observed
decrease of adsorption constant for 60 % slow mode. It could
be induced by too low coverage of substrate by TiO,.
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Fig. 4. Comparison of Langmuir-Hinshelwood parameters for
TiO, thin films prepared by picropiezo jet

From the L-H model (1) we calculated the coverage
of surface active sites 8 by FA for different FA initial con-
centration (Table I and Table II). We can see that the pol-
lutant adsorption on TiO, surface increased with increasing
FA concentration. We observed a decrease in FA adsorption
with increasing number of TiO, layers or sol loading. It al-
most achieved the value of 1 for FA initial concentration of
8.7 mmol dm™3. That is nearly all active sites on TiO, surface
were covered by FA molecules, which correlates well with
obtained L-H kinetic behavior.

Table I
The coverage degree for different FA initial concentration,
different iirradiance and for (1-4) TiO, layers

¢ FA[mmol 7.7 mW cm™ 4.6 mWcm2
dm3] 1 2 4 1 2 4
8.7 0.95 094 0091 095 093 0.88
43 090 0.89 0.83 0.90 0.86 0.79
2.1 0.82 0.81 0.71 082 0.76 0.65
1.1 0.70 0.67 055 0.69 0.61 048
0.4 0.48 045 0.32 047 039 0.27
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Table 11
The coverage degree for different FA initial concentration
and for TiO, thin films prepared by micropiezo jet

¢ FA[mmol Rapid Slow
dm3] 100% 80% 60% 100% 80% 60%
8.7 0.81 083 0.85 091 092 092
4.3 0.68 071 0.74 0.83 0.85 0.85
2.1 0.51 055 059 071 073 0.74
1.1 0.34 038 042 055 058 0.59
0.4 0.17 019 022 032 035 037
Conclusions

We prepared TiO, thin layers on borosilicate glass pla-
tes by dip coating method a newly by micropiezo jet. TiO,
thin films prepared by dip-coating method are homogenous
and transparent as well as films prepared by micropiezo jet
by rapid mode. In the case of TiO, thin films prepared by
slow mode, the layers are uneven and discontinuous, partial
coverage of substrate with and without TiO, is observed.

The photocatalytic efficiency of prepared coatings was
evaluated by the photooxidation of FA. The kinetic parame-
ters of FA disappearance, reaction rate constant and adsorp-
tion constant, corresponded to Langmuir-Hinshelwood beha-
vior. It was found that the photocatalytic activity grows with
the value of dot area or number of layers (i.e. thickness of
film).
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Introduction

Photocatalysis on TiO, has received much attention
during last two decades. If TiO, absorbs a quantum of UV
radiation of sufficient energy (A<400nm), an electron is
excited into the valence band and an electron-hole pair is cre-
ated. The potentials of electron and hole are strong enough
to oxidize water to hydroxyl radicals and reduce molecular
0O,. Resulting reactive oxygen species (ROS) are very power-
ful oxidizing agents and readily attack any organic matter in
their proximity until it is totally cleaved to CO, and water.
Numerous applications utilizing this process for water purifi-
cation, toxic waste treatment, air purification and deodorizing
have been proposed and some successfully marketed. The
same process can be applied for the design of self-cleaning
and self-disinfecting surfaces. Moreover, the oxygen vacancy
creation and subsequent photo-corrosion on irradiated surfa-
ces of TiO, convert the surface to superhydrophilic nature,
which further enhances its self-cleaning ability.

Photocatalytic systems based on slurryied powder of
TiO, offer excellent performance due to their very high ca-
talyst surface area. Upon immobilization, the free surface of
catalyst inevitably decreases, resulting into a loss of catalytic
performance. Nevertheless, immobilized TiO, is the prefer-
red form of photocatalyst. for industrial application. The need
of removing powder photocatalyst can prohibitively compli-
cate any process.

So far, several forms of immobilized powder TiO, were
reported, featuring glass, silica gel, quartz, stainless steel,
titanium, paper and many other materials as support. There
are many methods of TiO, powder immobilization, such as
suspension dip-coating, electrophoretic coating, spray coa-
ting, etc. However, inferior optical and mechanical properties
or resulting films restrict the use of these materials only to
some type of applications, such as photocatalytic reactors.

Sol-gel technique represents a totally different approach
to the preparation of TiO, thin layers. Sol-gel is one of the
most successful techniques for preparing nanosized metallic
oxide materials with high photocatalytic activities. By tailo-
ring the chemical structure of primary precursor and carefully
controlling the processing parameters, nanocrystalline produ-
cts with very high level of chemical purity can be achieved.
In sol-gel processes, TiO, is usually prepared by the reactions
of hydrolysis and polycondensation of titanium alkoxides,
Ti(OR)n to form oxopolymers, which are then transformed
into an tridimensional network.

In this way, thin, compact and transparent layers of TiO,
can be conveniently produced. Such layers find their use in
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the design of “smart” surfaces, such as self-cleaning glass
sheets and tiles, mirrors with antifogging effect, self-disin-
fecting material etc. However, a suitable method for liquid
sol application is needed in order to obtain a thin layer with
excellent properties.

