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Abstract

The photoelectrocatalytic performance of thermal and particulate TiO2 films on Ti electrode substrates has been
studied by photovoltammetry and bulk photoelectrolysis. The thermal TiO2 film electrodes were prepared by Ti
annealing in air at 700 �C and 500 �C while the particulate electrodes were prepared from dispersions of Degussa
P-25 TiO2 deposited onto Ti substrates and subsequently sintered at 700 �C and 500 �C. The photocurrent in the
absence and presence of the model organic species of oxalate as well as its photooxidation rate depends on coating
surface area, type (thermal or particulate) and crystallographic form (anatase or rutile). A method is proposed to
account for surface area variations by normalising the data with respect to the electroactive surface area of the TiO2

electrodes, as estimated by their surface electrochemistry in the dark. The thermal electrodes show high photo-
currents both in the absence and the presence of oxalate whereas the performance of particulate electrodes is
significantly improved upon oxalate addition. Nevertheless, the efficiency of thermal 700 �C TiO2 for oxalate
photooxidation during bulk photoelectrolysis is comparable to that of Degussa P-25 TiO2-coated electrodes.

1. Introduction

The use of supported TiO2 photocatalysts for water
treatment instead of catalyst slurries offers some advan-
tages namely, the absence of the costly step of catalyst
removal and a modular design of the treatment cell
[1–3]. On the other hand, drawbacks of supported
catalysts include their small total surface area and mass
transport limitations. To overcome these, TiO2 can be
supported on an electronic conductor and biased
positive with the application of an external voltage in
an appropriate electrochemical cell, so that the rate of
photogenerated electron and hole recombination is
limited and the rate of surface reactions increased
(electrically enhanced photocatalysis) [4–7].
The majority of TiO2 photocatalytic electrodes sug-

gested for decontamination applications are of a partic-
ulate nature i.e. they are made of TiO2 nanoparticles
further aggregated to micrometer-sized particles during
thermal annealing. The catalyst layer is either synthes-
ised in the laboratory by a variety of methods [8–18] or,
alternatively, prepared from commercial Degussa P-25
TiO2 suspensions by dip-coating, spraying or sedimen-
tation techniques [19–21].
Most particulate TiO2 electrodes are either anatase or

mixtures of anatase–rutile while there are only a few electro-
photocatalytic studies of particulate laboratory-made

rutile electrodes [4, 7, 22, 23] and none of commercial
Degussa P-25 transformed to rutile by high temperature
annealing. At the same time, continuous TiO2 film
electrodes produced by simple thermal annealing have
also not often been used in photooxidation applications
[4, 7, 23]. Finally, despite many studies of TiO2

electrochemistry in the dark [24–27], the Ti(III)/Ti(IV)
surface electrochemistry at potentials positive to hydro-
gen evolution has not been correlated to its performance
under UV illumination.
The aim of this work was to carry out a comparative

study of thermal and particulate TiO2 photoelectrodes (of
the anatase and/or rutile type) with respect to their
electrochemistry in the dark and under UV illumination,
in order to distinguish the effects of film morphology,
surface area and crystal structure. The main objectives
have been: (a) the electrochemical characterisation of the
photoelectrodes in the dark by means of cyclic voltamme-
try, in order to obtain an estimate of electroactive area
from their surface electrochemistry and use that for
normalisation of their photoactivitywith respect to surface
area variations; (b) their photoelectrochemical characteri-
sation in the supporting electrolyte and in the presence of
organics by means of photovoltammetry; and (c) the
correlation of electrode type and photocurrent character-
istics with the efficiency of organics photodegradation
during bulk photooxidation experiments.
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2. Experimental

2.1. Preparation of thermal and particulate TiO2

coatings on Ti electrode substrates

Ti specimens (1 cm�0.5 cm for voltammetry and
10 cm�10 cm for bulk photoelectrolysis) were cut from
0.5-mm thick plates and were etched for a few seconds in
a HF/HNO3 3:1 mixture before washed thoroughly with
doubly distilled water. The thermal film electrodes
(T-TiO2) were prepared by annealing the etched Ti
substrates in air at 700 �C (for 5 h) or 500 �C (for 1.5 h)
in a Carbolite CWF 1100 oven. The particulate elec-
trodes (P-TiO2) were prepared by spraying or sedimen-
tation on one side of the substrate from a 1 g l)1

