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Charge carrier trapping, recombination and transfer in
hematite («-Fe,03) water splitting photoanodes
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Hematite is currently considered one of the most promising materials for the conversion and storage of
solar energy via the photoelectrolysis of water. Whilst there has been extensive research and much
progress in the development of hematite structures with enhanced photoelectrochemical (PEC) activity,
relatively limited information has been available until recently concerning the dynamics of
photogenerated charge carriers in hematite and their impact upon the efficiency of water
photoelectrolysis. In this perspective we present an overview of our recent studies of the dynamics of
photoinduced charge carrier processes in hematite, derived primarily from transient absorption
spectroscopy of nanostructured photoanodes. The relationship between PEC activity and transient
measurements are discussed in terms of a phenomenological model which rationalizes the observations

and in particular the impact of external potential bias on the relative rates of charge carrier trapping,
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1 Introduction

Increasing demand for sustainable, carbon-free energy genera-
tion is motivating the development of solar energy conversion
and storage technologies. Photoelectrochemical (PEC) water
splitting for solar fuel production offers the possibility of
capturing solar photons and storing the corresponding energy
directly in the bonds of chemical compounds that can subse-
quently be used in several applications.’ Significant research
efforts are being focused on developing new photoelectrode
materials that efficiently harvest sunlight and catalyze the
photoelectrolysis of water into molecular oxygen and hydrogen,
with semiconductor metal oxides among the most extensively
explored for this purpose.>*

Hematite (2-Fe,O3) has long been considered one of the
most promising materials for solar water splitting applications.
Its bandgap (1.9-2.2 eV)** allows for light absorption in the
visible and consequently a potential usage of up to 40% of the
solar spectrum. Moreover, hematite is suitable for photoanode
applications because its valence band edge (VBE) position is
thermodynamically suitable to drive water oxidation (E° (O,/
H,0) = 1.23 V) by photogenerated holes.”® Also important from
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recombination and interfacial transfer in hematite photoanodes for water oxidation.

the view point of sustainability are the abundance and envi-
ronmental inertness of hematite, and its chemical stability,
particularly in strong alkaline media. However, there are also
significant challenges associated with its application to solar
driven water oxidation, including long optical absorption
depths in the visible part of the solar spectrum (ca. 100 nm at
A =500 nm),’ poor carrier mobilities,** and short hole diffusion
lengths (2-20 nm).>® These together result in substantial elec-
tron-hole recombination losses on timescales ranging from
picoseconds to milliseconds,*"** particularly for charge carriers
generated in the bulk of thick films. Other important factors
that contribute significantly to the loss of conversion efficiency
in hematite are the thermodynamically unfavorable position of
the conduction band edge (Ecg ~ 0.4 V vs. RHE),”® unsuitable
for unassisted hydrogen evolution, and the sluggish kinetics of
water oxidation at the electrode-electrolyte interface®'*** that
results in a high overpotential requirement for oxygen evolu-
tion. As a consequence of these limitations, high external
electric biases are normally required to drive the water photol-
ysis reaction with significant photocurrents. Even in the pres-
ence of such electrical bias, solar to hydrogen (STH) conversion
efficiencies for hematite, whilst impressive compared to other
oxide photoanode materials, are typically significantly lower®
than the theoretically estimated maximum of 12.8-16%."
Research on hematite photoanodes for water photolysis was
initiated nearly four decades ago.>'*** Recent advances in
nanomaterials science and computational chemistry methods,
alongside progress in the understanding of other metal oxide
semiconductors, particularly TiO,, has opened the way to new
strategies for the development of hematite photoanodes,
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reinvigorating interest in this material for water photolysis.
Nanostructuring has been shown to allow some decoupling of
the pathways for light capture and hole collection, as a response
to the problems of long light penetration depths and short hole
diffusion lengths in a-Fe,03.*"*** The preparation of hematite
nanowires,***” nanotubes,*® nanonets,* and dendritic nano-
cauliflowers® are examples of successful attempts to achieve
improved light harvesting and charge carrier separation. It has
also been shown that the mismatch between the conduction
band edge position in hematite and the hydrogen evolution
potential can be circumvented by coupling a PV unit (e.g. a dye-
sensitized solar cell) to the hematite photoelectrode to supply
the bias voltage required.* Finally, surface treatments of
hematite with efficient water oxidation electrocatalysts and
other metal oxide layers or junctions have also been extensively
investigated.**®

