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ABSTRACT: Transient absorption spectroscopy was used
to probe the dynamics of photogenerated charge carriers in
α-Fe2O3/CoOx nanocomposite photoelectrodes for water
splitting. The addition of cobalt-based electrocatalysts was
observed to increase the lifetime of photogenerated holes in
the photoelectrode by more than 3 orders of magnitude
without the application of electrical bias. We therefore pro-
pose that the enhanced photoelectrochemical activity of the
composite electrode for water photooxidation results, at least
in part, from reduced recombination losses because of the
formation of a Schottky-type heterojunction.

There is increasing interest in the use of solar energy to drive the
photolysis of water into molecular hydrogen and oxygen by

inorganic nanoparticles and photoelectrodes.1�3 Nevertheless, de-
spite decades of research, the quest for a single material with all of
the characteristics required for unassisted solar water splitting has
proved unsuccessful, and the reported solar-to-chemical energy
conversion efficiencies are still too low to make these systems
commercially viable. One strategy that can be used to enhance the
photocatalytic activity of such materials is the addition of well-
known water oxidation “cocatalysts”, such as IrO2, RuO2, or
Co3O4.

4 However, kinetic studies of the role of these cocatalysts
have been relatively limited, and as a consequence, it is often unclear
whether any enhanced activity results from specific catalytic function
of the cocatalyst (i.e., by reducing activation energies for water
oxidation) or by retardation of recombination kinetics. In this work,
we employed transient absorption (TA) kinetic studies to address
this issue for α-Fe2O3 (hematite) photoelectrodes coupled with
cobalt-based oxygen-evolving catalysts (OECs), motivated in parti-
cular by the extensive interest these composite photoelectrodes are
currently attracting for visible-light-driven water photooxidation.5�8

Hematite is a promising material for photoelectrochemical
water splitting because of its stability, strong visible-light absorp-
tion, and favorable valence band position for water oxidation toO2.
However, water splitting with hematite photoanodes requires the
application of a positive electrochemical bias, which is necessary
both to retard electron/hole (e/h) recombination within the
photoelectrode9 and to increase the reduction potential of photo-
generated electrons such that they are able to undertake the com-
plementary water photoreduction reaction.10 Several studies have
shown that this requirement for electrochemical bias can be
reduced by the coupling of cocatalysts, including Co2+,11 cobalt
phosphate (Co-Pi),6 IrO2,

12 and NiFe.13

Cobalt oxides and hydroxides have been extensively investi-
gated for electrochemical water oxidation applications.14�16

Recently, Co-Pi has been shown to be an effective electrocatalyst
for oxygen evolution that can self-assemble onto electrode surfaces
from phosphate-buffered solutions containing Co2+.17,18 Electro-
chemical,19 XANES,20 and EPR21 analyses have indicated that the
electrocatalytic function of Co-Pi is associated with oxidation from
Co(II) to Co(III) and Co(IV) species, leading to the formation of
high-valent Co(IV)�O intermediates.19�21 The involvement of
multiple cobalt oxidation states, the proposed molecular structure
(an edge-sharing cubane dimer), and the capacity to self-regener-
ate have led to comparisons of this catalyst with the OEC of plant
photosystem II.18,22 The role played by phosphate is not fully
understood, and other conjugated bases such as borate and
methylphosphonate have been shown to support catalytic activ-
ity in a similar manner. Proton management, particularly at
neutral pH, is possibly one of the functions of these electrolytes,
but participation in the assembly of catalyst layers has also been
suggested.17,23,24 Co-Pi can also enhance the efficiency of water
photooxidation when coupled with a range of metal oxide photo-
electrodes, including ZnO,5 WO3,

7 and α-Fe2O3.
6,8 Photoelectro-

chemical studies of α-Fe2O3/Co-Pi photoelectrodes have indicated
that this increased photoanode efficiency results from lower re-
combination losses,6,8 most typically attributed to improved water
oxidation kinetics,8 although to date no direct studies of the kinetics
of either recombination or oxidation processes have been reported
for such composite photoelectrodes.

We recently used transient absorption spectroscopy (TAS) on
the microsecond to second time scale with low excitation densities
to show that the application of a positive electrochemical bias to
nanostructured undoped hematite photoelectrodes can result in
an increase in the lifetime of photogenerated holes from micro-
seconds up to seconds.9,25 We also reported analogous data for
nanocrystalline TiO2 photoelectrodes.26 In both cases, the in-
crease in hole lifetime was suggested to be essential to enable
photogenerated holes to have sufficient time to drive the multi-
electron oxidation of water to molecular oxygen, which is particu-
larly slow in α-Fe2O3.

