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This paper addresses the origin of the decrease in the external elec-
trical bias required for water photoelectrolysis with hematite
photoanodes, observed following surface treatments of such elec-
trodes. We consider two alternative surface modifications: a cobalt
oxo/hydroxo-based (CoO,) overlayer, reported previously to func-
tion as an efficient water oxidation electrocatalyst, and a Ga,03
overlayer, reported to passivate hematite surface states. Transient
absorption studies of these composite electrodes under applied
bias showed that the cathodic shift of the photocurrent onset
observed after each of the surface modifications is accompanied by
a similar cathodic shift of the appearance of long-lived hematite
photoholes, due to a retardation of electron/hole recombination.
The origin of the slower electron/hole recombination is assigned
primarily to enhanced electron depletion in the Fe,0; for a given
applied bias.

cobalt oxide | transient absorption spectroscopy | iron oxide |
photoelectrochemistry

fficient hydrogen generation from photoelectrochemical

(PEC) water splitting using inorganic semiconductor photo-
electrodes has been an important target of research for several
decades (1-4) and considerable progress is currently being made
in the development of suitable materials for this solar driven fuel
synthesis (5-8). Metal oxides, including TiO,, WO;, BiVO,, and
Fe, 05 (1, 9-13) have continuously attracted particular interest
due to their chemical stability, low cost, and optoelectronic prop-
erties. However, a major limitation for the application of those
oxides in solar driven water splitting is that typically an additional
electrical bias is required to simultaneously achieve the water
oxidation and reduction reactions under solar irradiation. This
limitation is particularly severe for materials with lower optical
bandgap, such as Fe,O; and BiVO, (10, 12), which on the other
hand are of interest due to their enhanced absorption in the visi-
ble part of the of the solar irradiation spectrum. The development
of strategies to reduce or remove this electrical bias requirement
is therefore a key target of ongoing research (14, 15).

One approach, which has been shown to reduce the electrical
bias required to achieve solar driven water splitting on such metal
oxides, is the deposition of thin oxide overlayers on the surface of
the light-absorbing photoelectrode. Surface modification with a
range of catalytic and noncatalytic materials have been shown to
reduce the overpotential for water photo-oxidation, including co-
balt-based treatments (16), IrO, nanoparticles (17), and Ga, 03
and Al,O; overlayers (18-20). Particular interest has recently
focused upon in situ deposition of cobalt oxo/hydroxo-based
(CoOy) overlayers on several water oxidation photoanodes (15,
21-25), building upon reports that amorphous CoO, layers,
formed from Co(II) salts, are effective water oxidation electro-
catalysts operating at moderate overpotentials (26). At present,
the functional origin of the reduced requirement for electrical
bias achieved by these treatments has not been unambiguously
established. In some cases it has been suggested to result from
catalytic function enhancing the water oxidation kinetics/redu-
cing the overpotential required to drive water oxidation (15, 23).
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In other cases, the treatments have been suggested to passivate
surface states, reducing the kinetics of surface recombination
reactions (18, 19).

In this paper we focus upon the water photo-oxidation proper-
ties of hematite (a-Fe,0O3) photoanodes before and after two
alternative surface modifications, with CoO, and Ga,Oj;. Surface
modifications of hematite photoanodes with either of these ma-
terials have been shown to reduce by 100-200 mV the electrical
bias required to enable water photo-oxidation (19, 23), but a de-
tailed understanding of the role of these overlayers in the kinetics
of the photoinduced reaction is still lacking.

