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ABSTRACT: Competition between charge recombination and the for-

ward reactions required for water splitting limits the efficiency of metal- &
oxide photocatalysts. A key requirement for the photochemical oxidation

of water on both nanostructured 0.-Fe,O5 and TiO, is the generation of

photoholes with lifetimes on the order of milliseconds to seconds. Here we ho
use transient absorption spectroscopy to directly probe the long-lived
holes on both nc-TiO, and a-Fe,O; in complete PEC cells, and we
investigate the factors controlling this slow hole decay, which can be
described as the rate-limiting step in water oxidation. In both cases this
rate-limiting step is tentatively assigned to the hole transfer from the metal
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oxide to a surface-bound water species. We demonstrate that one reason for the slow hole transfer on a-Fe,Oj is the presence of a
significant thermal barrier, the magnitude of which is found to be independent of the applied bias at the potentials examined. This is
in contrast to nanocrystalline nc-TiO,, where no distinct thermal barrier to hole transfer is observed.

B INTRODUCTION

Environmental concerns have led to renewed interest in the
production of hydrogen by photochemlcal routes. Since the
ploneermg works on TiO, by Boddy' and Fujishima and
Honda,” there have been significant advances in the development
of both new materials and architectures for existing materials, and
details of the current benchmark materials can be found in several
recent reviews.”* Despite these advances, there are currently no
commercially viable materials that are able to maintain the
proposed minimum 10% requirement for solar energy to hydro-
gen fuel efficiency.” A key issue hindering the rational design of
new materials is the very limited data available to elucidate the
mechanisms of the multistep oxidation of water by existing
materials.

As part of a program that aims to increase our understanding
of the mechanistic constraints that lead to low efficiencies for
photochemical water oxidation by metal oxide systems, we are
studying the mechanism of photochemical water oxidation in
two well-known metal oxide photocatalysts, nanocrystalline (nc)
TiO, and nanostructured hematite (t-Fe,O5). The wide band
gap of TiO, (~3.2 eV) limits its photoactivity to the UV region
of the solar spectrum, and relatively low quantum yields are often
reported for photochemlcal water splitting over TiO,, which
further limits its efficiency.® Despite this, there is still intense
interest in this material for both light-driven water splitting and
organic degradation, and numerous studies have aimed to
enhance the efficiency of this material, primarily through visible
light sensitization.”® The factors controlling electron transport
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and recombination in nc-TiO, have been extensively studied due
to the use of this material in dye-sensitized solar cells,">"" and the
relatively well-characterized nature of nc-TiO, makes it an ideal
model for mechanistic research.

Hematite (0-Fe,05) has been proposed to be one of the most
promising photoanode materials for use in a photoelectrochem-
ical (PEC) cell for water splitting."* It has a band gap of
~2.0—2.2 eV, allowing it to absorb a significant portion of the
solar spectrum, and has a valence band edge that is at a suitable
energy for water oxidation. The conduction band edge of a-
Fe,0; is below that of the energy required for H, evolution,
leading to the requirement of an external bias for H, production;
however when used in a tandem cell’® setup, it has been
estimated that a solar to chemlcal energy conversion efficiency
of 20% could be achieved."* Despite this current benchmark a.-
Fe,O; photoanodes would achieve significantly lower conver-
sion efficiencies in an appropriate tandem cell, indicating that
there is still considerable scope for further improvement of this
material.'> The relatively long light penetration depth (ca.
100 nm with 4 = 500 nm)'® combined with a hole diffusion
length that has been estimated to be between 2 and 20 nm'”*®
has been proposed to be one of the key loss pathways in Q-Fe, O,
as photoholes generated deep within the material are unable to
reach the surface before recombination occurs. It has also been
proposed that a low rate constant for the oxidation of water by
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surface-trapped holes is a significant issue on 0-Fe,O;
photoelectrodes.'” There have been a range of nanostructured
materials prepared including nanotubes,"” platelets,20 and den-
dritic structures.'” The dendritic 0-Fe,O5 films prepared by
atmospheric pressure chemical vapor deposition (APCVD) were
found to give increased plateau photocurrents for water oxida-
tion due to the generation of photoholes at short distances from
the semiconductor liquid interface. Further material modifica-
tions including the addition of Si dopants to enhance diffusion
lengths, a cobalt cocatalyst to aid hole accumulation, and a thin
insulating SiO, layer at the 0-Fe,O3/FTO interface increased
the efficiency of the material, and an incident to photon current
efficiency of 42% was reported (370 nm excitation, 0-Fe, O3 at
123 V vs RHE, AM 1.5)."> Nanostructuring of a-Fe,O; has
significantly improved the plateau photocurrents; however a
further limiting factor in the use of -Fe;O; has been the
requirement of a relatively large anodic bias (~0.4 V vs the flat
band potential) for water oxidation to occur.'* It has been proposed
that the large onset potential for water oxidation is associated with
the slow kinetics of the hole reaction with water, as surface
recombination of photoholes is expected to be a significant loss
pathway in 0.-Fe,Os. The addition of either a cobalt catalyst'*" or
an IrO, catalyst' to the o-Fe,O; surface causes not only an
increase in the plateau photocurrent but also a cathodic shift of
between 350 and 200 mV to the onset photocurrents compared to
the untreated Fe,Oj3 films, underlining the significance of under-
standing the kinetics of the hole reaction with water.

