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Abstract

This paper describes the application of electrophoretic deposition for air pollution removal using
anatase as a photoactive coating. In this study the anatase form of TiO; has been applied to (i) fluorine-
doped tin oxide coated glass; (ii) 304L stainless steel; and (iii) titanium substrates using isopropanol
and acetylacetone based solutions at 20, 40, 60 and 80V. In order to increase the strength of the
substrate-anatase interface without transforming the phase into rutile, samples were calcined at 450°C
for 2 hours. The resulting coatings were characterised by Raman spectroscopy, X-ray diffraction
(XRD), non-contact optical profilometry and scanning electron microscopy (SEM). The photocatalytic
activity of the deposited coatings were evaluated in the gas-phase for nitrogen dioxide (NO2) removal
by electron ionisation mass spectrometry whilst irradiated by light of wavelength 376-387nm for 100
minutes. Anatase phase titania supported on a fluorine-doped tin oxide coated glass substrate showed
the highest photoactivity for NO, remediation. This was attributed to the formation of a three-
dimensional nanostructure with properties determined by the deposition conditions. The work provides
routes for the development of low-cost and large area photoactive coatings for pollution control.

Keywords electrophoretic deposition, photocatalysis, TiO,, anatase, NO,, mass quadrupole
Abbreviations

a.m.u. = atomic mass unit

FTO = fluorine doped tin oxide

CH. = methane

NOx = nitrogen oxide

UVA = ultraviolet-A



1. Introduction

The latest assessment report by the Intergovernmental Panel on Climate Change released in March 2014
indicated the required actions for the mitigation of climate change [1]. The release of greenhouse gases
such as carbon dioxide, methane, sulphur dioxide and nitrous oxide from industrial and domestic
sources pose a significant contribution to global warming. Many of these gases also present health
hazards for the population at large and are associated with respiratory diseases. The European Union
and United States of America have set maximum levels for emissions of certain pollutants through their

environmental standards; the levels for SO, were set in 2005 and NO; in 2010[2].

In 1972 Fujishima and Honda first published their research on the photocatalytic properties of TiO[3].
Greater awareness of the potential ways to exploit the photoactivity of semiconductors such as titanium
dioxide has seen a significant increase in the quantity of research investigations carried out. This has
been largely driven by their promise of becoming a method for pollution remediation [4]. Under UV
radiation, semiconductors with photocatalytic activity can create free radicals on their surface. This
process begins [3], [5-7] with the promotion of electrons from the valence to the conduction band.
Following charge separation, the creation of a reactive hole (hyw*) on the surface of the crystal and the
associated electron are able to interact with surface adsorbed water molecules generating free hydroxyl
radicals and protons. The charge-separation reaction scheme is illustrated by equations 1 to 6 [8-11],
starting with the initial creation of electron hole pairs on the TiO- surface (Reaction 1) prior to the
creation of free radicals. Free radicals are responsible of the reduction-oxidation (redox) processes
associated with the neutralisation and subsequent removal of hazardous molecules. Although titanium
dioxide has three different metastable polymorphs, anatase with a band gap of 3.2eV [12], [13] is widely
accepted as being the most efficient structure for separating charges on its surface under UV radiation
[14] and is therefore considered more reactive against pollutants compared to the other polymorphs of

TiO, such as rutile and brookite.

The photocatalytic activity of various materials is routinely studied for powders or nanoparticles whilst
in the form of an aqueous suspension. Under these conditions the decomposition rate of a suitable
organic dye, such as methylene blue, is used as a measure of activity [15-23]. This simple method was
subsequently standardized in ISO (International Organization for Standardization) 10678. However the
physical mechanisms involved in such aqueous based methods can be significantly different compared
to that of gas-phase reactions making the translation of relative performance problematic. There are
currently three published 1SO methods related to air purification, each one being specific to one
pollutant: acetaldenyde (CHsCHO) ISO 222197-2; nitric oxide (NO) ISO 22197-1 and toluene
(CH3CsHs) 1SO 22197-3. A chromatographic system is commonly used as the detector, however this
has the disadvantage of being limited to one compound [24]. Recent developments in the application of

electron ionisation mass spectrometry for the study of photo-catalytic activity has demonstrated the



suitability and reliability of this approach for multiple pollutants. Studies have differentiated between

rutile and anatase forms of TiO> under irradiation at different wavelengths in the UVA range [25].

