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Photoelectrochemical Impedance Spectroscopy (PEIS) has been used to
characterize the kinetics of electron transfer and recombination taking place
during oxygen evolution at illuminated polycrystalline a-Fe,Oj5 electrodes
prepared by aerosol-assisted chemical vapour deposition from a ferrocene
precursor. The PEIS results were analysed using a phenomenological approach
since the mechanism of the oxygen evolution reaction is not known a priori. The
results indicate that the photocurrent onset potential is strongly affected by Fermi
level pinning since the rate constant for surface recombination is almost constant
in this potential region. The phenomenological rate constant for electron transfer
was found to increase with potential, suggesting that the potential drop in the
Helmholtz layer influences the activation energy for the oxygen evolution process.
The PEIS analysis also shows that the limiting factor determining the performance
of the a-Fe,O; photoanode is electron —hole recombination in the bulk of the

oxide.

Introduction

Several decades after the pioneering work of Fujishima and
Honda' on water splitting at illuminated titanium dioxide
crystals, efficient photoelectrochemical water splitting using
semiconductor electrodes remains an important target. Early
studies identified haematite (a-Fe,O;) as potential
photoanode material for water splitting®*, and recent work
has focussed on developing films that could be used as part
of tandem photoelectrolysis cells’, in which high energy
photons are used to drive the oxidation of water by
photogenerated holes at the Fe,O; surface, and lower energy
photons transmitted through the oxide are harvested by a
solar cell that applies a bias voltage to the photoelectrolysis
cell. The photoelectrochemical properties of single crystal® ®
7 and polycrystalline®'® a-Fe,O; photoanodes have been
studied extensively, and recent optimization of the
morphology and doping of nanostructured thin films of
Fe,O3; have resulted in substantial improvements in the
photocurrent response.'®!'? However, further work is needed
before haematite electrodes can be considered for high
efficiency water splitting.

Losses due to bulk and surface recombination of
photogenerated electron hole pairs play a key role in
determining the efficiency of photoelectrodes such as o-
Fe,05."> '* The low mobility and short lifetime of holes
combined with the high doping levels in Fe,O; films lead to
poor collection of holes from the bulk of the material to the
surface. The problem of the short hole diffusion length L, in

a-Fe,O; has been addressed by fabricating nanostructured
films in which the characteristic dimensions are comparable
with L, so that holes have an increased chance of reaching the
surface. However, even in the case where holes are collected
efficiently in the space charge region and transferred to the
interface, hole transfer leading to the oxidation of water has to
compete with surface recombination of holes with electrons,
which are majority carriers in the n-type oxide. Recombination
may also occur in the space charge region." Little is known
currently about the kinetics of these competing processes in the
case of a-Fe,0s5.

The mechanism of photoelectrochemical oxygen evolution
on o-Fe,O; must involve the transfer of 4 electrons per
molecule of O, formed, but almost nothing is known about the
individual elementary steps in the reaction. It is reasonable to
suppose that the reaction steps in the oxygen evolution reaction
involve higher-valent states of iron formed at the surface by
hole capture. Schemes such as

hv > h" +¢

Fe(IlD)gue + h" — Fe(IV)gys

Fe(IV)surf + h+ - Fe(v)surf

2Fe(V) + 2 H,0 — 2 Fe(Ill) + O, + 4H"
Scheme 1

illustrate the complications arising from the fact that the
oxidation of water is a 4-electron process, so that holes need to
be ‘stored’ in intermediate states.. The Fe(IV) and Fe(V)
intermediates in this scheme can also act as electron acceptors,
so that surface recombination reactions of the following kind
are likely to take place.

