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The light-driven oxidation of water by photosystem II (PS II) 
is one of the most remarkable catalytic reactions in biology. 
It provides the reducing electrons for photosynthetic car-

bon dioxide reduction and releases molecular oxygen, which has  
generated our aerobic atmosphere. Natural photosynthesis is widely 
regarded as an inspiration behind the development of artificial  
photosynthetic systems to harness sunlight and split water into 
molecular oxygen and hydrogen, or reduce carbon dioxide to car-
bon-based molecular fuels1–4. However, it is often unclear whether 
natural photosynthetic systems exhibit molecular-scale blueprints 
and mechanisms, which can help guide the development of artificial 
systems. So far, most studies of heterogeneous and homogeneous 
chemical water oxidation have focused on optimizing catalytic 
turnover frequencies and minimizing overpotentials, or long-term 
stabilities5–9. Mechanistic studies of heterogeneous water oxidation 
have focused particularly on the identification of reaction interme-
diates10. In the present study, we take an alternative approach by 
employing an experimental rate law analysis of water oxidation on 
metal oxide surfaces under a range of conditions, and we comple-
ment these kinetic studies with density functional theory (DFT) cal-
culations of a simple molecular analogue for one of these oxides to 
propose a model for water oxidation on such surfaces.

In electrocatalytic systems, the kinetics of catalysis are often 
probed from analyses of current/potential (J/V) characteristics, 
often referred to, for metallic electrodes or defect-free semiconduc-
tors (that is, with sharp band edges), as Tafel analyses11. However, 
for non-ideal electrodes, such as semiconductors with multiple 
redox states and/or non-ideal densities of conduction/valence 

band states, the interpretation of such J/V data is more complex. 
The rate of reaction in semiconductor electrodes is often primarily 
determined by the densities of surface conduction band electrons 
(valence band holes) or of reduced (oxidized) states of the catalyst12. 
However, for non-ideal semiconductors, these densities are often 
difficult to determine from J/V analyses alone. For photoelectro-
catalytic systems, determination of these densities from J/V data is 
further complicated by the quasi-Fermi level splitting induced by 
light. As such, for many (photo)electrocatalytic systems, determi-
nation of rate laws for multi-redox reactions is a non-trivial chal-
lenge, with only limited studies reported in the literature so far13. 
Similarly, theoretical calculations have typically not addressed the 
dependence of the reaction rate on surface charge density.

We have recently demonstrated, for both electrocatalytic and 
photoelectrocatalytic systems, that optical spectroscopy can provide 
a direct measurement of the densities of the states driving catalysis 
under operating conditions, and have employed this approach to 
elucidate rate laws for water and methanol oxidation and proton 
reduction on different (photo)electrocatalytic surfaces14–16. In the 
present study, we employ this experimental approach to determine 
the dependence of the water oxidation rate constant upon tempera-
ture, pH and H/D exchange for haematite (α-Fe2O3) photoelec-
trodes, thus providing key experimental data on the underlying 
reaction mechanism (for details of the methods see Supplementary 
Information). This experimental approach combines a transient 
optical absorption assay of surface hole accumulation (hs

+) (see 
Supplementary Fig. 1 for typical absorption spectra of these holes 
on haematite; we note these surface holes are likely to be relatively 
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localized, with energies near the valence band edge (VBE))16–19 with 
a photoelectrochemical assay of the flux of water oxidation (Jph), 
which allows us to determine the rate law (equation (1)) on such 
photoelectrodes:

Jph ¼ kWO  ðhþs Þ
α ð1Þ

where α is the order of the reaction with respect to the hole density 
and kWO is the corresponding water oxidation rate constant. For the 
studies reported herein, data were collected under strong anodic 
bias (to supress surface recombination losses), as a function of light 
irradiation intensity, in a three-electrode photoelectrochemical cell. 
Data were collected after irradiation with a 365 nm light-emitting 
diode (LED) light pulse for 5 s, long enough to reach approxi-
mately steady-state conditions for both the surface hole and pho-
tocurrent densities16–18. The complete optical and electrochemical 
dataset is available at http://zenodo.org with the identifier 10.5281/
zenodo.851635. Our previous kinetic studies have demonstrated 
that only holes localized in the space charge layer have sufficiently 
long lifetimes to contribute to the quasi-steady-state conditions 
employed, and herein we take advantage of the fact that our optical 
assay is sensitive only to these surface holes16,20.

