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The  use  of  binary  semiconductor  oxide  anodes  for the  photoelectrocatalytic  oxidation  of organic  species
(both  in  solution  and  gas  phase)  is  reviewed.  In the  first  part  of  the  review,  the  principle  of  electrically
assisted  photocatalysis  is  presented,  the  preparation  methods  for the  most  common  semiconductor  oxide
catalysts  are  briefly  mentioned,  while  the  advantages  of  appropriately  chosen  semiconductor  combina-
tions  for  efficient  UV and  visible  (vis)  light  utilization  are  highlighted.  The  second  part  of  the review
focuses  on  the  discussion  of  TiO2–WO3 photoanodes  (among  the  most  studied  bi-component  semi-
conductor  oxide  systems)  and  in  particular  on  coatings  prepared  by  electrodeposition/electrosynthesis
hotocatalysis
emiconductor oxide
hoto-oxidation
iO2

O3

or powder  mixtures  (the  focus  of  the  authors’  research  during  recent  years).  Studies  concerning  the
microscopic,  spectroscopic  and  photoelectrochemical  characterization  of  the  catalysts  are  presented
and examples  of  photoanode  activity  towards  typical  dissolved  organic  contaminants  as  well  as  organic
vapours  are  given.  Particular  emphasis  is  paid  to:  (a) The  dependence  of  photoactivity  on  catalyst  mor-
phology  and composition  and  (b)  the  possibility  of  carrying  out  photoelectrochemistry  in all-solid  cells,
thus  opening  up  the  opportunity  for photoelectrocatalytic  air treatment.
© 2011 Elsevier B.V. All rights reserved.
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. Photoelectrocatalytic oxidation of organics at
emiconductor anodes: principle and advantages

A promising advanced oxidation technology for effluent treat-
ent and decontamination of water and air (that can result in

rinciple in complete mineralization of organic pollutants or con-
aminants) is that of heterogeneous photocatalysis [1–3]. When a
emiconductor catalyst is illuminated by ultraviolet (UV) or visi-
le (vis) light the photogenerated holes at the valence band react
ith water and produce OH• radicals while the photogenerated

lectrons at the conduction band react with oxygen and produce
uperoxide radicals. Both of these primary products (in particular
H• radicals) have a high oxidizing power and attack organic pollu-

ants and microorganisms. Some organic species can also undergo
irect photooxidation by direct scavenging of holes. The process
as a number of advantages: (i) The catalysts used are inexpensive,
nvironmentally friendly and recyclable; (ii) the exciting radia-
ion is UV light (310–380 nm,  UVA) of low power requirements
1–5 W m−2 of catalyst surface area), while even visible light radia-
ion is to a smaller extent effective. This means that solar radiation
an be used in many cases; (iii)  the only oxidant needed is molecu-
ar oxygen and the process is carried out at room temperature and
nder atmospheric pressure.

The catalyst (usually a semiconductor oxide and, in most prac-
ical cases, titanium dioxide) is used either as a slurry suspension
as an air-suspension in the case of air treatment) or supported
n solid substrates. In the former case the powder photocatalyst is
uspended as fine particles and mass transfer limitations are min-
mized. Also, the high surface-to-volume ratio in that case ensures
igh light utilization efficiency (since only holes generated close
o the surface manage to diffuse to the surface and to be used
s oxidants before recombination with electrons occurs). At the
ame time however, the use of fine particles entails very long sedi-
entation times or fine filters for the catalyst to be removed from

he purified medium. Hence, the use of supported photocatalysts
nstead of catalyst slurries or suspensions offers some advantages
amely, the absence of the costly step of catalyst separation as well
s a modular design of the treatment cell [5–7]. The small total sur-
ace area and mass transport limitations constitute, on the other

and, drawbacks of supported catalysts.

An approach to offset some of the disadvantages of supported
emiconductor photocatalysts is their immobilization on an elec-
ronic conductor and the application of an external voltage (of the

Fig. 1. Schematic representation of a photoelectrocatalytic cell fo
 Materials 211– 212 (2012) 30– 46 31

order of a few volts) in an appropriate electrochemical cell, where
the semiconductor catalyst is a part of the (photo) anode while a
metal or carbon is the electronic conductor used as a cathode, as
depicted in Fig. 1. In this arrangement the photogenerated elec-
trons are drawn away from the catalyst surface via the external
circuit while photogenerated holes are transferred to the electrode
surface. Therefore the rate of electron–hole recombination is lim-
ited and the rate of surface reactions increased. This enhanced
photocatalytic process is known as photoelectrocatalysis (PEC) or
electrically enhanced photocatalysis [8–24].

Since in PEC photogenerated electrons need not be scavenged by
O2 (as they are drawn by the positive bias) and the applied voltage is
usually sufficient to drive water reduction at the cathode of the cell
(instead of oxygen reduction), there is usually no need for constant
oxygen levels in the medium and, consequently, no need for con-
tinuous air purging. At the same time, the reactions occurring at the
cathode offer additional opportunities: water electrolysis can lead
to simultaneous H2 production [25] while harmful metal ions can
be deposited as pure metal and removed from the effluent [26].
Water electrolysis/H2 production can be the sole process taking
place at the cathode if there are no other reducible species in excess
(such as metal ions or continuously purged oxygen) and a good
hydrogen evolution cathode is chosen (e.g. Pt, Ni or stainless steel).
The presence of a photo-anode leads to a significant lowering of
the applied voltage needed for water electrolysis; higher hydrogen
production rates at lower applied biases can be attained in prac-
tice if an excess of photo-oxidized species (e.g. dyes or sugars) are
present in the photoanode compartment (simultaneous organics
detoxification and hydrogen production [25]).

One of the first papers that proposed PEC for decontamination
applications (sterilization of microbial cells) appeared in the mid
80s and was  due to Matsunaga et al. [8].  It was not until the mid
90s however that the method started to establish among electro-
chemists as a viable means of organics destruction, as indicated
by papers of Anderson and co-worker [9],  Augustynski and co-
workers [10], Enea [11] and Christensen and co-workers [12,13].
That work was  shortly followed by applied research papers by
Byrne and Eggins [14] and Fernandez-Ibanez et al. [15]. During
the last decade, many more publications appeared on the subject
r the electrochemically assisted photooxidation of organics.

of photoelectrocatalytic water treatment (see for example [16–24]
and in particular the review of [20]).

There have been however much fewer papers on photoelec-
trocatalytic air treatment. The first report on alcohol vapour
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hotoelectrochemical oxidation was due to Enea [11] who  used the
iO2-coated porous glass wall of a liquid electrolyte cell as the pho-
oanode. The first all-solid device for gas photo-electro-oxidation
as of a photodiode type whereby TiO2 was sandwiched between

TO electrodes and a high voltage (tens of volts) was applied [27].
lthough most of dye-sensitized solar cells employ a solid poly-
er  or gel electrolyte (see for example [28,29]), there have been

ery few reports until recently on polymer-supported TiO2 pho-
oanodes [30–32] as a part of a solid polymer electrolyte cell. These
ere devoted to CO2 reduction [30,31] or hydrogen production

32] at the cathode. All-solid Nafion®-based photoelectrochemical
ells for organic vapour photooxidation at TiO2/WO3 electrosyn-
hesized coatings on a stainless steel mesh [33], at TiO2 powders
34] or TiO2 + WO3 + C [35] powder mixtures, have only recently
een introduced and could be the basis of practical devices for
ir-treatment (schematic representations of such devices are given
ater).