It is increasingly recognized that alongside new material
developments, improved knowledge of the intrinsic optoelec-
tronic, catalytic and carrier dynamic characteristics of photo-
electrode materials will be important for their technological
development. In this context, recent theoretical studies have
focused on understanding the electronic and catalytic proper-
ties of hematite, investigating the nature of electronic transi-
tions and the factors that influence the interaction between the
metal oxide surface and water.”** In parallel, a number of
experimental studies,** including those of our group,'*¢>°
have recently focused on the dynamics of photogenerated
charge carriers in hematite and the impact of the material
improvement strategies discussed above on the rates of charge
separation, recombination and interfacial transfer, building
upon the work of earlier studies.®™® Using mainly electro-
chemical impedance spectroscopy (EIS) as source of kinetic
information, several groups have investigated the physical-
chemical processes involved in the photoelectrochemical
response of hematite photoanodes for water photolysis.**>"** At
the same time, our group has carried out investigations of these
dynamics using a combination of transient absorption spec-
troscopy (TAS), transient photocurrent (TPC) and PEC
measurements,*****® which have allowed us to monitor the
fates of photoholes and photoelectrons on the timescale of
microseconds to seconds, particularly relevant to under-
standing the efficiency of the water oxidation mechanism.

This perspective will present an overview of the recent
developments achieved in our group and our current under-
standing of the main factors limiting the efficiency of water
photo-oxidation in hematite, specifically by addressing the role
of an external electrical bias in the rates of electron-hole
recombination, trapping and interfacial charge transfer to the
electrolyte in hematite photoanodes.

2 Charge carrier dynamics
2.1 Transient absorption spectroscopy of hematite

Excitation of hematite with visible light of energy higher than
the bandgap (4 < 620 nm) leads to the formation of electron—
hole pairs. TAS can be employed to characterize the dynamics of
these photoinduced charge carriers. Typically, this pump-probe
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method is based upon the excitation of valence band electrons
with a pulsed laser source; the dynamics of the transient species
formed - valence band holes and conduction band electrons —
can be followed by probing their transient absorption in the
visible to near infrared regions of the spectrum using a second
probe pulse or beam.

Most previous reports of transient absorption spectroscopy
of hematite have focused on ultrafast timescales, and typically
reported very fast (<75-150 ps) decay kinetics assigned to the
recombination dynamics of photoinduced electrons and holes.
Such studies have reported only a very small percentage of
charge carriers remaining a few hundreds of nanoseconds after
laser excitation.'>>5%3565%6 Ag gyuch, ultrafast recombination is
usually reported as the main fate of the photogenerated charge
carriers in hematite, as the short-lived charge carriers are
unlikely to have sufficient time to drive the challenging chem-
istry of water oxidation. It should however be noted that those
ultrafast studies are typically carried out with rather high exci-
tation densities, resulting in high photoinduced charge carrier
densities, and therefore fast bimolecular (non-geminate)
recombination. As a consequence, it is unclear to what extent
such ultrafast recombination dynamics impact upon the func-
tion of hematite photoanodes under continuous solar
irradiation.

Our transient absorption studies on hematite, typically
employing rather lower excitation densities, have focused upon
the detection of photogenerated charge carriers in the micro-
second to second time window. As we discuss below, and
indicated by photoelectrochemical analyses, this timescale
appears to be highly relevant to photoelectrochemical water
oxidation. Fig. 1 shows a typical decay trace obtained upon
pulsed laser excitation with UV photons (355 nm, 3.5 eV) of a Si-
doped nanostructured hematite film deposited on FTO glass,
immersed in an alkaline electrolyte solution and not connected
to an external electrical circuit." The transients formed under
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Fig. 1 Transient absorption decay signal for an unbiased Si-doped APCVD a-

Fe,03 film upon UV light excitation (355 nm, 200 pJ cm =2, 1 Hz) probed at
580 nm. The inset shows the wavelength dependence of the transient absorption
for the same film measured at 500 ns after the excitation pulse. The measure-
ments were performed with the hematite film under Ar, with illumination from
the electrolyte/electrode side (front-side or EE illumination). The blue line shows
the fit of the transient data with a power law function. Adapted from ref. 11.
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such conditions show highly dispersive, power law decay
kinetics on the microsecond timescale. Such power law decay
dynamics are typically understood as resulting from non-
geminate electron-hole recombination that proceeds via
multiple trapping and detrapping steps, characteristic of
semiconductor materials with a high density of trap states,*” as
expected for hematite. The inset in Fig. 1 shows a typical tran-
sient absorption spectrum of hematite, measured 500 ns after
laser excitation. This spectrum is characterized by a strong
absorption band with a maximum at 580 nm and a tail that
extends into the near-IR, both features disappearing within a
few milliseconds.

The decay dynamics of the photoinduced absorption
features shown in Fig. 1 were found to be insensitive to the
presence of hole scavengers such as MeOH and KI. This result
contrasts with that observed for other metal oxides, particularly
with nanocrystalline TiO, films, where the presence of chemical
electron or hole scavengers typically results in the acceleration
of electron or hole decays, respectively.®® This suggests that the
observed micro- to milli-second decay should be assigned
primarily to bulk electron-hole recombination.

