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Abstract

Nanosized TiO, films on stainless steel were prepared by electrophoretic deposition and characterized by X-ray
diffraction analysis and photo-voltammetry. The decoloration of methylene blue (MB) dye was used as a test
reaction for the evaluation of photoelectrocatalytic activity of the prepared TiO, coatings. The influence of applied
potential and potassium peroxodisulfate on the rate of MB decoloration was investigated. The possible mechanisms
of MB oxidation under various experimental conditions are discussed.

1. Introduction

Recently, particular attention has been paid to the
photocatalytic properties of titanium dioxide (TiO;,)
which is widely used in the production of dyes,
pharmaceuticals, cosmetics [1]. It has been shown that
TiO, can be used as an efficient photocatalyst for the
oxidation of organic and inorganic compounds [2-7],
water photosplitting to hydrogen and oxygen [8] and
manufacture of photoelectrochemical cells [9]. Nano-
crystalline TiO, in the anatase form appears to be the
most photoactive and the most practical of the semi-
conductors for these purposes. Much work has focused
on photochemical activity using suspensions of pow-
dered TiO,, but for practical use it is an advantage to
use immobilized catalyst. TiO, films on various types of
substrate can be synthesized using sol—gel, hydrothermal
synthesis, spray-pyrolysis, dip-coating and chemical
vapor deposition methods [10]. However, the main
drawbacks of the use of supported TiO, photocatalyst
are small total surface area and mass transport limita-
tions. In order to increase its efficiency, TiO, can be
deposited on electroconductive substrate and biased
positively by applying an external voltage. In such a
photoelectrochemical system, the rate of photoelectron
and hole recombination is reduced; consequently, the
rate of surface reactions is increased (so called electri-
cally enhanced photocatalysis). Electrically conductive
supports can be covered with TiO, by using electropho-
resis. Electrophoretic deposition (EPD) is a well-known
method which is widely used for synthesis of ceramic
layers from aqueous or non-aqueous powder suspen-
sions. The main advantages of EPD are as follows

[11, 12]: possibility of coating formation of controlled
thickness on complex shapes, low cost process requiring
simple equipment and reliability.

The aim of this work was to prepare TiO, coatings on
stainless steel using EPD and to study the photoelect-
rochemical activity of TiO; electrodes in the presence of
methylene blue (MB) dye as a model pollutant. This
work is relevant to the development of photochemical
methods for the oxidative destruction of organic pollu-
tants such as textile dyes. These compounds are not
readily degraded by conventional treatment methods
(biological, ozonation, chlorination). Therefore, there is
a great need to find a more efficient method which could
be partly or entirely driven by solar radiation.

2. Experimental
2.1. Preparation of nanoparticulate TiO > electrodes

TiO, coatings on stainless steel were prepared by using
EPD. Commercially available TiO, powder (Degussa
P25) was used as a starting material due to its well-
documented photoactivity and known physical proper-
ties (~80% of anatase, ~20% of rutile, small amount of
amorphous phase, specific surface area ~50 m* g™,
particle size ~20 nm [13]). AISI 304 stainless steel plates
0.5 mm thick were used as a support.

A suspension for EPD was prepared by dispersing
TiO, (2 g) into 100 ml of methanol (purity 99.5%,
Lachema, Czech Republic). Homogeneous suspension
was achieved under vigorous stirring for 30 min.
Two stainless steel plates (5 cm x 2.5 cm each) were
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immersed into a prepared suspension of TiO,. The
distance between anode and cathode was 1.5 cm. EPD
synthesis was performed under constant voltage (30 V)
and was controlled using a DC power supply B5-49
(MNIPI Inc., Russia). The deposition time was varied
from 5 to 30 s. In order to obtain better adhesion of
TiO,, all samples were thermally treated under air
atmosphere in a 300-450 °C range for 1 h.

