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Abstract

Generating charge carriers with lifetimes long enough to drive catalysis is a critical aspect for both
photoelectrochemical and photocatalytic systems and a key determinant of their efficiency. This
review addresses the charge carrier dynamics underlying the performance of metal oxides as
photoanodes and their ability to drive photoelectrochemical water oxidation, alongside wider
comparison with metal oxide function in photocatalytic and electrocatalytic systems. We start by
highlighting the disparity between the ps — ns lifetimes of electron and holes photoexcited in bulk
metal oxides versus the ms — s timescale of water oxidation catalysis. We go on to review recent
literature of the dominant kinetic processes determining photoanode performance, namely charge
generation, polaron formation and charge trapping, bulk and surface recombination, charge
separation and extraction, and finally the kinetics of water oxidation catalysis. With each topic, we
review current understanding and note areas of remaining uncertainty or controversy. We discuss
the potential for material selection and examine approaches such as doping, nanostructuring,
junction formation and/or co-catalyst deposition to enhance performance. Critically, we examine
how such performance enhancements can be understood from analyses of carrier dynamics and
propose design guidelines for further material or device optimisation.
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Introduction

Solar-driven catalysis is a promising route to the synthesis of low-carbon fuels. The most widely
studied direct approach to these solar fuels is the photoelectrochemical (PEC) or photocatalytic (PC)
splitting of water to generate green hydrogen and, concomitantly, molecular oxygen. However,
driving the oxygen evolution reaction (OER) in photo(electro)catalysis is particularly challenging.

Metal oxides have dominated laboratory research on light-driven photocatalysis since the
conceptualisation of photoelectrochemical water splitting using TiO; in the 1970s.2 Their prevailing
use predominantly stems from their high stability in strongly oxidising conditions (i.e. during water
oxidation), their relative ease of synthesis through various routes (e.g. vapour deposition techniques,
solution processing, templated growth), low cost,>° and high natural abundance (e.g. iron and
titanium oxides?®). Additionally, their morphology, thickness and composition can be readily altered
for diverse applications and functionalities.™

The metal oxides of primary interest for photoelectrochemical water oxidation are semiconductors
with optical bandgaps in the visible or near ultraviolet to enable the absorption of solar irradiation.
They range from simple binary oxides, such as TiO,, a-Fe;0s; and WOs, and ternaries, such as BiVO,
and SrTiOs, to complex, doped quaternary systems and beyond. Photoactive metal oxides are now
found in several commercial applications, including photocatalytic environmental remediation®*?
and electrochromic windows,*3> yet the application of these materials in PEC or PC devices for
water splitting remains primarily lab-based, with pilot scale demonstration for only a few promising
devices, such as the recently developed Z-scheme photocatalyst sheets.'® The absence of
commercial photo(electro)catalytic water splitting devices points to the challenges in simultaneously
meeting device efficiency and material stability criteria. Compared to traditional semiconductors,
many metal oxides are chemically stable, yet their low carrier mobilities, high defect densities, and
short charge-carrier lifetimes and diffusion lengths have thus far limited solar-to-fuel efficiencies to
below 5%, even in the most promising oxide-based PEC and PC systems. Herein, we elucidate the key
kinetic challenge for water oxidation catalysis on metal oxides: how to extend the lifetime of the
inherently short-lived charges generated by photoexcitation of metal oxides to drive the much
slower kinetics of interfacial water oxidation. Addressing this kinetic challenge with minimal
energetic loss is central to increasing the efficiency of solar-to-fuel devices.

The kinetic challenge

Driving redox reactions with metal oxide semiconductors can be considered as a series of steps on
progressively longer timescales (Fig. 1). Light absorption generates an excited state, promoting
electrons from the filled valence band (VB) to the empty conduction band (CB) and enabling charge
transport through the otherwise relatively insulating material. Owing to the strong ionic character of
metal oxides, the photoexcited charges tend to interact strongly with the lattice to form polaron
states, also sometimes referred to as self-trapping. Localisation on lattice sites can encourage
further trapping at defect states. Although trapped charges can be extracted under some
conditions,'®%! there are multiple recombination pathways that result in the loss of these charges
(decay to the ground state) over broad timescales between charge generation and catalysis,
including both bulk and surface recombination processes.?” The kinetic competition between charge
relaxation or recombination and catalysis is arguably the biggest challenge for designing
photocatalyst materials and devices, particularly when compared with the design of materials for
solar cells where both charges are typically extracted on the nanosecond to microsecond timescale.
In PEC systems, at least one charge must drive multi-redox reactions, such as water oxidation,



occurring on timescales of milliseconds to seconds — approximately six orders of magnitude longer
than electron extraction in solar cells. Harnessing photo-generated charges requires efficient spatial
separation of electrons and holes such that their annihilation via recombination is minimised.
Biological plant photosynthesis employs redox relays to spatially separate the photogenerated
charges such that they reach lifetimes sufficient to drive water oxidation. However, this comes at a
price: around half the initial energy of the photoexcited states is lost during the charge-separation
process. An analogous issue faces metal oxide photoelectrodes, for which the lifetimes of electrons
and holes generated in the bulk of the oxide range from a few picoseconds to a few nanoseconds,
while the timescales of interfacial water oxidation and reduction are milliseconds to seconds (Fig. 1).
This kinetic mismatch is manifested in a typical current-voltage curve as the overpotential required
to generate a sufficiently large surface field to drive the spatial separation of charges and reduce
recombination losses (Box 1). Therefore, the design of metal oxide photoelectrodes is increasingly
using charge-extraction layers and co-catalysts rather than direct semiconductor—liquid junctions to
facilitate the spatial separation of charges at a lower energetic cost.?>?° We note that meeting this
kinetic challenge is a particular challenge for photocatalyst particles, which must operate without an
external applied bias to aid charge separation.

BOX 1: Photoelectrochemical water oxidation on metal oxide photoelectrodes

Semiconductor-liquid junctions used in water oxidation employ n-type photoanodes due to the
favourable band bending generated upon electrode immersion. As n-type semiconductors typically
have higher Fermi energy than the water chemical potential (Er > Eredox), €quilibration is achieved by
electron flow away from the semiconductor-electrolyte interface. This loss of majority carriers in the
oxide leads to the formation of a space-charge layer (SCL) — a region at the surface of the
photoanode that is depleted of electrons, which is balanced by an equal negative charge in the
electrolyte at the electrode surface, the Helmholtz layer. The SCL creates a field that bends the
bands and gives the desired directionality of excited charge carrier movement: electrons are
repelled by the field and drawn into the bulk whereas holes are driven to the surface (Panel a). Aside
from the dielectric constant of the semiconductor (largely invariable) and any external bias applied
(variable), the width of the SCL and strength of the field within is primarily determined by the doping
density of the semiconductor; the lower the doping density of the film, the wider the SCL.

Water oxidation in the dark (grey curve, panel b) requires a voltage more positive than 1.23 V versus
the reversible hydrogen electrode (Vrue) (the thermodynamic requirement for water splitting at
25°C). In practice, an additional overpotential, ns, is required to overcome any kinetic barrier to
catalysis at the surface. Additionally, for semiconducting metal oxides, the applied potential must
lower the Eg until it is positive enough to generate sufficient VB holes to drive water oxidation (grey
arrow, panel b). Under illumination, the requirement for an applied positive voltage is reduced by
the photo-generation of holes in the VB, i.e.,, the creation of a photovoltage. Here, a key
requirement for the applied voltage is that it is sufficiently positive of the material’s flat-band
potential to generate an interfacial SCL, resulting in an ideal photoanode performance illustrated by
the blue curve for the example of hematite (panel b). In practice, the aforementioned surface
overpotential, ns, is still required to overcome kinetic barriers for catalysis and an additional voltage,
Nrec, IS Needed to suppress recombination pathways introduced by the photogeneration of both



electrons and holes under illumination, thereby necessitating greater overpotentials (orange curve,
panel b, adapted from Liardet et al®°). Naturally, an earlier onset (smaller n) is desired as this reduces
the external energy input required, thereby improving efficiency. The rise in photocurrent in real
systems is also not as sharp as the ideal scenario due to these competing recombination processes,
which also limit the maximum attainable photocurrent. As such, the J/V curve is a useful metric for
initial assessment of any potential metal oxide photoanode but is a result of the multiple underlying
competing kinetic processes addressed in this review.
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In this review, we address the kinetic challenges facing metal oxide photoanodes from charge
generation to catalysis. We begin by discussing the challenges associated with charge carriers in the
bulk on femto- to nanosecond timescales and examine the effects of doping, charge trapping and
polaron formation. We then focus on kinetics at the semiconductor-liquid junction, examining the
role of the surface field and solid-state junctions in aiding spatial charge separation. Finally, we
examine the kinetics of water oxidation catalysis, comparing frequently employed kinetic models
and drawing parallels with studies of metal oxide electrocatalysts, and touch upon alternative, value-
added oxidation reactions that have the potential to drastically reduce the price of green hydrogen
and CO-neutral fuels.3¥3? For broader coverage of water splitting oxides, we direct the readers
elsewhere.*?’
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Figure 1:

Timeline of charge carrier dynamics in metal oxide photoanodes from photogeneration to catalysis
and the corresponding energy loss associated with lifetime gain. Light absorption generates
electron—hole pairs in the metal oxide bulk and space charge layer. These charges must spatially
separate and endure for up to milliseconds or even seconds in order to perform useful chemistry
(blue processes, upper panel), where 1ET represents reactions with single electron transfers to the
electrolyte, as opposed to proton coupled electron transfers (PCET), which are typically much
slower. This presents a significant kinetic challenge as recombination occurs over multiple
timescales, depleting these charge carriers. Charge localisation in polaron and defect trap states
leads to thermally activated charge transport in most oxide materials and reduces the energy of
these charges but can also slow recombination (lower panel). An analogous gain in lifetime at a
significant energetic cost is central to the success of photosystem Il in nature in driving water
oxidation. Spectroscopic techniques such as transient absorption can track these charge carrier
dynamics, often revealing that only a small fraction of the initial photoexcited carrier population is
available for driving catalysis (grey kinetic trace, upper panel). hau " is a hole at the surface, econt” is an
electron at the back contact, ety is a trapped electron, and GS is the ground state.



Charge-carrier generation and separation

Charge generation, relaxation, and recombination in the bulk

In the bulk, bandgap photoexcitation of a metal oxide semiconductor is generally assumed to
directly generate free electrons and holes owing to the typically high dielectric constants of these
materials, although the formation of coulombically bound electron—hole pairs, termed excitons, has
been reported.®** It is striking that the bulk carrier lifetimes of metal oxides vary over several orders
of magnitude (Fig. 2),”**’ with, for example, TiO; exhibiting a bulk carrier lifetimes 1,000-fold longer
than those of hematite (a-Fe,0s). It is not well understood why different metal oxides show such
divergent bulk-carrier lifetimes. One factor is likely to be doping density; however, systematic
studies correlating doping density and bulk carrier lifetimes are strikingly absent from the literature
to date for metal oxides (discussed below). Moreover, differences in electronic structure may also be
important.”® TiO; is a do material, with VB comprising O(2p) orbitals and CB of Ti(3d) orbitals. Several
studies have suggested that the incorporation of do and dig metal centres can produce metal oxides
with higher photocatalytic activity than oxides with partially occupied d-orbitals,**>? although the
underlying origin of this dependence has not been determined. Regardless, the short bulk carrier
lifetimes in hematite are likely one of the key reasons why it has yielded relatively modest solar to
hydrogen efficiencies, despite exhibiting favourable band energies for solar light absorption and
excellent stability. Notably, short bulk carrier lifetimes are also likely to be a key reason for the
relatively poor performance of photovoltaic devices employing visible light absorbing metal oxides®.

In most metal oxide semiconductors, photogenerated charges easily interact with the lattice (known
as electron—phonon coupling), release heat via relaxation to the band edges (hot carrier cooling) or
localise on sub-picosecond timescales.”**>> A localised charge and its associated lattice deformation
are together referred to as a polaron. In many transition metal oxides, charges tend to form ‘small’
polarons that interact strongly with the lattice.”**° Small polaron formation has been reported in
many if not most metal oxides, including in studies of ultrafast electron polaron formation in TiO,
WOs3, BiVO4 and a-Fe,05.182157:980 |n hematite, polarons that are smaller than the Fe-Fe interatomic
distance form within the first ps after excitation (forming with the same time constant as the typical
large drop in TA signal amplitude in Fig. 2b).2! Charge trapping in defect sites (Fig. 2c) (which is also
associated with charge carrier localisation), is usually associated with an energy loss of a few
hundred meV, i.e. a similar magnitude to the energy loss typically associated with polaron
formation.?®* Even in the absence of extrinsic chemical dopants, a significant portion of carriers
undergo charge trapping into defect sites. In n-type metal oxides commonly used for the OER,
oxygen vacancy donor states are the most prevalent chemical defects and their concentrations are
often two to three orders of magnitude higher than in classic semiconductors (i.e. ~10¥-10% cm3in
TiO, and Fe;03, and up to ~10% cm? for W03).14?%2 Both electron trapping and electron-polaron
formation typically result in metal-centred electrons, with the only distinction being whether the
metal centre is adjacent to an oxygen vacancy or not. As such, distinguishing these processes is non-
trivial (and often not clearly done in literature studies).®® It should be noted that metal oxides often
exhibit low doping efficiencies, i.e. (Np*+e’)/Np<1, indicating that only a limited proportion of dopant
sites, Np, is ionised in the material bulk (i.e. N}). This low doping efficiency can result in electronic
doping densities that are less than the density of chemical doping sites. Low doping efficiencies
result from a higher thermal activation required to release a charge carrier from an energetically
lower-lying dopant site to the surrounding lattice to enable conductivity. Electron transport in most
metal oxides is thermally activated, attributed either to polaron hopping®®® or to thermal excitation
from defect trap sites.'®® Therefore, charge-carrier mobilities (1) and lifetimes (7) in most metal



oxides are low, resulting in short minority carrier diffusion lengths, L, = \/kgT/q ut, where kg is the
Boltzmann constant, T is temperature and g is charge. Minority carrier diffusion lengths are typically
only 5-100 nm.%® It seems that direct bandgap oxide semiconductors suffer much less from small
polaron formation and subsequent trapping. For example, ZnO exhibits band-like electron transport,
attributed to the Zn s-orbital character of its CB.®’

Chemical doping with foreign atoms is widely employed in metal oxides to increase the majority
(electron) carrier concentration, n, to counteract low majority carrier mobilities and increase
conductivity (o;,, = qu,n,). A high bulk conductivity is important in, for example, minimising voltage
losses associated with bulk electron transport to the back contact of photoanodes.®®%° We note,
however, that chemical doping can be expected to lower the minority carrier (hole) lifetime,
increasing the kinetic challenge to drive catalysis. Both intrinsic defects and extrinsic chemical
dopants can introduce electronic states into the bandgap. If energetically close to the CB (or VB),
these ‘shallow’ states can be beneficial, increasing conductivity or enabling the formation of electric
fields in the SCL to drive charge separation, and, in some cases, enhance visible light absorption or
bulk charge separation.’®?7%7! However, such states also typically result in charge trapping,
decreasing the energy (and therefore reactivity) of photogenerated charges and often enhancing
charge recombination processes. Charge trapping into intra-bandgap states can mediate charge
recombination, also known as Schottky—Read—Hall recombination. Charge trapping can also result in
the generation of residual, long-lived, trapped charges, apparent in transient absorption studies as a
slow decay phase extending to millisecond timescales.?%”2

Long-lived trapped charges are typically regarded as too immobile or unreactive to drive useful
photoelectrochemistry, as observed, for example, in N-doped TiO,.”®> However, in some cases, the
lifetime gain associated with shallow trapping has been suggested to aid photoelectrochemical
function by stabilising charge separation in e.g. BiVOs, WOs and Fe;0s.22%%7374 |t was recently
reported in WOs that the ultrafast trapping of photogenerated electrons into ionised oxygen vacancy
states can improve the yield of initially separated charges, whilst excessive oxygen vacancy densities
accelerate recombination losses, such that optimum photoanode performance is at an intermediate
oxygen vacancy density.?° It appears that deep, mid-gap states are detrimental to function, whilst
shallow trap states can either aid or impede function.!” This point was also recently highlighted in
analogous studies of charge trapping in carbon nitride photocatalysts with either deep or shallow
defect sites.”””* Intertwined with the complex role of dopants and defects such as oxygen vacancies
in metal oxides is uncertainty regarding the physical location of these states and, in particular, the
potential presence of intra-bandgap surface states at the semiconductor—electrolyte interface, as
discussed below.