. Semiconductor oxide photocatalysts: overview and
reparation methods

.1. Overview of common semiconductor oxide photocatalysts

The most popular photocatalyst is crystalline TiO2, a wide gap
-type semiconductor activated by UV light [4] from solar or artifi-
ial radiation sources and used either in a slurry or supported layer
orm. TiO2 is reported as the most promising material because of its
igh efficiency and low cost [36]. Other advantages include the fact
hat it is a safe, chemically and photochemically resistant material
nd that both itself and its doped variants can be prepared by a vari-
ty of methods (e.g. sol–gel, hydrothermal, etc. – see also below).
he anatase crystallographic form of TiO2 (with an energy band
ap of Eg = 3.2 eV) is generally accepted as more photoactive than
he rutile one (with Eg = 3.0 eV) due to a difference in electronic,
hemical and adsorption properties [37], but mixtures of the two
re often found to be optimum. This is also the case of the commer-
ially available Degussa P-25® TiO2 photocatalyst (70% anatase, 30%
utile) which is universally accepted as the best formulation in most
hotocatalysis applications [38–40].

WO3 is rarely used alone but is a promising additive for TiO2
ince it modifies its photochemical properties in a favourable
anner both with respect to reduced recombination and visible

ight activity (see below). Due to a variety of possible types of
ight excitation [41], WO3 has a broad range of band-gap values
Eg = 2.6–3.3 eV) that have been reported in the literature [41–44];
he fundamental optical transition is of an indirect type with
g = 2.7–2.8 eV [42,45],  thus ensuring considerable photocatalytic
nd photoelectrocatalytic activity for WO3 even under visible light
llumination [46–48].

ZnO is the commonest alternative to TiO2 in semiconductor pho-
ocatalysis [49–51],  with a similar energy band gap (Eg = 3.3 eV)
52,53], low-cost and non-toxicity. It can be prepared in a variety of
orms and structures and it has comparable photocatalytic activity
o TiO2, but is known to photo-corrode.

Cu2O (and CuO) is a p-type semiconductor with a band-gap
nergy of 1.8–2.5 eV (and 1.21–2.00 eV, respectively) [54–57] that
bsorbs visible light and is abundant. (Note that Cu2O can also be
repared as an n-type semiconductor, although with much more
ifficulty.) Although it is mainly used in solar cells, applications

n organics photo-oxidation have also appeared in the literature
58–60].
Fe2O3 (in its �-Fe2O3, hematite form) is another example of
isible light active semiconductor oxide (Eg ≈ 2.2 eV) [61,62] that,
lthough it does not photocorrode and has reasonable chemical sta-
ility, the location of its valence and conduction bands do not favour
 Materials 211– 212 (2012) 30– 46

OH radical or hydrogen production, respectively, hence making it
an ineffective photocatalyst for organics oxidation or hydrogen pro-
duction, respectively, when used on its own [63]. Its coupling with
other semiconductors and/or the application of a appropriate bias
[64] is therefore necessary.

Another semiconductor oxide that has recently drawn attention
to is Bi2O3 which can be either of a p- or n-type [65]. Its bad-gap
being 2.8 eV, it exhibits visible light activity too and it is mainly
used in combination with other semiconductors [66–69].

Finally, there are also many single phase mixed oxides with
semiconducting properties of which strontium titanate, SrTiO3 (see
for example [70–72]) and bismuth vanadate, BiVO4, (see for exam-
ple [68,73,74] are the most characteristic examples. SrTiO3 has the
same energy band gap as TiO2 (3.2 eV [75]) and (similar to TiO2
and ZnO) can be used alone as an efficient photocatalyst for organ-
ics electrooxidation since its valence and conduction bands are at
energy levels able to produce OH radicals from water oxidation
and superoxide radicals by oxygen reduction [76]. On the other
hand, BiVO4 (with a band gap of 2.8 eV [68]) is mainly used as a
visible-active additive to other semiconductors [68,73,74].

2.2. Preparation methods of common semiconductor oxides

2.2.1. Non-electrochemical methods
In this section, we briefly mention the most common non-

electrochemical methods for the preparation of semiconductor
oxides and the corresponding photoanode coatings.

The most widespread method of semiconductor powder for-
mation is the sol–gel preparation route and its variants, realized
either by hydrolysis, chemical precipitation or solvothermal meth-
ods. TiO2 nanoparticle powders are usually obtained by the sol–gel
method from hydrolysis of a titanium precursor (see for example
Refs. [77–81]); this often entails the acid-catalyzed hydrolysis of
titanium(IV) alkoxide and subsequent condensation (see for exam-
ple [82–85]). Hydrothermal preparation of TiO2 under controlled
temperature and/or pressure with the reaction in aqueous solutions
is an alternative route [86–89].  WO3 powders can also be produced
by sol–gel/chemical precipitation methods (see for example [90])
and so are ZnO [91,92],  Fe2O3 [93–95],  SnO2 [96–98],  Bi2O3 [99,100]
and Cu2O [101].

Typically, suspensions of the thus produced oxide nanoparticles
(either commercially available or prepared in the laboratory) are
used for film preparation by dip-coating, spraying or sedimentation
techniques [102–104]. For the production of uniform coatings with
controlled porosity, polyethylene glycol (PEG) is often added to the
suspension and subsequently burnt off during annealing at tem-
peratures higher than 400–500 ◦C (see for example [105,106]).

Semiconductor films can be prepared directly onto various
substrates (including electrode substrates) by sputtering/pulsed-
layer-deposition/magnetic sputtering (see [93,107,108] for Fe2O3
and Cu2O), spray pyrolysis techniques ([109–116] for TiO2 and
WO3, [117,118] for Fe2O3, [119] for ZnO) or chemical vapour depo-
sition (CVD) ([120–126] for TiO2 and WO3, [127,128] for Fe2O3 and
[129] for ZnO).

Finally, all semiconductor oxide films can be simply prepared by
thermal treatment of the corresponding metals whereby the oxide
is formed and grows at the annealing temperature (see for example
[130–132] for TiO2 and WO3, [133] for Bi2O3 and [134] for Fe2O3).

2.2.2. Electrochemical methods
Electrochemical methods have been proposed as alternative

methods for the production of semiconductor layers on conducting

substrates, to be used either in solar cell or organics photoox-
idation applications, since they offer a number of advantages
namely, simplicity of equipment, accurate control of layer thickness
and applicability to substrates of complex shapes. Following their
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lectrochemical preparation, all oxides are annealed at an appro-
riate temperature to obtain the desired crystalline structure for
emiconductor behaviour.

.2.2.1. Cathodic electrosynthesis and electrodeposition.
2.2.2.1.1. Cathodic electrosynthesis of TiO2, ZnO and Fe2O3 coat-

ngs. The principle of the technique lies on the deposition of the
orresponding metal oxide or hydroxide on the electrode surface
ue to local solution alkalization during the operation of the sub-
trate as a cathode in an electrolytic cell.