Results and discussion
We start by making a quantitative comparison of the dependence of 
the water oxidation kinetics on the density of photogenerated charge 
carriers on haematite (α-Fe2O3) and on three other photoanodes: 
titanium dioxide (TiO2), bismuth vanadate (BiVO4) and tungsten 
oxide (WO3), as shown in Fig. 1a (for α-Fe2O3, TiO2 and BiVO4;  
refs. 16–18; see Supplementary Figs. 2 and 3 for optical and electro-
chemical characterization). These data are plotted as log/log plots of 
turnover frequency (TOF) versus surface hole density (hs

+) (where 
the TOF is determined from the inverse of the hole transfer time 
constant; oxygen release TOFs would be fourfold slower). We note 
that the surface hole density can be considered most simply as a 
measure of how close the hole quasi-Fermi level approaches the 
valence band maximum at the surface, with a higher hole density 
corresponding to a greater free energy driving water oxidation. All 
the oxides studied here have been shown to have promising activ-
ity for water oxidation under solar irradiation and modest anodic 
bias and, with the exception of WO3, near unity Faradaic efficien-
cies21. Unlike PS II, their valence band maxima are all relatively 

deep, providing large energy offsets for water oxidation by valence 
band holes, as illustrated in Fig. 1c. In particular, we have previ-
ously reported that the rate of water oxidation increases with the 
third power of the surface hole density under 1 sun irradiation on 
α-Fe2O3, BiVO4 and TiO2 (refs. 16–18), suggesting the co-operative 
function of three surface holes in the rate determining step (RDS) of 
the reaction. Further data are included herein for WO3 photoanodes 
(see Supplementary Figs. 4 and 5 for WO3 details). Also shown in 
Fig. 1b are the same data plotted more conventionally, as water oxi-
dation flux versus surface hole density.

Figure 1a shows that as the surface hole density is increased, the 
TOF is initially constant, and then increases, corresponding to a 
transition from a first-order reaction at low surface hole densities 
to a faster, higher, circa third-order reaction at higher hole densities, 
with the latter dominating under 1 sun irradiation. We note that 
the transition from first to third order is not always quantitative. 
WO3 photoanodes actually fit best to a 2.5 order at high hole den-
sities, showing non-unity Faradaic efficiency for water oxidation22.  
For TiO2 photoanodes, the first-order regime could not be resolved, 
and at neutral and acidic pH, we observe second-order behaviour18. 
As we have discussed previously, this unexpected biphasic behav-
iour suggests distinct reaction mechanisms at different surface  
hole densities16,17. We note that different rate law data have been 
reported recently for haematite based on J/V impedance data, as 
discussed further in the Supplementary Information, page 823. The 
TOFs plotted in Fig. 1a range from 0.125 s−1 for α-Fe2O3 at low hole 
densities to 60 s−1 for WO3 at high hole densities. These values are 
between one to two orders of magnitude slower than that for the 
oxygen evolving centre (OEC) in PS II24, but are comparable to 
many homogeneous and heterogeneous chemical water oxidation 
catalysts2,21. It is apparent from this plot that the TOFs (and there-
fore rate constants) for water oxidation correlate with the VBEs  
of these oxides shown in Fig. 1c. α-Fe2O3 exhibits the slowest  
kinetics and least oxidizing VBE, while WO3 exhibits the fastest 
kinetics and deepest VBE. More quantitatively, we observe that an 
increase in the VBE of 0.7 V results in a 150-fold increase in the 
water oxidation rate constant. Faster water oxidation kinetics can 
be expected to reduce losses due to kinetic competition with sur-
face (or ‘back electron hole’) recombination. The variation in water 
oxidation kinetics we observe in Fig. 1a between these metal oxides 
is therefore likely to be a key reason why it is easier to achieve 
photocurrent onset potentials closer to the flat band for WO3 
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Fig. 1 | Kinetic analysis of the water oxidation reaction on metal oxide photoanodes. a, Chart showing log/log plots of the TOFs for hole transfer to the 
electrolyte corresponding to water oxidation as a function of surface hole density, measured at fixed anodic bias for four metal oxide photoanodes. The 
black dashed circles indicate ~1 sun irradiation conditions. b, Equivalent data plotted as rate of reaction versus surface hole density. The α-Fe2O3, TiO2 and 
BiVO4 plots are adapted from previously published data16–18, ACS. The dashed lines correspond to fits to the rate law (equation (1)). Conditions: WO3, 
diffuse reflectance system (α = 1, α = 2.5), pH 3, applied potential 1.4 V versus reversible hydrogen electrode (RHE); BiVO4, transmittance system (α = 1, 
α = 3), pH 7 at 1.7 V versus RHE17; α-Fe2O3, transmittance system (α = 1, α = 3), pH 13 at 1.5 V versus RHE16; TiO2, transmittance system (α = 3) pH 13 at 1.5 V 
versus RHE18. α corresponds to the gradient (dashed lines). In all cases 365 nm LED irradiation was used from 0.5% to 300% of 1 sun and measurements 
were performed at 25 °C. c, Schematic of the VBE energy relative to the H2O oxidation redox potential (1.23 V versus RHE) of the metal oxides discussed in 
this work, including the equivalent PSII energy levels for reference.
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(ref. 25) and TiO2 (ref. 26) compared to BiVO4 (ref. 27) and α-Fe2O3 
(Supplementary Fig. 3).