27 In this work, we used TAS to investigate
the effect of Co-based OECs, in particular Co-Pi, on the dynamics
of charge carriers photogenerated in hematite thin-film electrodes.

For the studies reported herein, a three-electrode setup was
used for the electrodeposition of Co-Pi on α-Fe2O3 working
electrodes (α-Fe2O3/Co-Pi), employing a Pt mesh as the

Received: June 20, 2011



14869 dx.doi.org/10.1021/ja205325v |J. Am. Chem. Soc. 2011, 133, 14868–14871

Journal of the American Chemical Society COMMUNICATION

counter electrode and Ag/AgCl/3 M NaCl as the reference
electrode. The electrolyte solution contained 0.5 mM cobalt
nitrate in a 0.1 M potassium phosphate (KPi) buffer adjusted to
pH 7, as described elsewhere for the preparation of similar
composite photoanodes.18,28 Deposition times of up to 300 s
at +1.0 V vs Ag/AgCl produced thin layers of the cocatalyst,
which could be detected by scanning electron microscopy
(SEM) and UV�vis absorption spectroscopy (Figures 1 and
2a, respectively). The data reported in this paper were obtained
using mesoporous Nb-doped α-Fe2O3 films with thicknesses of
150�200 nm that were fabricated by ultrasonic spray pyrolysis
(USP)29 on fluorine-doped tin oxide (FTO) glass [further
experimental details are given in the Supporting Information
(SI)], as their high homogeneity and low optical scattering
facilitated the TAS measurements. Relatively thin cocatalyst
layers were chosen for our studies to enable high optical
transparency of the composite electrodes and minimize the
filtering effect from unproductive light absorption by Co-Pi.30

Simple adsorption of Co2+ ions onto the surface of hematite
(hereafter designated Co2+ treatment) is known to enhance the
efficiency of photoelectrochemical water oxidation in a manner
similar to Co-Pi.6,11 For this reason, we also investigated the
charge-carrier dynamics in α-Fe2O3/Co

2+ electrodes. The Co2+

treatment was performed by dipping the hematite electrode in
aqueous 0.5 mM Co(NO3)2 for 2 h followed by rinsing with
deionized water. We note that the effects of Co-Pi were found to

be retained for several days while those of Co2+ tended to
diminish during prolonged measurements, although they could
be recovered by repeating the treatment.

The optical absorption spectra of bare and composite photoelec-
trodes are shown in Figure 2a. The contribution from Co-Pi
(Figure 2a inset), which was obtained from the difference between
the spectra of the bare α-Fe2O3 and composite α-Fe2O3/Co-Pi
electrodes, shows a strong absorption band extending to 600 nm
with amaximum at∼380 nm and a weaker absorption in the region
700�900 nm. These bands are assigned to the absorption of Co(II)
and Co(III) species, in agreement with literature reports.31

Figure 2b shows the current�voltage responses of bare andCo-
Pi-coated α-Fe2O3 photoanodes measured in 0.1 M NaOH
(12.8) in a three-electrode cell with a Pt mesh counter electrode
and Ag/AgCl/3 M NaCl reference electrode when the film was
illuminated from the electrolyte�electrode (EE) side with 1 sun
(100 mW cm�2, AM 1.5G) simulated sunlight. The reported
potentials are versus the reversible hydrogen electrode (RHE)
and were obtained using the Nernst equation, ERHE = EAg/AgCl +
0.0591 3 pH + 0.21. The electrodeposition of Co-Pi produced a
>100 mV cathodic shift of the photocurrent onset potential and
an increase in the saturation photocurrent (100 μA/cm2 at 1.4 V
vs RHE), in agreement with observations by other groups using
similar composite electrodes.6,8,28 It should be noted that the
magnitude of the Co-Pi effect was dependent on the nanomor-
phology and photocurrent performance of the bare electrode as
well as the time and method of Co-Pi deposition.

TA spectra of bare α-Fe2O3 and composite α-Fe2O3/Co-Pi
electrodes are compared in Figures 3a,b. Figure 4 shows the
corresponding kinetics at two probe wavelengths (580 and
900 nm). These measurements were performed using UV laser
excitation (355 nm, 0.33 Hz, EE side) at low excitation density
(0.2 mJ/cm2) in a sealed quartz cuvette where the electrodes were
immersed in Ar-purged KPi electrolyte without electrical bias.