The intrinsic short carrier lifetimes measured for hematite
colloids, single crystals and thin films are often used to justify
poor water splitting conversion efficiencies. However, studies of
the corresponding charge carrier dynamics under photo-
electrochemical water splitting conditions, that is, when the
electrodes are integrated in a photoelectrochemical cell and
subjected to an external electrical bias, are relatively limited to
date.” Our own such studies have focused on the bias depen-
dence of transient absorption dynamics on slower microsecond
to second timescales. On these timescales, a strong dependence
on electrical bias is observed, which we have been able to
correlate with the bias dependence of photocurrent.*®

Fig. 2 summarizes the evolution of the transient absorption
spectra of a typical nanostructured hematite photoanode as a
function of the applied bias and the time elapsed after laser
excitation. Close to the flatband potential (Fig. 2a), the transient

View Article Online

absorption spectra resemble that of the unbiased film, showing
a transient absorption band that peaks at 580 nm and extends
into the near IR. This transient absorption profile disappears in
less than a few milliseconds, as seen previously, due to fast trap-
mediated electron-hole recombination. As the external bias is
made more positive (Fig. 2b-e), it is clear that the transient
lifetime is gradually increased by up to three orders of magni-
tude throughout the spectral window examined. Two distinctive
spectral trends can be easily identified: (1) a broad, long-lived
transient absorption band (from 550 to >900 nm, with a
maximum at 650 nm) forms at sufficiently high positive bias; (2)
a relatively narrow, negative transient absorption (bleach) band
centered at 580 nm at early timescales gradually develops, from
potentials just slightly positive of the flatband potential,
increasing as the bias is made more anodic.

Transient decays monitored at 650 nm (Fig. 3a) show a clear
biphasic decay. At early times (<10 ms) a relatively fast decay
phase is observed, assigned to electron-hole recombination.
The kinetics of this recombination are retarded as the anodic
bias is increased, assigned to a reduction in the background
electron density in the hematite and the concomitant develop-
ment of a space charge layer.*® In addition, above a threshold
potential of ~0.8 Vgyyg, a slower decay phase (lifetime ~ 1 s) is
also observed, indicating the generation of a residual pop-
ulation of long lived charge carriers (holes, see Section 2.2
below). In contrast, transient decays monitored at 580 nm
(Fig. 3b) show a more complex behavior, as we discuss further
below (Section 2.3).

2.2 Hole dynamics and water oxidation

The long-lived, broad photoinduced absorption feature peaking
at 650 nm is only observed under positive applied voltages,
corresponding to conditions where the external circuit will
extract photogenerated electrons from hematite film. It is thus
reasonable to assign this transient signal to photogenerated
hematite holes. The likely physical origin of this 650 nm

L a) 0.5 Ve b) 0.8 Vrue ) 1.1 Vrue d) 1.4 Veue ) 1.6 Vrye
0 -F
ao-1t + + +
(®) m 1ps
E m 100 us
24 10 ms 4 4 1
g 2 100 ms
1s
m 15s
ST W 2s i T T T
-4 t + t t + t t t t + + y t t t
600 800 600 800 600 800 600 800 600 800

Wavelength (nm) Wavelength (nm)

Wavelength (nm)

Wavelength (nm) Wavelength (nm)

Fig. 2 Transient absorption spectra of nanostructured Si-doped CVD hematite photoanodes under different applied electrical bias as indicated in figures (a) to (e),
relative to RHE, in 0.1 M NaOH. The measurements are performed in a three-electrode cell, with Pt gauze as counter electrode and Ag/AgCl/0.3 M NaCl as reference.
The nanostructure photoanodes are excited from the electrolyte/electrode side (EE illumination) with a UV laser pulse (355 nm, 200 wJ cm 2.0.33 Hz) and monitored
with the output of a monochromated Xe lamp (75 W). The color code for the spectra time delays is shown in (a). Adapted from ref. 59.
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Fig.3 Effect of applied electrical bias in the transient absorption decay dynamics
of nanostructured hematite photoanodes, after bandgap excitation with 355 nm
laser light. (a) Probed at 650 nm, and (b) probed at 580 nm. The transient decays
shown are measured at 0.1 V intervals within the 0.6 to 1.4 V vs. RHE range, as
indicated in the figures. Adapted from ref. 58.

absorption is illustrated in Scheme 1 (see Section 5 for more
discussion).t In the presence of methanol, a well-known hole
scavenger, the lifetime of this slow decay phase is reduced ~5
fold, confirming its assignment to holes and indicating that the
decay of this photoinduced absorption is primarily determined
by interfacial hole transfer and consequent oxidation of the
electrolyte.'* The effect of bias on the transient absorption
shown in Fig. 3a can then be interpreted as follows. Due to the
external potentiostatic control, anodic of the flatband, traps and
intraband states initially filled with electrons are gradually
emptied. As the background density of electrons in the film is
lowered a depletion region is formed close to the electrode
surface and charge separation is facilitated. As a consequence,
electron-hole recombination is gradually retarded, the compe-
tition with hole transport is diminished and the photo-
generated holes accumulate near the surface, giving rise to the
broad long-lived photohole absorption band. More importantly,
the lifetime of these holes is potentially long enough (>1 s) to
promote the oxidation of water.