Defects in the space charge layer (SCL)

Each intra-bandgap defect can function as either an electron or hole trap depending on its ionisation
state. For example, unionised oxygen vacancy states may function as hole traps, but as electron
traps when ionised. The Fermi level of the oxide semiconductor determines the fraction of ionised
donors, hence, the impact of ionised defects on the J/V curve and on photocatalysis is especially
visible in the SCL when varying the working electrode potential (Fig. 3a). It should be noted that, as
hole trapping into oxygen vacancy states corresponds to oxidation of neighbouring metal centres
(for example, Woy®* oxidation to Wo®*), this process is closely analogous to electron—hole
recombination and is likely to determine the lifetime of hole minority carriers in n-type metal oxides.
Thus, determining the impact of such states upon device performance can be challenging. For



example, a large concentration of oxygen vacancies in the bulk has been shown to improve the
photocurrent density of a-Fe;O; photoanodes attributed to a higher electron conductivity (o o«
Np*).”® However, in the same study, a large oxygen vacancy concentration in the SCL was shown to
increase the overpotential for the OER photocurrent onset. On the other hand, recent hematite
research has shown that increasing oxygen vacancy densities at bulk crystallographic interfaces can
significantly boost bulk conductivity and improve hole collection, dramatically enhancing
performance.”” Similarly, other defects such as Ti dopant states cause confusion. Ti is widely
considered to improve conductivity in a-Fe,03 photoanodes,’®”® but there are also suggestions that
the electronic states formed may act as shallow traps that mediate recombination.’’ Different
degrees of effect have also been observed upon elemental doping of BiVO,, with even larger
variations in the assigned rationale.>*®®8! Hence, defects can be a curse or a blessing, depending on
their concentration, position (bulk, SCL, surface) and oxidation state. This is especially visible in our
recent study on La,Rh:SrTiOs; photocatalyst sheets, where the oxidation state of the Rh dopant
shows a potential-dependence in the SCL without the La co-dopant. When in its 4+ state, Rh acts as
an electron trap, whereas when it is fixed to its 3+ state through a more negative applied potential
or the La co-dopant, this trap ceases to exist because of a reorganisation of the electronic
structure.®

Charge transport to the semiconductor-liquid junction

The movement of electrons and holes through the photoanode is largely governed by two processes:
drift and diffusion. Drift is the directional charge movement under an applied field and thus is the
dominant motion of charges within the SCL. For an n-doped photoanode (Fig. 3a), the electric field
within this depleted SCL region drives electrons towards the photoanode bulk and holes towards the
surface to react with the electrolyte. This directional movement drives a spatial charge separation,
resulting in an increase in carrier lifetime. Diffusion of charge carriers is driven by concentration
gradients and may also contribute to charge transport, particularly in the absence of strong fields.
Diffusion-driven transport is therefore more significant in the bulk of the photoanode, beyond the
SCL. However, as elucidated above, the thermally activated transport in most oxide semiconductors
leads to very short diffusion lengths, such that largely only the SCL contributes to the majority of the
OER photocurrent generated from metal oxide photoanodes.'®® Short diffusion lengths typically
require the use of nanostructured materials to minimise the distance photogenerated carriers have
to diffuse to reach the SCL while still maximising light absorption. As discussed above, carrier
lifetimes vary substantially between metal oxides. Similarly, experimental measurements of charge
carrier mobilities show wide divergences,® in some cases for the same material. For example, Mott
Schottky calculations of doping concentrations from electrochemical impedance spectroscopy (EIS)
on BiVO, disagree with concentrations calculated from Hall-effect measurements on the same
crystal, possibly owing to the indirect nature of EIS calculations, difficulties accurately determining
the ultra-low conductivities in metal oxides with Hall-effect instruments, or complications regarding
sub-unity doping efficiencies.®* With regards to this last point, most dopant sites can be ionised in
the SCL during EIS measurements, resulting in charge carrier densities that are likely to exceed those
utilising the Hall-effect to access the material bulk.?* Differences in calculated doping concentrations
can also be corroborated with disagreements in measured charge carrier diffusion lengths,
mobilities, and lifetimes. In BiVO,, for example, comparisons of front and back incident-photon-to-
current efficiency measurements resulted in reported majority carrier diffusion lengths of 10 nm,®
whereas time-resolved microwave conductivity measurements determined the diffusion length of
both carriers to be ~70 nm, with lifetimes ~40 ns.?® These divergent results for the same metal oxide
demonstrate the likely limitations in comparing properties of different oxides. Furthermore, none of
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these results agree with recently reported lifetimes and mobilities of electrons and holes observed in
transient absorption spectroscopy measurements of BiVOs;, which show rapid hole
trapping/recombination within 20 ps.®*#7%° Aside from variations in technique sensitivity, one reason
for the different values calculated may be the nature of the species tracked in each measurement,
that is, whether lattice relaxation is accounted for, whether exclusively free charges or trapped
charges are monitored, and whether the technique better probes carriers generated in the bulk or in
the SCL. Furthermore, for some metal oxides, charge-carrier mobility has been reported to be
anisotropic due to anisotropic lattice spacing.®#°° Anisotropic electron and hole mobilities have been
reported to, for example, aid spatial charge separation and enhance the performance of BiVO,
photocatalysts.” A unifying model to account for these variations would likely lead to convergence
of the reported carrier lifetimes. In any case, it is clear that bulk recombination losses severely affect
the attainable photocurrent in many state-of-the-art metal oxides.

To increase the surface-to-bulk ratio, various morphologies and synthetic methods have been
introduced, such that most state-of-the-art photoanodes exhibit some degree of nanostructuring.”>
% The extent to which nanostructuring is required depends primarily on the carrier diffusion lengths.
For example, hematite presents many of the desired qualities for a water oxidation photoanode,
with a predicted maximum solar-to-hydrogen efficiency of 15.4%"%; however, the maximum attained
solar-to-hydrogen efficiency is typically much less, ~1-2%,”’ as the majority of photogenerated
charges are lost to recombination.®%®® This is largely due to the very short bulk recombination
timescales (on the order of 5-10 ps) of hematite photoanodes,’®* resulting in hole diffusion lengths
of only 2—4 nm.**%%8 We note here that even in a 10 nm thick, depleted hematite film, only ~30-40%
of the maximum theoretical photocurrent was attained, likely stemming from strong electron-
phonon interactions accelerating non-radiative recombination losses.?® Alternatively, one can
move to materials with longer bulk carrier lifetimes and minority carrier diffusion lengths. For
example, the 100—-1,000-fold increase in bulk carrier lifetimes for BiVO, and TiO; relative to a-Fe,0s;
(Fig. 2b) is likely to be the reason that nanostructuring is critical for efficient Fe,Os; photoanodes but
less so for BiVO4 and TiO,. Indeed, near unity quantum efficiencies have been reported for water
splitting by micrometre-sized aluminium-doped SrTiO; photocatalyst particles,''% indicating that
bulk recombination losses in this material are strongly suppressed. Although the reasons for this
recombination suppression are unresolved, they are likely related to the near-intrinsic nature
(central mid-gap Fermi level) of this material.
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Figure 2: Carrier movement in the bulk (a) A simplified band diagram indicating the main
recombination processes (red arrows) that occur in the semiconductor bulk after photoexcitation of
an electron (-) from the valence (VB) to conduction band (CB). Route 1: band-to-band recombination
(geminate or non-geminate). Route 2: trapping and subsequent recombination via defect/doping
states. White boxes are ionised defect states which may trap electrons, and blue states are un-
ionised (filled) states which may trap holes. Route 3: the desired movement of charge carriers, either
directly via CB/VB states or via defect/doping states. (b) Transient absorption spectroscopy data
under Ny, probed at 1100 nm, exemplifying the difference in bulk carrier lifetimes in four different
metal oxides. The change on optical density (AO.D.) is normalised at 1 ps. (c) Transient absorption
data on picosecond to nanosecond timescales for WO; samples with different concentrations of
oxygen vacancies ([Vo]), demonstrating how such defects can alter carrier lifetimes.?
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Figure 3: Carrier movement at the surface. (a) A simplified band diagram indicating the main charge
separation and recombination processes (red arrows) that occur in the space-charge layer after
photoexcitation. Route 4: hole trapping to surface states formed by termination of the oxide lattice
at the semiconductor-electrolyte interface. Route 5: back electron-hole recombination between
electrons in the conduction band and holes accumulating at the interface to react with water. Route
3 is the desired movement of charge, as illustrated in Figure 2. (b) Transient absorption decays for
hematite holes under water oxidation conditions and different applied potentials. Higher applied
bias results in a greater number of longer-lived holes. The onset of water oxidation for this electrode
was observed at ~1 Vrue .12 (c) Fitted lifetimes for cathodic current decays in hematite generated
when light is turned off. Two different lifetimes have been extracted from a double exponential fit of
the cathodic decay, where the black and grey circles represent the slow and fast processes,
respectively. The calculated lifetimes for surface state charging—discharging at 1 sun (green squares)
and at 0.1 sun (orange squares), taken from impedance spectroscopy are also shown.*
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Gaining lifetime to drive catalysis