Transient absorption spectroscopy (TAS) can be used for the
detection of short-lived intermediates following the excitation of
a photocatalyst with a short pulse of light. TAS experiments on
nc-TiO, have demonstrated that trapping of holes and electrons
can occur on nc-TiO, in <200 fs and 500 ps, respectively.”>>
The TAS spectra of trapped photoholes and electrons on nc-
TiO, have been reported by several different groups, and the
rates of recombination, which is controlled by the electron
density of the material, have been investigated.”* >’ On nc-
TiO, photoanodes at pH 12.6 the required photohole lifetime for
water oxidation has been estimated to be ~30 ms, while at
neutral pH’s in the presence of an electron scavenger a hole
lifetime of 0.2 s has been reported.””*® The requirement of such
long-lived photoholes for the oxidation of water on nc-TiO,
enables significant levels of electron—hole recombination to
occur prior to the hole transfer into solution. It is the balance
between the rates of electron hole recombination, hole transfer
into solution, and electron transport that is key in determining
the efficiency of the photoanode.

TAS has been recently used to study the dynamics of photo-
generated holes in nanocrystalline 0.-Fe,Oj3 electrodes. In the
absence of an applied bias fast (4s—ms) electron—hole recom-
bination occurs. When the 0-Fe,Oj3 film was held at a positive
potential, a long-lived transient absorption signal at 580 nm was
observed.” Under conditions where water splitting occurs the
photohole was found to have a lifetime of ~3 s, indicating that
the oxidation of water on 0.-Fe,Oj3 requires extremely long-lived
holes and that the decay of the holes on this time scale was due to
slow hole transfer kinetics. This report demonstrates that TAS
can be used to directly follow the photohole dynamics and that
on this material the requirement for such long-lived holes is likely
to be one of the key factors controlling the efficiency of 0-Fe, O,
photoanodes.

By studying the hole reaction kinetics on nc-TiO, and a-
Fe,O; within a complete photoelectrochemical cell we can

improve our understanding of the fundamental factors behind
the reported efficiencies of these materials. In both materials the
rate-limiting step in the water oxidation is the very slow hole
reaction that occurs on the ms—s time scale. TAS allows us to
directly probe this step, and we have used variable-temperature
experiments to measure the activation energies for this rate-
limiting step, providing insights into the potential thermal
barriers controlling the reported reaction rates.