methanol dispersion of Degussa P-25 TiO2 onto the Ti
substrates, evaporating methanol at 50 �C for 10 min,
repeating the procedure for 10 times and finally sintering
in air at 700 �C (for 5 h) or 500 �C (for 1.5 h). Very
thick films of particulate TiO2 were thus produced
having a loading in the 10–20 mg cm)2 range and a
thickness in the 25–50 lm range. The long annealing
period of 5 h at 700 �C was found necessary to produce
uniform thermal rutile films (times longer than 3 h were
needed) and, mainly, to fully convert P-25 particulate
films into their rutile form.
Locations on the backside of the electrodes were

etched again (to remove oxides formed during anneal-
ing) and insulated Cu wire was glued onto them with
silver-loaded epoxy resin (RS). Finally, the contact as
well as the entire back side of the electrode were
insulated with epoxy resin glue (RS).

2.2. Microscopic and XRD characterisation of TiO2

layers

Scanning Electron Microscopy (SEM) was carried out
using an JSM 733 microscope.
X-ray diffraction (XRD) deposit characterisation was

performed with the help of a Rigakou Miniflex diffrac-
tometer.

2.3. Photoelectrochemical characterisation of TiO2

coatings

Cyclic voltammetric and constant potential experiments
on TiO2 electrodes in the dark and under UV illumina-
tion were carried out with the Autolab 30 (EcoChimie)
system in a three-electrode cell equipped with a flat
quartz window opposite the working electrode. A
saturated calomel electrode (SCE) was used as the
reference electrode and a Pt foil as the counter electrode.
Voltammograms were run for at least three consecutive
full cycles since preliminary experiments showed that a
near-steady state response was observed only after the
second run; all results reported correspond to the stabi-
lised voltammetric picture. Also, due to the enhance-
ment of the photocurrent upon electrode exposure in the
hydrogen evolution region (negative to )0.9 V vs. SCE),

the starting potential for all voltammograms was )1.1 V
vs. SCE even if not shown in the figures. This effect is in
accordance with the well-known increase in TiO2 donor
density upon its reduction by high temperature anneal-
ing in H2 (or in general, in reductive environments) or by
electrochemical cathodisation in the hydrogen evolution
region [28].
A Radium Ralutec 9W/78 UVA lamp (k=350–

400 nm, kmax=366 nm), placed at a distance of 2.5 cm
from the sample, was used for front face electrode
illumination. The power density on the sample surface
position was measured as 3 mW cm)2 with a photom-
eter.

2.4. Bulk photo-oxidation of oxalate at UV-illuminated
Ti/TiO2 electrodes

A 500-ml cylindrical cell with a removable cap has been
used. The UV lamp, placed in a cylindrical sleeve, was
introduced from an opening in the middle of the cap
leaving a solution available volume of 300 ml. Samples
of 2 ml were taken with the help of a tubing and oxalate
was determined by titration with permanganate. Rect-
angular ca. 100 cm2 Ti/TiO2 electrodes were used; they
were bent into a hemicylindrical shape and inserted in
the cell with their back side touching the cell walls and
their active side facing the lamp. A stainless steel wire
was used as the counter electrode and the reference
electrode was a SCE electrode equipped with a salt
bridge made of a thin thermoplastic tube ending to a
Vycor� tip.

2.5. Electrode materials and chemicals

Ti plates 0.5 mm thick were from Alfa Aesar (99.5%,
metals basis). The supporting electrolyte was prepared
from K2SO4 (Merck, pro analysi, >99%) or Na2SO4

(Merck, pro analysi, >99%) (no significant dependence
of the results on cation type was observed). Potassium
oxalate was obtained from Fluka, (>99.5% (RT)) and
potassium permanganate from Merck (>99%) was used
for its titration. Doubly distilled water was used for the
preparation of solutions and all experiments were
carried out at room temperature.