Evidence for the assignment of the slow decay phase
observed in water electrolytes under positive bias to water

T We note Huang et al."? have reported that hematite conduction band electrons
may also show a broad absorption in the red/near IR. This may be the origin of
the broad, short lived absorption extending to 1000 nm shown in Fig. 1 inset.
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Scheme 1 Schematic illustration depicting the nature of electronic transitions
responsible for the Vis-NIR transient absorption spectra of hematite
photoanodes.t

oxidation comes from our observation of a clear correlation
between the amplitude of this slow transient absorption decay
phase and the PEC performance of hematite. This is shown in
Fig. 4a (open circles) revealing a similar threshold potential,
and overall bias dependence, for the formation of long-lived
photoholes and the observation of anodic photocurrent asso-
ciated with water oxidation. We have found this correlation is
valid for all the hematite photoanodes we have examined so far,
regardless of the morphology or doping level,*® confirming that
the formation and possibly accumulation of long-lived photo-
holes is a prerequisite to the observation of an anodic photo-
current, that is, to the oxidation of water by hematite. Indeed we
have observed similar correlations between long-lived photo-
hole yields and photocurrent for nanostructured TiO, (ref. 68
and 69) and WO; (ref. 70) photoanodes and for hematite pho-
toelectrodes with different surface treatments.> As such there
appears to be strong evidence in favor of assigning this decay
phase to water photo-oxidation, at least under the experimental
conditions studied.

Following this assignment of the slow decay phase to water
oxidation, it follows that the rate constant for this phase (~1
s~') corresponds to the rate constant for water oxidation by
hematite photoholes. A similar rate constant for this reaction
has also been obtained for impedance analyses, supporting this
assignment.”” The yield of these long-lived photoholes is
observed to be bias dependent, assigned to the bias dependence
of electron-hole recombination. This rate constant was
observed to be relatively independent of the type of hematite
photoanode studied (nanostructured versus flat, doped etc.),
with measured values ranging from 0.3-3 s~ .

We have measured the temperature dependence of the
transient absorption decay dynamics to determine the

F We note the absorption band assigned to hematite holes, peaking at 650 nm,
extends as a broad band between 550 and >900 nm. In contrast, the absorption
band assigned to optical excitation from the hematite valence band to
intraband trap states exhibits a narrow, relatively short lived signal peaking at
580 nm. We note the long lived absorption signal we have reported previously
under positive bias at 580 nm (ref. 11) originates from the former broad
absorption feature.

Chem. Sci., 2013, 4, 2724-2734 | 2727
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Fig. 4 (a) Correlation between the photocurrent (black line) and absolute

transient absorption amplitude (blue circles) as a function of applied electrical
bias. Open circles are from transient absorption signals probed at 650 nm at
100 ms after the laser pulse; closed circles are from transient signals probed at
580 nm, 100 ps after the laser pulse. (b) Dependence of the square of the tran-
sient bleach (580 nm, 100 ps) with the external electric bias. Adapted from ref. 58.

activation energy for this water oxidation rate constant, found to
be 45 k] mol "% This significant activation energy at least in
part explains the slow timescales of hole transfer to water and
confirms slow interfacial kinetics as one of the limiting factors
to water oxidation by hematite.>” Consistent with this analysis,
we note that analogous studies of the activation energy for water
oxidation by TiO, observed no temperature dependence,
indicative of significantly smaller activation energy and
consistent with the deeper valence band edge for TiO, relative to
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hematite. Consideration of the VBE for hematite and this acti-
vation energy relative to the thermodynamics of water oxida-
tion” (see Scheme 2) suggests that water oxidation under these
conditions proceeds primarily via a series of single-hole oxida-
tion steps. We have observed that this rate constant for water
oxidation is independent of excitation intensity, at least for the
range of laser excitation densities studied,*® consistent with a
one-hole transfer reaction from hematite, possibly to surface
adsorbed OH™, as also suggested by theoretical studies.”