Fe(IV) + ¢ — Fe(III)
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Fe(V) + e — Fe(1V)
Scheme 2

The Fe(IV) and Fe(V) states can also be thought of as
‘surface-trapped holes’, which may have sufficient surface
mobility to allow second order reactions of the type
illustrated by the last step shown in Scheme 1. Complex
multistep reaction schemes of this type have been considered
for reactions such as the photo-dissolution of silicon in
fluoride electrolytes'® and the photo-decomposition of CdS'”.
The rate expressions derived from these kinetic schemes are
generally rather cumbersome, since they include rate
constants and surface concentrations for all of the
intermediates and reaction steps. It is therefore more
convenient to adopt a simpler phenomenological approach
for the analysis of experimental data. The rate constants
obtained from such an analysis can then be related to the
expressions derived for different multistep reaction
mecahnisms.'® Here we show how this approach can be used
to analyze data obtained by photoelectrochemical impedance
spectroscopy (PEIS). The results provide new information
about the rate constants for the competing processes that
determine the performance of a-Fe,0; photoanodes.

Theory

The simplest phenomenological scheme to describe the
competition between charge transfer and recombination at an
illuminated n-type semiconductor is illustrated in Fig.1. It
has been assumed that electron transfer and recombination
involve surface states (in principle, these can be the
intermediates in the reaction schemes described above).
Competition between the overall rates of hole transfer and
recombination determines the fraction of the hole current j
that is measured in the external circuit. This fraction
corresponds to the internal quantum efficiency of the
process.

k:
0 i
hv
—! —

Jn

semiconductor electrolyte

Fig 1 Phenomenological kinetic scheme for PEIS analysis

The scheme shown in Fig. 1 is a simplified version of the
model used in our previous discussions of the
phenomenological approach'® and its application to
photoelectrochemical impedance spectroscopy (PEIS)'” '°
since it excludes direct hole transfer from the valence band to

solution redox species. This simplification is clearly
appropriate in the absence of a one-electron redox couple in the
electrolyte, The phenomenological first order rate constants £,
and k, (s appearing in Fig. 1 and in the equations for the PEIS
response are used to express the rate of hole transfer and
recombination (cm? s™) in terms of the surface concentration
of “trapped holes’ (cm?). If we take Scheme 1 and Scheme 2
as an example of a possible mechanism, the surface trapped
holes correspond to Fe(IV) and Fe(V) species. ‘Hole transfer’
in this formalism therefore corresponds to the overall 4-
electron oxidation process leading to the formation of oxygen.
Similarly the recombination process corresponds to electron
capture by Fe(IV) and Fe(V) species, which can be thought of
as photogenerated surface recombination centres. The rate of
the recombination process depends on the electron capture
cross sections and surface concentrations of Fe(IV) and Fe(V)
species (‘trapped holes’) as well as on the concentration of free
electrons available at the surface. It follows that &, should
depend on band bending qA¢, since the electron concentration
at the surface is given by ny_y = npuexp(-gA@kgT, where nyy
is determined by the doping density, For highly doped
semiconductors like Fe,O; recombination may also involve
electron tunnelling through the space charge region.

For the case where the Helmholtz capacitance is larger than
the space charge capacitance, it has been shown that the
impedance of the illuminated electrode is given by'’

Z = RYG}’ + 1 (1)
ia)CSC + L jh kr kt + la).
kT )"k +k k+k +iw

(It is shown below that this approximation is valid for the
electrodes used in the present study). Here R, is the series
resistance, Cy. is the space charge capacitance, jj is the current
density corresponding to the flux of holes reaching the
interface. k, and k., are the first order rate constants for
interfacial transfer and recombination respectively (cf. Fig. 1).
The impedance described by equation 1 corresponds to two
semicircles in the complex plane. The low frequency
semicircle tends towards a zero frequency intercept on the real
axis given by

Z,-R, +Rtk 1+% @)
L jhkr '
k,T

The radial frequency @,,.(LF) corresponding to the maximum
imaginary component of the low frequency semicircle is equal
to k. The high frequency limit of the low frequency
semicircle is

k +k, (3)

2 ser+
q .
a|l —|j.k
[kBTjjh r

It follows that
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L Re 1 K @
ZZ_Rver kt
and
. k +k,
I = q )
al| —=— |k (Z,-R
[kBTJ I( 2 ser)