The main approach for TiO2 cathodic electrosynthesis is that
f DC controlled potential deposition on a variety of cathodes, as
ioneered independently and almost simultaneously by Nogami
nd co-worker [135] and Zhitomirski and co-workers [136]. Both
ethods are based on the precipitation of titanium hydroxide or

xohydroxide from the reaction of stabilized Ti(IV) species with
ydroxyl ions, produced as a result of alkalization during nitrate
eduction at the cathode substrate:

O3
− + H2O + 2e− → NO2

− + 2OH− (1)

In the former method, as adopted by Rajeshwar and co-workers
137,138] or modified by Minoura and co-workers [139,140] as
ell as our groups (see references in the next section), titanyl

ons (produced by dissolution of Ti metal [137,138])  or peroxo-
itanium complexes (produced by stabilization of TiOSO4 with
2O2 [139,140])  react in aqueous solutions with OH− to give:

iO2+ + 2OH− + xH2O → TiO(OH)2·xH2O (2)

or

iOSO4 + H2O2 → Ti(O2)SO4 + H2O (3)

i(O2)SO4 + 2OH− + (x  + 1)H2O → TiO(OH)2·xH2O

+ H2O2 + SO4
2− (4)

In the latter method, as further developed by Zhitomirski and co-
orkers [141–145] and (expanded to other oxides too), TiCl4 was
issolved in an organic solvent and stabilized with aqueous H2O2
o form again a stable peroxo-complex that was further hydrolyzed
y OH− produced at the cathode:

i4+ + H2O2 + (n−2)H2O → [Ti(O2)(OH)n−2](4−n)+ + nH+ (5)

i(O2)(OH)n−2](4−n)+ + mOH− + kH2O → TiO3(H2O)x. (6)

Thermal decomposition of the hydrated products of (2),  (4)
r (6),  results in crystalline TiO2. Zhitomirsky and co-workers
ave deposited TiO2 on Pt, graphite, carbon felts and Ti but
he majority of other researchers (Nogumi, Minoura, Rajeshwar
nd co-workers), who tested the photocatalytic or electrochromic
roperties of the deposits, have employed optically transparent
lectrodes. Our groups have prepared and tested photoelectrodes
f electrosynthesized TiO2 on economical stainless steel substrates
see references in next section). It should be noted that the sin-
le report of electrosynthesized TiO2 on stainless steel [146] (prior
o the above-mentioned reports) dealt with deposition from an
cetone-J2 bath with a sacrificial Ti anode and that no microscopic
r photoelectrochemical characterization of the material was  pre-
ented therein.

An alternative approach for TiO2 electrosynthesis, based again
n Ti hydroxide precipitation due to solution alkalization at the
athode, is that of AC deposition onto hard alumite (Al/Al2O3),
stablished by Ishikawa, Matsumoto and co-workers [147–150].

he aluminium substrate was etched by immersion in an alka-
ine solution and then electrochemically oxidized at 20 mA  cm−2 in

2SO4 solution to prepare the porous hard alumite on its surface.
iO2 was electrodeposited by alternate current electrolysis with a
 Materials 211– 212 (2012) 30– 46 33

bias of few tens of volts and a frequency of 60 Hz, from a mixed
aqueous solution of (NH4)2[TiO(C2O4)2] and (COOH)2 adjusted to
pH 4. The amount of deposited TiO2 did not depend on the ac
voltage, and the deposition occurred even under no bias, with
electrodeposition predominantly occurring in the region below
50 ◦C, while chemical deposition at temperatures higher than about
50 ◦C.

Finally, one should mention another two  techniques for the
preparation of TiO2 photocatalytic coatings that, although they
cannot be classified as electrosynthesis of TiO2, they involve the
application of an electric field. The first is the occlusion of TiO2
particles during the electrodeposition of a metallic, conducting
polymer or other semiconductor layer (see for example references
[137,138,151–154]).  The second is the electrophoretic deposition
of TiO2 from appropriate suspensions onto cathodically biased sub-
strates (see for example [155]).

Cathodic electrodeposition is now one of the most popular
approaches for ZnO growth in various nanostructured arrange-
ments [156–162]. The deposition is carried out at high negative
potentials from neutral solutions of Zn(NO3)2 or ZnCl2, sometimes
with the saturation of the solution with oxygen.

Fe2O3 can be formed cathodically too from Fe(III) solutions con-
taining H2O2 which produces OH− upon its reduction at the cathode
substrate (see for example [163,164]).  OH− reacts with Fe(III) to
form insoluble FeOOH which is transformed to the corresponding
semiconductor oxide following annealing.

2.2.2.1.2. Cathodic electrodeposition of WO3 and Cu2O coatings.
WO3 can be deposited on conducting substrates by direct elec-
trodeposition that is realized via the cathodic reduction of the
peroxotungstate species W2O11

−2 formed in tungstate solutions
of acidic pH containing H2O2:

W2O11
2− + 2H+ + xe− → 2WO3 + 2O2 + H2O. (7)

There are many papers in the literature where tungsten triox-
ide films were prepared by cathodic electrodeposition and tested
for their electrochromic or photoelectrochemical properties. The
works of Hepel and co-workers [16,44,47],  Rajeshwar, Pauporte,
Tacconi and co-workers [165–167,137] as well as those of our
groups [168–170] are typical of the use of cathodically produced
WO3 photoelectrodes in organics photooxidation (either as a single
component coating or combined with TiO2).

Cathodic electrodeposition of cuprous oxide (Cu2O) is the
commonest approach to produce this semiconductor oxide
in controlled quantities and morphologies (see for example
[57,158,171–173]). It is carried out from alkaline Cu(II) solu-
tions at moderately negative potentials whereby Cu(II) is partially
reduced to Cu(I) which, in the presence of OH−, is deposited as
Cu2O.

2.2.2.2. Anodization and anodic electrosynthesis. TiO2 microporous
or ordered nanotubular coatings can be prepared from Ti substrates
by galvanostatic or potentiostatic anodization in aggressive media
such as mixtures of sulphuric, nitric and hydrofluoric acid, often
with the addition of hydrogen peroxide too [174–179]. The applied
voltage is usually in the few tens of volts range and the anodiza-
tion period in the range of few hours. WO3 photoelectrodes have
also been prepared by anodic oxidation of W metal either at rel-
atively low applied potential values [180,181] or at a few tens of
volts [182,183].  The formation of Cu2O by a Cu foil anodization has
also been reported [184].

Alternatively, TiO2 can be electrosynthesized by the oxidation
of Ti(III) on optically transparent electrodes or Pt substrates from

slightly acidic TiCl3 aqueous solutions by excursion of the elec-
trode substrate potential to values of a few hundred millivolts
(see for example [44,185]). In a similar manner, the oxidation
of Fe(II) ions from neutral solutions (stabilized by ligands) or
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lightly acidic solutions, leads to the formation of Fe(III) which
s then precipitated as FeOOH (and transformed to Fe2O3 upon
nnealing) [64].

.3. Photoanode substrates

In electrically enhanced photocatalysis the conducting sub-
trates onto which the semiconductor catalysts are supported have
sually been either optically transparent electrodes (OTEs) (see for
xample [137,167,186–188])  or Ti and its alloys (see for exam-
le [13,15,18,19]). Pt has also been used as a photoanode support
16,137] while more recently carbon [189] or carbon nanotubes
CNTs) [190,191] and boron-doped diamond (BDD) [192,193] have
ll served as photocatalytic electrode supports.