3. Results and discussion

3.1. Microscopic and structural characterisation of TiO2

Figure 1(a) and (b) show SEM micrographs of the
surface of T-TiO2 (500 �C) and T-TiO2 (700 �C) thermal
electrodes; the surface is characterised by large patches
of 10–20 lm polyhedra, resulting from Ti etching prior
to thermal treatment. Figure 1(c) and (d) depict the
surface of P-TiO2 (500 �C) and P-TiO2 (700 �C) partic-
ulate electrodes, characterised by a network of spherical
few lm-sized aggregates into which the tens of nm-sized
P-25 particles have merged, following annealing. No
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striking difference in film morphology for the particulate
electrodes can be inferred from the SEM picture.
Thermal films prepared at 500 �C and 700 �C were
confirmed by XRD to be pure anatase and rutile,
respectively. Particulate films annealed at 500 �C
retained the P-25 anatase to rutile percentage composi-
tion (80% � 20%) while those annealed at 700 �C were
converted to pure rutile.

3.2. Electrochemical characterisation of TiO2 coatings
in the dark

This was carried out by fast (100 mV s)1 potential scan
rate) cyclic voltammetric experiments in the dark, in
order to establish the electrochemically active surface
area of the TiO2 electrodes. The method is based on the
surface reaction of the Ti(IV)/Ti(III) transformation
that is known to occur at potentials negative to the flat
band potential of TiO2 and just prior to hydrogen
evolution [24–27]. Figure 2(a) presents characteristic
cyclic voltammograms in 1 M Na2SO4 solutions for the
T-TiO2 (500 �C) and T-TiO2 (700 �C) electrodes and
Figure 2(b) the corresponding curves for the particulate
electrodes. All electrodes show a couple of cathodic and

anodic main peaks (with a couple of ill-defined small
peaks in their foot at more positive potentials) prior to
hydrogen evolution, corresponding to the reduction
and oxidation transformations of the Ti(IV)/Ti(III)
couple on the surface of the films. The reduction and
re-oxidation of Ti surface species can be formulated for
TiO2 in general as [26]:

Ti(IV)þ e� $ Ti(III) ð1Þ

and has been formulated for anatase as [25]:

�ðTi4þÞ4ðO2�Þ8 þH2Oþ e�

$ HþðTi3þÞðTi4þÞ3ðO2�Þ8 þOH� (2)

(where * denotes vacant octahedral sites).
The peaks varied linearly with scan rate and the charge

of the cathodic peak was estimated as 7.7 mC cm)2 for
the P-TiO2 (500 �C) electrode and 5.7 mC cm)2 for the
P-TiO2 (700 �C) one, whereas as 0.26 mC cm)2 and
0.16 mC cm)2 for the T-TiO2 (700 �C) and T-TiO2

(500 �C) electrodes, respectively. These charge densities
are translated to the modest electroactive surface area-
per-geometric area (roughness factor) values of 53.5,
39.6, 1.8 and 1.1 cm2 cm)2, respectively, taking into
account that 9 Ti4+ ions nm)2 is the Ti ion surface

Fig. 1. SEM micrographs (at magnification indicated by the scale bar in (b)) of (a) T-TiO2 (500 �C) and (b) T-TiO2 (700 �C) thermal elec-

trodes and (c) P-TiO2 (500 �C) and (d) P-TiO2 (700 �C) particulate electrodes.
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density of a typical TiO2 crystal structure [29] and hence
the Ti(IV)/Ti(III) transformation is associated with a
144 lC cm)2 charge density. It follows that, in accor-
dance with reported surface area data for TiO2 particles,
the anatase rich particulate film has a higher electroac-
tive area than the rutile one (which was also sintered at a
higher temperature). The higher electroactive surface
area of the thermal rutile film from that of the thermal
anatase may be attributed to the formation of a rougher
thermal oxide (as inferred from the SEM photographs of
Figure 1(a) and (b)).
Despite the wide loading and thickness variation

(loading in the 10–20 mg cm)2 range and a thickness in
the 25–50 lm range) of the crudely produced (by
spraying or sedimentation) particulate films, the charge
density variation showed no clear trend and was limited
in the 6–8 mC cm)2 range for P-TiO2 (500 �C) elec-
trodes and in the 4–6 mC cm)2 range for the P-TiO2

(700 �C) ones. Thus, the magnitude and shape of the
surface electrochemistry peaks did not depend on TiO2

loading and thickness of the particulate films in a
manner other than that due to morphological surface
variations between different electrode batches (at least
for these loading levels). This indicates that only the
topmost porous layers were accessible to the electrolyte
and that no significant ohmic losses were introduced by
the film (at least in the negative to the flatband potential,
‘‘metallisation’’, region).