There are two traditional method of thin layer prepa-
ration from liquid precursors: spin-coating and dip-coating.
Spin-coating method uses centrifugal force to form a film
of liquid precursor: a sufficient volume of precursor is pla-
ced onto the support which is then rotated at a high speed.
The liquid is spread by centrifugal force and a wet film of
precursor is formed. The thickness of the resulting wet film
depends mainly on the angular velocity of substrate rotation,
precursor viscosity, precursor concentration and solvent eva-
poration rate!. In contrary, dip coating is based on dipping the
substrate into liquid precursor and pulling it out at constant
speed. Again, viscosity, concentration, solvent volatility and
speed of pulling influence the resulting film thickness. The
faster we pull, the thicker the film is.

Both these methods are widely used, yet they are bur-
dened by several significant disadvantages, as summarized
in Table 1. Firstly, the coated area is rather limited. In the
case of spin coating, this limitation is due to the centrifu-
gal force. Substrates larger than a few centimeters simply
can not be rotated at several thousands rpm. The area of dip
coated substrates is usually also limited to centimeter scale,
although devices handling large substrates up to meter size
are known. Secondly, the efficiency of precursor use is extre-
mely poor. In both spin- and dip-coating, most of the precur-
sor is wasted, and only few percents are actually used to build
up the film. Moreover, dip-coating gives us substrates coated
from both sides, which is not always desired. Thirdly, both
these methods are very sensitive to surface defects. A surface
defect can produce traces and streaks and degrade large areas
of cauted substrate. At last, these classic methods on their
own are not capable of selective deposition (“patterning”),
i.e. the whole area of substrate is coated.

Table I
Method comparison (adopted from?, modified by authors)
Spin Dip Inkjet
Precursor use ~95% ~95% ~5%
efficiency wasted wasted wasted
Coated area ~cm ~dm ~m

Sensitivity to ® ® ©

surface defects

POSSibility of @ @ @

“patterning”

Because of these problems and limitations, a more
robust method of liquid precursor application has been sear-
ched for. Inkjet printing is apparently a very good candidate
for this task. In a conventional inkjet printer, small droplets of
low viscosity ink are ejected from a print head and fall onto

s995



Chem. Listy, 102, s265-s1311 (2008)

printed substrated®. The movement of the print head and the
substrate is precisely controlled by computer and so is the
volume of ejected droplets and their loading per unit area.
If we are able to replace the ink with a liquid precursor and
printing paper with suitable substrate, we obtain a very robust
device for the precursor deposition.

Naturally, both the printer and precursor must fulfill cer-
tain requirements in order to be employed as a thin layer depo-
sition tool. The printer has to be able to handle rigid media so
that solid materials can be used as layer support. The precur-
sor must be of a very low viscosity (less than 20 mPa s) and
must not damage the printer. If solid particles are present in
the precursor, their diameter must be well below the print head
nozzle diameter (50-20 um typically) and their aggregation
must be prevented. Despite these limitations, inkjet printing
has been sucessfully used for the deposition of a wide variety
of liquid precursors, such as conducting polymers*, metal-
lic nanoparticles dispersions®, metallic precursor solutions®,
enzymes, various catalyst nanoparticles dispersions etc.

Experimental
Sol and Substrate Preparation

Sol-gel technique was applied to titanium dioxide thin
films preparation using titanium(IV) propoxide as titanium
precursors.

40 ml of ethanol was mixed with 3.8 ml acetylacetone.
This mixture was then dropwise added to 10.3 ml titanium(
IV)tetraisopropoxide (TTIP). Finally, 45 ml of ethanol was
mixed with 0.69 ml water and this mixture was again dro-
pwise added to the sol composition. Prepared sol was stored
in an airtight bottle in darkness at 5 °C.

Borosilicate glass plates with sizes of 30%x30x2 mm
(Verre Equipements, France) were chosen as a substrate for
immobilization of TiO, thin films. This type of glass con-
tains only 4.2 % wt. Na,O and 0.1 % wt. of CaO. Before the
preparation of the thin films, each glass was pre—treated in
order to eliminate any dust, grease and other residues using
an aqueous solution of industrial surfactant and dried under
air flow.

Sol Application

Sol application was performed in a novel inovative way
utilizing a modified office inkjet printer (Epson R220). Origi-
nal ink cartridges were removed from the printer and the ink
tubing and printhead were flushed and purged with anhyd-
rous propanol. Flushing with anhydrous propanol is extre-
mely important in order to remove any remaining aqueous
ink. If this step is omitted or performed incompletely, the tita-
nium sol will hydrolyse upon contact with residual water and
precipitated TiO, will clog the print head nozzles.

“Virgin empty” spongeless carts were supplied by MIS
Associates, USA. Titanium sol was filtered frough 0.2 pm
mesh size syringe filter and loaded into one “virgin empty”
cart. This cart was installed into the printer in the black posi-
tion while the remaining positions were occupied by the same
carts filled with dummy ink (a mixture consisting of water,
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propanol, surfactant and colorant). After a series of head
cleaning cycles a perfect nozzle check pattern was obtained.
Cleaned glass plates were then mounted into a modified CD
holder, fed into the printer and printed with “black only” dri-
ver setting. The colour of the printed pattern was varied in
different levels of grey (100%, 90%, 80%, 70%, 60%) and
thus glasses with correspoding relative sol loading value
were printed.

