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Abstract The present work reports the effect of light
on the open-circuit voltage of a photoelectrochemical
cell (PEC) formed of TiO, photoanode, Pt cathode and
Na,SO, (0.35 M) aqueous solution as electrolyte. The
studies included the measurements of the electromotive
force (EMF) during the light-off and light-on cycles for
the PEC involving photoanode that was made of both
oxidised and reduced TiO, thin films. These specimens
were formed by oxidation of the titanium metal at high
and low oxygen activities. This was achieved by the im-
position of the gas phase of two different compositions,
including air, p(O,) = 21 kPa, and the hydrogen-water
vapour mixture, p(O,) = 107" Pa, at 1,123 K and sub-
sequent cooling to room temperature. The determined
data indicate that the PEC formed of the oxidised
specimen exhibits larger EMF and a substantially better
stability in time. It is, therefore, concluded that the
TiO, obtained in air exhibits superior performance-
related properties compared to the reduced specimen.
The obtained experimental EMF data are considered
in terms of the effect of light on the reactivity of TiO,
with oxygen and water and the related charge transfer.
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Introduction

The interest in TiO, as a photosensitive compound has
been generated since Fujishima and Honda first ob-
served that TiO; is a promising photoelectrode material
for water splitting [1]. The research on its photoelec-
trochemical properties aims at the modification of its
performance as a photoelectrode in order to increase
the energy conversion efficiency (ECE) of TiO,-based
photoelectrochemical cells (PEC) [2-13].

The main advantage of TiO, over other photosen-
sitive semiconductors reported in the literature so far
lies in its resistance to corrosion and photocorrosion
in aqueous environments. At the same time, its main
disadvantage is a large band gap (3 eV), which allows
for only a small fraction of the solar energy spectrum
to be absorbed. Therefore, in order to achieve a high-
performance PEC with a sufficiently high ECE, there
is a need to reduce the band gap. This, consequently,
requires the modification of its properties in order to
achieve the functional properties that are desired for
high-performance photoelectrodes.

The main research effort to reduce the band gap is
through the incorporation of aliovalent ions, including
W, Ta, Nb, Zn, In, Li and Ge [12]; Pb [11]; Mo and Cr
[3]; Cr [8]; C [8] and N [7]. So far, the most spectac-
ular effect has been achieved by Khan et al. [§], who
reported that exposure of titanium metal to a natural
gas flame leads to the formation of a carbon-doped
TiO, layer, of which the band gap is reduced to 2.3 eV,
leading to an increase of the ECE to 8.4% [8]. The
benchmark of the US Department of Energy, which is
required for commercialisation, is ECE > 10% [14].

Most of the ECE data on electrochemical proper-
ties reported in the literature have been considered in
terms of the I-V characteristics. So far, however, little
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is known about the dynamics of the TiO,-based PEC
during prolonged performance. The information about
the PEC dynamics is important in order to assess its
performance stability. The present work, which aims at
addressing this issue, will study the open cell voltage
of the TiO,-based PEC during prolonged exposure
to light. Specifically, the present work will study the
dynamics of the electromotive force (EMF) of the PEC,
involving a TiO, photoanode and platinum cathode.
The experimental part of the present study will be
preceded by a brief outline of the band model for the
TiO,-Pt system, the photoreactivity of the TiO, surface
with water and the related charge transfer.

TiO;-based PEC

The concept of photo-electrochemical hydrogen gen-
eration, which is based on the splitting of the water
molecule on the surface of a photo-electrode using
solar energy, is shown in Fig. 1. The electrochemical
chain of the photo-electrochemical device based on a
TiO, photo-anode is shown in Fig. 2. The experimental
approaches to assess the electrochemical properties of
this chain include the determination of the effect of

Fig. 1 Schematic
representation of the PEC

light on cell voltage and current-voltage characteristics.
The latter can be used for the evaluation of the ECE.
An essential part of the PEC is the semiconducting
photoanode, which consists of an n-type TiO, semicon-
ductor. The most commonly applied cathode is plat-
inum (there is a general assumption that Pt is resistant
to corrosion in water). The band model of both TiO,
and Pt is schematically represented in Fig. 3a. The
TiO,/Pt system exhibits the following specific features:

1. Work function (WF) of platinum is substantially
larger than that of TiO,.

2. The surface layer of TiO, exhibits an upward band
bending, which is reflective of the negative surface
charge formed as a result of oxygen chemisorption.
This process takes place at the TiO,/O, interface
when TiO, is exposed to air. The WF of both TiO,
and Pt involves a potential drop related to the
adsorbed water molecules.