B EXPERIMENTAL SECTION

A TiO, colloid paste (12.5 wt % anatase TiO, particles and 6.2 wt %
Carbowax 20000) was prepared in a manner previously described to
produce TiO, particles with an average diameter of 15 nm.** The colloid
paste was spread onto the surface of the substrate FTO glass (TEC-15,
Hartford glass) using a K-bar (#2, RK print coat instruments) and dried
in the air, then calcined at 450 °C for 30 min. The thickness of the
resultant film was measured with a profilometer (Alpha-Step 200,
Tencor Instruments) and found to be ~1 um. The 0.-Fe,Oj films used
in our study were prepared by atmospheric pressure chemical vapor
deposition and have a dendritic nanoporous structure; the films studied
are undoped, and the method of their production is described
elsewhere.'* In order to minimize errors resulting from slight variations
in the material preparation procedure, all data presented are from a
single a-Fe,0; electrode. Solutions of 0.5 M NaClO,4 and 0.05 M
NaOH (Sigma Aldrich) were prepared from Milli-Q-Water (Millipore
Corp, 18.2 M2 cm at 298 K) and degassed with argon (BOC, Pureshield
grade). The electrolyte composition was chosen to match that used in a
previous TAS study of nc-TiO, electrodes,® and it is also suitable for the
stable operation of 0-Fe,0O; electrodes. Methanol (Aldrich, spectro-
photometric grade) was used as received.

Variable-temperature transient measurements were carried out in
custom-made Teflon-lined aluminum cells with two borosilicate glass
windows containing the semiconductor photoanode, a Pt counter
electrode, and a Ag/AgCl reference electrode (3.5 M KCI). The
photoanodes were mounted with the substrate facing the excitation
source (SE). Experiments were carried out using a Ministat 251
(Thompson Electrochemical). The cell temperature was controlled by
resistive heaters on the cell body and a Pt resistance thermometer, which
were linked to a PID controller. The electrolyte temperature was
measured prior and post transient measurements and found to be stable
in all cases to £0.2 K. The effect of temperature on the reference
electrode was calibrated by the use of the reported temperature
coefficients,®" and all potentials reported are equivalent to those versus
Ag/AgCl at 298 K unless otherwise stated.

The TAS experiment has been described in detail elsewhere.*® Briefly
the sample is excited by a third harmonic of a Nd:YAG laser
(Continuum, Surelite I-10, 355 nm, 6 ns pulse width). Laser intensities
reported have been corrected for losses occurring from the cell front
window and the FTO substrate. A 75 W Xe lamp is used as the probe
beam with monochromators both before and after the sample employed,
and the transmitted light level is measured with time following the UV
excitation of the sample by a Si PIN photodiode (Hamamatsu). The
variable-temperature TAS data are the result of averaging between 300
and 1000 laser shots at either 0.18 Hz (Fe,03) or 0.33 Hz (TiO,).

B RESULTS

Current—voltage curves for nc-TiO, and a-Fe,O3 films in
0.5 M NaClO,/0.05 M NaOH are shown in Figure 1. In agreement
with previous reports the strong photocurrent from -Fe,O3
observed at potentials positive of 0 V vs Ag/AgCl is assigned to
the photochemical oxidation of water, Figure 1a.'* Likewise the
photocurrent observed at potentials positive of —0.8 V vs Ag/AgCl
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Figure 1. Photoelectrochemical response of (a) CVD-Fe,O3 and (b)
nc-TiO, photoelectrodes illuminated by 355 nm light (75 W Xe lamp) in
0.05 M NaOH/0.5 M NaClOj electrolyte.

from nc-TiO, is assigned to photochemical oxidation of water,
Figure 1b.*” By carrying out TAS experiments on the same cells
at potentials positive of the photocurrent onset, it is possible to
follow the kinetics of the electrons and holes during water
splitting.”® Tt has been recently reported that the surface-trapped
photoholes on 0-Fe,Oj3 that are active for oxidation reactions
have an absorption at 580 nm. Under conditions where water
oxidation occurs the photohole decays very slowly, and this has
been proposed to be due to a slow hole transfer step during the
water oxidation (kops = 0.3 s~ ').*° Slow surface oxidation
kinetics have been advocated to be a key factor in the require-
ment of a ~200—300 mV versus the flat band potential for water
oxidation to occur on a-FeZO3.15’17