Hematite is a particularly promising material for solar water
splitting due to its relatively small bandgap (2.1 eV), chemical
stability, widespread availability, and facile preparation by scal-
able methods (12). In common with most of the oxide materials
of interest for photoelectrochemical water photolysis, hematite
is an n-type semiconductor. This intrinsic n-type conductivity is
caused by the presence of oxygen vacancies in the lattice of
hematite, which are compensated by Fe2* ions to guarantee elec-
troneutrality (27, 28). Due to this intrinsic n-type doping, solar
water splitting strategies with hematite have mostly employed this
material as an oxidation photoelectrode, with photogenerated
electrons being transported through the electrode to a back con-
tact and then transferred to a counter electrode (typically plati-
num) to achieve water reduction and thus hydrogen generation
(12, 29, 30). As the conduction band edge of hematite lies below
the proton reduction potential, an external electrical bias is typi-
cally required in a photoelectrochemical (PEC) cell employing
a hematite photoanode, to raise the energy of electrons in the
cathode and achieve proton reduction. An additional role of the
applied bias is to allow a partial depletion of electrons in the
hematite film, thereby reducing recombination and increasing the
lifetime of photogenerated holes (the minority charge carrier in
these films) (31, 32). For flat photoelectrodes, this electron de-
pletion corresponds to the formation of a surface space charge
layer and the associated band bending toward the electrode sur-
face. For nanostructured or very thin films, where the feature size
may be comparable to the depletion depth (as is probably the case
for the films employed herein), this band bending may be less
pronounced, and the applied bias rather reduces the (dark) elec-
tron density throughout most of the film.

We have recently shown that the observation of water photo-
oxidation by several oxide photoelectrodes is strongly correlated
with the yield of long-lived (100 ms — seconds) photogenerated
holes probed in transient optical measurements. This correlation
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was verified for a range of oxides (TiO,, WO;, and Fe,0;), for
both flat and nanostructured films, and both under electrical bias
control and in the presence of chemical electron scavengers (31,
33, 34). Most recently, we have demonstrated that CoOy depos-
ited onto a hematite film resulted in the generation of long-lived
holes in the absence of applied bias, showing that this treatment
resulted in a significant reduction in electron/hole recombination
losses (25). In this paper, we extend these studies by reporting a
transient absorption and spectroelectrochemical study of the
dynamics of photogenerated charge carriers in hematite follow-
ing surface treatments with CoO, and Ga,0;. The photoanode
systems Fe, O3 /CoOy and Fe,0;/Ga, 05 have been discussed re-
cently and are representative examples of oxide overlayers with
ascribed catalytic and surface passivation roles, respectively (19,
23). For that reason, these model systems were investigated under
a range of applied electrical biases corresponding to different
photoelectrochemical device function conditions, with the pur-
pose of gaining new insights into how surface modifications can
produce an enhancement in photoelectrode performance. On
the basis of the studies presented herein, we suggest that the per-
formance enhancement observed following the surface modifica-
tions of hematite with CoOx and Ga,Os; is largely a consequence
of enhanced electron depletion in the photoelectrode under ap-
plied bias, resulting in a reduction of electron/hole recombination
losses.

Results

Two types of mesoporous hematite films and surface overlayer
treatments were considered in this study. The first type, silicon-
doped a-Fe, O3 grown by an atmospheric pressure vapor deposi-
tion (APCVD) technique (hereafter designated APCVD hema-
tite), exhibits a cauliflower-like nanostructure with feature sizes
in the order of 5-10 nm and has recently demonstrated the high-
est solar water oxidation photocurrents for an oxide-based photo-
anodes tested under standard conditions (17). A thin layer of
amorphous CoOy was electrodeposited on the surface of these
photoanodes from a Co(II) solution in aqueous phosphate buffer.
For the second type of electrodes, ultrathin hematite films (ap-
proximately 20 nm) were prepared by ultrasonic spray pyrolysis
(USP) (hereafter designated USP hematite) (35). These electro-
des were subsequently modified with a Ga,O; overlayer by che-
mical bath deposition (CBD) (19). The choice of USP films
instead of the better performing APCVD for the investigation of
the role of Ga,0O; is due to the detrimental effect that CBD
conditions have on the quality of films prepared by APCVD
(19). Ultrathin USP films were preferred in order to enhance
the effect of Ga,O; modification.