The galvanic cell is formed when the two phases (TiO,
and Pt) are immersed in an aqueous electrolyte. The
resulting band model of the cell electrodes, which are
internally connected by the electrolyte, is shown in
Fig. 3b. The immediate consequence of immersing the
electrodes in an aqueous electrolyte is adsorption of

involving metallic cathode -
and semiconducting
photoanode

H,O+hv =10, +2H" +2¢’

PHOTO-ANODE
(SEMICONDUCTOR)
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Fig. 2 Photoelectrochemical
chain of the TiO;-based PEC
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water, leading to the potential drop over water mole-
cules within the adsorbed layer.

Exposure of TiO, to light results in intrinsic ionisa-
tion over the band gap, leading to the formation of elec-
trons (majority carriers) and holes (minority carriers):

nil 2% ¢ + h* (1)

The effect of light on surface electrical properties of
TiO, may be considered in terms of a split of the
Fermi energy level, Ef, into a quasi-Fermi energy of
electrons, (E}),, and a quasi-Fermi energy of electron
holes, (£}),. While the effect of light on the chemical
potential of the predominant charge carriers (electrons)
is insignificant, light results in a substantial change of
the chemical potential of the minority charge carriers
(electron holes). The excess minority charge carriers
(holes) give rise to a photo-voltage leading, in conse-
quence, to:

1. Increased potential drop over the adsorbed water
molecules layer which are ionised according to the
following reaction:

HQO(adS) +h* — Hzozjm) (2)

2. The upward band bending related to oxygen chem-
isorption is reduced due to the transition between
singly ionised atomic oxygen species, stable in dark
conditions, and singly ionised molecular species,
stable under illumination. This effect will be dis-
cussed in detail below.

A schematic representation of the effect of light on the

WF of TiO,, compared to Pt, is shown in Fig. 3c.
When the photovoltage is sufficiently large and the

PEC is externally short-circuited leading to a current

—d -< LI H* >
Pt| n-TiO, AQUEOUS ELECTROLYTE Pt
, 1 2 3 4 ,
) t
H,O +2h" — 2H" + 4O, 2H"+2€’ > H,
R
WW—e">

flow through the PEC circuit, water molecules split into
hydrogen ions and gaseous oxygen:

1
2h° + HZO(liquid) — 2H* =+ 502 (gas) (3)

Gaseous oxygen evolves at the photo-anode and the hy-
drogen ions migrate to the cathode through the internal
circuit (electrolyte), where the reduction of hydrogen
ions to gaseous hydrogen takes place:

2H" + 2¢/ — Hy (gas) 4

The overall reaction of the photo-electrochemical pro-
cess is as follows:

1
2hv 4+ HoOiguiay — EOZ(gas) + Hj (gas) Q)

Reaction 5 takes place when the EMF of the photo-
electrochemical cell is 1.23 V (in practice, this value
must be higher due to energy losses caused by polari-
sation effects). The considerations in the present work
will be limited to the effect of light on the open circuit
PEC voltage. Consequently, the present work considers
the case when the electrodes of PEC are not connected
externally and the process of water photolysis does not
occur.

Experimental
The thin films of undoped TiO, were prepared by

the oxidation of spectrally pure titanium metal discs
(0.25 mm thick and 28 mm in diameter). Its impurities
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Pt b)

TiO,

Fig. 3 Schematic representation of the band model and the
distribution of electrical potential for the Pt-TiO; system involv-
ing chemisorption and the potential drop related to the dipole
moment of water molecules: a electrically separated electrodes of
Pt-based cathode and TiO,-based photoanode, b both electrodes
connected galvanically in the presence of water and the absence
of light, ¢ the effect of light on the charge distribution in the pres-
ence of both light and water. ®@p; and ®Tj0, are WFs of platinum
and titanium dioxide, respectively; x is external WF; &g is the
WF component related to band bending and Ay, represents
WF changes related to the adsorption of water

included: 95 ppm Cr, 75 ppm Si, 70 ppm Fe, 45 ppm Ni
and 40 ppm Al. Two thin film specimens were prepared.