TiOz + hv—hy "+ eg’ (1)
hw ™+ H,0 — «OH + H* (2)
e+ H* — H (3)
e+ 02— Oy 4)
hw'+ 02" — 'O, (%)
H* + 0,"— HOy' (6)

The development of photocatalytic paints and coatings for environmental remediation applications in
both indoor and outdoor urban areas has been identified as a promising field of research [26-31]. In this
study, electrophoretic deposition of nanostructured anatase TiO, coatings on stainless steel, titanium
and fluorine-doped tin oxide coated glass substrates have been investigated. These substrates are widely
used by the construction industry for structural and esthetical applications in buildings. Many of the
associated components are pre-fabricated and potential candidates for coating using electrophoretic

deposition.

Electrophoretic deposition is a versatile technique which has seen widespread use over the last 50 years.
It is suitable for coating a wide range of materials including carbides [32], ceramic oxides [33], [34],
metals [35] and polymers [36] onto an electrically conducting surface. When an electric field is applied
to the solution, the charged particles are accelerated towards the electrode with opposite polarity.
Additives can be added to the solvent mixture to modify the electrical conductivity of the media and
provide charge stabilisation of the suspended particles [34], [37]. Studies by Boccaccini, Farnoush,
Mohanty, Caya and Fateminia have investigated a number of different solvents suitable for
electrophoretic deposition of metal oxides[38-42]. Those based on isopropanol and acetylacetone were
identified as producing coatings with high durability and uniformly deposited oxide nanoparticles. This
is attributed to physical properties including the dielectric constant, 18.6 and 23.1 at 20°C, viscosity

index, 2.4 mPa.s and 0.821mPa.s at 20°C for isopropanol and acetylacetone respectively.

Electrophoretic deposition has also been employed by industry as a material processing technique for

coating automobile frames, heavy equipment and metal parts [37], [43]. It is particularly appropriate



for components with complex geometries where other methods may produce unacceptable variations in
coating thickness [44]. An additional advantage of this technique includes a relatively rapid processing
speed and lower costs when compared to alternative methods such as sol-gel processing. Electrophoretic
deposition has been shown to produce coatings of sufficient quality for use in the production of dye-
sensitized solar cells. It is well suited for the production of the high purity coatings required for such

applications[44—47].

This paper describes a study to investigate the photocatalytic performance of electrophoretically
deposited coatings through testing their ability to remove NO; from air. The effect of deposition
parameters including suspension medium, voltage, current and time have been investigated for glass
and metal substrates to optimise the coating durability and photocatalytic activity. The research
demonstrates the suitability of this technique which could be scaled-up and used for the production of
large area photocatalytic coatings for the built environment in common materials used in facades such

as glass, steel and titanium.

2. Material and methods

a. Preparation of anatase TiO; coatings

Nanostructured coatings were formed from an anatase precursor supplied by Sigma Aldrich and
marketed as Aeroxide® P25 of purity >99.5% trace metals basis, average particle size 21nm, a surface
area ranging from 35m?/g to 65m?/g and a thermal expansion coefficient of 8.4x10%/K CAS 13463-67-
7. The three electrically conductive substrate materials that were evaluated were (i) stainless steel of
grade AISI 304L (sections 25mm x 25mm x 1.00mm) with an electrical resistivity of 7.2x10°Qcm at
20°C and a thermal expansion coefficient of 1.7x10°/K; (ii) 99.6% purity titanium sheet supplied by
Advent Research Materials Ltd. (sections 25mm x 25mm x 1.00mm) with an electrical resistivity of
4.2x10°Qcm at 20°C and a thermal expansion coefficient of 8.6x10%/K and (iii) soda glass coated in a
conductive fluorine doped tin oxide film of sheet resistance 8€2/sq and a thermal expansion coefficient
of 9x10%/K was supplied by Visiontek Systems Ltd (sections 25mm x 25mm x 3.20mm). Prior to
deposition, all substrates were ultrasonicated in deionised water for 15 minutes, washed in acetone to
remove surface contaminants and subsequently air-dried using a hot air blower. Electrophoretic
deposition (EPD) was carried out using either an isopropanol based solution which consisted of 30 ml
of isopropanol, 15 ml of acetone and 0.5 ml of acetylacetone, 0.1% w/v of iodine and 1% w/v of anatase,
or an acetylacetone based solution which consisted of 30ml of acetylacetone, 0.1% wi/v of iodine and
1% wi/v of anatase. Following the addition of these constituents intimate mixing was ensured by

ultrasonicating the solution for 15 minutes prior to deposition.