Both the CoO, and Ga,0; treatments resulted in cathodic
shifts of the water oxidation photocurrent onset by more than
100 mV (Fig. 1), consistent with previous observations (19, 23).
We note that, in contrast, a cathodic shift of the dark current
was observed with the Co-Pi treatment while an anodic shift was
observed with the Ga, O; modification, consistent with the corre-
sponding water oxidation electrocatalytic activities (19, 26).
Photocurrent measurements under chopped illumination (Fig. S1)
show a cathodic shift of the transient charging currents at modest
applied bias for both treatments, assigned to the passivation of
surface trapping sites by the oxide overlayers (19, 20, 23). In addi-
tion we note that neither surface modification resulted in a signif-
icant shift in the onset of photocurrent transients, in agreement
with previous observations (22, 24), suggesting that the flat band
potential of the photoelectrode remains unchanged. We have re-
ported qualitatively similar photocurrent onset shifts with CoO,
treatment of USP hematite photoanodes (25) and have observed
similar trends upon Co?* adsorption on APCVD and ultrathin
USP hematite used in this study. Furthermore, surface adsorption
of Co?* on Ga,O; modified photoanodes produced an additional
cathodic shift of the photocurrent onset, confirming the cumulative
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Fig. 1. Photocurrent-potential curves of mesoporous hematite photoa-
nodes before and after surface modification. (A) APCVD hematite without
(black) and with (red) CoO, overlayer; (B) ultrathin USP hematite without
(black) and with (red) Ga,0; overlayer. Measurements in 0.1 M NaOH
(pH 12.6), at 10 mVs~', in dark (dashed lines) and illuminated with simulated
sunlight (approximately 1 Sun, AM 1.5G) through the electrolyte-electrode
(EE) interface.

enhancement of photoelectrochemical performance caused by the
two modifications (Fig. S2) (19).

We turn now to consideration of the impact of the two surface
modifications upon the kinetics of photogenerated charge car-
riers in hematite. Fig. 2 shows transient absorption data observed
following low intensity pulsed excitation at 355 nm in the absence
of an external bias. The data monitors the photoinduced absorp-
tion at 700 nm, representative of the broad photoinduced absorp-
tion observed between 550 and 900 nm, previously assigned to
photogenerated Fe,O; holes based on the faster decay rate of
these transients in the presence of methanol (31). The decay
kinetics of these photoholes in APCVD and USP hematite are
very similar. It is apparent that the CoOy treatment results in a
very significant (three orders of magnitude) increase in the life-
time of photogenerated holes, as we have reported previously
(25). A smaller increase in hole lifetime is also observed when
hematite is treated by surface adsorption of Co?* ions (Fig. S3).
In contrast, the Ga,O; treatment does not significantly increase
the hole lifetime in the absence of applied bias.

Fig. 3 shows the corresponding dynamics of photogenerated
hole absorption at 700 nm before and after surface modification
of hematite, as a function of applied bias. In both cases, for the
untreated electrodes (Fig. 3 A and C) it is apparent that at
sufficiently anodic bias the hole decay dynamics become biphasic.
The fast phase (lifetime up to approximately 10 ms) is assigned
to electron/hole recombination (36). The lifetime of this phase is
increased under high anodic bias conditions, assigned, as pre-
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Fig. 2. Normalized transient absorption decays of hematite photoholes
probed at 700 nm and obtained with front-side low-intensity UV illumination
(355 nm, 0.2 mJ/cm?, 0.33 Hz) of isolated hematite photoanodes, immersed
in 0.1 M NaOH aqueous solution. Bare Fe,03 films are shown in black,
Fe,03/Co0, is shown in blue, and Fe,03/Ga, 03 is shown in green. Decay
traces corresponding to APCVD hematite are depicted with full lines and
to USP hematite with dashed lines.
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Electrical bias dependence of transient absorption decays probed at 700 nm following excitation at 355 nm of bare (A and C) and treated (B and D)

Fe, 03 photoanodes. The right column shows the effect of surface modification of the photoanodes with CoO, (Top, B) and Ga, 03 (Bottom, D). The color code
for the applied potentials is shown in Fig. 3A. (Vrye represents the applied potential relative to the reversible hydrogen electrode, RHE).

viously, to slower electron/hole recombination due to enhanced
electron depletion in the photoelectrode at such bias conditions
(36). We note here that faster recombination phases are also
likely (13, 37, 38) although not resolved in the studies reported
herein. In addition, a slow (approximately 2-s) decay phase is ob-
served, assigned to long-lived holes, whose amplitude increases
with increasingly anodic bias.