Gaining lifetime at the semiconductor-liquid junction

Bulk carrier lifetimes in metal oxides are typically in the range of a few picoseconds to a few
nanoseconds, while the timescale of water oxidation on metal oxide surfaces is in the range of
milliseconds to seconds. Therefore, the lifetime gain required to drive catalysis is typically on the
order of 10°~10%2. One means of achieving this lifetime gain is by generating a wide SCL.1>>% The
electric field present in the SCL drives holes to the surface and electrons to the bulk, thus spatially
separating these carriers (Fig. 3a). The maximal lifetime gain from the space-charge fields can be
readily estimated from the magnitude of the reduction in electron density at the metal oxide surface

relative to the bulk due to the potential drop across the SCL (AVsq), giving a maximum increase in

aAVscL
hole lifetime of 1s/ts= e *BT . Gaining 10° in hole lifetime therefore requires a potential drop across

the SCL of at least 500 mV. An alternative, and essentially equivalent, viewpoint is that as the
majority (electron) carrier density is strongly suppressed in the SCL relative to the bulk, the lifetime
of the minority (hole) charge carriers is substantially increased.

The increase in minority carrier lifetime achieved by generation of an SCL at the metal
oxide/electrolyte interface is directly visible in transient absorption measurements as an increase in
a long-lived feature when the potential is swept past the OER photocurrent onset potential, as
shown here for hematite (Fig. 3b). Analogous increases in hole lifetime have been observed from
impedance analyses (Fig. 3c) and these observations are common for many frequently studied metal

oxides.?>197 1% Typically the increase in carrier lifetime requires a greater positive potential than that
94VscL
predicted from e *BT . For example, this AVsq argument predicts that a 170 mV increase in applied

potential should result in a 1000—fold improvement of minority (hole) carrier lifetime in hematite
photoanodes. However, the data in Fig. 3b indicates that for the hematite photoanodes studied,
such a lifetime improvement requires a >500 mV increase in applied potential.’! We note that direct
experimental measurements of the suppression of bulk (ps—ns) bimolecular recombination by
applied bias have been very limited to date,’®*® most likely due to the high carrier densities
generated in such ultrafast spectroscopic experiments screening the SCL fields.*® PEC analyses with
hole scavengers (which can be rapidly oxidised, and so do not require long surface hole lifetimes)
have provided evidence for efficient SCL induced charge separation even at modest applied
potentials.??11 Other studies have reported ultrafast hole transfer to the photoanode surface.'*>*'%’
However, large applied potentials are usually required for surface holes to gain sufficient lifetime to
drive the slow OER. In particular, strong SCL fields are required to sufficiently suppress the
recombination of accumulated surface holes with bulk electrons, a process referred to as back
electron-hole or surface recombination’®'?® (we note this recombination process should be
distinguished from, but is often confused with, recombination via intra-bandgap surface states,
which we discuss separately below). As this back electron-hole recombination process results in
electrons being drawn into the metal oxide from the back contact, it results in characteristic
negative spikes in chopped J/V data around photocurrent onset. In a-Fe,Os photoanodes, back
electron-hole recombination has been observed to compete kinetically with water oxidation
catalysis at anodic bias less than 1.3 Vgrye.*?! Similar potential requirements have also been reported
in BiVO,, TiO, and W0s.29122125 As such, suppression of back electron/hole recombination is a key
consideration for achieving higher photoelectrochemical performance.
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The termination of the periodic lattice at oxide surfaces is expected to result in the formation of
chemical defects or surface states that have been widely reported as determining the behaviour of
surface charge carriers by acting as traps.}?12° |In metal chalcogenide nanoparticles, the role of
surface states in mediating non-radiative recombination losses has been well established,!30132
however, it is not clear whether analogous surface state recombination pathways are prevalent in
similarly structured metal oxide systems. Uncertainty over the energy of metal oxide surface states
with respect to band-edges and redox potentials has led to some reports of enhanced charge
separation®*® and of water oxidation proceeding through these states, although the latter would only
be possible if such states were sufficiently energetic (close to VB) to drive water oxidation.!0413413> A
larger community report that surface states in metal oxides, as observed for their chalcogenide
cousins, enhance recombination losses and are thus detrimental to performance.****° Indeed, many
studies suggest it necessary to passivate any surface states with overlayers to remove the possibility
of holes trapping to an energetic level from which they can no longer perform useful chemistry. 26129
Impedance analysis has been widely used to identify surface state capacitances,’®#!4%1% 3lthough
other studies have suggested this capacitance may, in some cases, be mis-assigned.'?! For example,
in a study on hematite conducted by Klahr and Hamann, the authors observed a distinct optical and
capacitive feature at 572 nm which they assigned to a chemically active surface state.'® They gave
evidence to support this assignment with the addition of an aluminium oxide overlayer that
quenches this feature, in line with other reports of Al,0s overlayers.'” However, subsequent
spectroelectrochemical studies have suggested that this absorption feature may be associated with
charge trapping in ionised oxygen vacancy states within the SCL, i.e. that this feature does not result
from termination of the crystal lattice at the electrolyte interface, but from defect states within the
SCL.”* An alternative explanation for the passivation effect with alumina may be that Al,O; changes
the surface band-bending, thereby modulating such trapping processes. It may also be the case that
surface state recombination is lessened in metal oxides compared to chalcogenides and other
semiconductors due to the almost ubiquitous presence of water to passivate surface defects
resulting from surface oxygen vacancies. Indeed transient studies of charge carriers in different TiO;
polymorphs have reported no significant difference in recombination kinetics between mesoporous
and dense films, indicating that charge carrier lifetimes in TiO, are dominated by bulk rather than
surface state mediated recombination processes.®®'% A different interpretation of surface states
was presented in a study of CuWO,, in which the authors conclude that there are no permanent or
intrinsic surface states but rather that spectroscopic features observed at the surface simply relate
to the accumulation of water oxidation intermediates at the photoanode—electrolyte interface.'®’
Indeed, such conclusions agree with the improved performances typical of nanostructured metal
oxides compared to their dense counterparts for both PEC and PC systems, suggesting that the
benefits of increased surface area (and reduced bulk) greatly outweigh possible losses from surface
state recombination.