Two print setting were adopted — rapid and slow (see
Table II). The resolution, print speed and media settings were
varied and their influence on the resulting TiO, layer proper-
ties was evaluated.

Table II
Print setting
Rapid Slow
Media Settings Plain paper  CD Premium Surface
Resolution 360 720
Highspeed L yes Jho
L (= bidirectional (= unidirectional
printing e o
printing) printing)
Absolute 1

appr. 1 cm? s appr. 0.05 cm? 57!

printing speed

Layer Treatment

After the previous procedure, the coated glass plates
were dried in the oven at 110 °C for 30 min. Finally, the depo-
sited layers were thermally treated in a calcination furnace
at 450 °C for 4 hours with ramp of 3 °C min™! to obtain the
transparent photocatalytically active titanium dioxide films in
anatase presupposed phase.

Study of Printed Layers Properties
Optical and SEM imaging was performed in an ordi-
nary manner on a Nikon Eclipse E200 optical microscope
equippend with Nikon D200 digital camera and Hitachi S4700
FESEM scanning electronic microscope. Recorded electronic
images were also used to evaluate the layer thickness.

Surface Analysis was performed on Sanning Probe
Microscopy NTegra Prima/Aura (NT-MDT).

Photocatalytic performance was evaluted by recor-
ding the dechloration rate of 2,6-dichloroindophenol (DCIP).
The reaction took place in a simple single-plate reactor where
the solution was circulated through a siphon by a centrifugal
pump. The siphon ensured a constant level of solution over
the catalyst plate during the whole reaction despite decrea-
sing volume due to sampling. UV radiation was delivered by
Philips HPA — 400 W metal halogen lamp and the intensity
was 2.4 mW cm™2,

The DICP concentration was determined by UV-
VIS spectrophotometry at 600 nm. Samples were taken at
20 minutes intervals. Formal first order kinetic model was
adopted and the reaction rate constants were calculated.
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Results
Layer Structure and Morphology

As far as the layer morphology is concerned, we can
clearly see that there are principal differences between rapid
and slow printed layers, no matter what the sol loading is.
The rapid printed layers are very smooth and compact up to
80 % of sol loading (see Fig. 1.). When the sol loading value
exceeds this threshold, cracking occurs (See Fig. 2.).

Fig. 1. 80 % sol loading, rapid printing

Fig. 2. 100 % sol loading, rapid printing

On the other hand, the slow-printed layers show com-
pletely different structure — their surface is very grooved and
rough. It clearly keeps the structure of individual drops. When
the sol loading value is low, we can clearly see the patterns
of individual drops (see Fig. 3.). When the sol loading value
increases, this pattern is still present and some cracing occurs
in very thick regions (Fig. 4.).

A more detailed view is provides by the SEM imaging.
Here we get a closer look at the cracks and it is also possible
to estimate the thickness of the layers (Fig. 6.).

The differences in the layer structure are caused by the
different speed of sol ejection: During rapid printing, the sol
ejection rate is faster then solvent evaporation, and therefor a
liquid film is formed on the substrate. Only then the solvent
evaporates, leaving a “dry” layer of gel. However, during
slow printing, the sol ejection rate is very small and the rate
of evaporation exceeds it. Therefore a solig gel is formed

Photochemistry

Fig. 3. 60 % sol loading, slow printing

Fig. 4.

100 % sol loading, slow printing

100 % sol loading, rapid printing

Fig. 5.

on the substrate already during printing and the last drops
of sol are deposited onto dried gel. Therefore a distinctive
structure develops and the resulting layer is very rough.

The roughness prepared layers was in much greater
detail observed by AFM. Unfortunately, the roughness of
slow printed layers was too high to be observable by our
device, therefore a direct comparison is not possible at the
moment. The AFM record for the rapid layer reveal a very
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Fig. 6. A crack detail, 100 % sol loading, rapid printing

smooth surface whose roughness is comparable to the rough-
ness of support glass.

§

R RN EEE

Fig. 7. AFM record of 100% sol loading, rapid printed layer

Photocatalytic Performance

Fig. 7 shows the overall results for the DCIP dechlo-
ration experiment. We can clearly see that the dechloration
rate increases with increasing sol loading. However, the there
is a difference in the slope of this dependency. We believe
that this difference can be explained by the differences in
layer homogeneity. While the rapidly printed layers are very
smooth and compact, the slow printed layers are grooved and
rough. Therefore the catalyst surface is basically constant in
the case of rapid printing and only the thickness of the layer
changes. On the other hand, in the case of slow printing, both
the average layer thickness and interface surface increases as
sol loading increases.

Conclusion
In this letter, we demonstrate the benefits of using inkjet
printing technology for the preparation of TiO, thin layers.