Electrophoretic deposition was performed in a specially designed and constructed cell containing a
platinum counter electrode (section of 1.00mm x 2.50 x 0.50mm) with an inter electrode distance of 2.7

cm. A Keithley model 2400 power supply with a voltage range of 5uV to 210V, programming resolution



of 5mV and maximum power of 22W was used. The basic accuracy at 23°C = 5 °C was 0.012% of the
reading voltage + 24mV. The noise, peak to peak, between 0.1 and 10 Hz was 5 mV. As-prepared
samples were dried at room temperature and were then calcined in a conventional furnace. The
temperature was ramping up at 1°C per minute to 450°C and the dwell time at the final temperature was
2 hours. The coatings were naturally cooled to room temperature. In addition to the coatings, a 13mm
diameter anatase P25 pellet was formed by dry cold pressing, at a pressure of 69 kN/m? for use as a

reference.

b. Evaluation of NO; photodegradation

Photocatalytic activity of the coatings in the solid-gas phase was studied within a stainless steel reaction
chamber connected to a quadrupole mass spectrometer via a leak valve. Irradiation of the sample within
the chamber was achieved through a quartz glass window using a 4 x 4 array of UV LED’s of
wavelength 376-387nm. The gas mixture studied comprised 190ppm of NO,, 6% of air balance N, and

this composition was used for all the experiments.

The rate of degradation ratio was measured by Microvision 2, a mass spectrometer provided by MKS
Instruments Inc. which worked with an emission current of 1mA, the electron energy was set to 70eV,
an ion energy of 5.5mA, and a scanning range from 14m /z to 70m /z with a step size of 0.12m /z

scanning 8 points per a.m.u.

Under these conditions two separate experiments were undertaken, in the dark and under a UV LED of
wavelength 376-387nm. In addition to the experiments carried out with a sample inside the reaction
chamber, control experiments were performed without a sample inside the chamber and with no light
irradiation; these are referred to as ‘dark no sample’. In all the cases the experiments were performed

over a period of 100 minutes.

The data treatment applied to the measurements has been previously reported in detail [24] and consists
of a multiplicative approach which reports the fractional changes of NO, and compares it to that of an
inert internal standard, Ar, considering the shape of the curve for the partial pressure of an element
irrespective of the absolute pressure. The fractional change of Ar during the experiment is defined as a,
where the superscript ‘max’ is the maximum value of its partial pressure for the data series; ‘min’ is the
minimum value of its partial pressure for the data series and ’i’ is the partial pressure value for a given
time during the experiment.

Armax_Arl

a= Armax_ gymin (7)



This treatment can be applied using similar methodology to the data relating to the m/z ratio of a
molecule of interest, in this case NO,.

Nozmax_Nozi

ENO, = Yo mar_pyo.mi (8)

eno2 represents the relative change in signal from the NO, molecule. This treatment normalises the data
to a value between 0 and 1. The fractional change of nitrogen dioxide, iNO,, is then calculated relative
to the change of argon, a. The difference in active surface area between different samples is considered
by dividing by the surface area, A, as shown in equation 11.