Despite the fact that stainless steel is a cheap and practical
lternative substrate that has frequently been used in supported
hotocatalyst studies (see for example [194,195])  it has only
ecently been tested as an electrode substrate in photoelectro-
atalysis, either for the photooxidation of organics [21,33,168–170]
in our laboratories) or in solar cells [196–198]. There are at
east two problems that can be foreseen in the use of stain-
ess steel supports for such applications. First, the possibility of
tainless steel pitting corrosion or passivation breakdown from
olution-exposed substrate areas at open circuit or under the pos-
tive bias used in photoelectrocatalysis. Second, the formation of
tainless steel oxides between the substrate and the semiconduc-
or upon thermal annealing and/or under a positive bias, may
e detrimental for the effective application of the electric field.
he former makes the need for uniform TiO2 or/and WO3 coat-
ngs paramount since such films are known to offer cathodic
rotection to stainless steel upon UV illumination by pump-

ng of photogenerated electrons to the steel substrate; to that
irection, PEG-containing TiO2 films [21] or electrosynthesized
O3 underlayers [168–170] offer a solution. The latter gener-

lly result in lower photocurrents–photoelectrochemical activity
f TiO2/SS electrodes when compared to TiO2/Ti ones that could
owever be remedied by increasing the photocatalytic activity
.g. by dopants. Finally, the ability to produce large electrodes
nd to control the thickness of the semiconductor films and
he quantity of the catalyst on an appropriate electrode sup-
ort is of great importance since these parameters affect both
he cost and the performance of the photoanode in practical
pplications.

. Photocatalytic activity and synergism in bi-component

emiconductor oxides

There are two main targets of research aiming at improving
he efficiency of semiconductor oxides as photooxidation catalysts

ig. 2. Energy diagram of WO3 and TiO2 materials in contact, showing corresponding vale
A)  and visible (B) light illumination.
 Materials 211– 212 (2012) 30– 46

(usually TiO2-based photocatalysts): minimizing photogenerated
electron–hole recombination rates and expanding their useful
range of operation into visible light wavelengths. Secondary targets
include the reduction of crystallite size and the resulting increase
in surface area as well as the modification of adsorption properties.

Coupling of semiconductor oxides that show a clear energy
difference between their valence bands as well as between their
conduction bands (the two differences-shifts being to the same
direction) is a common strategy to minimize recombination. The
appropriate combinations can easily be predicted by plotting the
energy diagrams of the various individual semiconductors (see for
example the excellent review of [76]). Also, if one of the semi-
conductor components has an energy gap small enough to absorb
visible light, then its introduction can lead to solar light utilization.

Of particular interest is the coupling of the most common TiO2
catalyst with other semiconductors that have lower valence and
conduction band levels (EVB and ECB, respectively) with respect to
those of TiO2. That leads to electron and hole transfer between the
two materials in opposite directions [174] (as shown in Fig. 2 in
the case of a TiO2–WO3 system), thus limiting recombination of
the photogenerated species in the same material. To that direction,
SnO2 (see for example [199,200]),  ZrO2 (see for example [201,202]),
MoO3 (see for example [203]), WO3 (see for example [203] and
more references below), to mention a few materials, have been
coupled with TiO2.

Although the photocatalytic treatment of water and air streams
using TiO2 has been the subject of ample research during the
last three decades, its widespread application is restricted by the
necessity of using artificial UV illumination since TiO2 (the most
popular photocatalyst) does not show visible light photoactivity.
There has therefore been a strong need for the development of
visible light-active modifications of TiO2. The most promising of
the latter include S, N, or C doping that introduce energy levels
within the band gap (see [4,204] and references therein) as well as
dye-sensitization [205,206] that was initially developed for solar
cell applications [205]. Recently, boron-doped TiO2 is also gain-
ing pace (see for example [206], [207]). Coupling with smaller gap
semiconductors can again offer a solution.

As already stated in Section 2.1 above, WO3 is a promising addi-
tive for TiO2 since it modifies its photochemical properties in a
favourable manner both with respect to reduced recombination
and visible light activity. Bicomponent WO3 and TiO2 materials
have shown enhanced UV photocatalytic and photoelectrocatalytic
activity with respect to their plain component analogues, since
their valence and conduction band energy diagrams favour elec-

tron injection from the conduction band of TiO2 to that of WO3 and
hole transfer between valence bands in the opposite direction. This
in turn reduces electron–hole recombination in both semiconduc-
tors [41,137,167,186].  However, the effect of TiO2 on visible light

nce and conduction band positions as well as hole and electron transfer, during UV
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xcitation of WO3 has only recently been hinted (with respect to
esulting photocurrent [168] and hydrophilicity [42]) and there are
ery few studies on its effect on WO3 visible light catalytic activity
owards the bulk oxidation of organics [169,170].

Besides the TiO2/WO3 anodes there are other semiconductor
ombinations that have been employed in photoelectrocatalytic
ater splitting or organics oxidations. For the former application

ome recent examples include SnO2/BiVO4 [98], TiO2/SrTiO3 [71]
nd WO3/BiVO4 [74,208] photoelectrodes. For the latter, examples
nclude TiO2/SnO2 [209], Cu2O/TiO2 [210], ZnO/ZnWO4/WO3 [211],
nO2/TiO2 [97], Fe3O4/WO3 [212] and Bi2O3/TiO2 [66,100] photo-
lectrocatalysts.

The main advantage envisaged in using bi-component photoan-
des is the possibility of shifting the light absorption spectrum into
he visible region, hence making operation under solar radiation
iable. The simultaneous reduction of electron–hole recombination
ates should be a secondary issue since in photoelectrocatalysis
unlike plain photocatalysis) the application of the external bias
argely reduces recombination rates.

. Electrosynthesized-electrodeposited TiO2–WO3
hotoanodes for photoelectrocatalysis in aqueous media

.1. Cathodic electrosynthesis/electrodeposition of bicomponent
iO2/WO3 coatings

The cathodic deposition approaches for both TiO2 and WO3 film
reparation of Section 2.2.2.1 have been combined by Rajeswhar,
auporte, Tacconi and co-workers [165–167,137,186] to produce
icomponent TiO2/WO3 coatings on optically transparent elec-
rodes and record the photoresponse of small electrodes under UV
llumination, in supporting electrolyte solutions or in the presence
f simple organics such as formate ions. The expected photocurrent
ncreased due to the semiconductor band coupling and associ-
ted recombination reduction described above. They have used
oth sequential WO3 and TiO2 electrodeposition/electrosynthesis
rom different solutions under an appropriate constant potential
r, mainly, pulsed deposition from a single mixed bath, whereby
he potential switched between values favouring WO3 deposition
nly (less negative) and others that favoured both WO3 and TiO2
eposition (more negative). The former protocol resulted in clearly
efined bilayer samples while the latter in a mixed, alternate layers
tructure.

Georgieva et al. and Valova et al. recently followed the pioneer-
ng work of these workers by adopting the sequential deposition
rotocol [168–170,213–215] and expanded the related studies to:

(i) the use of practical and economical stainless steel substrates,
ii) the spectroscopic study (energy dispersive spectroscopy (EDS),

auger electron spectroscopy (AES) and Raman spectroscopy) of
the bi-component catalysts,

ii) the use of visible light activation,
iv) the bulk photoelectrolysis of organics in a small batch reactor,
v) the effect of plating parameters and composition on catalyst

morphology and activity.