Temperature Dependence of the Rate-Limiting Step in a-
Fe,0s3. It has been proposed that the hole on @-Fe,O; has
Fe(IV) character,'” leading to retarded rates of hole transfer to
water when compared to transfer from O 2p orbitals; however
the fundamental causes of the slow surface oxidation kinetics on
0.-Fe, O3 are not fully understood and have not been demon-
strated experimentally. TAS spectroscopy allows us to directly
probe the hole kinetics, and we are able to obtain detailed
information about the rate-limiting step in the water splitting
cell. A typical TAS spectrum recorded following the UV excita-
tion (355 nm, 300 4J cm ™ >) of an 0-Fe,O5 photoanode at 445 mV
(vs Ag/AgCl) at room temperature in 0.05 M NaOH/0.5 M
NaClO, is shown in Figure 2a. At >10 ms a very long-lived
transient absorption band from ~520 to 700 nm is observed. The
slow decay (milliseconds to seconds) of the transient signals
between 580 and 700 nm is fitted to a single-exponential decay
function, and at 299 K the hole decay rate is found to be ks =
3.8 x 10 's~' (580 nm), Figure 2b. By comparison to previous
reports the transient signals between 580 and 700 nm are
assigned to surface-trapped photoholes.”® Detailed analysis of
the transient absorption spectrum (Figure S3) shows that there is
a faster decay at wavelengths below 550 nm, a region where we
are heavily overlapped with the ground-state absorption spec-
trum of ®-Fe,03, and this is proposed to be due to a change in
ground-state character. Importantly the observation that photo-
hole decay between 580 and 700 nm can be fitted to a single-
exponential decay function indicates that a single decay pathway
dominates on these time scales. The rate of photohole decay is
temperature dependent, and an Arrhenius plot of the tempera-
ture dependence yields an activation energy of 0.45 & 0.04 eV,
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Figure 2. (a) Transient absorption spectrum of the photohole recorded
following the UV excitation (355 nm, 300 4J cm™ 2, 0.18 Hz) of CVD-
Fe,0; held at 445 mV vs Ag/AgCl reference electrode. (b) TAS decay
traces of the photohole at different temperatures fitted to single-
exponential functions. The hole decay was recorded at 580 nm following
the UV excitation of CVD-Fe,O3 film held at a constant applied
potential (equivalent to 445 mV vs Ag/AgCl at 299 K).

Figure 3. Activation energies of similar magnitudes (0.2—0.7 eV)
for the electrical conductivity have been previously reported by
several groups on O.-Fe203.33’34 Transient photocurrent mea-
surements, details of which can be found in the SI, demonstrate
that in this study we are not probing this temperature depen-
dence of electron transport, as under the conditions employed
electron transport is occurring on a markedly faster time scale
(us—ms) than the slow hole reaction that we are probing. The
temperature dependence of the photohole decay rate in the
presence of methanol has also been examined (0-Fe, O3 held at
445 mV (vs Ag/AgCl) in 0.05 M NaOH/0.5 M NaClO,4 and 10%
methanol, 355 nm, 300 4] cm ™ > excitation). In agreement with
previous reports we find that the photohole decays at a faster rate
in the presence of methanol, ks = 2.7 s (299 K).29 The
activation energy for the photohole decay is found to be
considerably lower in the presence of methanol (0.13 £ 0.04 eV),
Figure 3c. The dependence of the slow hole decay rate and
its associated activation energy on the nature of the surface
species leads us to tentatively assign the rate-limiting step probed
to a hole transfer step from the a-Fe,O; to solution or to a
surface-bound species, the nature of which is discussed further
below. The decreased activation barrier to this step during
methanol oxidation correlates with the increased rate of hole
decay and with the higher thermodynamic driving force for the
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Figure 3. Arrhenius plots of the hole decay during the photoxidation of
water on CVD-Fe,0j; held at 545 mV (green diamonds), 445 mV (black
squares), 345 mV (blue stars), and 245 mV (red circles) vs Ag/AgCl at
299 Kin 0.05 M NaOH/0.5 M NaClOj. Arrhenius plot of the hole decay
during the photoxidation of methanol (cyan triangles) on CVD-Fe,05
held at 445 mV (vs Ag/AgCl at 299 K) in 0.05 M NaOH/0.5 M NaClO,
with 10% methanol. All hole decay rates were recorded by measur-
ing the TAS signal at 580 nm following the UV excitation (355 nm,
300 4] cm 2, 0.18 Hz).