ANO, = o= 9)

After 100 minutes, the fractional change value of NO, for the reaction under UV was subtracted from
the fractional change value of NO, with no sample in the chamber.

c. Characterization of the anatase coatings

X-ray diffraction and Raman spectroscopy were used to determine the phase composition of the
coatings. XRD was carried out using a BRUKER D8 ADVANCE X-ray diffractometer with CuK,
radiation, 26 with a step of 0.016° and a step time of 0.269s between 20° and 70°. Raman spectroscopy
was performed using a Renishaw inVia Raman microscope with a motorised sample stage and 532nm
SHG Nd:YAG laser. The homogeneity of the crystal phases within the coating was determined by
mapping a 1000pm by 500um area. This was performed using Wire 4.1 software which controlled
positioning along the x-y plane, with the ability to scan a region using an objective lens with a
magnification of 50x. Dimensional surface measurements by non-contact optical profilometry were
performed using a Proscan 2000 with a chromatic sensor with a resolution of 0.01um. The morphology
of the coatings was evaluated at low magnifications using a VHX-5000 Digital optical microscope
equipped with a CMOS image sensor (virtual pixels: 1600 (H)x x1200(V)) provided by Keyence.
Higher magnification images were obtained using a JEOL JSM64802V scanning electron microscope
(SEM) with an accelerator voltage of 10kV and a spotsize of 25nm. Where necessary the samples were
coated with a 10nm film of chromium to prevent charging. Coating thickness was calculated from an

average of three measurements taken from an SEM image of a cross-section.



3. Results and discussion

The optimum coating conditions were investigated by systematically changing the exposure time,
solvent, voltage and substrate material. These four physicochemical parameters affect the EPD kinetics

and were studied through a series of experiments.

The deposition voltage and substrate influence the electric field in the solution, affecting the particle
charge and thus the stability of the suspension [44], [48-51]. The nature of the solvent affects the
efficient dispersion of nanoparticles and the deposition of those particles on the substrate [48], [49].
Carrying out the deposition process for longer durations leads to a greater thickness of the coating [49],

[51-53]. The conditions applied for each of the four parameters are detailed in the following sections.
a. [Effect of deposition time

High exposure time implies a greater coating thickness, however a critical thickness was identified at
which point the coating became unstable and cracks formed on the surface after calcination. Exposure
sequences during EPD investigated were: 5s, 10s, 30s, 50s, 100s, 300s, 500s, 900s and 1200s.

Figure 1a shows the effect of deposition time for stainless steel and FTO coated glass in acetylacetone
based solution deposited at 80V. All the coatings prepared at 80V for 500s failed during the calcination
process because of the large number of cracks in the thicker coatings, which is attributed to the stress

caused by thermal mismatch between the coating and the substrate.
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Figure 1 - a) Images of TiO; films that were electrophoretically prepared in acetylacetone based
solution at 80V after calcination; b) Images of TiO, coated FTO coated glass electrophoretically

prepared in acetylacetone based solution at 20V, 40V and 80V after calcination.

As shown in Figure 13, stainless steel was successfully coated with an exposure time under 50, whereas

FTO coated glass was successfully coated under 30s. Figure 1b shows the evolution of the deposited



coatings on FTO coated glass that was electrophoretically prepared in acetylacetone based solution at
20V, 40V and 80V at different time sequences. Higher voltages required less time to deposit an anatase
coating whereas at a lower voltage of 20V longer exposure times are required to obtain a uniform
thickness. The transparent FTO glass samples were labelled on their reverse side using black permanent
marker pen and this writing is clearly visible on the thinly coated samples and provides a useful visual

indication of the coating thickness.

b. Effect of applied voltage

It is well known that the thickness of the resultant coating is proportional to the applied voltage and the
deposition time [51-53]. To study the effect of the voltage and time, the substrate and solvent were
fixed (FTO coated glass was used for the substrate in an acetylacetone based solution). As Figure 1b
shows, at 20V a uniform coating requires a 50s deposition time whereas, at 40V a 30s deposition time
is required and at 80V a 10s deposition time is sufficient to provide a uniform and stable coating.
Coatings prepared for durations over 100s produced poorly adhered coatings following the drying and

calcination stage of the process.