We have previously shown that the amplitude of the long-lived
hole signal correlates with photocurrent density for both TiO,
and hematite photoelectrodes (33, 36). Qualitatively similar
biphasic decays were observed for the nanostructured APCVD
hematite before and after CoOy treatment (Fig. 3 4 and B) and
for the ultrathin USP hematite without and with Ga,O; overlayer
(Fig. 3 C and D). However, quantitative analysis shows a striking
shift in the bias dependence of the amplitude of the long-lived
hole signal—with, for example, the data at 1.1 Vyyg applied
bias in Fig. 3 showing negligible long-lived holes in the absence
of surface modification but a clear long-lived hole signal in the
presence of CoOy or Ga,0;.

Fig. 4 plots the amplitude of the long-lived (2-s lifetime) hole
signal as a function of applied bias for the electrodes studied
herein. It is apparent that the CoO, and Ga,O; treatments result,
respectively, in an approximately 150 = 50 mV and 100 + 25 mV
cathodic shift of the appearance of these long-lived transients.
This cathodic shift of long-lived hole generation correlates well
with the cathodic shift of photocurrent generation observed above
(Fig. 1) (33, 36). It is striking that the two surface treatments result
in very different effects on the charge carrier dynamics in the ab-
sence of applied bias but rather similar effects under applied bias.
The origin of this behavior will be discussed below.

We turn now to other signatures of the influence of surface
treatment upon the photoelectrode activity as a function of ap-
plied bias, focusing in particular upon the CoOy treatment. Fig. 5
shows spectroelectrochemical data for a hematite photoanode
without and with CoOy overlayer, plotting the change in UV/
visible absorption as a function of increasingly anodic applied
bias. For the untreated film, the anodic bias results in the appear-
ance of a well-defined positive absorption band peaking at
580 nm. This positive absorption band is assigned to localized
intra-bandgap states. Its observation for applied potentials only
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mildly positive of the Fe,O; conduction band suggests that these
states lie a few hundred millivolts below the conduction band.
The observation of a positive absorption with increasing positive
applied bias indicates that it derives from the oxidized form of
this intraband redox state. The nature and function of these states
will be discussed further below. For the CoO, treated film, the
appearance of this 580-nm absorption band is superimposed
upon a broader positive absorption, assigned to the oxidation of
cobalt IT or IIT ions present in the CoO, layer (39). Of particular
interest to this paper is the bias dependence of the appearance of
the 580-nm absorption feature, as plotted in Fig. 5C. It is appar-
ent that CoO, treatment results in an approximately 100-mV
cathodic shift in the bias dependence of this feature, analogous
to the cathodic shifts of the photocurrent and long-lived hole
signals reported above.

Finally we consider the full transient absorption spectral re-
sponse of APCVD Fe,0; with and without CoO, overlayer as
a function of applied bias. Fig. 6 summarizes the transient absorp-
tion features observed between 500 and 900 nm for bare and
CoOy-treated films at four different applied biases. The color
coding in the figure corresponds to spectra measured at different
time delays, ranging from 1 ps (gray) to 2 s (red). It is apparent
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Fig. 4. Amplitude of the 700-nm transient absorption measured at 50 ms
after laser excitation, as a function of applied bias, for APCVD hematite
before and after surface modification with CoO, (Left) and for ultrathin USP
hematite before and after surface modification with Ga,0; (Right). The
dotted lines are intended to guide the eye and are not fits to a specific model.
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Spectroelectrochemistry of hematite photoanodes. (A) Difference absorption spectra of a bare hematite photoanode measured at various potential

biases in the range 0.7 V-1.6 V relative to 0.6 V vs RHE; (B) difference absorption spectra of a Fe,03;/Co0, photoanode measured at various potential biases in
the range 0.6 V-1.6 V relative to 0.5 vs RHE. (C) Absorption difference measured at 580 nm as a function of applied bias for the bare hematite photoanode
(black) and the Fe,03/Co0, photoanode (blue). The dotted lines are intended to guide the eye and are not fits to a specific model.