3.3. Photoelectrochemical characterisation of TiO2

coatings

3.3.1. Experiments in supporting electrolyte
Figure 3 shows indicative photocurrent vs. potential
curves (recorded at 10 mV s)1) at various TiO2 elec-
trodes in deaerated 1 M Na2SO4 solutions, under UV
illumination (360 nm, 3 mW cm)2). In the absence of
oxidisable species this current is a measure of OHÆ

radicals (and other primary oxidation products such as

Fig. 2. Voltammograms of thermal (a) and particulate (b) TiO2/Ti electrodes (as indicated in the graph) recorded at a 100 mV s)1 potential

scan rate in the dark, in deaerated solutions of 1 M Na2SO4.
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O2
Æ) and H2O2) produced at the electrode surface from

water oxidation by photogenerated holes. The photo-
current tends to a limiting value at high positive
potentials where it is determined by migration or
diffusion of charge carriers in the semiconductor films
(depending on whether these were continuous [30, 31]
or particulate [32–34]). For electrodes annealed at
500 �C (anatase-rich) the onset potential of the photo-
current (which can be approximated to the flat band
potential) is lower than that for 700 �C electrodes
(rutile-rich), in accordance with the flatband potential
of anatase reported to be more negative than that of
rutile [35].
The magnitude of the limiting current is a measure of

the overall electro-photocatalytic performance of an
electrode which is determined by (i) its inherent, open-
circuit photocatalytic activity; (ii) its surface area and
electroactive area; and (iii) the electric field enhancement
(suppression of recombination) effect. The first and
second parameters are expected to depend on the
structure (anatase or rutile) and form (thermal or
particulate; particle size), whereas the third one on the
form and conductivity of the electrode.
Table 1 presents the observed photocurrent densities

per nominal area (iph) and the corresponding incident
photon-to-current efficiency, IPCE. The latter is given
by the expression [36]:

IPCE% ¼ 100
1240iph

kP
ð3Þ

where iph is the photocurrent in mA cm)2, k the
wavelength of the incident light in nm and P the
incident light intensity in mW cm)2. The ICPE value of
the thermal electrode of 700 �C (ca. 55%) is remark-
ably high for a plain supporting electrolyte solution
while the values for the other electrodes are of the
expected magnitude (still, higher than recently reported
values for particulate electrodes in the absence of
organics [37]).
Based on the results of Figure 3, the trend of the

observed photocurrent density per nominal area, iph, at
+1.7 V vs. SCE in the absence of organics is:

T-TiO2ð700 �CÞ >> T-TiO2ð500 �CÞ
> P-TiO2ð700 �CÞ > P-TiO2ð500 �CÞ: (4)

The rationalisation of any such trend may be compli-
cated as it should be done in terms of a number of
parameters that affect the photocurrent to different
extents and sometimes in opposite directions: thermal
films (especially those prepared at higher temperatures)
have been reported to show high electro-photocatalytic
activity towards the oxidation of water [7, 38]; ana-
tase particles have a higher surface area and higher

Fig. 3. Photovoltammograms of thermal and particulate TiO2/Ti electrodes (as indicated in the graph) recorded at a 10 mV s)1 potential

scan rate under UV illumination, in deaerated solutions of 1 M Na2SO4.

Table 1. Ti(IV)/Ti(III) reduction charge density, q, roughness factor, r, photocurrent density at +1.7 V vs. SCE per geometric area, iph,

photocurrent density at +1.7 V vs. SCE per electroactive area, iph
/ , incident-photon-to-current efficiency, IPCE and photocurrent enhance-

ment factor (upon oxalate addition), F, for thermal (T) and particulate (P) TiO2/Ti photoelectrodes in 1 M Na2SO4 and 0.01 M oxalate+1 M

Na2SO4 solutions

1 M Na2SO4 0.01 M oxalate+1 M Na2SO4q (mC cm)2)

r iph (lA cm)2) IPCE (%) iph
/ (lA cm)2) iph (lA cm)2) IPCE (%) iph

/ (lA cm)2)