The rate constant for water oxidation observed in our studies
(~1 s ") indicates that achieving sufficiently long hole lifetimes
is a key requirement for efficient water oxidation. However it
should be noted that whilst this timescale is slow relative to
electron-hole recombination kinetics, it is actually fast relative
to typical turn over frequencies (TOF) reported for most water
oxidation electrocatalysts. For example, for the widely studied
Co;0, water oxidation catalyst, a TOF < 0.035 s~ ' per active Co
site has been reported.” The faster rate constant for water
oxidation by hematite holes can most obviously be attributed to
the larger thermodynamic driving force for water oxidation by
hematite valence band holes (although this is of course at
the expense of thermodynamic efficiency). This difference in
rate constants might explain, at least in part, a recent contro-
versy over the role of cobalt oxide overlayers in enhancing
the water photo-oxidation properties of hematite photo-
electrodes.*"*>5%3%7476 Qur transient absorption studies have
shown that thin cobalt oxide overlayers do not result in a
significant acceleration of the decay dynamics of hematite
photoholes assigned to water oxidation, but rather result in a
significant reduction of the electron-hole recombination rate in
both unbiased hematite photoelectrodes (Fig. 5) and under
applied bias.***®* We have assigned this reduction of electron-
hole recombination losses to the formation of a hematite/cobalt
oxide heterojunction that promotes formation of a thicker space
charge layer and thus facilitates charge separation. We have
suggested that this effect, rather than a catalytic increase in the
rate of water oxidation, appears to be the main factor
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Scheme 2 Schematicillustration of the energy diagrams and processes involving photogenerated charge carriers in n-type hematite photoanodes under illumination and
under different external potential biases. (i) +0.5 Vgue, corresponding to the results shown in Fig. 2a; (ii) +1.1 Vgue, for Fig. 2¢; (iii) +1.6 Vrye, for Fig. 2e. The relative redox
potentials for the one-, two-, and four-electron water oxidation reactions are also shown for comparison with the energy of valence band holes.”" In the figure, full line arrows
represent electron excitation (thick line) and deactivation processes, and dashed arrows represent photohole deactivation processes, following the excitation laser pulse.
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Fig. 5 Normalised transient absorption decays of hematite photoholes probed
at 700 nm and obtained with front-side low-intensity UV illumination (355 nm,
200 w cm~2) of unbiased APCVD hematite photoanodes, immersed in 0.1 M
NaOH aqueous solution. Untreated hematite is shown in black, sample treated by
Co?* adsorption is shown in light blue and the composite a-Fe,03/Co-Pi is shown
in dark blue. Adapted from ref. 59.

determining the decrease observed in the overpotential for
oxygen evolution on hematite. A similar conclusion has also
been reached from electrochemical impedance analyses.**
Other heterostructures have also recently been shown to
produce similar results.***® Alongside these observations, both
we (for example Fig. 5B in ref. 58) and others™ have reported
significant oxidation of the cobalt oxide overlayer under positive
applied bias. This oxidation is observed even in the dark under
biases where no water oxidation is observed.***® The slow rate
constant for water oxidation by cobalt ‘holes’ relative to hema-
tite holes provides an explanation for why cobalt oxide oxida-
tion appears not to contribute directly to the water oxidation
process, at least for the relatively thin cobalt oxide layers
employed in our own studies.

2.3 Electron dynamics and charge carrier trapping

Section 2.2 focused upon photohole dynamics, as monitored
by their broad photoinduced absorption signal peaking at
~650 nm. We now consider photoelectron dynamics and in
particular the role of charge trapping in intraband trap states.
In this regard, the second spectral feature apparent in Fig. 2 and
3, namely the sharp absorption/bleaching signal at 580 nm is of
particular interest. As we have reported previously,* spec-
troelectrochemical data provide the clearest indicator of the
assignment of this 580 nm spectral feature. Such data,
comprising steady-state optical absorption spectrum of a
hematite electrode as a function of applied bias is shown in
Fig. 6. It is apparent from these data that as the film is biased
positive from flatband, this 580 nm spectral feature appears as
an increasing ground state optical absorption.*® Related spec-
troelectrochemical analyses have previously been employed to
determine the flatband potential and charge carrier effective
masses in TiO, and ZnO,”””® where the appearance of a
bleaching band near the bandgap energy under accumulation
conditions was interpreted as resulting from band filling, also

This journal is © The Royal Society of Chemistry 2013
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Fig. 6 Difference steady-state absorption spectra of hematite photoelectrode
under various applied electrical bias. The values plotted in the figure were
obtained by subtracting the absorbance at +0.6 Vzye (close to the flatband
potential) from the absorbance at each applied potential, in the same range used
for the transient absorption studies. Adapted from ref. 59.

known as the Moss-Burstein effect.”” The 580 nm transient
absorption in hematite is then assigned to an optical transition
from the valence band into localized states a few hundred meV
below the conduction band, as illustrated in Scheme 1. We note
that electrons in the tail of the hematite conduction band are
generally reported to be relatively localized,® such that these
states can function as electron traps. The specific nature of
these states is further discussed in Section 5.