The radial frequency @pn.«(HF) corresponding to the
maximum imaginary component of the high frequency
semicircle is given by 1/[Cy(Z> —Ryep)]-

In the case of moderately-doped single crystal
semiconductors, j, approaches gl,, where [, is the incident
photon flux (corrected for reflection loss). However, in the
case of polycrystalline highly doped semiconductors like
Fe,0s, j, is expected to be smaller than g/, since electron-
hole pairs generated outside the space charge region are
mostly lost by recombination. In addition, electron-hole
recombination in the space charge region may also reduce jj,.

It can be seen from this set of equations that &, &, C,. and
Jn can be determined experimentally from the PEIS response
shown schematically in Fig. 2.

Im(2)
Rt 2, o * Tt ® o Rt 2,
lI Y i
Real (2)

Fig 2 Typical PEIS response predicted by equation 1

This treatment of the data represents the simplest approach
that does not require a priori knowledge of any parameters.
More general expressions for the PEIS response that apply
for the case where the space charge capacitance is not
smaller than the Helmholtz capacitance and which also
include the effects of surface state capacitance as well as the
possibility that & is influenced by the potential drop in the
Helmholtz layer can be found in the comprehensive
extension of our original treatment by Leng et al.?> We have
not used these expressions here since they include additional
parameters with unknown values. It should be noted,
however, that equation 18 given by Leng at al. for the case
where C,. is comparable with the Helmholtz capacitance
corrects a typographical error in our original paper.'’

Experimental

a-Fe,0; electrodes were deposited by aerosol-assisted
chemical vapour deposition (AACVD) on fluorine-doped tin
oxide coated glass substrates (FTO - TEC 8 Pilkington, 8 Q
square). Substrates were cleaned ultrasonically with distilled

water, acetone, isopropanol and ethanol. Details of the AACVD
system are described elsewhere.?! Ferrocene (Fe(CsHs),, 98%,
Lancaster Synthesis) was used as precursor. In a typical
deposition, a 0.05 M solution of ferrocene in toluene was used
to generate the aerosol at room temperature using an air
humidifier. Air at a flow rate of 150 ml/min was used as the
carrier gas, and the flow rate was controlled by a thermal mass
flow controller (Bronkhorst UK Ltd.). FTO substrates (lcm x
2cm) were placed inside the reactor tube which was located in
a tube furnace. The substrates were then heated at 450 °C for
20 min before starting the deposition. Deposition was
maintained for 45 minutes. A strip at one end of the FTO
substrate was masked by a glass microscope slide to prevent
Fe,0; deposition so that electrical contacts could be made for
the electrochemical and photoelectrochemical measurements.

Impedance and photoelectrochemical measurements of
hematite electrodes in 1 M NaOH electrolyte were conducted
using a three-electrode cell, with Ag/AgCl/KCl reference
electrode and a platinum wire counter electrode. Impedance
and voltammetric experiments were performed using a
computer-controlled potentiostat (AutoLab, PGSTAT12). For
PEIS and steady-state I-V measurements, the Fe,O; electrode
was illuminated through electrolyte side with collimated blue
light from an LED (A = 455 nm. Thorlabs Ltd. UK). The
illumination area was 1 cm?. Intensity dependant PEIS studies
were performed by attenuating the LED beam with neutral
density filters (Knight Optical Ltd, UK). PEIS spectra were
fitted to the R(RC)(RC) network corresponding to the response
shown in Fig. 2. Incident photon to electron conversion
efficiency (IPCE) spectra were obtained using a 75 W xenon
lamp with a grating monochromator (TMc300, Bentham
Instruments Ltd., UK). The light intensity was calibrated using
a silicon diode.