that the application of high anodic bias results in the generation
of a broad, long-lived absorption with a maximum at approxi-
mately 650 nm, apparent from the spectra at time delays of
100 ms-2 s under 1.6 Vgyg (Fig. 6D), and evidenced also in
Fig. 6E. The spectrum of this broad signal is independent of
CoOy treatment and distinct from the absorption increase as-
signed to cobalt oxidation observed in the spectroelectrochemical
data above. It is therefore assigned, as discussed previously (31,
36), to hematite holes. In contrast to our previous studies in the
absence of applied bias (25), with bias control no long-lived
bleaching signal is observed. This bleach was assigned previously
to bleaching of cobalt oxide ground state absorption.

The broad, long-lived signal (>100 ms) assigned to Fe,O;
holes is apparent at a bias of 1.1 Vgyg in Fe,03/CoO, but is
not observed at this voltage in the untreated hematite photoelec-
trode (Fig. 6C), consistent with the cathodic shift of appearance
of this long-lived hole signal discussed above. The spectral signa-
ture of long-lived holes in hematite is shown in Fig. 6E, measured
1 s after laser excitation under various applied bias, in Fe,O3 and
Fe,0;/Co0, electrodes. It is apparent that CoO, treatment
causes a cathodic shift in the appearance of this long-lived signal
but does not significantly change its shape, confirming that for
both the treated and untreated films, this long-lived signal derives
from hematite holes. Similarly the decay dynamics of this long-
lived signal (Fig. 3 A and B), and indeed the full spectral data
observed under strong anodic bias (Fig. 6D), are all independent
of CoQO, treatment. We therefore conclude that while CoO, does
change the bias dependence of the yield of hematite holes, it does
not change the lifetime of the long-lived transients.

Superimposed upon the broad, long-lived, hematite hole
absorption, more complex behavior is observed at earlier times
(up to approximately 100 ms) between 500 and 600 nm. In par-
ticular, a relatively intense, narrow absorption feature is observed
peaking at approximately 580 nm as well as a smaller feature
peaking at approximately 540 nm for intermediate biases. Both of
these features have largely disappeared by 100 ms in the potential
range investigated. Under cathodic bias in the absence of CoO,,
the 580 nm band corresponds to a positive transient absorption
increase. Both CoOy treatment and more positive applied bias
result in a progressive inversion of this feature, leading to a large
absorption bleach peaking at 580 nm, whose magnitude increases
with increasingly positive bias.

The 580 nm absorption feature observed in our transient
absorption studies (either in isolated electrodes or those under
external bias control) is assigned to the same intra-bandgap state
absorption observed in our spectroelectrochemical data discussed
above and shown in Fig. 5. Following that discussion, the positive
transient feature observed at 580 nm for cathodic bias in the ab-
sence of CoQ, is assigned to oxidation of pre-reduced intraband
states—corresponding, in this case, to hole trapping. This positive
feature was also observed in absence of applied bias and was most
pronounced in undoped Fe, O; films (25, 31). Under anodic bias,
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these intraband states become increasingly pre-oxidized. As such,
these states function increasingly as electron traps, becoming
transiently reduced following the laser pulse and generating the
observed transient absorption bleach. We note that this 580 nm
transient absorption feature decays completely in approximatley
10 ms, two orders of magnitude faster than the decay of the long-
lived holes assigned to water oxidation.
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Fig. 6. Time evolution of the transient absorption spectra of Fe,03 (Left)
and Fe,03/Co0, (Right) photoelectrodes, under external applied bias: (A)
0.5 VRyes (B) 0.8 Vrye, (©) 1.1 Ve, and (D) 1.6 Vgye, as indicated. (E) Bias
dependence of the appearance of long-lived hematite photoholes, probed
at 1 s after laser excitation.
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Discussion