Other strategies to enhance carrier lifetimes include the manipulation of surface energies or the
introduction of ferroelectric fields that may selectively drive charge carriers in a particular crystal
direction or towards a particular surface.’*®*>* Alternatively, the doping density of the metal oxide
may be further adjusted to improve the built-in field from the SCL.**> However, the most widely
employed strategy is through the fabrication of solid-state junctions, as detailed below.
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Solid-state junctions and co-catalyst deposition

Regardless of whether active passivation is required or not, the addition of overlayers and formation
of solid-state junctions has shown promising results on charge carrier lifetimes and photoelectrode
performances. There are several solid-state junctions used to improve OER photoanode
performance (Fig. 4): (i) thin oxide or metal overlayers to extract charge, passivate surface states
and/or improve stability;’®12%1%6157 (ji) oxide/oxide heterojunctions to aid spatial separation of
electrons and holes and thereby prolong carrier lifetimes; and (iii) co-catalyst to improve OER.
Heterojunctions can be further sub-categorised into type |, Il, or lll, depending on how the band-
edges of the two oxides involved relate to one another. We note that heterojunctions can also be
formed at the junction of two phases of the same material, such as rutile and anatase TiO,,°%*>°
where optimised phase junctions can show much higher photocurrent density for water splitting
compared to pristine rutile or anatase Ti0,.'®° An example of a heterojunction that has shown
particular promise is the WO3/BiVO, photoanode, with multiple publications demonstrating
improved photocurrent onsets and attainable maxima with this combination, associated with
enhanced charge carrier lifetimes (Fig. 4a,b).2%1%1%%4 |t is a type Il heterojunction, the most
commonly used in photoanodes, in which the band-edges are staggered such that the CB and VB-
edges are cascading from one oxide to the other (Fig. 4a), resulting in band-edge energetic offsets to
drive charge separation. The energetics of such heterojunctions may also be modulated by the
formation of SCLs at the interface of the two materials resulting from differences in material work
functions, as well as by differences in the energetic distributions of trap states in each material.16416
Disagreement over the direction of charge flow at anatase/rutile junctions is a prime example of the
complexity of this issue.’®®*>° Overlayers also have the potential to induce band-bending at the
junction, which, depending on the relative Fermi levels of the materials involved, may work to
further aid or hinder the separation of photogenerated charges (Figure 4c,d).??

Probably the most widely employed solid-state junction strategy to enhance the performance of
photoelectrodes and photocatalysts is the deposition of a co-catalyst (Fig. 4e,f). It is, however, not
always trivial to determine whether any resulting performance enhancement stems from faster
catalysis or from a retardation of competing recombination pathways. Thus, the functionality of an
added material as a co-catalyst may be readily misinterpreted, with enhanced performances
observed without necessarily enhanced water oxidation kinetics. For example, cobalt phosphate
(CoPi) has been widely studied as a co-catalyst for water oxidation on BiVO,;, WOs;, and a-Fe,03
electrodes, generating notable improvements in performance over the bare electrodes.®165168
However, several studies have highlighted that the rate constant (or turnover frequency) of water
oxidation on CoPi surfaces is actually slower than that on the bare underlying photoanodes. 03122169
The improved performance has therefore, in some cases, been assigned to enhanced charge
separation and a resultant reduction in back electron-hole recombination,!9122169170 A fyrther
example of this behaviour is found with FeOOH catalysed BiVOs, which shows a remarkable
enhancement in OER catalysis over bare BiVO,, despite the relatively slow water oxidation kinetics of
FeOOH alone.'”* Conversely, IrO,, known to be one of the best OER catalysts, was found not to
enhance the performance of BiVO4.'”? These results suggest that the nature of the interface between
co-catalyst or overlayer and metal oxide photoanode is critical to performance. Indeed, in a kinetic
study on Prussian Blue coated BiVO,, we proposed that the greater covalent nature of bonding at
the interface between catalyst and semiconductor allowed for faster charge transfer in comparison
to CoPi coated BiVO..'”® Boettcher et al. have employed dual working electrodes to examine
potential variations at the interface between metal oxide semiconductors and oxide-based co-
catalysts.'®® They proposed that the ion-permeability of some catalysts results in the formation of an
adaptive Schottky-junction that varies with potential, thus providing another alternative explanation
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as to why some co-catalysts show greater or lesser enhancements on photoanodes than otherwise
expected.’”* We note that co-catalysts are typically able to oxidise water at less oxidising potentials
than n-doped semiconducting oxides, and so may be particularly beneficial for enhancing the
performance of smaller bandgap photoanodes with valence bands that may otherwise be
insufficiently deep to drive water oxidation effectively.

Co-catalyst layers can offer a secondary benefit, independent of whether they function as true rate-
enhancing catalysts or otherwise. Slow water oxidation kinetics allow the possibility for reactive
surface holes to drive alternative reactions to the desired OER.”>'”7 Fortunately, most commonly
studied oxides show high Faradaic efficiencies for OER, although not always reaching unity.'® The
addition of a catalyst can therefore hold the added bonus of improving the Faradaic efficiency, as
has been reported for W0,.166178179 Alternatively, the poor selectivity of some materials for OER can
be used to advantage if the water oxidation reaction is replaced by an alternative, desirable
oxidative reaction. We revisit this idea in the final section of this review.
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Figure 4: Solid-state junctions. The three main types of semiconductor-solid-state junctions found
in metal oxide photoanodes for water oxidation. (a) A type Il heterojunction between two metal
oxide semiconductors, illustrated with example band-bending for an n-n junction. (b) Ultrafast TA
decay data showing the enhanced lifetime attainable when WO; forms a heterojunction with BiVO,
(green), compared to BiVO, alone (blue).*®® (c) A photoanode with an overlayer to passivate the
surface. Charges will likely tunnel through this layer. (d) Example of increased yield of long-lived
WO; carriers with Al,O; overlayer.*! (e) A photoanode with a co-catalyst deposited on top, showing
enhanced band bending due to Schottky junction formation. (f) Example of slower surface
recombination in hematite photoanodes when an IrO, catalyst is added.'®
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Reaction kinetics of catalysis

Water oxidation at metal oxide surfaces has been widely reported to occur primarily on ms—s
timescales. Although the time scale of water oxidation depends on illumination and applied bias, as
discussed in detail below, the reported values typically lie within this range. Tang et al. used
transient absorption spectroscopy to show that holes at the surface of TiO; require between 0.3-1
second on average to react with water and evolve oxygen.'®® Subsequent transient absorption
studies of other metal oxides have reported similar timescales, ranging from < 1 ms for WO3 to ~3 s
for Fe,03.19107122184185 Gimjlar timescales for water oxidation have also been reported from
operando impedance and photoinduced absorption studies.’®*12* This ms—s timescale is comparable
to the timescales of water oxidation reported for many heterogeneous or molecular water oxidation
catalysts.1%18¢ We note that this comparison is perhaps overly flattering to metal oxide photoanode
materials, as these drive water oxidation from energetically highly oxidising valence band holes, and
therefore operate with much larger effective overpotentials than either photosystem Il or most
electrocatalysts. In any case, this slow timescale for water oxidation is a major kinetic challenge for
efficient photoanode function, requiring the strong suppression of competing surface recombination
pathways, as discussed above. It also means that the accumulation of a high density of surface holes
is required to generate significant photocurrent densities. For example, for a flat photoanode on
which holes can oxidise water in 0.1 second, achieving 10 mA cm%geometric (€quivalent to ~103C cm’
Zseometric) requires a surface hole density of 10'® cm?geometric (i.6. 100 NM™2 geometric), higher than the
density of surface metal sites. One strategy to support such high hole densities per geometric
surface area is to use nanostructured electrodes or permeable catalysts, such that the hole density
per active area is significantly lower. On the other hand, such high surface hole densities also enable
interactions between neighbouring surface holes to drive the multi-redox chemistry required for
water oxidation, as we discuss below.

Water oxidation catalysis

There are multiple approaches to probe water oxidation catalysis on metal oxide surfaces and to
determine the best performing photoanodes and catalysts. Many studies examine water oxidation
intermediates and their energetics, experimentally'®” ' or theoretically,’***** to determine the rate
limiting catalytic step.'®® This requires knowledge of which sites or moieties may be catalytically
active, and this can be determined using structurally sensitive characterisation techniques in situ.'*®
200 Empirical Brgnsted-Evans Polanyi (BEP) relationships are often used to relate kinetics of reactions
to simple thermodynamic data;*2°*2% however, studies that directly probe water oxidation kinetics
are relatively scarce. Here, we highlight advances in direct temporal studies of the kinetics of water
oxidation on metal oxide surfaces and their implications for photoanode design and the underlying
mechanism of catalysis.