For both films, at early times a broad positive absorption was
observed across the wavelength range probed; this was assigned to
the absorption of photogenerated hematite holes. Support for this
assignment came primarily from our observation that the amplitude
and lifetime of this broad photoinduced absorption increased under
positive anodic biases (Figure S1 in the SI), conditions expected to
result in electron extraction from the film and therefore enhanced
hole yields and lifetimes, as we have discussed previously.9,24 In
addition to this broad photoinduced absorption, more complex
spectroscopic and kinetic behavior was observed in the region
around 580 nm. As we discuss below, this ∼580 nm feature was
assigned primarily to absorption of a specific intraband trap state.

The most striking effect of the Co-Pi treatment upon the TA
data is a dramatic retardation of the decay dynamics. This is most
easily observed from the TA decays shown at 900 nm in Figure 4,
corresponding to the absorption of hematite holes. For the bare
α-Fe2O3 electrodes (Figure 4a), a relatively fast (microsecond)
power-law decay was observed, analogous to those we reported
previously for APCVD-deposited films9 and assigned to bimole-
cular recombination of photogenerated electrons and holes. As
we have discussed previously, this rapid recombination dynamics
is fast in comparison with water oxidation by photogenerated
holes on hematite photoanodes (which occurs on a time scale of
seconds),9,25,32 consistent with the observed negligible water
oxidation on such photoelectrodes without the application of a
positive electrical bias. Figure 4b shows the corresponding TA
decay for the α-Fe2O3/Co-Pi composite. It is striking that the
addition of Co-Pi dramatically increased the lifetime of the

Figure 2. Effect of Co-Pi on the optical and photoelectrochemical
properties of iron oxide photoelectrodes. (a) UV�vis absorption spectra
of an α-Fe2O3 photoanode without (black) and with (blue) cocatalyst
(300 s electrodeposition). The inset shows the difference spectrum,
which corresponds to the optical absorption by Co-Pi. (b) Dark-current
(dashed) and photocurrent (solid) densities measured in 0.1 M NaOH
(pH 12.6) before (black) and after (blue) Co-Pi electrodeposition.

Figure 1. SEMmicrographs comparing the surface of a bare Nb-doped
mesoporous hematite film (a) before and (b) after Co2+ treatment. The
effect of electrodeposition of Co-Pi for (c) 150 and (d) 300 s is also
shown, revealing homogeneous coverage of the hematite film surface.
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transient by more than 3 orders of magnitude, with t1/2 increas-
ing from ∼15 μs in the bare film to ∼30 ms in the composite.
This increase is of similar magnitude to that observed previously
for bare α-Fe2O3 electrodes under the application of positive
electrochemical bias, with absorption transients exhibiting life-
times in the order of seconds25 (Figure S1), and clearly indicates
that the deposition of Co-Pi results in a substantial retardation of
e/h recombination relative to the bare α-Fe2O3 film.

In addition to the clear increase in charge-carrier lifetime
resulting from the addition of Co-Pi, the transient data for the
composite α-Fe2O3/Co-Pi films showed more complex kinetic
behavior than that observed for the bare α-Fe2O3 films, particularly
between 500 and 600 nm. Most obviously, a positive TA band

observed at∼580 nm for bare α-Fe2O3 was inverted to a negative
feature for α-Fe2O3/Co-Pi. In our previous studies with undoped
α-Fe2O3, we ascribed the positive signal at 580 nm to the
absorption of surface-trapped photoholes generated after optical
excitation, which agrees well with the suggestion that holes trapped
as Fe4+ in iron-doped perovskites and rutile are responsible for
optical absorption bands with maxima at 2.1 eV33,34 and the
generally accepted predominance of Fe(IV) character for the holes
in hematite.27 Following this assignment, we tentatively assign the
bleaching feature observed after Co-Pi treatment to photoinduced
reduction of such surface-trapped holes. This assignment is sup-
ported by our observation that the TA spectra of hematite films
biased anodically also revealed a bleaching centered at 580 nm
accompanying the longer lifetime observed in the region
650�950 nm (Figure 3c), very similar to that observed following
Co-Pi treatment in the absence of applied bias. This suggests that
the 580 nm feature likely corresponds to a particular set of
intraband states that can function as either hole or electron traps,
depending upon their initial redox state as determined by the
electrode potential and/or surface treatment. Passivation effects of
surface trap states have recently been reported forα-Fe2O3 surfaces
treated with Al3+ or Sn4+ 35 or coated with Al2O3

36 or other group-
13 oxide overlayers.37 Further studies are underway to identify
more thoroughly the chemical nature of the 580 nm signal and its
impact upon the photoelectrochemical performance of these films.