Following this assignment, we now turn to the analysis of the
transient absorption data measured at 580 nm. A positive
increase in the 580 nm absorption feature will correspond to an
oxidation of these intraband states (i.e. to hole trapping) whilst
a bleaching of this absorption will correspond to a reduction
(i.e. electron trapping). In the absence of applied bias, or under
cathodic bias close to flatband potential, these intraband states
are largely occupied by electrons and therefore function as hole
trapping sites. Under these conditions, photoholes can rapidly
become trapped in these sites resulting in the appearance of a
positive photoinduced absorption signal at 580 nm, as observed
in Fig. 1 (inset) and 2a. This absorption signal subsequently
decays as photogenerated electrons recombine with these
trapped holes (equivalent to electron trapping in vacant elec-
tron trap sites). As such these intraband states function as
recombination centres for electron-hole recombination. In
contrast, under anodic bias, an increasing proportion of these
localized band edge states are oxidised, corresponding to those
within the space charge layer. Under these anodic bias condi-
tions, photoexcitation in the space charge layer results in trap-
ping of photogenerated electrons in these intraband states,
causing the observation of a transient bleach band centered at
580 nm (i.e. loss of ground state absorption) as observed in
Fig. 2c-e. The recovery of this bleach signal occurs on the
millisecond timescale, assigned at least in part to recombina-
tion of hole with these trapped electrons. As such, these intra-
band states again act as recombination centres. The magnitude
of this 580 nm transient bleaching signal increases with the
square route of applied voltage (Fig. 4b). This dependence upon
applied bias is analogous to the expected dependence of the
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Fig. 7 Comparison of TAS and TPC decays.§ (a) TAS decays probed at 650 nm
(green line) and 580 nm (blue), and inverted TPC decay (black), for a hematite
electrode biased at 1.4 Vgy; (b) the effect of applied bias on the decay dynamics
of the TAS signal probed at 580 nm (blue lines) and inverted TPC (black lines).
Adapted from ref. 58.

space charge layer depth W upon applied bias, according to
Girtner's model:*

w? =

2o AVsc (D
where AVgc represents the potential drop in the space charge
layers, N, the donor density and g, ¢ and ¢, are constants rep-
resenting the electron charge, the dielectric constant and the
permittivity of the vacuum, respectively. This similar V*/2
dependence suggests the transient bleach signal originates
from charge carriers generated within the space charge layer, as
illustrated in Scheme 2.

Further confirmation of the assignment of the bleaching
feature to trapped electrons is obtained from comparison of the
dynamics of transient absorption and transient photocurrent
decays, presented in Fig. 7. The transient photocurrent signal is
proportional to the rate of charge extraction from a photo-
electrode at a given time, from which the charge remaining in
the film at a given time can be calculated.® The similarity
between the kinetics of bleach recovery and transient photo-
current decay, particularly at sub-millisecond timescales, is
consistent with the competition between electron-hole recom-
bination and charge collection. Trapped electrons are then
expected to either recombine with holes, as probed by the decay
of the positive 650 nm transient absorption signal, or be swept

§ Ideally TAS should be compared with the charge remaining to be extracted, but
where the TPC kinetics are dominated by electron-hole recombination, as in
the present case, both the TPC decay and charge remaining decay will be
approximately single exponential.
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out of the space charge layer by the electric field present within
this layer and then collected in the external circuit, as measured
in the transient photocurrent response.

3 Model for photoelectrode function

Scheme 2 illustrates a simple model of hematite photoelectrode
function under pulsed laser excitation based upon the results
discussed above. This model includes both conduction band
electrons and valence band holes, as well as the intraband states
located a few 100 mV below the conduction band edge dis-
cussed in Section 2.3. These intraband states can function as
either electron or hole traps depending upon their oxidation
state, in either case they can mediate electron-hole recombi-
nation. The model employs the assignments of the 650 and
580 nm spectral features given in Section 3 to explain the bias
dependence of the kinetic data shown in Fig. 1-3. It is presented
as a model to describe response of hematite under pulsed laser
excitation - the relevance of this model to continuous operation
under solar irradiation is discussed in Section 2. We note
Scheme 2 includes ultrafast (fs-ns) electron-hole recombina-
tion as an additional loss pathway, but this is not considered
further in this study.

Under biases close to or cathodic of flatband (Scheme 2(i)),
the Fermi level of the photoelectrode is close to the conduction
band edge, with the trap states located within the bandgap
being largely reduced (i.e. occupied by trapped electrons).
Following photoexcitation of electrons and holes, a significant
fraction of photogenerated valence band holes are rapidly
(<1 us) trapped in these intraband states, resulting in the
instrument response limited rise in the 580 nm transient
absorption apparent in Fig. 1 and 2a. This photoinduced
absorption subsequently decays as photogenerated conduction
band electrons recombine with these trapped holes (equivalent
to electron trapping into these sites).