Water splitting is a kinetically and thermodynamically difficult
process. The concerted oxidation of two molecules of water to
give one molecule of oxygen requires four holes (or “oxidizing
equivalents”), and as such is strongly dependent upon the pre-
sence of suitably catalytic sites to enable this multi-electron chem-
istry (40). Alternatively, photogenerated holes can oxidize water
via a series of sequential one-hole oxidation reactions, which are
thermodynamically less favorable but do not require the accumu-
lation of multiple oxidizing equivalents at a catalytic site. Our
previous study of the activation energy for the reaction of photo-
generated hematite holes with water suggested that these charge
carriers primarily oxidize water via a series of one-hole oxidation
steps (34). We obtained further support for this conclusion from
our observation that the kinetics of this oxidation reaction, and
the overall photocurrent generation efficiency, were independent
of light intensity and therefore hole density (36). This sequential
reaction pathway is most probably enabled by the highly oxidizing
nature of hematite valence band holes and suggests that the
efficiency of water oxidation by hematite photoelectrodes may
not be strongly dependent upon the introduction of catalytic mul-
ti-electron water oxidation sites on its surface (34). We note that
this lack of requirement for catalytic sites results from the highly
oxidising nature of hematite photoholes; for photoelectrodes
with less oxidizing valence bands, the introduction of catalytic
sites can be expected to be critical to achieve efficient water
photo-oxidation.

From our previous work, it appears that a key requirement for
water photo-oxidation by hematite is that light absorption must
generate photoholes with sufficient lifetime to be able to oxidize
water (32). Our transient kinetic studies also suggest that the life-
time required for water oxidation by hematite photoholes is on
the order of 1 s, a conclusion supported by recent frequency
domain photoelectrochemical analyses (18, 32, 41). In particular,
we observe here a close correlation between the bias dependence
of the appearance of the long-lived photohole transient signal
and the bias requirement for the observation of anodic photocur-
rents, providing further confirmation of requirement of long-
lived holes to enable water oxidation.

The observation of a cathodic shift in the bias dependence of
water oxidation photocurrents upon the deposition of CoOy on
hematite, as well as with other cobalt treatments (most likely also
leading to the formation of related CoO, layers), was initially as-
signed, at least in part, to catalytic function of the cobalt-based
layer in accelerating water oxidation (20). In the studies we report
herein, and previously (2, 25), we find no evidence to support this
conclusion. Our spectroelectrochemical studies show evidence of
cobalt oxidation under positive applied bias for the CoOy-treated
film. However, our transient studies indicate that the lifetime of
long-lived photogenerated Fe,O; holes is independent of CoOy
and in operating conditions (studies under bias control) show
no evidence for the transfer of photogenerated hematite holes
to the cobalt-based overlayer. A similar conclusion was recently
reported for hematite films with Co?* ions adsorbed at the he-
matite surface (42). As such, while it has been widely reported
that CoO, deposited on conducting substrates such as ITO is an
effective electrocatalyst, reducing the overpotential required for
electrochemical water oxidation (26), the cathodic shifts of
photocurrent generation by hematite photoelectrodes induced
by cobalt-based treatments do not appear to result primarily
from this catalytic function. It is therefore necessary to consider
alternative explanations for the enhanced photoelectrochemical
performance.

There is extensive previous literature on the presence of intra-
bandgap bulk traps and surface states on hematite and their
potential role as recombination centers (30, 43, 44). Several re-
cent studies have suggested that the cathodic shift of photocur-
rent generation by CoO, and other treatments such as with

15644 | www.pnas.org/cgi/doi/10.1073/pnas.1118326109

Ga, 03 or AlLO; overlayers may result from passivation of
surface recombination sites, thereby partially suppressing surface
recombination (19, 20, 22). We note that there is some ambiguity
in the nature of these “surface states” and particularly whether
this term refers only to states at the molecular scale electrode—
electrolyte interface or also includes a finite region extending
into the semiconductor (e.g., the space charge layer). In this re-
gard, it is of particular note that the Ga,O; treatment reported
herein did not result in a significant retardation of electron/hole
recombination in the absence of applied bias—suggesting that
while this treatment may well passivate surface states, this passi-
vation alone is not sufficient to significantly influence electron/
hole recombination.