2.2. Analytical techniques

The electrochemical measurements in the dark and under
UV illumination were performed by computer-controlled
Autolab PGSTATI2 (Ecochemie, The Netherlands)
potentiostat/galvanostat. The GPES® 4.9 software was
used for the collection and treatment of experimental
data. A two-compartment photoelectrochemical quartz
cell was employed. The electrolyte volume in each
compartment was the same (100 ml). The anodic com-
partment contained the TiO, working electrode and Ag,
AgCl|KCl(sat) reference electrode. The cathodic com-
partment held a platinum wire (geometric area about
15 cm?) as a counter electrode. Voltammograms were
run for at least three consecutive cycles since preliminary
experiments showed that a near-steady state response
was observed only after the second run. All results
correspond to the stabilized voltammetric behavior.
0.1 M K;,SOy4 (purity >99%, Reachim, Russia) solution
was used as a supporting electrolyte. The back side of
the TiO, electrode was insulated with epoxy resin in
order to eliminate its contribution to the dark current.
The coated area of electrode was carefully positioned
under UV irradiation. A General Electric FSW/BLB
lamp (Anax = 366 nm) was placed at a distance of 2 cm
from the TiO, electrode and was used as UV radiation
source. The incident light intensity was evaluated by
potassium ferrioxalate actinometry [14]. The average
power density at 366 nm was calculated to be
1.8 mW cm ™.

The photoelectrocatalytic activity of the prepared TiO,
films was tested in the decoloration reaction of methylene
blue dye (C;6HsN3SCl - 3H,0, purity >99%, Reachim,
Russia). All solutions were prepared with doubly distilled
water and were not deaerated during experimental runs.
All measurements were carried out at ambient tempera-
ture (291 K).

The same experimental set-up and conditions (solu-
tion volume, electrodes, UV radiation source) were used
both in photovoltammetry and bulk photoelectrolysis
experiments. The only difference was that during bulk
photoelectrolysis the solution was thoroughly stirred.

An UV-vis spectrophotometer Perkin-Elmer Lambda
25 was used for the determination of methylene
blue concentration by measuring the absorbance at
Amax = 660 nm.

The X-ray powder diffraction (XRD) data were
collected with DRON-6 (Bourevestnik Inc., Russia)
powder diffractometer with Bragg—Brentano geometry
using Ni-filtered Cu K, radiation and graphite mono-

chromator. The rutile content in the TiO, electrode was
calculated from the equation [15]:
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where x is the weight fraction of rutile in the powders
and I, and Iy are the intensities of the characteristic
peaks of anatase and rutile, respectively.

The crystallite sizes of anatase and rutile were
calculated from line broadening by using the Scherrer
equation [16]:
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where A is the wavelength of the Cu K, radiation
(1.54056 x 107'° m), 0 the Bragg diffraction angle, By,
the full width at half maximum intensity of the anatase
(26 = 25.3°) and rutile (20 = 27.5°) reflection peaks
and k a constant (the value used in this study was 0.94).

3. Results and discussion
3.1. Structural characterization of TiO; electrodes

The amount of TiO, deposited on stainless steel is
dependant on the electrophoresis time (Figure 1). The
rate of TiO, film formation is 0.045 mg em 257! as
calculated from the slope. The most uniform and
mechanically stable TiO, films were obtained when
deposition time was in the range 10-15s. Under
such conditions, the amount of TiO, deposited is
0.5-0.7 mg cm ™. Assuming that the bulk density of
P25 TiO, is 3.8 g cm™ [17], the approximate thickness
of these TiO; coatings is 1.32-1.84 um.

The XRD pattern of the P25 TiO, powder on AISI
304 stainless steel reveals the characteristic peaks of
anatase (101) and rutile (110) at 260 = 25.4° and 27.5°,
respectively (Figure 2). On the basis of these peak
intensities, the rutile content in the TiO, electrode was
calculated to be 27.08%.

The crystallite sizes of anatase and rutile were
calculated according to the Scherrer equation. The
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Fig. 1. The amount of immobilized TiO, as a function of electro-
phoretic deposition time at 30 V.
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Fig. 2. XRD patterns of pure AISI 304 stainless steel (a) and TiO,
(b) electrodes annealed at 400 °C for 1 h. Indexes: A — anatase,
R — rutile, Fe — iron.

calculated values of crystallite sizes are 20.8 nm

(anatase) and 53.5 nm (rutile).