That work can be viewed as the natural extension of basic
esearch, carried out by Rajeswhar, Pauporte, Tacconi and co-
orkers, to applied research, aiming at scaling up the process and

aking it more feasible for practical applications. The following

hree sections of this review are focused on results obtained in the
uthors’ laboratory, most of which has been presented in Refer-
nces [168–170,213–215].
 Materials 211– 212 (2012) 30– 46 35

4.2.  Microscopic and spectroscopic characterization of
photocatalysts: effect of preparation conditions and oxide
components loading on coating morphology and local composition

The main morphological feature of electrochemically prepared
bi-component TiO2/WO3 oxides, following temperature annealing
in the 300–500 ◦C range to render them crystalline, is a cracked-
mud  structure of the underlying WO3 layer which consists of
islands-patches a few �m wide (see the SEM image of Fig. 3(A)).
The sequential constant potential deposition of TiO2 from a sep-
arate bath further covers the WO3 terraces with TiO2 (retaining
the overall morphology) but also gives rise to the formation of
smaller particles of the new material (Fig. 3(B)). W and Ti elemen-
tal X-ray mapping obtained by EDS (Fig. 3(C) and (D)) points to
extensive mixing of WO3 and TiO2 (a condition for successful syn-
ergism) and that TiO2 is mainly located on island terraces whereas
an WO3 underlayer is also present within the cracks (see the tilted
“Y” region in the top-right-hand corner of Fig. 3(B)–(D) [170].

The preferential deposition of TiO2 on top of the WO3 islands
instead into the cracks can be explained by the easier blanket-
ing of the latter by H2 evolved at the highly negative potential
(−2.00 V vs MSE) applied during the cathodic electrosynthesis of
TiO2 [168,213].

Sputter-etch AES was  employed to perform elemental depth-
profiling of the coatings [168]. Fig. 4 shows the results of such
experiments at two  locations, in the center (A) and the verges (B)
of an island (such as those shown in Fig. 3).

Enrichment with TiO2 in the center of the island is confirmed
again and gradual sputter-etching of the coating allows for an esti-
mate of the layer thickness. Since 1 min  of sputtering under the
given conditions corresponded to the etching of approximately
4 nm of material, the thickness of the TiO2 overlayer seems to
exceed 400 nm in location (A) whereas it is limited to ca. 160 nm at
location (B) and is succeeded by the WO3 underlayer. Nevertheless,
both Ti and W elements can be traced (even if at different percent-
ages) in all locations within the 250 nm diameter of the analysis
spot, indicating porosity of the overlayer and good component mix-
ing, necessary for synergism.

The effect of TiO2 thickness on coating morphology and pho-
toelectrocatalytic activity has been studied [214]. Fig. 5 shows the
back-scattered electron images (BEI) of SEM micrographs for two
coatings of different TiO2 loadings over the same WO3 deposit.
Bright areas correspond to WO3 and dark areas to TiO2 since the
element with a higher atomic mass (i.e. W)  backscatters electrons
to a larger extent. It can be seen that the coating with the thicker
TiO2 overlayer is micro-particulate and rougher. However, the cata-
lyst with the higher TiO2 loading was proven to have inferior UV and
similar visible light photocatalytic activity with that of the lower
loading, towards the photo-oxidation of chlorophenol. It seems that
the increase in catalyst surface area observed at thicker samples is
offset by a decrease in the TiO2/WO3 interfacial area (where syn-
ergism is operative) and an increase in ohmic losses within the
coating. The optimum Ti:W atomic ratio of these bi-component
catalysts was  found to be 1:1.

The effect of electrodeposition protocol on TiO2/WO3 morphol-
ogy and photoelectrocatalytic activity has also been studied [215].
In more detail, constant potential electrodeposition of WO3 (at
−1.0 V vs MSE) in an appropriate bath, followed by constant poten-
tial electrosynthesis of TiO2 (at −2.0 V vs MSE) in a second bath,
was  replaced by pulsed elecrodeposition, performed again in two
sequential steps from two  different baths. Square waveform pulses
were applied on the stainless steel substrate with cathodic pulse

potentials of −1.0 V vs MSE  for WO3 and −2.0 V vs MSE  for TiO2,
with a typical pulse duration of 5 ms,  followed by a less nega-
tive potential pulse at −0.5 V for 5 ms  again. The pulse sequence
was  repeated until the required amount of oxide was  deposited.
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Fig. 3. SEM micrographs and EDS maps of electrosynthesized and electrodeposited WO3 and TiO2/WO3 coatings by cathodic deposition at a stainless steel substrate: (A) SEM
( -layer
f
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SEI)  of a plain WO3 coating (0.83 mg  cm−2 loading); (B) SEM (SEI) of a TiO2/WO3 bi
or  W and Ti, respectively, corresponding to the sample location pictured in (B).

lthough the WO3 underlayer obtained by pulsed deposition had
 similar morphology to that of the constant potential deposition
albeit slightly smoother and denser, with narrower cracks, than
hat of Fig. 3(A) above), the TiO2 overlayer had significant dif-
erences both in particle size and growth location. Fig. 6 shows
EM micrographs (both in secondary electron imaging, SEI, and
ack-scattered electron imaging, BEI, modes). It can be seen that
iO2 grows in the form of nanoparticles and preferentially in the

racks of the WO3 underlayer (i.e. in an opposite manner to that
bserved at constant potential grown deposits). We  believe that
iO2 grows preferentially over thin WO3 (or uncovered stainless
teel) locations in the cracks since at thicker WO3 locations the

Fig. 4. Auger depth profiles of elements at points in the center (A) and at
 coating (0.29 mg cm−2 TiO2/0.71 mg cm−2 WO3 loading); (C) and (D) EDS mapping

latter is not fully reduced during the 5 ms  pulse at −2.0 V vs MSE.
The facile reduction of WO3 at the highly negative potentials of TiO2
electrosynthesis needs to be completed first, before nitrate reduc-
tion/hydrogen evolution–alkalization takes place and leads to TiO2
precipitation.

When the amount of TiO2 deposited by pulse deposition
increased, then an overflow of TiO2 particles from the cracks and
onto the WO3 terraces occurred, resulting in a cauliflower mor-

phology [215]. The Raman spectrum at various typical locations
confirmed the predominance of TiO2 in the cracks and on the
surface-topmost locations of the islands and that of WO3 in shallow
openings on the islands’ flat base [215].

 the verges (B) of the deposit islands of a bilayer TiO2/WO3 sample.
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Fig. 5. SEM micrographs (BEI) of TiO2/WO3 coatings: (A) TiO2 (0.30 m

Although pulsed electrodeposition allows for a very accurate
xide loading and a nanoparticulate high surface area, no signifi-
ant increase in photoelectrocatalytic degradation of chlorophenol
as found [215], indicating that the increase in surface area is

ffset by a decrease in the extent and quality of TiO2/WO3 con-
act. The best synergism and photoelecrocatalytic activity was
herefore observed for thin TiO2 overlayers deposited on the under-
ying WO3 patches via continuous electrodeposition at a constant
otential.