Photochemistry

0.009

Reaction rate constant (s‘1)

80 90
Sol Loading (%)

Fig. 8. Reaction rate constant comparison

By utilizing the well know sol-gel chemistry used so far for
spin- and dip coated layers of TiO, together with the wide
deposition possibilities offered by inkjet printing, we are able
pro prepare thin layers of TiO, in a very effective and clean
way with minimum waste. The structure of prepared layers
greatly depends on the printing conditions: If the sol eje-
ction rate is faster then solvent evaporation, a smooth com-
pact layer is produced. On the other hand, when the solvent
evaporation rate is grater than sol ejection, we obtain highly
structured and porous layer.

Slowly printed layers have structured and grooved sur-
face giving them opaque matt apperance, but their photoca-
talytic performance is superior compared to rapidly printed
layers. We believe this is mainly due to greater catalyst inter-
face area. On the other hand, rapidly printed layers have bet-
ter optical properties — they are glossy and transparent. How-
ever, the smooth surface results into lower mass exchange
rate and therefore their photocatalytic performace is lower.

Authors would like to thank to the Czech Ministry of
Education, Youth and Sports for supporting this work through
project MSM0021630501.
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Introduction

As the photogenerated active oxygen species are formed
at the irradiated TiO, surface, this system can be utilized for
microbes deactivation instead of the conventional methods
such as UV irradiation, heat treatment or chemical disin-
fectant application.

The mechanism for bactericidal activity of photocata-
lytic oxidation was firstly! proposed by Matsunaga et al. in
1985. In this pioneer study, they showed that coenzyme A
taking part in many biochemical processes is photoelectro-
chemically oxidized, which leads to the inhibition of cellu-
lar transpiration and eventually cell death. Most studies of
photocatalytic microbe inactivation are focused on bacte-
ria 1%, less on viruses!”, yiest'®!° and fungus?%?!. As most
of the bacteria-focused studies deals with Escherichia coli,
this species was proposed as a standard microorganism for
normalised testing of the photocatalytic activity of various
substrates. One reason for this choice is definitely the fact
that the presence of this bacteria indicates the contamination
of water by feaces.

The mechanism for bactericidal effect of photocatalytic
process on TiO, was in detail described on E. coli: Maness*?
et al. proposed, that E. coli was killed by the process known
as lipid peroxidation. They propose that the first step is the
interaction of oxidation products generated by irradiated tita-
nium dioxide with microorganism cell wall. Here the initial
oxidative damage takes place. Despite having the cell wall
damaged, the cell is still viable. After the erosion of cell wall,
an attack onto the cell membrane takes place. Here the per-
oxidation of membrane lipids takes place as the polyunsatu-
rated phospholipids are the main components of bacterial cell
membrane.

The formation of malondialdehyde was also obser-
ved, indicating the oxidative decomposition of lipids in
protoplasm. This is a highly reactive compound capable of
damaging proteins, nuleic acids and bases. Due to the severe
erosion of membrane structures the vital biochemical pro-
cesses such as respiration, semipermaeability and oxidative
phosphorilation are slowed down and evetually terminated,
resulting in ultimate cell death.

Sunada et al.>* studied the destruction of Escherichia coli
entotoxine which is an integral component of cell membrane
by titanium dioxide. They proved that the cell death was
accompanied by the endotoxine degradation and concluded,
that the photocatalytic ptocess onto a TiO, thin film includes
the destruction of outer bacterial mebrane.
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Some differences in the susceptibility of various micro-
organisms to the photocatalityc stress can be observed. The
difeerences are especially apparent between gram-positive
and gram-negative bacteria. The gram-positive ones, although
being less structurally complex then the gram-negative ones,
are encapsulated by a thick peptidoglycanous layer. Similarly
fungi and yiest are less sensitive to the photocatalitic attack
because of their strong eucariotic cellular wall representing
relatively strong resisting barirrier agaist the reactive oxygen
radicals generate on the surface of irradiated titanium dio-
xide.

Electrons reduce adsorsobed oxygen to superoxide radi-
cals (O,™). Electron holes exidies OH groups into hydroxyl
radical HO", which then act as the main oxidizing agents. The
heterogeneous photocatalytic process then consists of a series
of reactions which may be expressed by the following set of
equations:

Ti0,——Ti0, (¢, . h, }—+recombination (1)

TiO,(h},)+H,0,,, ——>TiO, + HO;, + H" 2
TiO, (h},)+ HO,,,—— TiO, + HO;,, 3)
TiO, (h},)+D,,,— TiO, + D}, @)
HO' +D,,—— D, (5)
TiO,(e,) + A, ——> TiO, + A (6)

Here, A stands for the electron acceptor and D electron
donor. In most cases, a complete mineralization of organic
substrate takes place and CO, a H,O are the final products.
Dissolved oxygen is the usual acceptor in aqueous media,
being transformed into superoxide anion-radicals (O,™),
which can further initiate the formation of hydroxyl radical
HO":

TiO, (e,,) +O,  +H'——TiO, + HO; ==0; +H" (7)

Although the photocatalytic inactivation of microorga-
nism is not suitable for the decompostion of a large quantity
of matter in a short time, it became a highly effective mea-
sure to eliminate lower concentration of microorganisms and
especially to prevent their further growth.