3.2. Photoelectrochemical characterization of TiO,
coatings

3.2.1. Photoelectrochemical behavior in supporting elec-
trolyte

Figure 3 shows characteristic voltammograms of a TiO,
electrode in 0.1 m K,SOy4 solution. The potential was
swept from —0.2 to +1.0 V at 10 mV s™'. The photo-
electrochemical behavior of polycrystalline TiO, elec-
trodes was determined from current—potential curves
obtained both in the dark and under UV irradiation.
The difference between the dark and light currents is the
photocurrent. The anodic photocurrent observed on
nanocrystalline n-type TiO, electrode is due to the
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Fig. 3. Characteristic voltammograms of TiO, electrode in 0.1 m
K>SO, solution at 18 °C in the dark (a) and under UV illumination
(b) recorded at a 10 mV s™' potential scan rate. Inset: dependence of
jf,h on applied potential.
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diffusion of photogenerated electrons through the par-
ticulate film to the counter electrode [18]. The observed
photocurrent can be related to the generation of OH®
radicals and other oxidation products (O5~, HO3, H,0,)
at the surface of the TiO, electrode [2]. At higher than
+0.4 V potentials the photocurrent reaches a limiting
value. This limiting photocurrent is a measure of the
overall photo(electro)catalytic efficiency of the TiO,
electrode and is influenced by various factors (catalyst
structure, particle size and form, electrode conductivity,
etc.). The observed increase in current at higher than
+0.8 V potentials is associated with the transpassive
dissolution of stainless steel and oxygen evolution [19].
The inset in Figure 3 shows a plot of the square of
photocurrent against applied potential. This plot is
expected to be linear if the semiconductor layer is thick
enough for the development of a space charge layer [18].
However, in our case no linearity is observed and the
photocharacteristics cannot be interpolated by a Gart-
ner—Butler equation [18, 20]. This means that the space
charge layer for the prepared P25 TiO, electrode is not
formed and charge separation occurs via diffusion. In
contrast, when single-crystal or polycrystalline material
is used, the space charge layer is formed at the electrode/
electrolyte interface. This space charge layer facilitates
the separation of photogenerated holes and electrons.
However, in the case of nanoparticulate films the space
charge layer is not formed because the individual
particles in the film are very small. In such small
particles the charge recombination is still a dominant
process. So, application of an anodic bias to the TiO,
nanoparticulate electrode provides the possibility of
separating charge carriers and to minimize charge
recombination.

The value of photocurrent depends on the electrode
heat treatment temperature (Figure 4). The highest
photocurrent density (15.3 A cm™2) was obtained with
an electrode annealed at 400 °C for 1 h. In such a case,
the incident photon-to-current efficiency (IPCE) was
estimated to be 2.88%. The IPCE value of a photoelec-
trode was calculated using the expression [21]:
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Fig. 4. The dependence of the photocurrent density j,, at +0.6 V in
0.1 m K,SO4 supporting electrolyte at 18 °C on thermal treatment
temperature of TiO, electrode.
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where jyn is the photocurrent in mA cm ™2, A the
wavelength of the incident light in nanometers and
P is the incident light intensity in mW cm™.

Taking into account the results presented in
Figures 1 and 4, in all subsequent experimental runs
we used the TiO, eclectrode prepared under the
following conditions: annealing temperature 400 °C,

TiO, amount 0.5 mg cm™2.

3.2.2. Photoelectrochemical behavior in the presence of
methylene blue
Figure 5 shows current—potential curves for TiO, elec-
trodes in 0.1 m K,SO,4 supporting electrolyte in the
presence of methylene blue at various concentrations.
The potential was swept from —0.2 to +0.6 V at a
10 mV s

In the dark, the anodic currents were negligible both
in the absence and presence of MB (curve a). The
photocurrents increased steeply with the potential bias
at low potentials and then saturated at more positive
potentials (curves b—f). This can be explained by
assuming that at low potentials the electron transport
in the film controls the overall photocatalytic process;
thus, the photocurrent increases with potential [18].
Once the rate of electron transport inside the film
reaches a level comparable to the rate of photohole
capture at the TiO,/solution interface, the photocurrent
is saturated. Under such conditions the overall reaction
is controlled by the photohole capture at the interface.
The photocurrent reflects the rate of photohole capture
at the TiO, interface, which is determined by the
availability of electron donors (for instance, organic
compounds) at the TiO, surface, their interaction with
the surface, the nature of their intermediates and the
molecular steric suitability of adsorbed form of organic
compounds to capture photoholes [21-23].