.3. Photoelectrochemical characterization of catalysts

.3.1. Photovoltammetry
Photovoltammetry at semiconductor electrodes comprises the

ontinuous recording of the current observed under illumination
more accurately, the difference between the dark current and
hat during exposure to light) as a function of the slowly varied
pplied potential. It is normally carried out at small photoelec-
rode specimens under potentiostatic control in three-electrode
ells, equipped with a flat quartz window opposite the photoanode
acting as the working electrode). The cell is completed with a ref-
rence electrode and a counter/auxiliary electrode. The recorded
hotocurrent is directly related to the rate of electron and hole
hotogeneration under the given conditions (since it arises from
hotogenerated electron flow) but its correlation to the ability of
he photoanode to oxidize organic contaminants is not straight-
orward. The magnitude of the photocurrent in aqueous solutions

ontaining no other species than the inert supporting electrolyte
an be safely related to the rate of production of the powerful
H• radicals resulting from water oxidation by the photogenerated
oles.

Fig. 6. SEI (a)-left and BEI (b)-right SEM micrographs of a pulse-plated. 
)/WO3 (0.80 mg  cm−2); (B) TiO2 (0.77 mg cm−2)/WO3 (0.80 mg cm−2).

However, whether these radicals are effective in oxidizing
organics that may  be present in a solution or react with each
other to evolve oxygen, depends on the organic and the particular
catalyst. Nevertheless, a clear increase of the photocurrent upon
addition of a species in a supporting electrolyte solution is a clear
indication that the species undergoes direct oxidation by scaveng-
ing holes from the valence band itself or/and some of its oxidation
products inject electrons in the conduction band which is depleted
of electrons due to the external positive bias (“current doubling”
effect).

Fig. 7(A) presents photovoltammograms at plain TiO2/SS,
WO3/SS and bicomponent TiO2/WO3/SS photoelectrodes, under
UV illumination (UV-A light Radium Ralutec 9 W/78 UV-AA lamp,
� = 350–400 nm,  �max = 369 nm,  3 mW cm−2) in 0.1 M Na2SO4 solu-
tions (SS stands for the stainless steel substrate). The counter
electrode for these small-specimen/photocurrent experiments has
been a short Pt wire while a saturated calomel electrode (SCE)
or a Ag/AgCl in KCl electrode were employed as reference elec-
trodes. The shape of the curves is typical of n-type semiconductor
behaviour with currents tending to a limiting value at sufficiently
positive potentials due to charge carrier transport control. When
the semiconductor film is continuous and thick enough then,
according to classic n-type semiconductor theory [216,217],  a space
charge layer is developed within the film (associated with upward
bending of the valence and conduction bands as depicted in Fig. 1)
and the anodic current that flows through the photoanode is con-
trolled at sufficiently high overpotentials by the migration of the

minority carriers (in the case of an n-type semiconductor, the
holes) through that space charge region under the influence of the
associated electric field. On the contrary, when the catalyst is of
a nano-particulate form and hence a space charge region cannot

TiO2/WO3 sample with a loading of 0.35 TiO2/0.82 WO3 mg cm−2.
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Fig. 7. Photovoltammograms (recorded at a 10 mV s−1 potential sweep rate towards
positive potentials) of TiO2 (0.35 mg  cm−2)/SS, WO3 (0.73 mg cm−2)/SS and TiO2
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0.30 mg cm−2)/SS, WO3 (0.80 mg  cm−2)/SS photoelectrodes, under (A) UV and (B)
isible light illumination in 0.1 M Na2SO4 solutions (SS stands for the stainless steel
ubstrate).

evelop within each nanoparticle, the photocurrent is controlled
y diffusion of photogenerated electrons through the particle layer
218–221]. In the former case, based on the Gardner model for semi-
onductor electrodes [222] and the resulting Butler equation [223],
he plot of the square of photocurrent vs applied potential (i2phvsE) is
xpected to be linear (in the rising part of the photo-voltamogram)
f the semiconductor layer is thick enough for a depletion layer to
e developed. Since such plots at the foot of the photovoltammetric
aves were found to be linear for not heavily doped electrosynthe-

ized/electrodeposited TiO2 and WO3 layers [168,213],  it follows
hat the islands of the semiconductor deposits (see Figs. 3 and 5)

ust be thick enough for a depletion layer to be formed and the
urrent to be controlled by hole migration across that. A compar-
son of the photovoltammetry under UV for the three electrodes
learly shows that the onset potential of the TiO2 photoanode is
ignificantly lower than that of the TiO2/WO3 and WO3 photoan-
des, in line with the flat band potential (Efb) of the former known
o be lower from the one reported for the latter [216]. The most
nteresting feature of these photovoltammograms is however the

uch higher limiting photocurrent observed at the bicomponent
iO2/WO3 electrode, suggesting lower electron–hole recombina-
ion rates and indicating a potentially higher photoelectrocatalytic
ctivity of the material towards organics oxidation, when a suffi-
ient positive bias is applied.

Fig. 7(B), showing photovoltamograms under visible light illu-
ination (Radium Ralutec 9 W/71 visible light lamp, � > 400 nm,

max = 437 nm,  3 mW cm−2), points to an unexpected WO3 pho-

ocurrent enhancement in the presence of the visible light inactive
iO2. First of all, efficient visible light absorbance by WO3 can
nly be understood if either the TiO2 overlayer is thin enough
o be transparent to visible light or microporous (at least at
 Materials 211– 212 (2012) 30– 46

locations); AES analysis and EDS X-ray mapping (see above) do
not exclude these possibilities. Once the underlying or neighbour-
ing WO3 is photoactivated by visible light then its photogenerated
holes are transferred to the valence band of TiO2, where they oxi-
dize water to OH• at the electrode surface (see energy diagram of
Fig. 2 (B)). An equivalent representation of the situation, perhaps
more appropriate since TiO2 has no significant semiconductor con-
ductivity under visible light illumination, may  be the equivalent
electron transfer from the TiO2 valence band to WO3 with simulta-
neous electron transfer from solution oxidizable species to TiO2.
(This electron transfer process occurring in effect from solution
species to WO3 may  be mediated by the presence of a Ti(III)/Ti(IV)
couple.)

The effect of the presence of organics in photovoltamme-
try can reveal the possible mechanism of oxidation of these
species at the corresponding photoanode materials. Photovoltam-
mograms of WO3 and TiO2/WO3 photoelectrodes under UV
illumination in Na2SO4 solutions with and without oxalate or 4-
chlorophenol (these being typical organics) were presented in
[168–170,213,214]. These revealed that the effect of chlorophenol
on the photocurrent was insignificant, indicating that this species
is not an efficient direct hole scavenger and could only undergo
indirect photooxidation by OH• radicals produced by hole scaveng-
ing by water molecules. On the other hand, the addition of oxalate
resulted in a large photocurrent enhancement, characteristic of
direct hole scavenging by oxalate which is further enhanced by
the “current doubling” effect whereby electron injection by the ini-
tial oxidation product to the conduction band of the photocatalyst
takes place. The enhancement of the photocurrent when passing
from supporting electrolyte (sulphate solution) to an oxalate solu-
tion, is more pronounced in the case of the plain WO3/SS electrode,
indicating that the recombination rates are higher at this mate-
rial than at the bilayer TiO2/WO3/SS one, making the need of an
effective hole scavenger more important. Photovoltammograms of
plain and bi-layer samples in the same solutions but under visible
light (vis) illumination (� > 400 nm)  revealed similar trends to those
observed under UV light [168–170,213,214].  The overall voltam-
metric picture indicated that in the case of the effective oxalate
scavenger, there is no significant difference in photocurrents under
UV illumination and only a moderate enhancement under visible
light illumination when one passes from plain to bi-layer samples.
In the case of 4-chlorophenol however, which is more difficult to
oxidize and, due to its indirect oxidation mechanism, cannot limit
recombination rates, the TiO2/WO3 combination has a pronounced
effect in increasing the photocurrent.