Generally, several different disinfection kinetic models
are used in order to describe the microorganism killing?6. The
first empiric model for experimental data fitting was propo-
sed by Chick and Watson in 1908:

1ni =-kc"t, ®)

0
where N, and N corresponds to initial and remaining micro-
organism population, respectively, k is inactivation rate con-
stant, ¢ is reaction time, c is disinfection agent concentration
and n is reaction order. In most cases n equals 1, causing
the deactivation of microorganism to become a first-order
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reaction. The Chick-Watson model was modified considering
two different kinetic constants, k; describing the rate of
microbial disinfection and k, taking into account the biocide
concentration decrease:

N k n
In VO =- n]kz [1 —exp (7nk2t)] 9

In 1972, the kinetic model of Hom was developed, which
assumes a general equation for disinfection:

lnﬁz—k "t (10)
N, 0

where k is the disinfection rate constant, ¢ is the concentra-

tion of biocide, m is the Hom dilution coefficient, # is elapsed

time and 4 is the Hom time exponent®. It should be noted

that if / equals 1, then the equation reduces to that of the

Chick-Watson model.

Some authors, who studied UV disinfection of waste-
water, tried to replace the concentration of disinfectant in the
previous equation (10) with the intensity ¢ of UV radiation3!.
Then the expression of the rate N/N,, becomes:

In : - kot=-kH (11)
where 7 is time of exposure and then the product ¢ x¢ gives
the total exposure dose H [Jm™2].

Horie and co-authors assumed that cell deactivation
obeys a second-order reaction between cells and oxidative
radicals, and the death of a cell is caused by » times reactions
on the basis of a series-event model. They derived complex
equation for rate constant k" of photocatalytic disinfection in
slury of titanium dioxide taking into acount titanium dioxide
concentration and incident light intensity?>.

Unfortunatelly, these equagtions doesn’t obeys fully to
experimental data of photocatalytic disnfection of yeasts on
immobilized titanium dioxide layer.

The most popular way of titanium dioxide thin layer pre-
paration is sol-gel method. Usually the substrates are coated
by dip-coating or spin-coating method. But each of them has
some drawbacks. It would be very convenient to prepare
these layers by way similar to spray coating. Inkjet printing
is apparently a very good candidate for this task. In a conven-
tional inkjet printer, small droplets of low viscosity ink are
ejected from a print head and fall onto printed substrate. If we
are able to replace the ink with a liquid precursor and prin-
ting paper with a suitable substrate, we obtain a very robust
device for the precursor deposition.

By utilizing the well know sol-gel chemistry used so far
spin- and dip coated layers of TiO, with the wide deposition
possibilities offered by inkjet printing, we are able to pre-
pare photocatalytically active thin layers of TiO, in a very
effective and clean way with minimum waste.

Experimental
Sol-gel technique was applied to titanium dio-
xide thin films preparation using titanium(IV) propoxide
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as titanium precursors. Soda lime glass plates with sizes of
50x50%1.5 mm were used as a substrate for TiO, thin films
after treatment for surface sodium ions leaching.

Sol application was performed in a novel innovative
way utilizing a modified office inkjet printer with empty
carts. Cleaned glass plates were then mounted into a modified
CD holder, fed into the printer and printed with “black only”
driver setting. The colour of the printed pattern was varied in
different shades of grey (100%, 95%, 90%, 80%, 70%, 60%)
and thus glasses with varying sol loading were printed. The
resolution, print speed and media settings were also varied
and their influence on the resulting TiO, layer properties was
evaluated. Two way of printer setting were chosen for thin
layer of TiO, preparation — slow (S) and rapid (R). The sam-
ple marked as 100 R corresponds to 100 % of sol loadings
printed by rapid way.

After coating, the glass plates were dried in the oven at
110 °C for 30 min and finally at 450 °C for 4 hours.

Photocatalytic killing of yeast Candida vini and Can-
dida tropicalis were performed to study the antimicrobial
properties of prepared TiO, layers. The yeast cells have sphe-
rical or oval, sometimes cylindrical or elongated shape of
3.0-5.5%4.0-9.0 um in size. Generally, Candida is the most
common cause of opportunistic mycoses (Candidiasis) worl-
dwide. This type of endogenous infection mostly arises from
overgrowth of the fungus inhabiting in the normal flora.

The yeast culture for the photocatalytic test was prepa-
red as follows: 1 ml of yeast culture cultivated for 24 h in
GPY liquid nutrient media was diluted with 9 ml of deionized
water and centrifuged for 5 min at 4,000 rpm. The supernatant
was separated from yeast sediment and centrifugation was
repeated once again with 10 ml of deionized water. After last
changing of liquid, the pure yeast suspension in water was
well homogenized using minishaker. 30 pl of this suspension
was dropped onto 15 min pre-irradiated TiO, film on glass
plate and spread by micropipette for better contact of yeasts
with photocatalyst surface. The sample was then put on refle-
ctive surface in Petri dish and covered by quartz plate in order
to maintain a constant humidity during reaction. The sam-
ple was irradiated by four fluorescent lamps Sylvania Lynx-
S 11 W with a maximum of energy at 365 nm. Irradiance of
1 mW cm2 was maintained by lamp distance adjustment.