c. Effect of substrate

FTO coated glass, titanium and stainless steel substrates were used to evaluate deposition voltages of
20V, 40V and 80V for 900s as shown in Figure 2a. The deposition time was chosen to ensure the coating
formation achieved the maximum thickness; but only the metallic substrates were coated successfully
at 20V, showing a similar behaviour between stainless steel and titanium. Figure 2b shows another
experiment performed under the same conditions of voltage and solvent, but with different time
exposures for FTO coated glass and stainless steel (as a representative metallic sample). FTO coated
glass requires less exposure time to be coated than stainless steel, whereas coatings formed on stainless
steel remained stable after exposure times of 100s and 300s. Considering the stability of the coatings
after calcination, FTO glass and stainless steel showed the highest adhesion to the substrate-TiO,. This
was attributed to the thermal expansion coefficient’s of FTO coated glass being closest to TiO, anatase,

reducing thermal mismatch stresses generated during the calcination process.
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Figure 2 — a) Images of TiO; films coated at 20V, 40V, 60V and 80V under isopropyl based
solution in three different substrates; titanium plate, stainless steel plate, FTO plate; (b) Images
of TiO- films coated at 80V under isopropyl based solution on stainless steel plate and FTO coated
glass substrates.

d. Effect of solvent

As described in the experimental methods, both isopropanol based and acetylacetone based solutions
were used. Figure 3 shows the difference between coatings obtained electrophoretically at 80V in
isopropanol and acetylacetone based solutions for a stainless steel substrate. The acetylactone based
solution yields a coating with greater uniformity over a wider range of times compared to the isopropyl
solution. This is due to acetylactone’s physical and electrical properties, low viscosity and high
dielectric constant increasing the mobility of charged particles in the solution. A comparison with FTO
coated glass can be made by referring to Figure 4 (bottom two rows). Similar to the steel, the
acetylacetone solution gave a better coating on FTO compared to the isopropyl solution, however this
was only observed at 5s and 10s indicating that the steel yielded more consistent coatings at short

deposition times.

Ss 10s 30s S0s____100s 300s _ 500s
Stainless steel Isopropyl solution 80V| = |4 \ 1 B F
Stainless steel Acetylacetone solution 80V \;-/ =¥

Figure 3 — Images of TiO2 films coated stainless steel at 80V under isopropyl based solution and

acetylacetone based solution



Figure 4 shows the differences when the deposition voltage is reduced from 80V to 20V using these
solutions on an FTO glass substrate. In all cases the acetylacetone based solution was the most effective

solvent forming a uniform and stable TiO, coating under high voltages or longer deposition times.
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Figure 4 — Images of TiO2 films coated FTO coated glass at 20, 40 and 80V under isopropyl based

solution and acetylacetone based solution

e. Surface morphology

Following careful examination of all the samples manufactured the ten coatings (samples a-j) with the
most uniform and coherent coatings were subjected to further testing and analysis. Table 1 shows the
experimental conditions for each of these coatings and Figure 5 shows representative images taken

using an optical microscope.

Table 1 — Parameters used for anatase TiO2 electrophoretically deposited

ID Substrate Voltage (V) Solvent Time (s)
a FTO coated glass 20 Acetylacetone based solution 30
b FTO coated glass 20 Isopropanol based solution 50
c FTO coated glass 40 Acetylacetone based solution 10
d FTO coated glass 40 Isopropanol based solution 50
FTO coated glass 80 Acetylacetone based solution 10
f Stainless steel 20 Isopropanol based solution 900
g Stainless steel 20 Isopropanol based solution 100
h Stainless steel 80 Acetylacetone based solution 30
i Stainless steel 80 Acetylacetone based solution 50
j Titanium plate 20 Isopropanol based solution 900




Figure 5 — Images of the TiO2 coatings listed in Table 1

The phase composition of the coatings was determined using X-ray diffraction and Raman spectroscopy
as presented in Figures 6 and 7. Figure 6 shows the XRD pattern of the initial anatase P25 and the
coating produced by electrophoretic deposition on FTO coated glass at 20V for 50s in an isopropanol
based solution. Anatase was confirmed as the predominant phase in P25, as expected, however the
presence of rutile was also indicated by a number of peaks. Peaks for both of these phases corresponding
to the standard JCPDS XRD data files for anatase (JCPDS No. 21-1272) and rutile (JCPDS No. 21-
1276). The XRD pattern of the coating produced by electrophoretic deposition on FTO coated glass
was typical of all the coatings characterised and showed the same peaks for the anatase crystal phase
with traces of the rutile crystal phase. In addition, in the case of the FTO coated glass, peaks
corresponding to SnO from the conductive fluorine doped SnO, coating were also observed [54], [55]
(JCPDS-041-1445). A comparison of the raw P25 spectra with that of the coatings confirmed that during
the coating and annealing process, anatase did not transform into rutile.
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Figure 6 — XRD Spectra of TiOzanatase P25 and a typical XRD spectrum of the films (in this case,
FTO doped glass coated at 20V for 50 seconds in isopropanol based solution). R=Rutile,
A=Anatase
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Figure 7 — Raman spectra of anatase P25 (top) and the characteristic Raman spectra TiO-
coatings produced by electrophoretic deposition for all the films