4.3.2. Bulk photoelectrolysis of dissolved organics
As stated above, photovoltammetry at small photoanode elec-

trodes can only provide an indication of the photoactivity of
a material. Hence, prolonged constant potential experiments at
larger photoanodes and larger solution volumes (bulk photoelec-
trolysis) are needed to access the photoelectrocatalytic activity
of a semiconductor towards the oxidation of an organic species.
It should be noted that although bulk photoelectrolysis of var-
ious organics (including microorganisms) on single component
TiO2 photoanodes has frequently been used (see for example
[8–15,17–24], very few such experiments at WO3 electrodes
(under both UV and visible light irradiation) have been reported
[16,47,169,170,214,215],  whereas bulk photoelectrolysis experi-
ments at bicomponent semiconductor electrodes are also scarce
[66,67,73,169,170,214,215].

Examples of the methodology used to assess the photo-

catalytic and photoelectrocatalytic activity of semiconductor
electrodes towards typical organics oxidation are presented
in the case of TiO2/WO3 bicomponent photoanodes in refer-
ences [169,170,214,215] for the case of the standard organic
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Fig. 8. Variation of 4-chlorophenol concentration with time from 10−3 M 4-
chlorophenol + 0.1 M Na2SO4 250 ml  solutions, during constant potential (+0.4 V
vs  SCE) photoelectrolysis at large (30 cm2) WO3/SS and TiO2–WO3/SS electrodes,
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Fig. 9. Variation of malachite green (MG) concentration with time from
10 ppm MG + 0.1 M Na2SO4 250 ml  solutions, during constant poten-

2 3
the rate of concurrent reactions (such as oxygen evolution from the
reaction of OH• radicals with each other) is higher.
nder UV (A) and visible (B) light illumination. Final concentration decreases in
he  order of: TiO2/WO3 ≈ WO3 > WO3 + bias > TiO2/WO3 under UV light (A) and

O3 > TiO2/WO3 > WO3 + bias > TiO2/WO3 under visible light (B).

ollutant of 4-chlorophenol (4-CP) [170,214,215] and the typi-
al dye of malachite green (MG) [169]. In those works constant
otential bulk photoelectrocatalytic experiments were carried
ut, using electrodes in the 30 cm2 range and 250 ml  0.1 M
a2 SO4 + 10−3 M 4-CP or 0.1 M Na2SO4 + 10 ppm MG  solutions. The
otential was kept constant at +0.4 V vs a saturated calomel (ref-
rence) electrode (SCE). To study the effect of applied potential,
xperiments without the application of an external bias were also
erformed.

Fig. 8 presents results for 4-CP degradation, under UV (A) or
isible (B) light illumination, in the presence or absence of a volt-
ge bias, at both plain WO3 and bicomponent TiO2/WO3 electrodes
with the counter electrode being a long stainless steel coil and the
eference electrode a SCE).

Two general remarks can be readily made. First, there is
 pronounced beneficial effect of the applied potential on the
hotocatalytic activity of both materials. This is important for
he effective use of supported photocatalysts since, when com-
ared to their slurry analogues, they have a limited surface
rea and are prone to mass transport limitations and rapid
ontamination/deactivation. It becomes even more critical in the
ase of coatings which are not micro-particulate as typical TiO2
ayers prepared from powder catalysts and hence they posses a

elatively smaller area and are even more prone to deactivation
as is indeed the case of unbiased samples where there is no
rganic species removal beyond a certain point). Second, the trends
eported and interpreted above for the photocurrents at the plain
tial (+0.4 V vs SCE). Final concentration decreases in the order of
WO3 + visible > TiO2/WO3 + visible ≈ WO3 + UV > TiO2/WO3 + UV.

and bi-component samples are in general translated into similar
trends for the photoelectrocatalytic oxidation of 4-CP. That is, the
bi-layer TiO2/WO3/SS photoelectrodes exhibit in all cases supe-
rior organics degradation performance when compared to plain
WO3/SS photoelectrodes. To quantify the efficient use of the pho-
tocurrent for the degradation of organics one should estimate the
faradaic efficiency of 4-CP removal at the photoelectrodes. This
can be done by calculating the charge passed during the reac-
tion period (by integrating the corresponding photocurrent vs time
curves) and comparing it with the charge associated to the photoox-
idation of these species (estimated by their actual concentration
change and applying Faraday’s law, assuming that one photogener-
ated electron–hole pair is needed to initiate the photodegradation
process). The faradaic efficiency represents that part of the pho-
tocurrent which is used for the organics oxidation (the rest may
result in water photooxidation at the anode). Values of 34% and
23% were estimated for WO3 and TiO2/WO3 respectively under UV
light illumination; these values became 68% and 34% under visible
light. It can be seen that despite the fact that the bilayer TiO2/WO3
electrodes are more active than WO3 in removing 4-chlorophenol,
the plain WO3 electrodes are characterized by a more effective use
of the photocurrent. This in turn means that at TiO /WO electrodes
Fig. 10. Schematic diagram of a photoreactor for photoeletcrochemical air-
treatment. (1) Light source (UV or visible light lamp); (2) transparent window; (3)
porous photocatalyst layer (powder catalyst or mesh-supported catalyst); (4) solid
polymer electrolyte; (5) porous cathode; (6) power supply.
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Fig. 11. SEM micrographs of (A) a TiO2/WO3 coated stainless ste

Fig. 9 presents results for the photodegradation of MG  under
V and vis light illumination for 2 h. It can be seen that the UV
hotoelectrocatalytic activity is always better than the visible one
nd the bi-layer TiO2–WO3 electrodes are by far superior to their
lain WO3 analogues. In more detail, an 85.5% removal of MG  was
chieved under 2 h UV illumination (resulting in visible solution

ecolorization), with a 74% removal achieved after just 30 min.
espite being slower (only 33% removal after 30 min), dye removal
nder vis illumination also reached a significant 66.8% value after

 h.

ig. 12. Photovoltammograms (recorded at a 10 mV s−1 potential sweep rate towards pos
btained at a Nafion®-based all-solid cell in the presence of water- and 10% (w/w) met
igher  photocurrents correspond to the presence of methanol vapours.
h; (B) a detail of (A); (C) same as (B) but obtained in a BEI mode.