The irradiated samples were analyzed by epi-fluorescent
microscopy using Acridine orange dye: 40 ul of 1.8 x10* M
Acridine orange (in phosphate buffer with pH 6) was added
to 30 pl drop of irradiated sample placed in Petri dish. The
Acridine orange dye is capable to bind to DNA in dead cell
and so in epi-fluorescence microscope this complex emits
red light. Then the dead cells appear as red and live cells as
green in colour. A random selection of 20 places on a sample
was recorded by Pixelink PL-A662 CCD camera (Pixelink
Canada) and images were processed by Lucia software.
On each image, the number of live and dead cells was calcu-
lated and expressed as the survival ratio (SR), i.e. number
of live cells divided by total number of cells in each image
using following formula:
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R —" (12)

live+dead
The obtained survival ratio was averaged and processed
by statistical methods.

Results

By the described method of thin layer of titanium dio-
xide we prepared layers predominantly with crystaline
structure proved by Raman spectroscopy (Fig. 1.). The
Raman spectroscopic measurements of TiO, calcinated films
revealed the anatase phase to be dominant with the small por-
tion of rutile.

8000

7000
6000
5000
4000
3000

Intensity, a.u.

2000
1000

500 1000 1500 2000
Wave number, cm ]

Fig. 1. Raman spectra of printed layer of titanium dioxide 95R

Fig. 2. Titanium dioxide layers: Smooth surface of rapidly
printed sample 95 R (left) and structured surface of slow printed
sample 95 S

The different amount of sol printed on glass surface
and two different way of sol printing resulted in various sur-
face structure, layer homogeneity and porosity. The surface
structure varied from smooth surface of fast printed layers to
wrinkly surface of slow printed layers (Fig. 2.). Maximum
thickness was 212 nm. The smooth layer was formed by 30
nm particles of titanium dioxide. However, this smooth layer
contained cracks smaller than 700 nm (Fig. 3.).

We found that process of yeast photokilling does not
significantly depend on way of printing if the surface is fully
covered by TiO,. Generally, a damage of membrane needs

Photochemistry

Fig. 3. SEM microphotography of sample 95 R
a certain time and we observed the induction period. When a
membrane was perforated, the second period occurred during
which the microorganism inactivation was accelerated.

The presence of plateau in the later period of reaction
was found during yeast inactivation. Inner cell components
present outside the cells cause the competition between these
molecules and bacteria as regards the rective oxygen species.
We found similar results for both used cells of Candida tropi-
calis and Candida vini.
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Fig. 4. Photocatalytic inactiovation of yeast Candida vini on
slow printed titanium dioxide layer

Conclusions

It was found that printed layers show photocatalytic
activity. The prepared lyaers were thiner than 200 nm and
transparent. Their properties were proved by phtocatalytic
inactivation of yeasts. This process does not depend on the
way of sol delivery by inkjet printer if the glass surface is
fully covered.

Authors thank to Ministry of Education, Youth and Sports
of Czech Republic for support by project MSM0021630501.

REFERENCES
1. Matsunaga T., Tomoda R., Nakijima T., Wake H.: FEMS
Microbiol. Lett. 29, 211 (1985).
2. Daneshvar N., Niaei A., Akbari S., Aber S., Kazemian
N.: Global NEST Journal 9, 132 (2007).
3. Byunghoon K., Dohwan K., Donglyun C., Sungyong C.:
Chemosphere 52, 277 (2003).

s1031



Chem. Listy, 102, s265-s1311 (2008)

10.

11.

12.
13.
14.
15.
16.

17.

. Guimaraes J. R., Barretto A. S.: Braz. J. Chem. Eng. 20,

403 (2003).

Rincon A-G., Pulgarin C.: Appl. Catal. B 49, 99 (2004).
YulJ.C., Tang H. Y., YuJ., Chan H. C., Zhang L., Xie Y.,
Wang H., Wong S. P.: J. Photochem. Photobiol. Chem.
153,211 (2002).

Kim B., Kim D., Cho D., Cho S.: Chemosphere 52, 277
(2003).

Dadjour M. F., Ogino Ch., Matsumura S., Shimizu N.:
Biochem. Eng. J. 25, 243 (2005).

Fernandez P., Blanco J, Sichel C., Malato S.: Catal.
Today 101, 345 (2005).

Watts R. J., Washington D., Howsawkeng J., Loge F. J.,
Teel A. L.: Adv. Environ. Res. 7, 961 (2003).

Kiihn K. P., Chaberny I. F., Massholder K., Stickler M.,
Benz V. W., Sonntag H-G., Erdinger L.: Chemosphere
53,71 (2003).

Nadtochenko V. A., Rincon A. G., Stanca S. E., Kiwi J.:
J. Photochem. Photobiol. Chem. 769, 131 (2005).
Rincén A-G., Pulgarin C.: Appl. Catal. B 57, 283
(2004).

Cik G., Priesolova S., Bujdakova H., Sersefi F., Pothe-
ova T., Kristin J.: Chemosphere 63, 1419 (2006).

Kiwi J., Nadtochenko V.: Langmuir 217, 4631 (2005).
McLoughlin O. A., Ferndndez Ibanez P., Gernjak W.,
Malato Rodriguez S., Gill L., W.: Sol. Energ. 77, 625
(2004).