Thin film #1 was formed by oxidation of the titanium
disk at 1,123 K in air (p(O;) =21 kPa) for 15 min.
The film thickness, determined by the weight differ-
ence before and after oxidation (assuming 100% of
theoretical density), was 2 um. The scanning electron
microscope micrograph of the specimen is shown in
Fig. 4. This specimen was used for the determination
of the EMF changes as a function of time, which are
shown in Fig. Sa.

After completing the first experiment, specimen
#1 was annealed at 1,123 K in reduced conditions
(p(Oz) = 1071° Pa) for 15 min. The gas phase with
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Fig. 4 SEM micrograph of the TiO; thin film #1 (oxidised)

the low oxygen activity was imposed by an argon, hy-
drogen and water vapour mixture flowing at a rate of
25 mL/min. This treatment resulted in an increase of
the film thickness by ~200 nm (also determined by the
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Fig. 5 The changes of the EMF values during the light-off and
light-on cycles for the TiO,-based PEC, for the photoanode
formed in oxidising (a) and reducing (b) conditions
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change of weight). The obtained specimen (#2) was
used for the second experiment, including the measure-
ments of EMF as a function of time, which is shown in
Fig. 5b.

A schematic representation of the oxygen nonstoi-
chiometry within the studied specimen, including the Ti
metal support and the TiO; thin film, is shown in Fig. 6.
As can be expected, the O/Ti ratio for the TiO; thin
film processed in oxidised conditions is larger than that
formed in reduced conditions. One should also expect
that the film exhibits a concentration gradient of oxygen
between the outermost surface layer and oxide/metal
boundary. The gradient is reflected schematically by the
O/Ti ratios in Fig. 6. The outermost surface exhibits
the rutile phase, which is the thermodynamically stable
phase of TiO; [15]. The nonstoichiometry of the surface
layer is consistent with the effect of oxygen activity on
point defect structure, represented by defect diagram of
TiO, [16].

Before the installation of the specimen as a pho-
toanode, one side of the TiO, layer was removed by
polishing to achieve a good electrical contact with the
electrode holder. The specimen was then sealed inside
the sample holder, which is shown in Fig. 7. The cath-
ode was made of platinum covered with the platinum
black layer. The electrolyte was formed of a 0.35-M
Na,SO4 aqueous solution.

The light source used was a 150-W halogen lamp
(NEC Dichro). The photoanode area exposed to light
was ~1 cm?. The EMF was monitored as a function
of time, during light-on and light-off cycles, using a
Hewlett-Packard 34401 A multimeter.

2 STOICHIOMETRY.

TiOo THIN FILM Ti METAL

OXYGEN NONSTOICHIOMETRY, O/Ti

DISTANCE FROM THE SURFACE

Fig. 6 Schematic representation of the studied specimen involv-
ing the TiO; thin film formed on the Ti metal support. The O/Ti
ratios are shown for the films prepared in both oxidised (7) and
reduced (2) conditions

O-Rings
\)

TiO, Thin Film
Ti Metal

Electrical

Fig. 7 Sample holder for the photoanode

Results

The changes of the EMF during light-on and light-off
cycles, over a period of 500 h (20 days), are shown in
Fig. 5. The data for specimens #1 and #2 are shown in
Fig. 5a and b, respectively.

As seen in Fig. 5a, the following effects can be ob-
served for specimen #1:

1. The initial EMF in dark conditions is ~100 mV.

2. The initial exposure to light results in a sudden EMF
increase to ~540 mV, which then slowly decreases.

3. Prolonged exposure to light (S;) results in a de-
crease in the EMF with a rate of ~0.4 mV/h. The
final EMF after 75 h is ~500 mV.

4. Imposition of the first light-off cycle leads to a drop
of the EMF to ~100 mV.

5. The second exposure to light results in a sudden
EMF increase to ~500 mV, which then slowly
decreases.

6. Prolonged exposure to light (S;) results in a de-
crease of EMF with a rate 0.2 mV/h over 170 h. The
final EMF is ~470 mV.