The data presented in Figure 5 show that photocur-
rent decreases with MB concentration. A similar depen-
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Fig. 5. Voltammograms of TiO, film electrode in 0.1 M K,SOy4
solution at 10 mV s™' potential scan rate and 18 °C under UV illu-
mination at different methylene blue (MB) concentrations: (a)
1.40 x 107 ™ in the dark; (b) 1.40 x 107> m; (c) 2.81 x 107® m; (d)
5.62x 1077 M; (e) 2.81 x 1077 m; (f) no MB under UV illumination.

dence of photocurrent on initial solute concentration
was observed in the case of phthalic and salicylic acids
[22], which are known to be strongly adsorbed onto
titania. The authors suggested that the decrease in
photocurrent can be related to the accumulation of
aromatic intermediates at the electrode surface. These
intermediates can act as photohole/photoelectron
recombination centers and reduce the overall efficiency
of the photocatalytic processes.

It is known that various intermediate compounds are
formed during methylene blue oxidation [24—26]. These
compounds can interact differently with the TiO,
surface and markedly influence the processes of photo-
hole capture.

3.2.3. Effect of applied bias and peroxodisulfate (S>03" )
ions on M B decoloration rate

In a photoelectrochemical system, photoelectrons and
holes are separated under the influence of an applied
electric field and the efficiency of the photodegradation
process can be significantly improved. This is con-
firmed experimentally by studying the influence of
applied bias on the MB decoloration rate (Figure 6).
The rate increases upon application of an external
potential from 0.0 to 1.0 V (curves e-g) as compared
to pure photocatalysis (curve d). At potentials +0.8
and +1.0 V, pure electrochemical oxidation without
UV irradiation was observed (curves b and c). No
decrease in MB concentration was detected at poten-
tials below +0.6 V in the dark (curve a). However,
despite the fact that the rate of MB decoloration
significantly increases at potentials higher than +0.8 V
both in the dark and under UV irradiation, the
transpassive dissolution of stainless steel must be taken
into account [19]. From a practical point of view, the
transpassive dissolution is an important issue as the
photoelectrocatalytic activity of TiO, electrode can
diminish over prolonged operation time. The photo-
stability of a TiO, electrode during organic degrada-
tion is currently under investigation and the results will
be published separately.
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Fig. 6. Influence of applied potential on the rate of MB decoloration
at 18 °C under UV irradiation: (a) +0.6 V in the dark; (b) +0.8 V
in the dark; (¢) +1.0V in the dark; (d) photocatalysis without
applied bias; (e) 0.0 V; (f) +0.6 V; (g) +1.0 V.



Another approach to enhance the rate of photocata-
lytic oxidation is the use of various oxidants, for instance,
peroxodisulfate, hydrogen peroxide or ozone. The use of
peroxodisulfates (S,03") is particularly attractive due to
the possibility of regenerating the expended oxidant [27].
The regeneration process involves the oxidation of sulfate
ions in acidic medium at a Pt-based anode at 15-30 °C.
The rate limiting step in the oxidation of organics using
peroxodisulfates is the formation of sulfate (SO%") rad-
icals, which are highly reactive species similar to OH®.
Sulfate radicals are created by the decomposition of
peroxodisulfate by thermal activation, UV photolysis or
various one-electron reductants [28].