Figure 7 shows the Raman spectra of anatase P25 and the typical Raman spectra of the coated substrates.
Anatase shows four main peaks, 138 cm™ (100% relative intensity), 392 cm™ (11% relative intensity),
513 cm? (12% relative intensity) and 636 cm™ (17% relative intensity). Two different coatings
representative of the deposition methods were identified for study by surface mapping. TiO, deposited
on titanium foil for 15 minutes in isopropanol based solution at 20V, which represented a metallic
coating at a long deposition time; and TiO- supported on FTO coated glass for 50s which represented a
coating grown on FTO coated glass formed for a short period of time. The results extracted from the

data revealed anatase as main component of the surface coating.

To study the three-dimensional morphology of the surface, samples were analysed using a Proscan
2000. Figures 8 shows an example for sample (j) and Table 2 shows the surface texture; average
roughness, mean peak to valley height, root mean square average roughness and the thickness for all

the coatings. The data shows consistent average roughness values, with coatings deposited at 80V with



high roughness values between 1.21 and 1.84um, in comparison those produced at 20V or 40V which

had lower roughness’ between 0.56 and 0.88um. The coatings thicknesses were however not only

influenced by the voltage, but also the deposition time, where longer times resulted in thicker coatings.

Table 2 — Profile roughness parameters and thickness for the studied coatings

ID | Substrate | Based solution | Voltage | Time Average | Meanpeakto | Root mean Thickness
roughness | valley height square (um)
(um) (um) average
roughness
(Lm)

a FTO Acetylacetone 20V 30s 0.77 3.11 0.99 16.4
b FTO Isopropanol 20V 50s 0.56 5.14 0.77 12.2
c FTO Acetylacetone 40V 10s 0.75 3.40 0.96 7.3
d FTO Isopropanol 40V 50s 0.72 3.09 0.92 6.0

FTO Acetylacetone 80V 10s 121 4.92 1.80 145
f Steel Isopropanol 20V 900s 0.88 3.40 1.13 11.9
g Steel Isopropanol 20V 100s 0.81 3.22 1.12 9.0
h Steel Acetylacetone 80V 30s 1.33 6.78 2.13 18.2
i Steel Acetylacetone 80V 50s 1.84 7.95 3.61 22.3
j Titanium | Isopropanol 20V 900s 0.84 3.95 1.28 15.1
k Pellet - - - 0.15 0.76 0.19 -

um
—-+29.994
- +26.995

Figure 8 - Surface mapping of titanium plate coated with TiO; at 20V suspended in isopropanol

based solution during 15 minutes obtained from non-contact optical profilometry




Characterisation of the samples by SEM reveals the microstructure formed from the deposited anatase
particles. Figure 9 shows SEM images obtained from FTO coated glass, coated for 30s at 20V in
acetylacetone based solution. The microstructure observed in this instance looked similar to that

obtained on the other samples which were coated under different deposition conditions. This suggests

that the significant differences responsible for the coating behaviour were macro structural.

Figure 9 — Typical SEM images of TiO; electrophoretically deposited coatings on stainless steel at

20V for 30 seconds in isopropyl based solution.

f. Photocatalytic degradation of NO;

The selected coatings were also tested in a reaction chamber coupled to a quadrupole mass spectrometer
as shown in Figures 10a and 10b. To aid comparison values were normalised relative to the performance
of an anatase P25 pellet. Figure 11 shows an example of both experiments for the FTO coated glass
coated for 30s at 20V in acetylacetone based solution. Figure 12 shows the degradation for the active
coatings and anatase pellet per mm? under a UV irradiation of wavelength () 376-387nm. Figure 12
shows samples that were coated on FTO coated glass, in acetylacetone based solution at 20V for 30s
and at 40V for 10s were extremely reactive. In comparison, stainless steel coated in acetylacetone based

solution at 80V for 50s achieved the same performance as an anatase pellet.
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Figure 10 - i) Schematic design of the instrument used in this research. ii) Photograph of
experimental setup. Labels on image as follows (a) gas bottles, (b) flow meters, (c) water bubbler,
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Figure 11 — NO; breakdown under 376-387nm carried by FTO coated glass coated at 20V during
30 seconds in acetylacetone based solution.