Results and Discussion

The morphology of the Fe,O; films is illustrated by the SEM
pictures in Fig. 3. It can be seen that the surface of the films
consists of well-formed crystallites with lateral dimensions of
the order of 0.5 to 1.0 microns. The cross section shows
evidence of columnar crystal growth. The films appear to be
non-porous, and they are considerably thicker than those
prepared from the ferrocene precursor in our previous work!'!.
The relatively smooth morphology compared with
nanostructured films is convenient for this study since it avoids
the complications associated with  three-dimensional
development of the space charge region.”

This journal is © The Royal Society of Chemistry [year]
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Signal A = InLens
Photo No. = 1743

1pm EHT = 5.00 kV Signal A = InLens
WD= 5mm Photo No. = 1741

Fig 3. SEMs showing surface morphology and cross section of a-Fe,O;
films

The peak IPCE of the a-Fe,O; films at 350 nm is 13% at
0.23 V vs. Ag|AgCl, which is lower than the values for
thinner nanostructured films. The PEIS measurements were
carried out at longer wavelengths (455 nm), where the IPCE
is around 2%. Normalised photocurrent voltage plots for
three different light intensities are shown in Fig. 4. The low
IPCE values suggest that the majority of electron-hole pairs
are generated outside the space charge region and recombine.
If recombination in the space charge region is negligible, the
IPCE is given by

IPCE =(1-R)(1-e") (6)

where R is the reflection coefficient, o is the absorption
coefficient and W is the width of the space charge region. Using
the value a= 1.5 x 10° cm™ at 455 nm taken from the spectrum
for a-Fe,05 films reported by Marusak et al.>* gives a value of
W of less than 200 nm at 0.4 V vs Ag|AgCl, which corresponds
to a band bending of around 1 eV (reported values the flatband
potential of Fe,O; in 1.0 M NaOH lie in the range -0.5 V to -0.7
V vs. Ag|AgClL.%?* This means that the penetration depth of the
light (1/e) is ca. 30 times larger than the width of the space
charge region.

IPCE / % /]

—— 11 mWcm? o
3F

———- 1.1 mWcm?
——- 0.35mW cm? 7
A =455 nm i
2 /
/
1
0 e \
-0.4 -0.2 0.0 0.2 0.4 0.6
E vs. Ag/AgCI /| V F

ig 4. Normalized photocurrent (IPCE) voltage curves recorded at 3 light
intensities (455 nm LED illumination)

It can be seen from Fig. 4 that the normalized photocurrent
in the range -0.4 to 0.4 V increases with illumination intensity
so that the photocurrent onset shifts towards more negative
potentials.  There are several possible reasons for this
behaviour, including space charge® and  surface
recombination®®?® as well as the kinetics of the multi-electron
transfer process.'” '® The presence of surface recombination in
this potential region can be deduced from the spikes and
overshoot in the photocurrent response to chopped illumination
(the transient photocurrent response of anodic Fe,O; films on
iron has been discussed in one of our early papers®). For this
reason, PEIS measurements were carried out in the onset region
to obtain information about the competition between hole
transfer and recombination. The same dc illumination
intensities as those noted in Fig. 3 were used.

Im(2)/ Q
@ 11 mW cm™
-6000 - -0.15V vs Ag|AgClI
P
-4000 o~ S
7
it N\
fo)
-2000 [ G b\\
o)
0 1 1 1 1 1 8 1

0 2000 4000 6000 8000 10000 12000 14000
Re(2) I Q
105 -90
12|/ Q

1049

100

102

101 O ol 1 1 1 1 1 1 S~
102 107 10° 10° 102 103 104 10°
f I Hz F
ig. 5 Typical Nyquist and Bode plots of the PEIS response

The measured PEIS responses generally showed the two
semicircles predicted by equation 1. An example with the
fitting is shown in Fig. 5. The flattening of the PEIS response
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that is evident in the Nyquist plot is similar to the PEIS
response of p-InP'” and n-CdS'” electrodes reported
elsewhere. In principle, a better fit can be obtained using a
constant phase shift element, but since this approach
complicates the analysis, it was not used. The effect may
arise from a dispersion of kinetic parameters or from
dispersion in the dielectric constant of Fe,O; which has been
reported in the literature.*

PEIS spectra were fitted and analyzed to obtain k, k,, Ci
and j;, as a function of potential at three light intensities. Fig.
6 illustrates a set of data obtained at 1.1 mW cm™.