A related explanation for the photocurrent onset shifts ob-
served following both CoOy and Ga,0; treatments is that they
may influence the electron density in the Fe,O; photoelectrode,
thereby retarding electron/hole recombination. We have pre-
viously attributed the increase in hole lifetime in the absence
of applied bias following surface modification with CoOy to such
a decrease in electron density (25). This effect was assigned to the
oxidizing nature of the surface modification that resulted in the
development of a partial electron depletion of the Fe, O3, indi-
cative of the formation of an Fe,0;/CoOy heterojunction. This
assignment is consistent with the lack of any increase in hole life-
time following Ga, O3 treatment, which involves the deposition of
a redox inactive oxide layer and therefore would not be expected
to result in electron depletion in the hematite film.

Enhanced electron depletion of the Fe, O can also be invoked
to explain the behavior of photoanodes under operating condi-
tions (i.e., under external bias control), shown in Fig. 3. In the
limit of strong cathodic bias, both the CoO,- and Ga,O;-treated
films exhibit rapid hole decay dynamics, indicative of rapid
electron/hole recombination induced by the high electron densi-
ties present in the films at these potentials. As the bias is shifted
increasingly anodic, electron/hole recombination is retarded,
leading to the formation of long-lived holes. The cathodic shift
of the appearance of long-lived holes observed following CoOy
and Ga,O; treatments can, thus, be attributed to a cathodic shift
in the development of electron depletion in the Fe, ;. Further
support for such a shift can be obtained from our spectroelectro-
chemical data for the 580-nm absorption feature assigned to lo-
calized intra-band states of the Fe,O;. The magnitude of this
signal can be used as an indicator of the redox occupancy of these
states and thus of the photoanode’s Fermi level relative to the
flatband potential. In this regard, it is striking that the spectro-
electrochemical data shows a cathodic shift of the 580-nm absorp-
tion signal in the presence of CoOy (Fig. 5C), indicating an
increased electron depletion of the film following this surface
modification.

It follows from the above arguments that the most likely origin
of the cathodic shifts in photocurrent onset observed following
both CoO, and Ga,O; treatments is a reduced electron density
in the hematite, reducing electron/hole recombination and in-
creasing the yield of long-lived holes at the electrode surface.
Such increased electron depletion following the CoO, and
Ga, 05 treatments most likely results from surface state passiva-
tion, in agreement with several previous reports (19, 20, 22). The
presence of high densities of surface states causes Fermi level pin-
ning at the energies corresponding to such states and a conse-
quent decrease in the space charge layer width. Passivation of
these states will enhance electron depletion within the film for
a given bias, consistent with the results reported herein. We note
that the enhanced electron depletion observed following CoOy
treatment is also likely to be associated, at least in part, with
the redox active nature of the cobalt oxide layer, as we have dis-
cussed previously (in the absence of applied bias, this is most
probably the dominant cause of the slower electron/hole recom-
bination observed following CoOy treatment) (25). We conclude
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that these surface treatments result in a cathodic shift of the
photocurrent, not primarily by removing surface recombination
centers or enhancing the kinetics of water photo-oxidation but
rather by enhancing the spatial extent or magnitude of the space
charge/electron depletion layer. As such, these results emphasize
that one materials design strategy to enhance performance of
water oxidation photoanodes, particularly those whose efficiency
is limited by electron-hole recombination losses, is to target spe-
cifically the enhancement of electron depletion within the photo-
electrode while still ensuring sufficient conductivity through the
film to allow electron extraction without large ohmic losses. Such
strategies could include not only surface modification but also
new architectures to enable efficient electron conduction without
the requirement for chemical doping, such as core/shell and
related approaches (13, 14).
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