7. Imposition of the second light-off cycle leads to a
drop of the EMF to ~200 mV.

8. The third exposure to light results in a sudden EMF
increase to ~480 mV.

9. Prolonged exposure to light (S;) results in a further
decrease of EMF with a rate of ~0.2 mV/h.

The EMF changes, determined by the initial and fi-
nal values in light-off and light-on cycles for the PEC
involving the TiO, specimen #1 as photoanode, are
shown in Fig. 8a. As seen, these changes have a ten-
dency to decrease with time.

The experiment with specimen #2 (Fig. 5b), involving
light-on and light-off cycles, resulted in the following
effects:

1. The light-off EMF has a tendency to decrease from
180 to ~30 mV over 50 h.
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Fig. 8 The changes of the final EMF values in the light-off and
light-on cycles for the PEC with TiO,-based photoanode formed
in oxidising (a) and reducing (b) conditions

2. Imposition of the first light-on cycle results in a sud-
den increase of the EMF to ~540 mV and a subse-
quent slow decrease.

3. Prolonged exposure to light (S;) over 280 h results
in a decrease of EMF with an initial rate of 1 mV/h
and a final rate of 0.3 mV/h. The final EMF value
after 280 h is ~240 mV.

4. TImposition of the second light-off cycle results in a
drop of the EMF, which assumes a stable value at
~60 mV.

5. Prolonged exposure to light in the second light-
on cycle, S,, results in a sudden EMF increase to
~380 mV, a subsequent rapid drop to 280 mV and
a final slower decrease at a rate of 0.5 mV/h over
60 h. The final EMF is ~230 mV.

As seen in Fig. 8b, the extreme values of EMF in the
light-on and light-off conditions have a substantially
stronger tendency to decrease than in the case of the
oxidised specimen.

@ Springer

EMF = Ec — E4 (6)

Assuming that the changes of the potential of the
platinum electrode, which was kept in dark conditions,
can be neglected, the observed dynamics of the EMF
is reflective of the effect of light on the electrical po-
tential of TiO, and the electrical phenomena at the
TiO,/H,O interface. Therefore, the reactions at the
TiO,/H,O interface may be considered in terms of
surface chemisorption/desorption equilibria, involving
both water and oxygen, and the related charge transfer.

Reactivity and photoreactivity of TiO,
with oxygen and water

Oxidation of n-type TiO, at lower and moderate tem-
peratures, at which the lattice is quenched, may be
considered in terms of the following adsorption and
chemisorption equilibria:

O3 (gas) = O2 (uas) (7)

Equilibrium 7 represents the formation of physically
adsorbed neutral molecular oxygen species. The forma-
tion of these species is not related to charge transfer.
Therefore, these species have no effect on electrical
properties. However, these species may then be ionised
and dissociated according to the following equilibria:

O2(ds) +€ = O3 ay) ®)
O3 (way) + e= 20 4 9)
Oy +€¢ = Ofy (10)

Donor-type defects, such as oxygen vacancies, are the
most likely active sites for oxygen chemisorption on the
TiO, surface [17]. The rightwards shifts of equilibria
8-10 lead to the negative surface charge formed by
chemisorbed oxygen species, which is compensated by
positive space charge in the surface layer that is rep-
resented by the upward band bending (Fig. 3a). The
associated electric field plays an important role in the
separation of light-induced charge. The charge sepa-
ration is essential in the reduction of recombination-
related energy losses.
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Both the singly ionised molecular and atomic oxygen
species may be formed at room temperature; however,
the atomic form is substantially more stable in dark
conditions [18]. Consequently, the singly ionised atomic
oxygen species are much more difficult to remove from
the surface than the singly ionised molecular species.
The doubly ionised atomic species are stable only in the
crystal field when incorporated into the lattice [18].

The extensive studies by using WF measurements
[19-23] have shown that, in dark conditions, oxygen
preferentially reacts with the TiO, surface according
to the reaction in Eq. 9 leading to the formation of
singly ionised atomic species. This reaction leads to
enhanced n-type properties of the TiO, surface layer.
However, the imposition of light leads to an increase
of the concentration of electron holes (minority charge
carriers) in the TiO, surface layer exposed to illumina-
tion. Therefore, light results in the conversion of TiO,
surface layer from the n-type to the p-type. In conse-
quence, the light is the driving force for the following
processes:

1. The equilibrium in Eq. 9 is shifted to the left
resulting, initially, in the formation of singly
ionised molecular species and, ultimately, leading
to oxygen desorption from the TiO, surface. This
conclusion is consistent with the observation of
Bourasseau et al. [19-23].