We first assess the relevance of the different parameters influencing water oxidation kinetics. We
highlight that the onset of water oxidation for a given oxide under illumination is positive with
respect to its flat-band potential by a certain overpotential (n) (Box 1), which may be considered to
contain two quantities, nrec and ns. The first, nre, results from the kinetic challenges discussed above:
the need to sufficiently suppress bulk and surface recombination pathways such that surface holes
may accumulate with adequate lifetimes to drive water oxidation catalysis. The second, ns, refers to
the potential barrier that holes at the surface may have to overcome to oxidise water. As such, ns
can be influenced by the nature of the semiconductor (chemical composition of the surface, exposed
facets, 2°42% and even the presence of thermal barriers)®®* and/or the electrolyte (ions in the
supporting electrolyte,’®21%211 the pH,?*22?13 etc.).!® ns depends on the barrier of hole transfer from
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the valence band to water oxidation intermediates; this is often deemed to be smaller for materials
with deeper valence bands, i.e. a larger energetic difference between the redox couple (H,0/0,) and
the valence band. Consequently, a correlation between VB edge and water oxidation rate has been
observed for different oxides, which can be likened to lowering the relative reaction barrier by
increasing the energy of the ‘reactant’ relative to the ‘transition state'.’®8 As shown in Figure 5a,
the kinetics of water oxidation follows the order WOs > TiO, ~ BiVO4 > a-Fe,0s, which is consistent
with the VB of WO3 being most positive, followed by TiO;, BiVO4 and Fe;0s, although there are some
studies that argue TiO; to have the deeper VB than W0s.9*¥> These observations align with work by
Butler in which he proposed that WOs possesses a build-in overpotential for water oxidation.?*
Despite its suitable VB position, the kinetics of water oxidation for W03 are still slower (100 s*) than
that achieved in natural photosynthesis by the oxygen-evolving complex (OEC) in Photosystem Il
(500 s?), which operates at a relatively small effective overpotential.?1>?1®
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Figure 5: Kinetic models for water oxidation catalysis. (a) Transient diffuse reflectance spectroscopy
measurements for holes in W03 nanoneedles (500 nm, pH 1, 1.45 Vgye) compared to transient
absorption decays at photocurrent plateaus for BiVO, (550 nm, pH 7, 1.5 Vgue), TiO2 (500 nm, pH 13,
1.15 Vrue and a-Fe,03 (650 nm, pH 13, 1.5 Verye).® (b) Multi-site redox levelling mechanism for the
water oxidation reaction in OEC of PSIl, showing charge accumulation followed by charge
rearrangement and evolution of oxygen. (c) Single site mechanism based on the formation of four
consecutive electron/H* transfer steps occurring at the same site. (d) The rate-laws, obtained from
SEC-PIAS, for each of the metal oxide photoanodes in (a), taken from ref'®> (WO, diffuse reflectance
system, pH 3, 1.4 Vgue; BiVO,, transmittance system, pH 7 at 1.7 Vrug; a-Fe,03, transmittance system,
pH 13 at 1.5 Vgue; TiO,, transmittance system, pH 13 at 1.5 Vrue). The surface holes and currents are
normalized to the oxide surface area, accounting for the roughness of the samples. (e) Comparative
rate laws for different metal oxide-based electrocatalysts. Lower x-axis is unitless as the extinction
coefficient was not known for all samples. Ni/FeOOH measurements were made in pH 13 %/, MnO;
(510 nm, pH 4, pH 10 and pH 12) from ref?® and IrOx (450 nm, pH2) from ref?'°, The current and
oxidized species are normalized to the geometric area of the electrodes.

The Butler-Volmer model (Box 2) has been widely used in electrochemistry to describe interfacial
charge transfer across metal/electrolyte interfaces, i.e. where a change in free energy of electrons in
the electrode is directly associated with a potential change across the Helmholtz layer, resulting in a
reduction in activation energy for the reaction and a potential dependent rate constant.??%??!
However, for semiconductors that only achieve low carrier densities (relative to metals) at the
electrolyte interface, increasing the applied potential primarily increases the accumulation of charge
carriers at the interface, and the rate constant may remain relatively invariant.'*®??222% |n such
systems, an alternative population model (Box 2) has been proposed,?*#??>??’ where additional
terms to account for the effect of surface??® and depletion layer?1422>226:229231 racombination can be
included to describe reaction kinetics at the semiconductor/electrolyte interface. In this model, the
change in entropy derived from changes in the surface carrier concentration (i.e. a change in
chemical potential or free energy, rather than enthalpy) is the dominant factor altering the driving
force of the reaction.'*12232.233

19



BOX 2

DARK LIGHT
I
I |
Butler-Volmer Model Population Model Population Model
M CB CB
EFI llllllllllll
EFZ llllll
v v VB v VB
AAS =0 AAH =0 AAH =0

The most frequently employed model to study the current—voltage relationship of an electrode is
the Butler-Volmer model, demonstrated for simplicity with a metal-electrolyte interface in left panel
of the figure, where a continuum of energy states can be accessed within the metal.??%%?! |n this
picture, the application of positive bias lowers the metal electrode Fermi level (Er1) to a new position
(Er2) and thus changes the enthalpy of the states performing water oxidation (note free energy
change approximately equals enthalpy change in this case). The barrier to water oxidation is thereby
lessened (red arrow < blue arrow) and the current increases (the barrier changes with potential but
by a smaller factor, 1-a, where a is the transfer coefficient). However, while this model is well-suited
to metals with a continuum of accessible states, it is arguably less well suited to semiconductors, or
indeed to metals with localised rather than band states driving catalysis. Alternatively, a population
model can be used (centre panel of the figure) to describe dark catalysis for a semiconductor with its
Fermi level in the bandgap. This model is then also applicable under irradiation, substituting the
deeper Fermi level for the hole quasi-Fermi level that forms with light (right panel of the figure).
Note that, for clarity, we focus here solely on reactive holes at the SCLJ and do not consider the role
of band-bending in this picture, although it is undoubtedly critical in delivering separated charges to
the interface.?”>?** For a photoanode in the absence of Fermi level pinning, increasing the applied
potential (centre) OR the light intensity (right) increases the concentration of photogenerated holes
at the VB edge. In this population model, the (photo)current generated depends only on the
concentration of holes at the surface, with their reactivity increasing with concentration due their
resultant loss of entropy rather than an increase in enthalpy.’”° Thus, in the Butler-Volmer model
applied to metals, the rate constant for water oxidation changes with Fermi level, while in the
population model applied to semiconductors, the rate constant is invariant and the population
(concentration) of charge carriers changes. Similar concepts have been postulated to analytically
explain current-voltage relationships,?’%214225235 with additional complexities in the models arising
from the treatment of surface reaction rates’**?**?3 and recombination at the surface’”® and in the
depletion layer.??® In this most simple picture, the enthalpy of the states does not change and
neither does the kinetic barrier to water oxidation (red arrow = blue arrow) and the current depends
only on the population of accumulated species at the interface. This population model is likely to be
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particularly relevant to materials with localised charge carriers, such as the small polarons formed in
most metal oxides.
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The population-based model has been used to describe OER kinetics for a range of photoanodes.
The simplest version of this model assumes that the water oxidation current density (J) is
proportional to hole concentration [h*], and first-order rate constants (kwo) are then applied to
model behaviour; i.e. J = kwo[h*].?2?37238 For example, Cummings et al. and others used this
assumption to determine the lifetimes of surface trapped holes in hematite photoanodes.0%124239
However, OER is a complex four electron reaction and, depending on the reaction mechanism, the
rate or current (J) can, in principle, be proportional to the first, second, third or fourth power of the
hole density at the surface (h*), i.e. J = kwo[h*]%, where a is the order of reaction with respect to
surface holes. Furthermore, multiple active sites can be involved.’®>?4° |[ndeed, rate law analyses on
hematite employing operando spectroelectrochemical photoinduced absorption spectroscopy (SEC-
PIAS) have shown a third order dependence of photocurrent on hole generation under one sun
irradiation conditions, with a first order water oxidation regime appearing only at low light
intensities, Figure 5d.23 An order greater than one can be rationalised by either: (1) considering each
of the oxidation processes prior to the rate determining step to be in equilibrium with one-another
such that they appear equivalent; or (2) a cooperative effect between two or more active sites or
species resulting in a multi-site mechanism. For the specific case of hematite exhibiting a reaction
order of three, it has been suggested that the rate determining step corresponds to the formation of
the O-0 bond by the chemical oxidation of water driven by three surface holes (i.e. Fe(IV)=0 species)
coming together in a dimeric metal oxide cluster, with the kinetics of lateral surface hole diffusion
most likely impacting upon the observed water oxidation kinetics.'®>?*! The activation energy for this
rate-determining step was determined to be only 60 meV for the third order reaction, compared to
300 meV for the first order mechanism.*®> Interestingly, the water oxidation kinetics for equivalent
hole densities was found to be independent of the applied electrochemical potential, further
supporting the role of hole accumulation in driving water oxidation?%%%3, We note that the surface
hole density measured under one sun irradiation in this study was 2 x 10 cm, higher than typically
expected surface defect densities, and suggesting that water oxidation may proceed across the
whole oxide surface rather than from localised catalytic sites — a conclusion also supported by DFT
simulations of reaction mechanism.'® Similar third order behaviour has also been reported for TiO;
and BiVO. photoanodes, alluding to a similar water oxidation mechanism across comparable
oxides.'® The increase in rate constant with deeper valence band edge (as noted above) can be
attributed more energetic surface holes promoting O-O bond formation, potentially by increasing
the enthalpic driving force for three surface holes to come together to form the triply oxidised
species involved in the rate-determining step. Changes to pH conditions, however, have been shown
to alter the mechanism for water oxidation on the same materials, i.e. different rate order,?>%**
which may be expected when considering the different reaction pathways available in acidic and
alkaline media and the predicted changes in surface protonation of the examined oxides. Indeed,
faster water oxidation kinetics were observed for hematite photoanodes at pH greater than its point
of zero charge, indicative of proton coupled reaction kinetics.'®