10 2.0
ko kIs" 10%j, I aly

t? r
8k

0.2 -0.1 0.0 0.1 0.2 0.3 0.4
Evs. Ag|AgCl / V
Fig. 6 The rate constants for charge transfer and recombination (k and
k;) and the normalised hole flux derived from the analysis of PEIS
spectra. dc illumination intensity 1.1 mW cm™. Note that the right hand
scale corresponds to the IPCE that would be measured in the absence of

surface recombination

The variation of the recombination rate constant k, with
potential indicates that the semiconductor/electrolyte
junction is not behaving ideally. k. depends linearly on the
surface electron concentration ng,, which for an ideal
semiconductor/ electrolyte junction decreases by a factor of
10 per 59 meV of increased band bending. The plot of &, vs.
potential passes through a maximum before falling as
expected for increasing band bending. This indicates that the
band bending varies little over the initial potential range —
behaviour that is typical for Fermi level pinning associated
with a high density of surface states. This conclusion is
supported by impedance studies of single crystal a-Fe,O3
which have demonstrated the presence of surface states.® As
we show below, it appears as if the surface states are
photoinduced in the present case, and the most likely
explanation is that they are associated with higher valent iron
species formed by hole capture.

The increase with potential of k,, the rate constant for
electron transfer, differs from the behaviour observed in
more ideal systems, where k; is found to be independent of
potential.*'  Since the increase in k with potential is
observed in the potential range where Fermi level pinning
occurs and the majority of the change in potential appears as
a voltage across the Helmholtz layer, we assume that it
indicates that the phenomenological rate constant for oxygen
evolution is influenced by the potential drop across the
Helmholtz layer in the same way as at a metal electrode, i.e.
by modifying the free energy of the transition state.

—eo— K, (100%)
—a— k. (10%)
—v— K, (3.2%)

K. kis ._4———0—.\.\/.

10" _0o”

, e
0 —A”’A"A //V
“ e —o— K, (100%)
10 e —a— k(10%)
v —g— k.32%
oo b b b b b
0.2 -0.1 0.0 0.1 0.2 0.3

E vs. Ag|AgCl/V
Fig.7 Dependence of 4 and & on potential for three light intensities

Fig. 7 contrasts the k, and k, values obtained from the
analysis of PEIS spectra measured for three different
illumination intensities. A logarithmic y scale has been chosen
to show that the variation of &, with potential corresponds to a
Tafel slope of ca. 350 mV/decade for all three intensities. Tafel
slopes for oxygen evolution of thin passivating Fe,O; films on
iron in the dark has been reported by Lyons and Brandon to lie
in the range 40-50 mV. The weaker potential dependence in
the present case may be related to the lower fraction of the
overall potential drop that appears across the Helmholtz layer.

100

ko, ks’

t T

10 |

0.1
0.1

intensity /mW cm? F

ig 8 Double logarithmic plots showing the intensity dependence of & and ..
. Values measured at 0 V vs Ag|AgCl (cf. Fig. 7)

Both k; and &, depend on light intensity, with k; varying more
strongly with intensity than k.. The variation of k and &, with
intensity is illustrated in the double logarithmic plot shown in
Fig. 8. The values of the rate constants were taken from Fig. 7
at a potential of 0 V vs. Ag|AgCl. It can be seen from Fig. 8
that &, varies with I,>*, which is close to a square root
dependence. By contrast &, varies with 101‘2 which is close to a
linear dependence. In principle these intensity dependencies
could be related to possible mechanisms of the oxygen
evolution, but such a treatment lies outside the scope of the
present paper, which is restricted to the phenomenological
approach.