F

T-TiO2 (700 �C) 0.26 1.8 478 54.9 265.5 470 54.0 261.1 0.98

P-TiO2 (700 �C) 5.70 40 90 10.3 2.3 160 18.4 4.0 1.78

T-TiO2 (500 �C) 0.16 1.1 142 16.3 129.1 163 18.7 148.2 1.15

P-TiO2 (500 �C) 7.70 54 78 8.96 1.5 397 45.6 7.4 5.09
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open-circuit photocatalytic activity towards the oxida-
tion of organics than rutile particles [39] but the latter
are known to be better photoelectrocatalysts for water
oxidation; particulate films have higher surface areas
than thermal ones but, due to small particle size and
absence of a depletion layer, are less affected by the
application of an electric field [32–34].
The electroactive area of the TiO2 electrode (calcu-

lated from its surface electrochemistry in the dark)
should be directly related to its photo-electrochemically
active surface area, since they both refer to TiO2/
electrolyte sites affected by the application of the electric
field. Hence, to account for differences in electroactive
surface area between different electrode types (as well as
to remove the effect of sample variations between
different batches), the photocurrent can be normalised
with respect to that area, defining a photocurrent
density per electroactive area, iph

/ . Table 1 presents the

observed photocurrent densities per nominal area (iph),
charge densities of the Ti(IV)/Ti(III) transformation in
the dark (q) and associated roughness factors (r), as well
as the photocurrent densities per electroactive area (iph

/ )
for all types of electrodes tried. The trend of the
observed iph

/ , at +1.7 V vs. SCE in the absence of
organics becomes:

T-TiO2ð700 �CÞ > T-TiO2ð500 �CÞ
>> P-TiO2ð500 �CÞ > P-TiO2ð700 �CÞ; (5)

further stressing the higher electric field enhancement
effect on the continuous thermal films.
Figure 4(a) and (b) show plots of the square of the

photocurrent, iph
2 , obtained from the voltammograms of

Figure 3, with respect to the applied potential, E, for the
thermal electrodes. These plots show reasonable linear-
ity in an extended potential range of 1.2 V in the case of
thermal films, as expected for semiconductor layers

Fig. 4. Plots of the photocurrent densities at +1.7 V vs. SCE (estimated from the photovoltammograms of Figure 3) to the square, iph
2 , with

electrode potential, E, for T-TiO2/Ti (500 �C) (a) and T-TiO2/Ti (700 �C) (b) thermal electrodes.
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thick enough for a depletion layer to be developed [30,
31]. In contrast, no reasonable linearity over an appre-
ciable potential range was obtained for the particulate
electrodes: the small particle size of the coatings means
that no depletion layer is formed and that charge carrier
transport occurs by diffusion [32–34].

3.3.2. Experiments in the presence of organics
The rate of photogenerated OHÆ in supporting electro-
lyte solutions does not determine on its own the rate of
organics photodegradation. This is because (a) the
radicals may not be fully utilised for the indirect
oxidation of the organics but they can also react with
each other to give hydrogen peroxide and finally oxygen
and (b) there may also be a hole uptake (direct
oxidation) mechanism of the organic. Hence, photovol-
tammetric experiments were also carried out in 1 M

Na2SO4 solutions containing the model organic species
of oxalate at 0.001–0.1 M levels. Figure 5(a–d) show
photovoltammograms in the absence (1 M Na2SO4) and

presence (+0.01 M oxalate) of oxalate for all types of
electrodes studied. The largest increase in photocurrent
with the addition of the organic was observed for the
particulate films and, among electrodes of the same type,
for anatase-rich samples. There was very little increase
for the thermal films and, in fact, a slight decrease in the
case of the thermal rutile electrode T-TiO2 (700 �C). The
increase in the limiting photocurrent in the presence of
organics is an indication of their direct oxidation by hole
uptake following adsorption on the electrode surface
and it has already been postulated for oxalate [40, 41].
This could be one of the reasons why the effect is more
pronounced on particulate and anatase-rich films due to
their higher surface area and adsorption capacity.
However, the main reason for the pronounced effect of
oxalate on particulate electrodes should be their ability
to act as efficient hole scavengers in a system that the
electric field has a limited action and recombination
rates are otherwise high. A quantification of the oxalate
effect on the photocurrent can be made based on the

Fig. 5. Photovoltammograms of TiO2/Ti electrodes recorded at a 10 mV s)1 potential scan rate under UV illumination, in deaerated solu-

tions of 1 M Na2SO4 and 0.01 M oxalate+1 M Na2SO4, for (a) T-TiO2 (500 �C) and (b) T-TiO2 (700 �C) thermal electrodes and (c) P-TiO2