Rate orders greater than one for water oxidation suggest that metal oxides operate by a similar
redox-levelling mechanism proposed for the biological water oxidation enzyme of photosystem Il
(PSII), via the build-up of multiple oxidising equivalents prior to the O-O bond formation, (Fig. 5b) as
opposed to a single site mechanism where -OH, -0 and -OOH intermediates are formed on the same
active centre (Fig. 5¢).2%%%° In the Mn4CaOs cluster of PSII, oxidation and deprotonation steps within
a narrow electrochemical potential range (redox levelling) result in the formation of multiple
oxidized Mn states. The eventual formation of oxygen can occur via an oxyl-oxo coupling
pathway?*®?*” or by the reaction of a substrate water molecule with a terminal oxyl radical.?*25!
Such a redox-levelling, multi-site mechanism allows for lower electrochemical overpotentials and
relies on p-oxo bridges that link the metal sites and regulate binding, deprotonation, and oxidation
of substrate water molecules. Similar catalytic motifs have been synthesised for electrocatalysts
such as CoOOH,?>2>3 NiOOH,?**%°®* MnOOH,?*” and amorphous®*4?>° and molecular IrOy clusters,?0-262
where equivalent oxo-coupling mechanisms have been proposed. We recently employed a similar
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rate law analysis to the one described above, using stepped potential spectroelectrochemistry to
study a series of Ni/Fe oxyhydroxide (Ni/FeOOH) electrocatalysts containing different ratios of nickel
to iron.?”” Figure 5e shows the dependence of the water oxidation current on the density of oxidised
states (or the change in absorption) on a log-log plot, where the slope represents the order of the
reaction (a) with respect to the oxidised states. Despite observing different oxidised species (Fe- or
Ni-based) with different metal ratios, and different dependencies of the population of these species
with applied electrochemical potential, we found a reaction order of four on all electrodes (Fig. 5e),
suggesting a similarity in the reaction mechanism. Notably, Tafel plots generated from the same data
revealed significant differences in the value of the Tafel slope between the catalysts, usually taken as
an indicator of different catalytic mechanisms.?®* However, this discrepancy can be attributed to the
significant change in the density of oxidised species observed as a function of potential, which is not
accounted for in conventional Tafel analysis. The impact of population densities on performance has
similarly been reported by Takashima et al. in their studies of water oxidation on 6-MnQ; using
spectroelectrochemistry in solutions of different pH.?*8%% They observed that §-MnO; exhibited
higher water oxidation activity at higher pH coincident with an earlier electrochemical potential for
the onset for the accumulation of the oxidised species, further indicating the importance of
population density in driving water oxidation on electrocatalysts as well as on photoanodes.

The population model is valid only so long as the driving force (photovoltage for photoanodes,
voltage for anodes) only changes the entropy (i.e. density) of the oxidised states, with their enthalpy
remaining constant. As shown in Fig. 5e, while the kinetics for MnO, at a low density of oxidised
species are well represented by a population model and a reaction order of one, high potential leads
to rapidly increasing current densities over a much smaller increase in oxidised species, resembling
Tafel behaviour. These results also show that the solution pH can alter the governing kinetic
behaviour at a given density of oxidised species. The kinetics on state-of-the-art IrOx catalysts is
more challenging to understand over the entire water oxidation regime, considering the different
oxidized species that can be accumulated on the surface and the smaller optical changes
detected?'?% relative to NixFe1xOOH and MnO, (Figure 5e). Interestingly, a recent study on IrOy
combining pulse voltammetry, X-ray absorption spectroscopy and DFT calculations has proposed
that increasing the density of oxidized species lowers the activation energy of the rate determining
chemical 0-O bond formation step, and electrochemical potential only promotes the formation of
the oxidized states. Therefore, a deviation from rate-law behaviour can also be possible if the
accumulation of oxidized states significantly alters the enthalpy of the states driving water
oxidation®®2¢’  However, hematite photoanodes, potential independent reaction kinetics, once
normalised for surface hole density, have been reported for both methanol and water oxidation,
strongly supporting the validity of a population model for this system 242243268

The applicability of either a Butler Volmer model or a population model depends on the nature of
the (photo)electrode, electrolyte, applied potential, and the reaction mechanism; it is probable that
in many cases the true kinetic behaviour lies between these two extremes. For example, details of
0-0 bond formation by chemical interaction of two oxo species and the possible deviation in kinetic
regime from a population model once all sites are present in their most oxidised form is unknown
for both metal oxide photoanodes and electrocatalysts. In addition, band-edge unpinning can occur
for photoanodes in the presence of large charge densities, or at high applied potentials, which could
allow for the Helmholtz potential drop between the semiconductor and solution to change. In this
case, a larger fraction of the potential drop may be experienced across the Helmholtz layer,
increasing the likelihood of Butler-Volmer-like behaviour.?*>2-2’1 The magnitude of such effects will
also depend on the net charge of accumulating species; for example, surface holes on hematite have
been suggested to be uncharged Fe(IV)=0 species, potentially reducing their impact on band-edge
unpinning.1®242272 Fyrthermore, it is important to note that water oxidation is an inner-sphere
reaction and the validity of the assumptions for outer-sphere electron transfer models such as the
Butler-Volmer theory remains questionable?6%273,

23



Achieving a unified understanding of water oxidation kinetics on (photo)anodes requires advances in
both experimental and computational capabilities to account for complex, multi-site interactions
and to enable tracking of reaction intermediates at faster timescales, necessary to provide further
insight into the reaction mechanisms at play. Temporal resolution of the elementary steps has been
carried out on some promising materials using X-ray diffraction and infrared spectroscopy
techniques.''>117.274277 Eor example, in the case of Co304, two distinct intermediates were observed
using time-resolved FTIR spectroscopy, a superoxo and an oxo species.?’”® Their temporal behaviour
suggested that these two species belong to two different mechanisms, with the formation of the
superoxo species corresponding to the fast cycle that involved a cooperative effect between two
adjacent Co(lV) sites, analogous to the 1°%/3™ order behaviour discussed above for hematite
photoanodes. In another study, by combining ultrafast infrared spectroscopy and theoretical
calculations for subsurface vibrations on n-SrTiOs, Cuk et al. found that the oxyl intermediate on the
Ti site was generated within picoseconds of charge transfer and was present for at least
nanoseconds after generation.'” Once decoupled from the lattice, the Ti-O stretch was found to
couple to water dynamics, thus highlighting the role of the electrolyte in the eventual formation of
the 0-O bond. Similarly, advances have been made in theoretical modelling of water oxidation to
capture the differences in kinetics that result from a change in available oxidised sites, as well as the
energetics of each site, with applied potential.?®®>?7828 By proposing a change in the nature of
surface sites as a function of potential under water oxidation conditions, these studies can explain
changes in the kinetic regimes observed experimentally, which were previously attributed to
different reaction mechanisms using the simplified Tafel analysis. Such studies, combined with direct
experimental evidence of the density and nature of surface oxidised states under reaction
conditions, may enable a more detailed understanding of water oxidation kinetics. Understanding
the underlying kinetics of relevant reaction intermediates for water oxidation, and their dependence
on interfacial parameters, brings the community closer to tuning the rate of catalysis to outcompete
surface recombination processes, with the potential for dramatically enhancing performance.