Lee S., Nishida K., Otaki M., Ohgaki S.: Water Sci.
Tech. 35, 101 (1997).

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

s1032

Photochemistry

Kiihn K. P., Chaberny I. F., Massholder K., Stickers M.,
Benz V.W., Sonntag H-G., Erdinger L.: Chemosphere
53,71 (2003).

Serpone N., Salinario A., Horikoshi S., Hidaka H.: J.
Photochem. Photobiol. 779, 200 (2006).

Lonnen J., Kilvington S., Kehoe S. C., Al-Touati F.,
McGuigan K. G.: Water Res. 39, 877 (2005).

Sichel C., De Cara M., Tello J., Blanco J., Fernandez-
Ibanez P.: Appl. Catal. Environ. 74, 152 (2007).
Maness P. C., Smolinski S., Blake D. M., Huang Z.,
Wolfrum E. J., Jacoby W. A.: Appl. Environ. Microbiol.
65,4094 (1999).

Pal A., Pehkonen O. S., Yu L. E, Ray M. B.: J. Photo-
chem. Photobiol. Chem. 186, 335 (2007).

Sunada K., Watanabe T., Hashimito K.: J. Photochem.
Photobiol. Chem. 156, 227 (2003).

Horie Y., David D. A., Taya M., Setsuji T.: Ind. Eng.
Chem. Res. 35, 3920 (1996).

Cho M., Chung H., Choi W., Yoon J.: Water Res. 3§,
1069 (2004).

Salih F. M.: Water Res. 37, 3921 (2003).

Cho M., Chung H., Yoon J.: Appl. Environ. Microbiol.
69,2284 (2003).

Lambert R. J. W., Johnston M. D.: J. Appl. Microbiol.
88,907 (2000).

Sellami M. H., Hassen A., Sifaoui M. S.: JQSRT 78, 269
(2003).



Chem. Listy, 102, s265-s1311 (2008)

P83 FUNGICIDAL EFFECT OF PRINTED
TITANIUM DIOXIDE LAYERS

MARIA VESELA, MICHAL VESELY, PETR DZIK,
JANA CHOMOUCKA and LENKA SUPINOVA

Brno University of Technology, Faculty of Chemistry, Purky-
nova 118, 61200 Brno, Czech republic,

vesela@fch.vutbr.cz

Introduction

Microorganisms are crucial and inevitable part of life on
Earth. They are found basially everywhere — in air, soil, in
animal and human bodies, even in places with extreme con-
ditions. Microbial contamination is a serious issue which has
to be dealt with in numerous cases of everyday life. Various
sterilization and dissinfecting methods have therefore been
developed so far.

Photocatalytic processes on thin layers of titanium dio-
xide represent a new approach to the everlasting struggle
against microbial contamination. Reactive oxygen species
generated on the surface of irradiated TiO, inactivate most
type of microbes!. Apparently, titanium dioxide coated surfa-
ces self-reducing the population of microbes to minimal level
and preventing their growth would be of a great importance.

Most photodegradation reactions on organic substrates
are based on the oxidative power of photoinduced electronic
holes or are mediated by HOradicals. Such reaction usually
lead to a complete mineralization of organic substrate to car-
bon dioxide and water. However, it is necessary to provide a
reducible reactant (i.e. electron acceptors) which would react
with photogenerated electrones. In most cases of photoca-
talytic degradation reactions, oxygen is present and it acts
as primary electron acceptor. Oxygen is thus transformed to
superoxide radical (O,™) and in this way a hydroxyl radical
can be produced:

Ti0, —* »Ti0, (¢}, .h7, ) — recombination @)

TiO,(h},) +H,0,, — TiO, + HO., +H" 2

ads

TiO,(e,) +0,, +H" > TiO, +HO; <> 07 +H"  (3)

Experimental
Material and Methods

Sol and substrate preparation. Sol-gel technique
was applied to titanium dioxide thin films preparation using
titanium(I'V) propoxide as titanium precursors. A mixture
of absolute ethanol and acetylacetone (ACAC) was added
to titanium(IV) propoxide (TTP) under continuous stirring.
Then a small amount of water in ethanol was dropped at
last to the previously mixed solution. Soda lime glass plates
with sizes of 50 % 50 x 1.5 mm were chosen as a substrate for
immobilization of TiO, thin films. Soda lime glasses were
treated in boiling 9M sulphuric acid. Before the preparation
of the thin films, each glass was pre-treated in order to eli-
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minate the dust, grease and other residues using liquid sur-
factants and dried under air flow.

Sol application was performed in a novel innovative
way utilizing a modified office inkjet printer. Ink cartridges
were removed from the printer and the ink tubing and prin-
thead were flushed and purged with anhydrous propanol.
“Virgin empty” spongeless carts were supplied by MIS As-
sociates, USA. Sol was filtered through 0.2 pm mesh size
syringe filter and loaded into one “virgin empty” cart. This
cart was installed into the printer in the black position and af-
ter a series of head cleaning cycles a perfect nozzle check pat-
tern was obtained. Cleaned glass plates were then mounted
into a modified CD holder, fed into the printer and printed
with “black only” driver setting. The colour of the printed
pattern was varied in different shades of grey (100 %, 95 %,
90 %, 80 %, 70 %, 60 %) and thus glasses with varying sol
loading were printed. The resolution, print speed and media
settings were also varied and their influence on the resulting
TiO, layer properties was evaluated. Two way of printer set-
ting were chosen for thin layer of TiO, preparation — slow (S)
and rapid (R). The sample marked as 100 R corresponds to
100 % of sol loadings printed by rapid way.