Scheme 1. Kinetic Scheme for the Photocatalytic Oxidation
of Water on nc-TiO, or a-Fe,05"
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“The balance between the rates of electron/hole recombination (k,),
electron transport and withdrawal (k;), and hole reaction (k3) controls
the overall efficiency of the process. We tentatively assign the rate-
limiting step to a terminal hole transfer (k3). Rates shown as individual
steps may occur by multiple steps.

oxidation of methanol compared to the oxidation of water,
Scheme 1.
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Figure 4. TAS decay traces of the photohole probed at 580 nm
following the UV excitation of CVD-Fe,O; film held at a constant
applied potential of 445 mV (black trace) and 245 mV vs Ag/AgCl (red
trace).

Role of Applied Bias on the Fe,0; Hole Activation Energy.
The requirement of a relatively large anodic bias for water
oxidation to occur on 0-Fe,O; is a significant drawback, as it
requires an energy input into the system. It is therefore important
to understand the factors behind the requirement for this bias.
The effect of the applied bias to the rate of photochemical
reactions on the nanostructured electrodes used in this study is
examined by measuring the rate of photohole decay on 0.-Fe, 05
during water oxidation at three further potentials that are
significantly positive of the photocurrent onset potential
(4245, +34S, and +545 mV vs Ag/AgCl). The different applied
potentials in this region have not dramatically changed the rate of
hole transfer.>> Any small differences in the hole transfer rate
between the experiments at different potentials in Figure 3 do not
correlate to the applied bias and are instead assigned as due to the
relatively inhomogeneous nature of the sample. The activation
energy for the hole transfer step to a water species on 0-Fe, O3 is
found to be the same, within the error of the measurement, at all
potentials examined (0.42 4= 0.05 eV (245 mV), 0.48 4= 0.07 eV,
(345 mV), 0.45 £ 0.04 eV (445 mV), 0.45 == 0.05 eV (545 mV)),
Figure 3. Significantly changing the applied bias is found to alter
the yield of long-lived photoholes, and a decreased yield of
surface-trapped holes is observed at lower potentials (Figure 4,
245 vs 445 mV). In all experiments the excitation intensity was
kept constant; therefore the change in long-lived photohole yield
is due to changes in the electron—hole recombination rate
caused by a change in the background electron density of the
films. Clearly the increased level of water oxidation at more
positive potentials (Figure 1) is primarily due to decreased
electron—hole recombination, providing more long-lived holes
that are able to oxidize water, and not to a major change in the
rate of the hole transfer step.

Temperature Dependence of Hole Kinetics on nc-TiO,.
Variable-temperature TAS experiments have also been carried
out on a nc-TiO, photoanode. Previous TAS experiments have
assigned the transient absorption centered at 460 nm to photo-
holes and an absorption that increases with wavelength to
photoelectrons.”” We have recently reported that photoholes
on nc-TiO, photoanodes that are at potentials greater than the
anodic photocurrent onset potential decay by two major path-
ways, fast electron—hole recombination and a slow hole transfer
to water or to a surface-bound water species.”® TAS decay traces
of the photohole (460 nm) and photoelectron (900 nm)
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Figure 5. (a) TAS decay traces of the photohole (460 nm) and
photoelectron (900 nm) at 299 K and (b) variable-temperature TAS
decay traces recorded of the photohole (460 nm). TAS experiments
were carried out following UV excitation (50 4J em %, 355 nm) of nc-
TiO, held at 245 mV vs Ag/AgCl in 0.05 M NaOH/0.5 M NaClO,.

recorded following the UV excitation of a positively biased nc-
TiO, photoanode (245 mV vs Ag/AgCl, 355 nm 50 4] cm ™ >
excitation, 0.05 M NaOH, 0.5 M NaClO,) at 298 K are shown in
Figure Sa. The electron signal has nearly completely decayed
within 10 ms, indicating that the hole decay at times beyond this
can be assigned to the hole transfer to water species, in agreement
with our previous report.”® No significant variation in the hole
decay rate during the variable-temperature TAS experiment is
observed (299—327 K), allowing us to conclude that the
activation energy related to the hole reaction with water is either
relatively small or zero, Figure Sb.