5. Bi-layer TiO2–WO3 and powder TiO2 + WO3 + C
photoanodes for the photoelectrocatalytic oxidation of
organic vapours in all-solid cells

As already stated in the last paragraph of the Introduction,
there are hardly any papers on the photoelectrocatalytic oxidation

of gaseous organics within the scope of air treatment applica-
tions [11,33–35,224].  This is surprising since both the polymer
electrolyte membrane (PEM) fuel cell technology of all-solid elec-
trochemical cells is well developed and the use of solid polymer

itive potentials) at electrosynthesized/electrodeposited TiO2/WO3/SS photoanodes,
hanol solution-saturated vapours, under (A) UV and (B) visible light illumination.
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Fig. 13. Photoamperometry (photocurrent vs time curves) at electrosynthe-
sized/electrodeposited TiO2/WO3/SS photoanodes biased at +0.50 V vs Ag/AgCl in
a  Nafion®-based all-solid cell, in the presence of water and methanol vapours,
under (A) UV and (B) visible light illumination. Maximum photocurrents increase
in  the order of: pure water < 2% (w/w) methanol < 5% (w/w) methanol < 10% (w/w)
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Fig. 14. Photovoltammograms (recorded at a 10 mV  s−1 potential sweep rate
towards positive potentials) at mixed TiO2 + WO3 + C (+Nafion®) powder-
photoanodes, obtained in a Nafion®-based all-solid cell in the presence of water-

ratio of W:Ti (atomic) and a 1:2 ratio of C:photocatalyst (w/w)
(all electrodes had a 30% (w/w) Nafion® content). Fig. 14 presents
ethanol solution-saturated vapours.

lectrolyte (SPE) or gel electrolytes in TiO2-based solar cells has
ecently advanced significantly.

The schematic diagram of the concept of a photoelectrochemical
ell and reactor for air treatment is shown in Fig. 10.  The proof-of-
oncept for such an approach was presented in [33,35] whereas the
ptimisation of the powder photoanodes of [35] has recently been
eported in [224].

The photoanode used in [33] was a bilayer TiO2/WO3 coating
lectrosynthesized on a stainless steel mesh (see Fig. 11). The open
tructure of the coated stainless steel substrate (Fig. 11(A)) is neces-
ary for an increased gas/polymer electrolyte/photoelectrocatalyst
nterface, the locus of the photooxidation process in such a cell.
One should also notice in the back-scattered electron image (BEI)
f Fig. 11 (C)) the very thin TiO2 overlayer, depicted as a grey
lm over the brighter WO3 island.) In the construction of the
mall demonstration cell, the polymer electrolyte (Nafion®) was
upported on a microporous (0.45 �m)  HT Tuffryn polysulfone
embrane, impregnated with a solution of the polymer and then

eft to dry. The photoanode mesh and a stainless steel cathode mesh
ere adhered on opposite faces of the membrane with a quantity

f the electrolyte solution (upon drying). A Ag/AgCl wire, served as
he reference electrode and was attached (again with the help of a
afion® solution) on one face of the membrane.

Fig. 12 presents photovoltammograms at such electrosyn-
hesized/electrodeposited TiO2/WO3/SS photoanodes in a
afion®-based cell, in the presence of water and methanol

apours (equilibrated with a 10% (w/w) methanolic solution),
nder UV and visible light illumination.
and 10% (w/w) methanol solution-saturated vapours, under (A) UV and (B) visible
light illumination.

A continuous rise in the photocurrent with applied potential
can be seen (with no clear plateau observed), indicating photocur-
rent control via photogenerated hole transfer through a developed
depletion layer within the thick semiconductor patches [222,223].
The increased response upon addition of methanol points to its
direct photooxidation.

Fig. 13 presents results of constant potential amperometry (at
+0.5 V vs Ag/AgCl) obtained with the same devices in streams of
different methanol content, upon switching on and off the irra-
diation. It can be seen that there is a continuous increase of the
photocurrent as methanol concentration increases but there is
gradual current saturation too. The latter is typical of the kinet-
ics of the photoelectrocatalytic oxidation of methanol following a
Langmuir–Hinselwood formalism [33].

In search for a more practical photoanode, compatible with
fuel cell active electrode layer technology and having a higher
surface area a TiO2/C powder mixture (bound with Nafion®) was
introduced in [35] and various WO3 + TiO2/C powder mixture for-
mulations were tried in [224]. The catalytic photoanode coating
consists of different size particles and agglomerates of C, WO3 and
TiO2, dispersed as mixtures in a solidified Nafion® matrix, pasted
on one side of the membrane and left to dry.

Following experimentation with various WO3:TiO2:C ratios
[224] it was found that the optimum photoanode composition,
for good performance both under UV and visible light, was a 1:2
the results of photovoltammetry obtained at all-solid photoelec-
trochemical cells with a mixed C + TiO2 + WO3 powder photoanode
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0.5 mg  cm−2 C and 0.9 mg  cm−2 TiO2 + WO3 with a 1:2 W:Ti atomic
atio formulation), under UV and visible light illumination in
ater and methanol vapours. S-shaped curves are observed, with

he clear signs of a photocurrent plateau (as opposed to the ill-
efined rise in Fig. 12)  being characteristic of photocurrent control
y photogenerated electron transfer through a nanoparticulate
lm [218–221]. Again, the photocurrent rises in the presence of
ethanol, indicating a direct hole-methanol reaction. Constant

otential experiments at varied methanol levels revealed a picture
imilar to that of Fig. 13.

. Conclusions – future directions

The use of electrochemical enhancement in the photooxida-
ion of organic pollutants at supported semiconductor catalysts
ecomes an option in cases that supported catalysts are
equired, either due to catalyst management considerations,
eed for modular photoreactor design or application to air-
reatment.

Although there have been many studies on photoelecrochemical
ater treatment, the technology has not yet been commercialised,
erhaps due to the complexity and cost of setting up and operating
n electrochemical cell as well as to the fact that it has not yet pro-
ided significant enhancement in universal organic load removal.
he technique seems to work well for specific contaminants (some
yes, microbes, etc.) but with moderate success on standard pol-

utants such as 4-chlorophenol. Although photoelectrocatalysis at
upported photoanodes is unlikely to replace at this stage the use of
hotocatalyst powders in a slurry form, we believe that it can still
nd application in small volume (and organic load) water treatment
uch as potable water disinfection at domestic outlets or personal
ater supplies.

The use of bi-component semiconductor oxide anodes can
ignificantly improve the photooxidation efficiency and (if the
aterials are appropriately coupled) the usage of the visible part of

he solar light too. Among the few systems studied, bi-component
iO2 and WO3 photocatalytic coatings can lead to very efficient
nd practical photoanodes. Following the pioneering work of Hepel
nd co-workers as well as that of Rajeshwar and co-workers,
ho used bi-component TiO2/WO3 catalytic coatings prepared

lectrochemically in the photoelectrocatalytic oxidation of organ-
cs, Georgieva et al. have recently explored issues of the related
esearch that could increase the potential of these materials for
ractical applications. To that direction, we believe that their main
ontribution has been the use of practical stainless steel substrates
nd the operation of the TiO2/WO3 catalysts under visible light
llumination. Research into more active semiconductor oxide for-

ulations (e.g. incorporation of Bi2O3, BiVO4, SrTiO3) should be
urther explored.

With respect to possible future process modifications we can
ention here at least two  research avenues; one for water treat-
ent and one for gas treatment. In the former case, it would be
orth investigating the application of electrochemical enhance-
ent at powder semiconductor oxide slurries if these are turned

nto a fluidized bed electrode with the addition of small quan-
ities of carbon powders (to increase conductivity) and current
ollector rods. On the other hand, in the case of air treatment, a
tainless steel base (that could serve as a counter electrode), with

 Nafion® membrane or film above it and the photocatalyst spread
n the outer face of the membrane/film, could be a straightforward
odification of already existing photoreactors. We  believe that
he photoelectrochemical treatment of volatile organic compounds
VOCs), where supported photocatalysts are necessarily used, could
ffset their limited surface area and high contamination rate, and
hould become a priority path of future research in the area.
 Materials 211– 212 (2012) 30– 46
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