The different intensity dependences explain why the
photocurrent onset moves towards more negative potentials
with increasing light intensity: the fraction of the hole flux that

This journal is © The Royal Society of Chemistry [year]
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is consumed in the oxygen evolution reaction as opposed to
recombination is determined by the ratio k/(k, + k), which
has been plotted as a function of potential in Fig. 9. The
validity of the analysis is demonstrated by the fact that the
plots in Fig. 9 mirror the photocurrent voltage plots in Fig. 4.
It is therefore clear that the delayed photocurrent onset can
be attributed to surface recombination and Fermi level
pinning. In order to overcome this problem, it will be
necessary to remove the kinetic bottleneck that leads to the
build up of intermediates that ‘metallize’ the surface and
promote recombination by capturing electrons.

k! (k. + k)
0.6 [
04
0.2
0.35 mW cm?
0.0 L
0.2 0.1 0.0 0.1 0.2 0.3

Evs. Ag|AgCI/ V
Fig. 9 The ratio k / (k. + k;) as a function of potential for different light
intensities. Compare with the current voltage plots in Fig. 4

The values of C, derived for the three light intensities
from the PEIS analysis are plotted in Fig.10 in the form of
Mott Schottky plots of 1/C? vs. potential. The lines have
been added as guides to the eye. The capacitance values are
sufficiently small to justify the assumptions implicit in the
derivation of equation 1. The plateau sections in the plots are
consistent with the potential dependence of &, since they
indicate that Fermi level pinning occurs over a substantial
part of the potential range. The dependence of the apparent
flatband potential on light intensity follows the same trend as
seen in the photocurrent voltage plots in Fig. 4, with the
lowest intensity data showing the largest positive
displacement along the voltage axis.

—O— 11 mW cm*?
25 A 11 mWcem?
—v— 0.35mW cm?
20
<
£
)
w 15[
©
2
-~ 1.0 F /
b ° /
ow //
0.5 /
/7
//
0.0 1 [N ! ! 1 1

-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4

E vs. Ag|AgCI/V
Fig. 10. Mott Schottky plots constructed using Cy. values derived from
the PEIS analysis

The flatband potential derived from Mott Schottky plots of
the dark capacitance (not shown) is around -0.6 V wvs.

Ag|AgCl, so the displacement seen in the Mott Schottky plot
for 0.35 mW cm™ is 0.5 V. If a value of 20 uF cm™ is assumed
for the Helmholtz capacitance, a shift of 0.5 V would
correspond to a positive surface charge of 10° C cm?, i.e. to a
surface ‘hole’ density of 6 x 10'* cm™. Such a large value
would indicate that a substantial fraction of the Fe(III) sites on
the surface of the a-Fe,0; electrode are converted under
illumination to higher valent Fe species that are intermediates
in the oxygen evolution reaction. However, this calculation is
based on the assumption that the shifts in the Mott Schottky
plots are due entirely to stored electronic charge and not to
changes in ionic surface charge. This assumption is tested
below (cf. Fig. 12).

Fig. 11 compares the normalised plots of j, obtained from
the analysis of PEIS data obtained at the three light intensities.
It is evident that the normalised hole current densities are very
similar. The values also agree well with the IPCE measured at
455 nm.

2.0
102jh /ql, —O— 15 mW cm?

—A— 1.5 mW cm?
15 vV 0.48 mW cm?

0.5 -

0.0 1 I 1 1 1
-0.2 -0.1 0.0 0.1 0.2 0.3

Evs. Ag|AgCI/ V F

Fig. 11 Plots of hole current density j, derived from the PEIS analysis and
normalized to the incident photon flux for three light intensities

The photocurrent measured in the external circuit is expected to
be equal to j;,, multiplied by the fraction k/(k, + k) of holes that
are transferred in the oxygen evolution reaction. At more
positive potentials where &, becomes larger than k,, the two
current densities should become identical. Comparison of
Figures 4 and 11 confirms that this is indeed the case. It
follows that surface recombination mainly affects the
photocurrent onset potential, whereas recombination in the
volume of the electrode (i.e. in the quasi-neutral region and
possibly also in the space charge region) determines the
photocurrent at more positive potentials where the increase in
photocurrent is due to widening of the space charge region.