B DISCUSSION

The balance between the rates of electron/hole recombina-
tion, electron transport and withdrawal, and the hole transfer
from the metal oxide to solution controls the efficiency of the
water splitting photoanodes, and a simplified kinetic model is
shown in Scheme 1. This study and our previous results on nc-
TiO, and a-Fe, 05 indicate that the decay of the very long-lived
holes is the slowest, or rate-limiting, step in the PEC water
splitting cell.>*** The hole signal studied on both species has

been identified as being from surface-trapped holes,”*”*” and as

such the terminal decay of this signal is likely to be associated
with a terminal hole transfer step to a bound water species. Our
TAS experiments cannot rule out the possibility that we are
probing a slow hole transfer to another semiconductor-based
trap site with a weak absorption in the UV/vis region; however
the dependence of the hole decay rate and of the associated
activation energies on the nature of the surface species being
oxidized (methanol or water) does suggest that this is not the
case.””® Therefore we tentatively assign the rate-limiting step on
both nc-TiO, and @-Fe,O; to the terminal hole transfer step
from the metal oxide to solution or to a surface-bound species.

Scheme 1 illustrates that increasing the rate of the terminal
hole transfer (k;) to levels that can effectively compete with
electron—hole recombination (k,) is one possible route to an
increased quantum yield. Therefore improved routes to more
efficient hole transfer to water or to adsorbed water are a key goal
for material development. The rate of the terminal hole transfer is
very slow on both materials studied, and this is despite both
nc-TiO, and a-Fe, O3 having valence bands that lie at potentials
(ca. +2.2 and +2.9 V vs NHE) significantly positive of the
multielectron thermodynamic water oxidation potential (+1.23 V
per electron); consequently any photoholes produced are
expected to have ample oxidative power for water oxidation. It
has been recently highlighted by Bard®” that in the absence of a
multielectron catalysis site we should instead consider the
potentials for the one-electron oxidations of water such as for
the oxidation of H,O or OH™ to - OH, which are significantly
more positive (E° = 2.38 and ca. 1.55 V, respectively) than the
multielectron potentials.’® Clearly the nature of the surface
mechanism that occurs on nc-TiO, and a-Fe,O; can greatly
affect the thermodynamic driving force required, and any experi-
mental data on this will aid our understanding of these materials.

On a-Fe, 03 we measure a significant activation energy to the
terminal hole transfer step. The slow semiconductor liquid
junction kinetics on ®-Fe,O5 can, in part, at least be attributed
to the presence of this thermal barrier. It has been proposed that,
in part, the slow transfer of photoholes from a.-Fe,O; to water is
due to the significant Fe(IV) character, and the direct measure-
ment of the slow surface kinetics on O-Fe,O; during these
experiments is not in conflict with this proposal.'” The addition
of a water oxidation catalyst to the 0-Fe, O3 surface is known to
lower the onset potential of water oxidation and increase the
overall efficiency of water splitting.'>'>*' We have measured a
significant activation energy to the hole reaction on Fe,O3, and
the addition of a surface catalyst that provides a lower energy
reaction route for the photoholes will lower the required photo-
hole lifetime for water oxidation, which should in turn lead to a
decreased requirement for a large anodic bias. On nc-TiO,, a
material with a significantly more positive valence band edge,
which will produce more oxidizing photoholes, we do not
observe a significant change in the photohole kinetics with
temperature. If present, any activation energy for the photoholes
on nc-TiO, is small, preventing its measurement. The lower
activation energy on nc-TiO, correlates with the requirement of
a reduced hole lifetime compared to 0-Fe,O3 under similar
conditions (~50 ms, cf. 3 s on ®-Fe,05).>* The more positive
valence band edge of nc-TiO, would be expected to lead to more
strongly oxidizing photoholes on nc-TiO, than on 0-Fe,05,
which would increase the driving force for the reaction on nc-
TiO,. To carry out a thermodynamic analysis, it would be
necessary to correct for the effect of temperature on the
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semiconductor band edges and the redox potentials in solution.
Over the 25 K region examined, these are expected to be
relatively small (approximately a 20 and 40 mV shift in surface
potential for nc-TiO, and a.-Fe,Oj respectively)®” compared to
the differences in our measured activation energy (~450 mV). It
is interesting that the difference in the activation energies of the
two materials is on the order of the difference in the valence band
edges. We are currently examining a greater range of photo-
anodes to see if a clear trend in activation energies can be
confirmed.