Positive (anodic) bias relative to the flatband potential
results in partial depletion of electrons from the film, resulting
in the formation of a space charge layer at the hematite surface
(Scheme 2(ii)). Depending upon the degree of doping and
nanostructuring, and the magnitude of the applied bias, this
space charge layer can extend up to 10's of nanometers into the
hematite film.*® Under these conditions, intraband states
located below the conduction band and within the space charge
layer become oxidized (vacant of electrons), resulting in the
appearance of the 580 nm ground state absorption apparent in
Fig. 6. Upon photoexcitation, conduction band electrons within
the space charge layer are rapidly (<1 ps) trapped into these
oxidized intraband states, causing the bleaching of this 580 nm
absorption signal. This population of trapped electrons subse-
quently decays on the microsecond - 10 ms timescale via two
distinct processes. At modest anodic biases, recombination of
the trapped electrons with photogenerated holes (Fig. 7)
dominates. At significantly anodic biases, an increasing
proportion of trapped electrons are swept out by the space
charge layer electric field and collected by the external circuit
(Scheme 2(iii)). Finally, residual holes that did not recombine
with  photogenerated electrons accumulate at the
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photoelectrode surface and drive the oxidation of water on the
seconds timescale. The proportion of holes that avoid electron—
hole recombination, and are thus able to accumulate at the
hematite surface to drive water oxidation, increases with
increasing anodic bias, as illustrated in Scheme 2(iii).

4 Relevance to photoelectrochemical water
splitting under continuous illumination

Most models of hematite photoanode function have been
developed on the basis of frequency domain electrochemical
studies, or photocurrent/photovoltage transients.”®#62-64,74,8283
Such analyses are typically undertaken in the presence of
continuous irradiation using only a low intensity voltage or
optical perturbation, and can therefore be directly related to
continuous device operation. However we note that such pho-
toelectrochemical techniques are typically limited to the
measurement of electrical output alone (which for n-type
materials such as hematite photoanodes corresponds to elec-
tron based currents/voltages), and are unable to observe
processes occurring faster than the semiconductor electron
transport time. For example, in nanostructured hematite pho-
toanodes such as those studied herein, the relatively slow
electron collection times (milliseconds, see Fig. 7) prevent
observation in impedance studies of the faster electron-hole
recombination dynamics apparent for example in Fig. 3.
Furthermore, such impedance studies do not directly observe
photogenerated hole dynamics, but rather infer their behavior
from the observed electron dynamics.

The transient absorption data reviewed in this perspective
was collected for photoanodes under electrical bias and pulsed
laser excitation, but without continuous white light illumina-
tion, as this significantly complicates the transient absorption
analysis. Several studies employing photoelectrochemical
techniques have emphasized that charge accumulation at the
semiconductor surface under solar irradiation may have a
significant impact upon kinetic competition between recombi-
nation and charge transfer.**>#># In particular the relatively
slow rate constant for water oxidation by hematite holes is likely
to result in significant accumulation of photogenerated holes at
the hematite surface under continuous irradiation. Such hole
accumulation will have a substantial impact upon space charge
layer formation at the semiconductor/water interface, and
increase the likelihood of multi-hole rather than single hole-
water oxidation processes. Transient optical studies under such
conditions are currently ongoing, but are beyond the scope of
this perspective.

Despite the experimental limitations detailed in the
preceding two paragraphs, there is considerable agreement
between the results of different experimental techniques.
Consistent with the model shown in Scheme 2, photo-
electrochemical studies have shown that electron-hole recom-
bination in the depletion layer of hematite can be observed®***
and that the diffusion length for photoholes is negligible rela-
tive to the space charge layer depth. These two factors explain
the small number of photoholes that reach the interfacial
region in the absence of a strong positive bias. Those
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photoholes that effectively reach the interfacial region have
been shown to be efficiently collected by fast one-electron hole
scavengers, like [Fe(CN)s]*~ and H,0,.*** Several electro-
chemical studies report sluggish water oxidation kinetics on
similar timescales to those observed in our transient absorption
studies, with these slow water oxidation kinetics limiting pho-
toanode efficiency.*»*>*>#* Overall, the observed correlation
between the yield of long-lived holes measured in our transient
studies as a function of applied bias with the current/voltage
response of the photoanode is a strong indicator of the rele-
vance of our transient absorption studies to operating PEC
devices.

Despite these agreements, some areas of controversy remain,
particularly over the role of charge trapping and surface states.
Our own studies, and the model illustrated in Scheme 2, have
focused on the impact of intraband trap states lying a few
hundred millivolts below conduction band - and therefore
functioning primarily as electron trap states (at least within the
space charge layer, where these states lie above the electron
Fermi level). Such electron trap states have also been empha-
sized in recent photoelectrochemical study by Le Formal et al.®®
In contrast, most impedance analyses have included hole trap
states lying above the valence band in equivalent circuit models
of photoanode function. According to several authors, surface
trapping of holes is a key process in the water oxidation
mechanism,*"* but others have suggested that the reaction is
likely to involve the injection of holes accumulated at the
valence band® (possibly in the form of high valence Fe states).
Our own studies do show evidence of hole trapping, apparent as
an transient absorption increase at 580 nm in unbiased or
cathodically biased films. However our observation that this
transient absorption increase inverts to a bleach signal for
voltages only a few hundred millivolts positive of flatband
suggests that the intraband states associated with this hole
trapping lie only a few hundred meV below the hematite
conduction band. Within the space charge layer formed under
anodic bias, these states primarily function as electron traps, in
agreement with Le Formal et al, mediating electron-hole
recombination but not directly involved in the water oxidation
process.