For the composite film, there was a further evolution of theTAon
the 100 ms time scale, resulting in the TA spectrum at 2 s (red trace
in Figure 3b). This spectrum exhibits no photoinduced absorption
but does show clear bleach signals at 500�600 and 700�850 nm.
This long-time-scale bleach was observedmostly when thicker layers
of Co-Pi were produced (with longer electrodeposition times) but
was also seen for films treated with Co2+. However, no obvious
correlation between themagnitude of this long-time-scale bleach and
the photoelectrochemical response of the composite electrodes was
found. Cobalt oxides and oxyhydroxides are known to exhibit
electrochromism, changing from light-yellow to opaque (gray) upon
oxidation from Co(II) to Co(III) states.38 Therefore, we tentatively
assign the long-time-scale bleach to a loss of the characteristic optical
absorption of Co(III) species. The mechanism through which this
bleach is formed and subsequently decays is, however, not fully
understood and requires further investigation.

Scheme 1 illustrates the conclusions of our transient kinetic
studies in terms of the charge-carrier dynamics in α-Fe2O3 and
α-Fe2O3/CoOx films, where CoOx represents the cobalt oxo/
hydroxo20 layer resulting from Co-Pi electrodeposition or other
similar Co-based treatments. In bare hematite, photogenerated
electrons and holes recombine rapidly on the microsecond time
scale. However, for the α-Fe2O3/CoOx films, this recombination
is retarded by at least 3 orders of magnitude. This retardation of
e/h recombination within α-Fe2O3 resulting from CoOx deposi-
tion appears to occur without requiring hole transfer to the CoOx

layer, as most obviously indicated by the similarity of the TA
spectra observed for the Fe2O3/Co-Pi film without anodic bias
and bare Fe2O3 under anodic bias (Figure 3a,c; also see the SI).
This retardation therefore most probably cannot be ascribed to
spatial separation of electrons and holes across the Fe2O3/CoOx

interface. Rather, it appears that addition of the Co-based layer
results in a dramatic retardation of e/h recombination within the
α-Fe2O3 element of the composite photoelectrode, analogous to
that observed when a small positive electrical bias is applied. A
possible explanation for this effect could be the formation of an
α-Fe2O3/CoOx heterojunction that corresponds to depletion of

Figure 4. TA decays of Nb-doped USP α-Fe2O3 (a) before and (b)
after 300 s electrodeposition of Co-Pi. Decay traces were recorded after
UV laser excitation (355 nm, 200 μJ/cm2, 0.33 Hz) and probed at 580
and 900 nm, within the absorption band of α-Fe2O3 photoholes. All
measurements were performed on isolated films in 0.1 M KPi buffer
(pH 7) under EE illumination.

Figure 3. TA spectra of bare and Co-Pi-treated Nb-doped USP
α-Fe2O3 electrodes measured at 1 μs (black), 10 μs (blue), 10 ms (green),
and 2s (red) after UV laser excitation (355 nm, 200 μJ/cm2, 0.33 Hz, EE
side): (a) isolated bare electrode; (b) isolated composite electrode; (c)
bare electrode held at +1.0 V vs RHE in Ar-purged KPi buffer (pH 7).
The TA difference (ΔOD) was normalized at 550 nm, 1 μs.
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electrons in the Fe2O3 conduction band, most probably resulting in
increased band bending in the α-Fe2O3, as illustrated in Scheme 1.
This band bending contributes to the separation of electrons and
holes within the α-Fe2O3 film, reducing the density of electrons
adjacent to the α-Fe2O3/CoOx interface. Similar Schottky-type
heterojunctions have been suggested to be responsible for enhanced
charge separation in composite photoanodes, as in the case of
BiVO4/Co3O4.

39The band-bending enhancement is also consistent
with the oxidative nature of cobalt treatments and suggests that the
resultant surface depletion of Fe2O3 electrons is retained even after
the formation of the cobalt oxide layer is completed.

In summary, we conclude that cobalt oxide overlayers such as
Co-Pi increase the lifetime of photogenerated holes in hematite
photoanodes. We have demonstrated that deposition of Co-Pi on
α-Fe2O3 results in a retardation of the kinetics of e/h recombina-
tion by at least 3 orders of magnitude. This retardation is
consistent with the smaller anodic potential required for the
onset of photocurrent generation in such composite photoelec-
trodes. Thus, it appears likely that the enhanced water photo-
oxidation properties of α-Fe2O3/Co-Pi and in general α-Fe2O3/
CoOx composite photoanodes result significantly from retarda-
tion of e/h recombination due to the formation of an inorganic
heterojunction and enhanced charge separation.
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