(500 �C) and (d) P-TiO2 (700 �C) particulate electrodes.
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enhancement factor, F, defined as the ratio of the
photocurrent in the presence of the organic divided by
that in the supporting electrolyte alone. From Table 1,
the above-mentioned trends can be readily identified and
the significantly high value of F=5.09 for the P-TiO2

(500 �C) electrode is in line with similar data for other
anatase-rich particulate electrodes reported [22, 42]. It
should be stressed that the fact that the photocurrent of
thermal electrodes does not increase in the presence of
organics does not necessarily mean that these are less
efficient in organics degradation; if all the OHÆ produced
at thermal electrodes is consumed for the indirect
oxidation of the organics then these electrodes could
be equally effective with particulate electrodes of the
same photocurrent levels. In that case, the total photo-
current would be important. Figure 6 compares the
photovoltammograms in 0.01 M oxalate for all elec-
trodes and Table 1 gives data from which the trend of
the photocurrent density per nominal area at +1.7 V vs.
SCE in the presence of oxalate, can be derived:

T-TiO2ð700 �CÞ > P-TiO2ð500 �CÞ
> T-TiO2ð500 �CÞ � P-TiO2ð700 �CÞ: (6)

If one takes into account the photocurrent density per
electroactive area (in an attempt to remove the effect of
electrode surface morphology-area) then the above
trend is modified as:

T-TiO2ð700 �CÞ > T-TiO2ð500 �CÞ
> P-TiO2ð500 �CÞ > P-TiO2ð700 �CÞ; (7)

i.e. the thermal electrodes have an inherent tendency to
give higher total photocurrents also in the presence of
organics.
A simple and popular model for many heteroge-

neous photochemical oxidations is that of Langmuir–
Hinshelwood kinetics (reaction of surface entities,
[43]). The exact photochemical mechanism is usually
more complicated: adsorbed organics can react either
directly with holes or with adsorbed OHÆ radicals
resulting from surface-bound –OH oxidation by holes;
adsorbed organics can exist as different surface com-
plexes; ‘‘current-doubling’’ effects (i.e. electron injec-
tion by the initial oxidation product to the conduction
band) may take place [40, 41]. However, even in those
cases, kinetic equations similar to those of the

Fig. 5. Continued.
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Langmuir–Hinshelwood model may still adequately
describe the photo-oxidation kinetics, their constants
having an empirical rather than a mechanistic mean-
ing. The following of Langmuir–Hinshelwood type
kinetics in photoelectrocatalysis is tested by the linear-
ity of the C/iph vs. C plot, where C is the concentration
of oxalate and iph the photocurrent density at +1.7 V
vs. SCE. Figure 7 presents such curves for the partic-
ulate electrodes (which are the ones showing significant
photocurrent dependence on oxalate concentration) and
reasonable linearity can be seen.

3.3.3. Bulk photo-oxidation of oxalate at UV-illuminated
Ti/TiO2 electrodes
To evaluate the activity of the electrodes for the
photooxidation of oxalate, long-term constant potential
bulk photo-oxidation experiments were carried out,

using electrodes in the 100 cm2 range and 300 ml
0.001 M oxalate (+1 M Na2SO4) solutions. The potential
was kept constant at +1.5 V vs. SCE (near-limiting
current region) and the observed photocurrents were in
the 5–10 mA range depending on electrode used.
Figure 8(a) presents the rate of oxalate degradation
per nominal electrode area for the four types of thermal
and particulate electrodes used as [ln(Ct/C0)]/A vs. t
plots, where Ct and C0 are oxalate concentrations at
time t and in the beginning of the experiment (measured
by permanganate titration) and A is the geometric
electrode area. The extent of oxalate degradation is
similar (within experimental error) for all electrodes at
short times, but after 90 min it follows the trend:

P-TiO2ð500 �CÞ � T-TiO2ð700 �CÞ
> T-TiO2ð500 �CÞ > P-TiO2ð700 �CÞ: (8)

Fig. 6. Photovoltammograms of thermal and particulate TiO2/Ti electrodes (as indicated in the graph) recorded at a 10 mV s)1 potential

scan rate under UV illumination, in deaerated solutions of 0.01 M oxalate +1 M Na2SO4.