The highest efficiency photodegradation ratios were achieved from the coatings prepared on FTO
coated glass. The two most active were formed at 20V for 30s at 40V for 10s in an acetylacetone based
solution. The formation of O, and N2 were observed during the photocatalytic reaction, detecting an
increment of the O, peak, which indicates a reduction of NO- into N. The stoichiometric is not fully

adjusted for O, since the O, peak is the convolution of species that contains oxygen, such as NO,, COg,
H>0 and O..

The differences in photocatalytic activity highlighted by Figure 12 indicate that the process of
electrophoretic deposition can have a dramatic influence on the gaseous photocatalytic activity. The
optical microscopy images (Figure 5) clearly show differences in the coating microstructure and the
presence of varying degrees of surface cracking. It is likely that the presence of surface cracks increase
the effective surface area of TiO; accessible to the UV irradiation and gases consequently improving
influence performance. Figure 13 shows two high magnification SEM images which compare the
compressed pellet and electrophoretic coating. Agglomerates of nanoparticles are clearly visible on the
surface of the compressed pellet, shown in brighter contrast due to surface charging. It is widely
accepted that nanoparticles aggregate due to electrostatic forces and would remain in this state during
pressing of the pellet. In comparison, when introduced into a liquid, such as the electrolyte used for the

deposition process, the particles can de-flocculate. The electrophoretic deposition process provides the



opportunity for the nano-particles to adopt a new structure with improved gas and light penetration

resulting in a modified photo activity.
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Figure 12 — Bar chart of NO, decomposition of 5 samples under 376-387nm for 100 minutes.
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Figure 13 — Schematic explanation of the increment in surface area

Results indicate that the surface morphology at both nano and micro scales play an important role in
influencing the photocatalytic performance. In particular these can be summarised as micro surface
fractures, identified using digital microscopy in the 100um range (Figure 5) and non-contact
profilometry in the 2um range (Figure 8 and Table 2); and nano surface fractures in the order of 0-
200nm, identified by SEM (Figures 9 and 12).

4. Conclusions

The following conclusions can be drawn for the development of low-cost and large area photoactive

coatings for pollution control:

(1) Electrophoretic deposition has been successfully demonstrated to produce TiO; anatase
coatings on fluorine doped tin oxide (FTO) coated glass, stainless steel and titanium
substrates. The most uniform and mechanically stable coatings were formed on the FTO
coated glass due to the minimization on the stress caused by the thermal mismatch when
the sample was calcined at 450°C.

(i) The surface characteristics of the coatings on each substrate material, in terms of
mechanical stability, surface roughness and thickness were successfully controlled by
varying the applied voltage between 20 and 80V, deposition time between 10 and 900s and
electrolyte composition, which was either isopropanol or acetylacetone based.



(iii)  Coatings produced using an applied voltage between 20 and 40V and exposure time less
than 100s were uniform and mechanically stable suggesting these are optimal conditions.

(iv) The acetylacetone based electrolyte with a higher dielectric constant and lower viscosity
provided better stability to the TiO, nano-particle suspension compared to the isopropanol
based electrolyte and, performed particularly well for longer exposure times and higher
voltages.

(v) The photocatalytic degradation of NO, was monitored using a quadrupole mass
spectrometer, showing coatings deposited on FTO coated glass exhibited significantly
higher photocatalytic activities compared to a press pellet; whilst also displaying good
adhesion to the substrate and surface uniformity.

(vi) Micro and nano structural analysis of the coatings revealed that the thickness was not a
determining factor influencing photocatalytic activity. It is postulated that introduction of
nanoparticle agglomerates into the electrolyte allowed the individual particles to disperse
thereby promoting the formation of a new nanostructure upon deposition, with improved

photocatalytic performance.
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