One of the key issues with nanostructured Fe,Oj3 electrodes
has been the requirement of a relatively large anodic bias
(~0.3—0.4 V vs the flat band potential) for water oxidation to
occur. Therefore a motivation of this study was to examine any
relation between the photoelectrode potential and the kinetics
and the thermodynamics of the hole during the water oxidation.
We have examined the photohole dynamics at four different
potentials that are significantly positive on Fe,O;. The activation
energies obtained for this rate-limiting step are the same within
the experimental error at all four potentials. The very slight
differences in the rate of the hole reaction at the different
potentials (Figure 3) are not significant enough to account for
the large change in the photocurrent yield; the magnitude of the
photocurrent at 245 mV on Fe,O3 was ~65% of that recorded at
445 mV vs Ag/AgCl under Xe lamp illumination, Figure 1.
Therefore we conclude that at potentials significantly positive of
the photocurrent onset the application of a more positive bias
does not markedly change the oxidative power of the trapped
holes on APCVD a.-Fe, Q3. It has been reported that applying a
positive bias lowers the level of electron—hole recombination,
and we do observe a significantly higher population of long-lived
photoholes at the higher biases examined (Figure 4), which gives
rise to the higher photocurrents. The requirement of a relatively
large anodic bias (~0.4 V) is at least in part due to the need to
produce very long-lived holes. These findings are in good
agreement with our previous report on nc-TiO,, which showed
that changing the potential of the nc-TiO, film did not drama-
tically alter the rate of water oxidation and that the primary role
was to alter the level of electron—hole recombination.”® The
change in concentration of surface-trapped holes with applied
potential may lead to slight differences in the average energy of
the trapped photoholes if the trap states occur at a distribution of
different energies; however we are not able to detect this re-
latively small change.

Although we have tentatively assigned the rate-limiting step in
our PEC water splitting cell to a hole transfer to solution or to an
adsorbed water species, the chemical nature of this step is not
clear. The surface oxidation of water on both nc-TiO, and Q-
Fe,05 is a multihole reaction that must occur via several steps. A
set of multistep hole reactions that involve the buildup of surface
intermediates might be expected to have a rate that is dependent
on the concentration of long-lived photoholes. We did not see
any clear evidence of the hole reaction rate on 0-Fe,O; being
dependent on the concentration of long-lived holes; however it is
difficult to rule out that we are not operating under conditions
where we already have multiple holes at a single reaction site on
0-Fe,O3. Our TAS experiments involve the averaging of large
numbers of consecutive laser shots, and it is not clear if we are
probing one distinct step or the averaged signal of a multistep
process. In order to look for multistep processes, we have
performed single-shot analyses of the TAS decay traces on nc-
TiO, (detailed in the Supporting Information). These analyses

show that any differences in the photohole decay rate are very
small, and the change in the amplitude of the hole signal at 100
ms between laser shots is less than 4-6%.** This is consistent with
a hole reaction on nc-TiO, that proceeds via a series of indis-
tinguishable, or common, intermediates. The oxidation of surface
OH"™ groups has been proposed to be a common step in the
water oxidation reaction on this material, and our data are
consistent with this as one possible interpretation. It is clear that
to definitively assign the mechanism occurring, a transient
measurement that directly probes the surface chemical function-
ality under operating conditions will be required.

B CONCLUSIONS

In this paper we have used TAS to investigate the slow hole
reaction kinetics during light-driven water oxidation on two
nanostrucutured metal oxides, 0-Fe,O; and nc-TiO,, in a
complete PEC cell. The requirement of very long-lived photo-
holes on 0-Fe,O3 for water splitting to occur correlates with
the presence of a significant thermal barrier to the surface hole
reaction. This is in contrast to nc-TiO,, a material with a more
positive valence band edge, where the photohole dynamics
are faster and are not strongly temperature dependent. We have
examined the photohole kinetics on 0-Fe,O3 at four different
potentials and found that the difference in water oxidation
reactivity between the potentials is due to a change in the yield
of long-lived photoholes and not due to a major change in the
reactivity of the long-lived photoholes.

B ASSOCIATED CONTENT

© Supporting Information. Details of transient photocur-
rent measurements on 0-Fe,O3; UV/vis spectra of the photo-
catalysts and details of the single-shot analysis of the TAS data.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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