Fig. 7. Plots of the oxalate concentration to photocurrent density ratio, C/iph, vs. C for the photocurrent density at +1.7 V vs. SCE (ob-

tained from photovoltammetric experiments under UV illumination in 1 M Na2SO4 solutions of varied oxalate concentration) for (a) P-TiO2

(500 �C) and (b) P-TiO2 (700 �C) particulate electrodes.
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The thermal electrode of 700 �C oxidises oxalate
almost as efficiently as the particulate 500 �C electrode,
despite the fact that no photocurrent enhancement is
observed upon addition of oxalate for the former (see
Table 1), thus excluding direct oxalate oxidation on the
thermal electrode. This means that the photogenerated
OHÆ radicals at the T-TiO2 (700 �C) electrode oxidise
oxalate quite efficiently. Nevertheless some losses due to
parallel oxygen evolution seem to occur at this electrode
(i.e. lower Faradaic efficiency for oxalate oxidation) as
indicated by the slight difference between the photovol-
tammetry trend of (6) above (where T-TiO2 (700 �C)
leads) and the oxalate degradation trend of (8) (where
T-TiO2 (700 �C) is comparable to P-TiO2 (500 �C)).
To remove the effect of differences in catalyst surface

area and focus on the influence of electrode type
(thermal or particulate and anatase or rutile) on oxalate

degradation rate, we report the latter with respect to the
electroactive area, Ae, in Figure 8(b). The trend of (8) is
then modified to:

T-TiO2ð500 �CÞ > T-TiO2ð700 �CÞ

>> P-TiO2ð500 �CÞ � P-TiO2ð700 �CÞ: (9)

It can be seen that the thermal electrodes (despite their
low enhancement factor, F, see Table 1) are inherently
much better photoelectrocatalysts for oxalate oxidation
(via indirect oxidation by OHÆ) than the particulate
ones, presumably due to a much stronger electric field
enhancement effect on continuous thermal films. Also,
the anatase form of thermal electrodes seems to have a
better Faradaic efficiency for oxalate oxidation than the
rutile one where a parallel path of water oxidation also
seems to be operative to some extent too [7, 38].

Fig. 8. Rate of oxalate degradation per electrode area during bulk photoelectrocatalysis experiments at +1.5 V vs. SCE under UV

illumination in a 0.001 M oxalate+1 M Na2SO4 solution for thermal and particulate electrodes (as indicated in the graph), reported as

(a) [ln(Ct/C0)]/A vs. t plots, where Ct and C0 are oxalate concentrations at time t and in the beginning of the experiment and A is the elec-

trode area and (b) as [ln(Ct/C0)]/Ae vs. t plots, where Ae is the electroactive surface area. Error bars have been estimated based on a 5%

error in oxalate titration.
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4. Conclusions

(i) The surface electrochemistry of thermal and par-
ticulate TiO2/Ti electrodes in the dark provides a
means of estimating the electroactive surface
area of TiO2 photocatalytic coatings from the
charge associated with the Ti(IV)/Ti(III) trans-
formation prior to hydrogen evolution. This area
can be used to normalise photocurrents and
photo-oxidation rates with respect to catalyst
electroactive area and the resulting current and
rate densities can then be attributed to catalyst
type (thermal or particulate) or crystallographic
form (anatase or rutile). This normalisation
method may also be used to account for experi-
mental surface variations between electrode spec-
imens of the same type and form.

(ii) The photocurrent densities in plain supporting
electrolyte solutions are higher for the thermal
electrodes where a strong electric field enhance-
ment effect is operative across a well-developed
depletion layer within a thick uniform photocat-
alyst film.

(iii) The photocurrent density enhancement in the
presence of the model organic of oxalate is only
observed for particulate electrodes, due to their
higher surface area and adsorption ability and,
mainly, due to the crucial role of an organic hole
scavenger in limiting the otherwise high recombi-
nation rates of particulate electrodes which lack
a depletion layer.

(iv) From a practical point of view, thermal 700 �C
TiO2 electrodes (produced by simple annealing of
Ti sheets) exhibit significant efficiency for oxalate
photooxidation in bulk photoelectrolysis experi-
ments, comparable to that of Degussa P-25 TiO2

(500 �)-coated electrodes.
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