The results presented in Figure 7 show the influence of
potassium peroxodisulfate on the rate of MB decoloration.
In the absence of UV irradiation, the reaction between MB
and peroxodisulfate does not proceed at 18 °C (curve a).
Under UV light, the presence of peroxodisulfate signifi-
cantly increases the rate of MB photocatalytic oxidation
without applied bias (curves b and c). The presence of
peroxodisulfate at 1.85 x 10~ M has almost the same effect
as an application of external bias of +0.6 V without
peroxodisulfate (curves ¢ and d). MB oxidation in the
presence of S,02™ ions is further increased when +0.6 V
potential is applied (curve ). However, at higher perox-
odisulfate concentrations, the influence of applied bias
becomes insignificant (curves g and h).

According to the general principles of photocatalysis
[2, 3], the enhancement of the photocatalytic oxidation
rate by peroxodisulfate can be explained by the simul-
taneous generation of highly reactive OH® and SO~
radicals. When TiO, semiconductor is illuminated with
radiation shorter than 420 nm, the formation of con-
duction-band electrons (ecg) and valence-band holes
(hyp) takes place:

TiOs + hv — ecy + hip (1)

The photoelectrons act as reducing agents for adsorbed
species; therefore, their reaction with adsorbed oxygen
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Fig. 7. Effect of K,S,Og concentration on MB decoloration rate
under UV irradiation at 18 °C: (a) 5.56 x 107> M in the dark without
applied bias; (b) photocatalysis without K,S,Og and applied bias; (c)
1.85 x 107 m without applied bias; (d) without K,S,0g at +0.6 V;
(e) 1.85x107> M at +0.6V; () 3.7x103m at +0.6V; (g
5.56 x 107> M at +0.6 V; (h) 5.56 x 107 M without applied bias.
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and/or peroxodisulfate is thermodynamically highly
probable:

O, + €cg — 05_ (2)

$,0%™ +ecy — SO; +S0;~ (3)

The O3 ~ radical (reaction 2) may become a source of
other oxidizing species, such as hydrogen peroxide, HOS
and OH® radicals [2]. It is assumed that reaction (3) is
the main source of sulfate radicals. It has been estab-
lished that the photochemical decomposition of perox-
odisulfate is highly accelerated in the presence of TiO, as
compared to pure photolysis in the aqueous phase [29].

The photogenerated holes have a high positive oxi-
dation potential and are able to oxidize water and most
organic compounds:

H,0 + h{z — OH®* + H* (4)

OH® radicals are believed to be the main oxidizing
species in photocatalysis. However, when peroxodisul-
fate is present in reaction solution, reaction (3) can take
place generating sulfate radicals. These radicals enter in
the reaction chain leading to the enhanced oxidation of
organic compounds. Under our experimental conditions
it can be assumed that MB degradation is mainly due to
the reaction with OH® and SOj ~ radicals:

MB + SO;~ — products (5)
MB + OH® — products (6)
Therefore, the presence of peroxodisulfate ions

improves separation of photogenerated electrons and
holes and, consequently, increases the overall efficiency
of the photocatalytic process. It has been established
[25] that the initial step of MB photocatalytic oxidation
is the cleavage of the bonds of the C—S™ = C functional
group leading to the formation of sulfoxide. Carbon
dioxide, nitrate, sulfate and ammonium ions were also
identified as reaction products, indicating that the
complete oxidation of MB dye can be achieved [25, 26,
30, 31]. In our work the MB mineralization process was
not studied.

4. Conclusions

Nanocrystalline P25 TiO, films on AISI 304 stainless
steel were prepared by EPD. The TiO, film is photoac-
tive and the highest photocurrent in 0.1 m K,SO,4
supporting electrolyte was obtained with the electrode
prepared under the following conditions: annealing
temperature 400 °C and TiO, amount 0.5 mg cm™2. Its
photoelectrochemical behavior in the presence of meth-
ylene blue dye was studied. It was established that
photocurrent decreases as the concentration of MB
increases.
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The rate of MB decoloration on a TiO,/stainless steel
electrode under UV irradiation increases with increasing
positive external voltage and/or potassium peroxodisul-
fate concentration. However, the experimental results
show that the influence of an applied bias of +0.6 V
becomes insignificant when the concentration of
peroxodisulfate is higher than 1.85 x 107 m.
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