We can test the hypothesis that the displacement of the Mott
Schottky plots is due to the build up of positive surface charge
corresponding to ‘trapped holes’ that are queuing to take part in
the oxygen evolution reaction. The steady state build up of
surface intermediates (represented by the surface concentration
of ‘trapped hole’, pg,) under illumination can be estimated
from the hole flux into the surface and the rate constants for
removal of ‘surface trapped holes”, &, and £;.

I/ ™
psurf q(ky-f-kt)
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Fig. 12 illustrates the trapped hole charge that is derived for the
three intensities from the PEIS analysis.

8.0
psurf !
10" cm™
6.0 -
40 | 11 mW cm™?
20 1.1 mW cm?
0.35 mW cm?
0.0 1 1 1 1 1
-0.2 -0.1 0.0 0.1 0.2 0.3

E vs. Ag|AgCI/ V
Fig. 12 . Surface hole concentrations as a function of potential calculated
from equation 7 for three light intensities

The trapped hole densities derived from this approach are at
least an order of magnitude lower than those estimated from the
shift in flatband potential evident in the Mott Schottky plots.
Furthermore the highest trapped hole density is calculated for
the highest light intensity. If the displacement of the Mott
Schottky plots were due simply to the trapped hole density, one
would expect the order of the plots shown in Fig. 10 to be
reversed. We therefore conclude tentatively that the shifts seen
in Fig. 10 cannot arise from trapped holes. pH changes are
unlikely to be important in 1 M NaOH, and in any case
accumulation of protons near the surface during oxygen
evolution would move the flatband potential to more positive
values. An alternative possibility is that partial oxidation of the
Fe(III) sites on the surface of the oxide changes the surface ionic
charge as a consequence of different acid/base properties of the
higher oxidation states of iron

Conclusions

This study has shown that electrochemical impedance
spectroscopy can provide information about the
phenomenological rate constants describing the competition
between charge transfer and recombination during light
driven oxidation of water at semiconductor electrodes. The
complex potential dependence of the rate constants for these
two processes highlights the non-ideal nature of the a-Fe,0;-
eletrolyte interface arsing from photogenerated surface
species.  Efficient water splitting in a tandem
photoelectrochemical cell using a-Fe,O; as a photoanode
requires that the photocurrent onset should be as close to the
flatband potential as possible, i.e. ideally near -0. 6 V vs.
Ag|lAgCl in 1.0 M NaOH., which is ca. 0.8 V negative of the
reversible oxygen electrode potential. A  positive
displacement of the photocurrent onset represents a loss of
free energy and hence of efficiency. Clearly this means that
accumulation of positive surface charge associated with
Fermi level pinning and changes in surface composition must
be avoided as far as possible. Since the accumulation of
electronic and ionic surface charge appears to be associated
with sluggish hole transfer kinetics, it should be possible to

overcome the effects by using a suitable surface catalyst for the
oxygen evolution reaction. At the same time, the loss of holes
by recombination in the bulk of the semiconductor needs to be
minimized. This can be achieved at least in part by growing
nanostructured thin films in such a way that the dimensions are
comparable with the width of the space charge region.’® 3
Other promising approaches include using oriented nanorod
arrays®® or a host-guest structure in which small a-Fe,05
particles are deposited on a porous oxide substrate such as
WO;.*> The present results, which were obtained for relatively
flat non-optimized o-Fe,O; films, indicate the utility of PEIS
for the characterization of kinetic of the water splitting
systems. Work is in progress to characterize the
photoelectrochemical oxidation of water at illuminated o-Fe,04
electrodes using intensity modulated photocurrent spectroscopy
(IMPS), which can yield complementary information.!”
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