2. Increased water chemisorption.

In dark conditions, the reactivity of TiO, with water
may be considered in terms of water adsorption, lead-
ing to the formation of the adsorbed water molecules:

H2O0iguiay = HaO aas) (11)

The light-induced electron holes then react with the
adsorbed water molecules leading to water splitting
into H ions and oxygen gas:

2H20(adx) + 4h® — 4HvL + O2 (gas) (12)

The reaction in Eq. 12 requires that the photon energy
is > 1.23 eV. Alternatively, the reaction between water
molecules and electron holes leads to the formation of
OH* radicals [24, 25]:

H,04as) + h* — OH* + H (13)

It has been shown that the active sites for water
chemisorption on TiO, are titanium vacancies [26]. At
the same time, the reaction in Eq. 8 will be favoured at
the cathodic site of the PEC (Pt), where electrons are
available. Thus formed oxygen species will react with

H™ ions leading to the formation of hydrogen peroxide
according to the following reaction [25]:

202_ +2H" - H,O, + O, (14)

Theoretical model

The formation of the EMF within the PEC formed of
TiO,, Pt and an aqueous electrolyte is schematically
shown in Fig. 9. Its upper part, representing the light-
off cycle, includes the distribution of the electrical po-
tential within the PEC, involving its components:

1. Platinum. The Pt is acting as a lead material con-
tacting the TiO, photoanode with the electrometer.
2. TiO, photoanode. The distribution of the electrical
potential within TiO, involves the following effects:

(a) The contact potential difference formed be-
tween Pt and TiO,. Its value remains constant
during the experiments in dark conditions.

LIGHT - OFF
El\l/IF / b
= AVio
e Y
2
- >
5 E. (Y, "o
i BULK |o¥|EY g
= PHASE |5 |5< £<
8 Q7@ )
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el —— A T
- ! 7
w [~ :
1 *
EMF o il \ |2V ho
&5
R N S IS W
= 1]
2 (=)
£E Tio, H,0 + Na,SO, Eg
g | pHoTO-ANODE ELECTROLYTE 5
DISTANCE

Fig. 9 Schematic representation of the potential distribution
within the open-circuit PEC formed of TiO, and Pt in the light-
off and light-on cycles
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(b) Constant electrical potential within the bulk
of the TiO, phase.
(c) The electrical potential within the space
charge of the boundary layer for TiO,. Expo-
sure of the TiO, surface to light leads to:
1.Shifts of oxygen chemisorption equilibria 7—-
10 to the left, leading ultimately to oxygen
desorption

2.Reduction of the negative surface charge by
protons that are formed according to reac-
tion 12 or 13 and penetrate the surface layer
of the TiO, photoanode

3.Changes in the potential drop over the
dipoles of water molecules adsorbed on
TiO,

3. Electrolyte. Constant electrical potential within the
electrolyte, at the absence of charge transport
within the PEC.

4. Platinum surface layer. The potential drop over the
dipoles of water molecules adsorbed on Pt.

The lower part of Fig. 9 represents the effect of light
on the distribution of electrical potential within the
PEC. As seen, the EMF is the result of the following
effects:

1. Platinum. The electrical potential distribution of
the Pt lead material, contacting the TiO, photoan-
ode with the electrometer, is the same as in the
light-off cycle.

2. TiO, photoanode. The potential distribution within
the bulk phase of TiO, is the same as that in
the light-off cycle. The effect of light on the local
split of the Fermi energy is shown in Fig. 3c. The
resulting charge separation is expected to lead to
a potential gradient within the bulk phase and the
boundary layer.

3. Surface layer. The light-induced decrease of the
quasi-Fermi energy related to electron holes leads
to an increase in the concentration of water mole-
cules on TiO,, which are the donors of electrons.
This, consequently, results in an increase of the
potential drop across this layer.

4. Electrolyte. The electrical potential within the elec-
trolyte remains constant.

5. Platinum surface. The potential drop over the
dipoles of water molecules adsorbed on Pt is the
same as in the light-off cycle.