Alternative Oxidations

Water oxidation is, undoubtedly, a kinetically challenging reaction. Improvement in interfacial
kinetics requires a detailed understanding of the relevant intermediates, mechanism, and kinetic
model that governs the reaction, which can vary largely with the electrode, electrolyte, and regime
of operation. This reaction is particularly challenging because four charge transfer processes need to
be optimised individually, resulting in inevitable energy losses. This has motivated replacing this half-
reaction with other molecules that may be oxidised to give value-added products. Alternative
reactions such as methanol, ethanol or glycerol oxidation could be substituted in place of the water
oxidation chemistry and provide greater yields at improved turnover frequencies. For example,
methanol is widely applied as a hole scavenger, thereby directly demonstrating its relative ease of
oxidation compared to water.?%®?8128 Hematite has been shown to oxidise methanol to
formaldehyde (a product of industrial use) with 96% Faradaic efficiency, while requiring significantly
less external bias than the analogous OER from water.?®® Another common hole scavenger is
hydrogen peroxide (H.0,), which is also a possible intermediatery product en route to oxygen
evolution from water.”®> With a greater inherent value than O, and potential use in medicinal
applications, several research groups have examined limiting water oxidation to this, kinetically
easier, two electron oxidation product.’® Choi and co-workers recently demonstrated the
photoelectrochemical conversion of biomass at a BiVOs photoanode while simultaneously
generating hydrogen at the cathode.?®” Li et al. have since expanded on this to show how biomass
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conversion on BiVO; is attainable in non-aqueous media.?® Similar biomass conversions have also
been successfully implemented in electrochemical hydrogen generation cells,?®® and Reisner and co-
workers have shown efficient conversions of both biomass and plastic waste to hydrogen.?%2!
Alternatively, Du et al. have proposed chloride oxidation as a replacement reaction, which, rather
than generating a significantly higher value product, could provide benefits by allowing sea water to
be used in place of valuable purified water in (photo)electrochemical cells.?*> Zhang et al. on the
other hand have employed hematite photoanodes for arene C-H amination.?®®> From a kinetic
perspective, many of these alternative oxidations are typically faster than water oxidation, thereby
reducing the lifetime challenge for efficient function, and thus reducing the applied voltage required
to drive these reactions and the concommitant evolution of molecular hydrogen.
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Future Perspective

Although metal oxides are the most widely studied material class for photo(electro)catalytic solar
fuel devices, their solar energy conversion efficiencies (¥3% for PEC?*® and 1% for PC!*) remain
significantly below those required for commercial application. Their performance limitations are
primarily due to the kinetic mismatch between bulk charge carrier lifetime and the timescale of
interfacial catalysis, resulting in recombination of most photoexcited electrons and holes that could
have driven formation of green H, from water splitting. We summarise below some material design
guidelines identified in this review to address this kinetic challenge and highlight areas of remaining
uncertainty or controversy. We focus here only on guidelines based on kinetic considerations — there
are already excellent reviews covering, for example, the need to select materials with appropriate

band energies and stabilities.>7833,92194,206,294-296

Guideline 1: Reduce the magnitude of the kinetic challenge by selecting or synthesising a light
absorbing metal oxide with a longer bulk charge carrier lifetime. A long carrier lifetime reduces bulk
recombination losses and increases the minority carrier diffusion length, reducing the need for
nanostructuring. For example, BiVO, exhibits a ~100-fold longer bulk carrier lifetime than Fe;0s,
which is a key reason behind its generally superior performance. However, understanding the
factors that determine bulk carrier lifetimes in metal oxides remains an important challenge,
alongside improved rationale for doping (see below), and exploration into the role of do/dio
materials, which appear to favour longer intrinsic lifetimes.

Guideline 2: Reduce the magnitude of the kinetic challenge by selecting a metal oxide or co-catalyst
with faster water oxidation kinetics. Faster water oxidation kinetics reduce the density of positive
charge carriers (holes) that must accumulate at the photoanode surface to drive the required flux of
water oxidation, thereby suppressing surface (back electron-hole) recombination losses. Faster
water oxidation kinetics tend to correlate with deeper metal oxide VB edges, although a larger
bandgap reduces light harvesting efficiency. Some, but not all, co-catalysts (molecular or
heterogeneous) exhibit faster water oxidation kinetics (i.e. high turnover frequencies) at lower
potentials. Co-catalyst addition may enable some otherwise inactive, visible light absorbing metal
oxides to drive water oxidation. The oxidation of alternative substrates to water (e.g. alcohols,
chloride etc.) may also reduce this kinetic challenge.

Guideline 3: Employ material energy offsets to aid the spatial separation of charge carriers. The band
bending induced by an applied bias is the simplest way to drive charge separation but requires an
energy input that reduces efficiency. Junction formation, such as metal oxide/co-catalyst or type Il
semiconductor heterojunctions can aid the spatial separation of charges, reducing or removing the
need for an applied bias. Internal material fields, including those generated by ferroelectric fields or
differences in surface energies on different crystal facets, can also aid charge separation, as can
energetic offsets induced by local variations in material composition or crystallinity.

Guideline 4: Tune dopant densities for optimum performance. Photoanode performance requires n-
type doping to enhance bulk conductivity and enable SCL formation. However, a high doping density
can be expected to reduce the minority carrier (hole) lifetime, and so accelerate bulk recombination
losses (although there is little direct evidence of this to date), as well as reduce the width of the SCL.
Tuning of dopant energetics could modulate the doping efficiency and so modulate the impact of the
dopant on minority carrier lifetime or SCL formation. Spatial modulation of doping density (e.g. n-
type in the bulk, p-type at the surface) may also enhance performance.
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Guideline 5: Tune, and most likely minimise, polaron relaxation and charge trapping. Most metal
oxides exhibit strong polaron localisation/relaxation and are highly defective with significant charge
trapping into localised defect sites. Both processes reduce charge carrier mobilities and are
energetic loss processes; charge trapping can also mediate charge recombination losses. However
shallow charge trapping can also retard charge recombination and aid photocatalytic function (as
long as the trapped carriers retain sufficient energy and mobility to drive the desired reactions).
Many defects may also dope the material, such as oxygen vacancy doping in many metal oxide
photoanodes.

While substantial progress has been made in understanding how charge carrier dynamics modulate
PEC and PC performance, and how these dynamics can be enhanced by appropriate materials
design, many aspects of these kinetic studies remain unresolved. Progress towards addressing areas
of poorer understanding is being accelerated by the development of new experimental techniques,
such as time resolved X-ray spectroscopy and in situ/operando spectroscopic studies.?®” For
example, such techniques could probe the movement of holes at the semiconductor surface,
delivering insights that could resolve the ongoing controversy regarding the susceptibility of n-type
metal oxides to surface-state mediated recombination processes. Likewise, the role of water or
oxygen in surface passivation and the relationship between bulk and surface defects remain areas of
high interest that would benefit from further study. Perhaps the largest area of uncertainty lies in
the kinetics of multi-redox catalysis, as we discussed above and in Box 2. The kinetics of catalysis are
not only scientifically interesting, but also technologically important, with the likely non-linear
dependence of these kinetics upon charge accumulation and/or interfacial energetics impacting
directly upon the shape of the photoanode J/V curve. Similarly, the non-linear dependence of both
catalysis and bimolecular recombination kinetics upon light intensity is likely to impact strongly upon
PEC and PC performance as a function of solar intensity, particularly for solar concentrator
applications. We emphasise that the kinetic processes discussed herein as underlying PEC and PC
water splitting have close parallels with those in other applications, including PEC and PC CO,
reduction, photocatalytic pollutant degradation, and water electrolysis. Furthermore, the kinetic
challenges discussed herein for metal oxides are also critical for most other material classes
currently under investigation for PEC and PC applications, including metal nitrides, carbon nitrides,
conjugated polymers, and molecular photosystems. As such, we hope that this review provides
useful insights and inspiration to those interested in harnessing sunlight to drive chemical reactions
and reduce our impact upon our environment.
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