Layer treatment. After this procedure, the coated glass
plates were dried in the oven at 110 °C for 30 min. Finally,
the deposited layers were thermally treated in a calcination
furnace at 450 °C for 4 hours.

Photocatalytic Inactivation of
Yeasts

A 24-hour culture of yeast Candida vini CCY 29-39-3
(provided by Slovak Yeast Collection, Bratislava) was prepa-
red at 25 °C. After the cultivation, 10 ml of culture medium
was sampled into a plastic test tube, rinsed twice and centri-
fuged at 4,000 rpm for 6 minutes. The supernatant was dis-
carted and the yeast sediment was diluted with 1 ml of dis-
tilled water an throroughly mixed.

A titanum dioxide coated glass plate was irradiated by
UV lamp for 30 minutes in order to obtain a superhydrophilic
surface. 25 pl of diluted yeast suspension was pipetted onto
the glass plate and evenly spread across its surface. Then the
glass plate with yeast suspension was placed in a sreaction
chamber. The chamber consisted of a Petri dish with refle-
ctive aluminum foil bottom and quartz glass cover. A few
drops of water were aplse placed into the reaction chamber in
order to maintain the humidity.

The reaction chamber was irradiated by 4 fluorescent
lamps Sylvania Lynx-S 11 W with emission maximum at
350 nm. The irradiation intensity was 1 mW cm™2 within
290-390 nm spectral region. Irradiated samples were dyed
and observed by fluorescent microscopy.

Survival Ratio Calculation

The exposed yeast suspension was mixed with 25 pl acri-
dine orange solution (1 x 10* mol dm) in phosphate buffer
of pH = 6. After thorough mixing, the sample was obser-
ved with epi-fluorescent microscope Nikon Eclipse E200.
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20 digital images of randomly chosen different places ocross
the glass plate were recorded using CCD camera PixeLINK
PL-A662 mounted on the Nikon microscope. At every recor-
ded image, the number of living cells N, (green flurescence)
and dead cells N, (orange fluorescence) was counted. Then,
the survival ratio SR was calculated:
NL
N “

L+D

SR =

Results

After irradiating Candida vini suspension deposited on
the 100 R glass plate a significant inactivation was observed
—the SR dropped to 0.032 + 0.023 within 70 minutes. On the
other hand, the non-irradiated sample showed no inactivation
within 70 minutes. These observations are in a good com-
pliance with the results of Seven et al.%, who also observed
no inactivation of microbes on titanium dioxide in darkness.
Only very small inactivation was observed on an irradiated
bare glass without the catalyst layer. (Figs. 1., 2.).

These results are in agreemnet with the observations
made by Kiihna et al.3, who irradiated bacteria Pseudomonas
aeruginosa on a glass plate covered with titanium dioxide.
They found out that bacreial cell inactivation takes place.
This phenomenon was explained to be caused by the oxida-
tive stress of oxygen radicals inside cells during the expo-
sure by UV-A radiation. Once the stress rises over a certain
threshold, the cell dies.
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Fig. 1. SR comparison for Candida vini at different conditions

on R substrates

A constant decrease of SR in a certain time from the
reaction start was observed by Benabbou et al.? in the case of
Escherichia coli. Cell mebrane damage resulting from pho-
tocatalytical processes leads to an increase in membrane per-
maebility and eventually to free outflow of cell fluids. There-
fore both bacterial cells as well as molecules of intracellural
organels can become the substrate of reactive oxygen species
(ROS) attack. ROS react simultaneously with the cytoplas-
matic membrane of living cells and with the remains of dead
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Fig. 2. SR comparison for Candida vini at different conditions
on S substrate

cells (polysycharides, lipids) at the same time. Our results
also confirm this hypothesis.

When we compare the inactivation rates for Candida vini
on R and S substrates (Fig. 2. and Fig. 1.) it becomes clear
that the inactivation rate of Candida vini does not depent on
the structure and topology of the catalyst layer, as long as the
glass surface is well couted by titanium dioxide.

Conclusions

When comparing the photocatylic inactivation rate of
Candida vini on two types of immobilised catalyst (rapi-
dly printed and slowly printed titanium dioxide layers) it is
possible to conclude that significant inactivation was obser-
ved on glass plates with very high sol loading, i.e. with very
well covered surface (samples 100 R, 95 R, 95 S). We also
observe a certain decrease in the inactivation rate after rea-
chicg the SR value of appr. 50 %. This might be caused by the
simultaneous consuption of ROS both by the still living cells
membrane as well as the organic remains of already killed
cells. Almost constant SR value between 25 and 35 minutes
suggest a competitive reaction pathway.

Authors thank to Ministry of Education, Youth and Sports
of Czech Republic for support by project MSM0021630501.
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