As seen in Fig. 9, the imposition of light results in a sub-
stantial increase of the potential drop over the adsorbed
water molecules. This potential drop is responsible for
the observed increase in the EMF.

@ Springer

Effect of the reactivity and photoreactivity of TiO,
on EMF

The observed EMF changes during the light-on and
light-off cycles for both oxidised and reduced speci-
mens, which are observed in Fig. 5a and b, respectively,
indicate the following effects:

1. Dark EMF. The initial dark EMF is determined
by the processing conditions of the two electrodes,
TiO, and Pt, and the related chemisorption equi-
libria established after these electrodes are im-
mersed in water. The change of the EMF in the
dark is reflective of the shifts of these chemisorp-
tion equilibria, which are represented by Egs. 2
and 8-10. As seen in Fig. 5a and b, the observed
EMF changes depend on the oxygen content in the
studied specimens:

(a) Oxidised specimen. As seen in Fig. Sa, the
EMF changes observed during the first light-
off cycle are insignificant, indicating that the
surface potential of the TiO, specimen, which
has been oxidised in air, and that of the Pt
surface remain stable.

(b) Reduced specimen. As seen in Fig. 5b, the
EMF changes during the first light-off cy-
cle for the reduced specimen are substantial
(175-10 mV). These changes, which are de-
termined by the surface potential of the TiO,
specimen, indicate that the reduced surface
has a strong tendency to oxidise. Therefore,
it is logical to expect that the observed initial
changes of the EMF for the reduced speci-
men are reflective of the lack of stability of
this specimen in the applied experimental
conditions.

2. Light-on. As seen in Fig. 5, the imposition of light
results in an increase of the EMF in all light-on cy-
cles. This effect is consistent with the model shown
in Fig. 9, according to which the EMF increase
is related to chemisorption of water, expressed by
Eq. 2, and the related charge transfer between
TiO; and water molecules in the adsorbed layer. As
seen, however, the character of the EMF changes
depends on the oxygen content in the specimen:

(a) Oxidised specimen. The imposition of light
leads to a sudden EMF increase by ~650 mV,
which is related to an increase in the concen-
tration of chemisorbed water species. The fol-
lowing slow drift of the EMF (0.4-0.2 mV/h)
indicates that the driving force for the gen-
eration of light-induced EMF is diminishing.



Tonics (2009) 15:671-679

679

The latter effect may be considered in terms
of blocking the surface by the increasing
population of chemisorbed oxygen species,
which cannot be removed in the open-cell
conditions.

(b) Reduced specimen. The imposition of light in
this case leads to a sudden EMF increase by a
similar value that is observed for the oxidised
specimen (~650 mV), thus indicating that the
oxidation potential of the outermost surface
layer is similar to that of the oxidised speci-
men. The following strong drift of the EMF
(1-0.3 mV/h) is related to lower oxygen activ-
ity in the specimen. Specifically, the reduced
specimen has stronger affinity to oxygen than
the oxidised specimen.

3. Dark EMF subsequent to the light-on cycle. As seen
in Figs. 5 and 8, termination of illumination results
in a sudden decrease of EMF. This effect has a ten-
dency to diminish. Assuming that this diminution is
related to oxygen chemisorption, the experimental
data are consistent with the theoretical reactivity
model between TiO, and oxygen.

The comparison of the character of the observed EMF
changes indicates that the performance of the TiO; as a
photoanode is closely related to its oxidation state. As
seen, the performance of the oxidised TiO, photoanode
is superior to that of reduced TiO; in terms of the
magnitude of the EMF and its stability. The driving
force for the photoelectrochemical water splitting is
the EMF, which is larger for the oxidised specimen.
Moreover, the EMF in the latter case exhibits better
stability.

Conclusions

The present work studied the effect of oxygen activity
for the TiO,-based photoanode on the open circuit
voltage (EMF) of a PEC formed of the TiO, photoan-
ode, platinum cathode and aqueous solution (0.35 M
Na,SO,) as an electrolyte. It has been shown that the
EMF is closely related to oxygen content in the pho-
toanode. Specifically, the obtained experimental data
indicate that the oxidised TiO, exhibits a superior per-
formance as a photoanode to that of the reduced TiO,
in terms of its better EMF stability during long-term
exposure to light.
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