5 Electronic transitions in hematite

We end by discussing the possible assignment of the electronic
transitions in hematite. To do so, it is instructive to start by
discussing the nature of its ground state optical transitions,
which has remained a subject of debate until recently. In
general, three types of electronic transitions are usually asso-
ciated with o-Fe,Os: (i) ligand field (LF) or d-d transitions
associated to Fe*" ions; (ii) O 2p — Fe 3d ligand to metal charge
transfer (LMCT); and (iii) the pair excitations associated with
two magnetically coupled neighboring Fe*" cations. It has been
considered for a long time that the transitions responsible for
visible light absorption in hematite are indirect Fe*" d-d while
strong direct charge transfer transitions between the O 2p and
Fe 3d orbitals occur only for energies higher than 3.2 eV. This
assignment would be consistent with the wavelength
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dependency of the photochemical response of hematite, based
on the hypothesis of the formation of two types of holes.”*>%¢
Recently, however, theoretical and experimental studies have
indicated that two ligand-to-metal charge transfer bands (O 2p-
Fe 3d) occur in the region 440-800 nm.***’ Ab initio calculations
by Hartree-Fock®® and density functional methods®**° have
predicted that the highest occupied orbital has a strong O 2p
character and the lowest unoccupied energy states are mostly Fe
3d in nature, while soft X-ray absorption and emission spec-
troscopy studies shave shown of evidence that the valence band
is at least strongly hybridized and mostly O 2p in character.”>**

Following this discussion, bandgap photoexcitation of
hematite most likely occurs due to a charge transfer processes
of the type

Fe¥* 4+ Fe¥r — " Fett (h™) + Fe**(e") )

hy

02— + Fe3+

O (h*) +Fe’'(e") (3)

We are, at this stage, unable to distinguish between Fe*" (or
higher valence Fe states) and O~ photoholes.

Donor states in hematite have been associated to oxygen
vacancies (Vo) located below the conduction band.®* Donor-type
oxygen vacancies close to the conduction band are observed in
several metal oxides and partly responsible for the intrinsic
n-type conductivity exhibited by these materials. The nature of
traps in Fe** doped transition metal oxides and perovskites have
also been extensively investigated in the early 1970s.%* Accord-
ing to Clark and Broadhead, the photochromism in Fe*" doped
rutile is associated to hole trapping by ferric acceptors; elec-
trons are trapped at a Fe**-V, complex forming a Fe**-V,
chromophore, and Fe*" is not involved in the induced optical
absorption, but only serves as a recombination site for the
bleaching process.”® Conversely, Faughnan and Kiss consider
that the electron trap is an oxygen vacancy and the chromo-
phore is the Fe*" ion created by hole trapping.®® Our results are
consistent with Clark and Broadhead's model whereby
increased ground state absorption is observed as the states are
oxidized. We therefore tentatively assign the localized states
responsible for the spectral features observed at 580 nm in our
experiments to iron-oxygen vacancy complexes, as summarized
in Scheme 1.

6 Conclusions

Transient absorption spectroscopy has previously been shown
to be a powerful probe of charge carrier dynamics in photo-
voltaic devices such as dye sensitised solar cells.”” In contrast,
such studies of photoelectrochemical water splitting systems
are relatively underdeveloped. The results we have reviewed
herein demonstrate that transient absorption studies can
indeed provide key insights into the charge carrier kinetics
relevant to water photo-oxidation for one such photoanode,
hematite. By monitoring the dynamics of transient decays
assigned to hematite photogenerated holes and electrons on
timescales of us to s, we were able to propose a phenomeno-
logical model that describes the role of external electrical bias
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on the photoinduced charge carrier dynamics in this material,
in the context of photoelectrochemical water splitting applica-
tions. Spectral evidence for the formation of long-lived photo-
holes under external applied biases positive of the flatband,
together with the decrease in the electron-hole recombination
rate show the importance of decreasing the background elec-
tron-density in hematite photoanodes for efficient water
oxidation to occur. Furthermore, our studies highlight the role
of applied bias on the trapping of electrons and holes at avail-
able intraband states, following light excitation.

These results are shown to provide information comple-
mentary to more conventional electrochemical studies such as
impedance analyses. As such, these studies yield key insights
into the factors determining the efficiency of solar driven fuel
synthesis by hematite photoelectrodes. They moreover demon-
strate the potential of transient optical studies as a powerful
probe of photoelectrochemical function likely to be applicable
to other systems addressing the grand challenge of solar fuel
generation.
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