We note that the surface hole densities in Fig. 1a range between 
0.5 and 4 h+ nm−2, one to two orders of magnitude higher than 
the densities of surface defect states typically reported for such 
oxides28,29, suggesting that any water oxidation proceeding from 
such defect states is unlikely to contribute significantly to the 
data reported herein. We emphasize that this analysis contrasts 
with Tafel analyses of metallic electrocatalysts, where the applied  
potential increases the energy of states driving catalysis, by directly 
measuring the density of reactive species (hs

+) independently of  
their dependence on the applied potential. This molecular view-
point is consistent with surface holes on such oxides being rela-
tively localized states30, such that their enthalpies can be considered 
to be, to a first approximation, independent of surface hole den-
sity. We also emphasize that our approach can be considered more 
analogous to that employed for electrochemically driven molecular 
catalysis, as studied in catalytic Tafel plots. We note that analysis 
of reaction rates versus the actual driving force of the accumulated 
redox species (considering the energetics of valence band tail states) 
would further advance our understanding of these photoelectro-
chemical systems.

Experimental mechanistic studies of water oxidation on α-Fe2O3. 
We now turn to the primary focus of this Article, the use of kinetic 
data such as that shown in Fig. 1a to provide insight into the mecha-
nism of water oxidation on such electrodes. This analysis focuses 
on haematite alone, and in particular the origin of the third-order 
kinetics observed under 1 sun illumination conditions16. First, 
we consider the temperature dependence of the first- and third-
order kinetics, as shown in the rate law analyses plotted in Fig. 2a.  

The inset to this figure shows Arrhenius analyses of the data for 
the first- and third-order rate constants. We observe an activation 
energy (Ea) of 0.30 ± 0.05 eV for the first-order mechanism, consis-
tent with that reported from transient absorption measurements 
under pulsed laser excitation31. More importantly, we observe that 
the third-order reaction mechanism has a very low activation energy, 
Ea = 0.06 ± 0.02 eV, indicating that at high hole densities, haematite 
is able to access a third-order reaction mechanism that essentially 
removes all significant activation energy barriers for the water oxi-
dation reaction. Such a change in activation energy demonstrates 
that the haematite surface is indeed catalysing the water oxidation 
reaction at high surface hole densities, by lowering the activation 
barrier for this reaction to only 60 meV (see Supplementary Fig. 6 
for an alternative Ea calculation).

Before turning to discuss possible reaction mechanisms com-
patible with such a low activation energy, we consider two further 
kinetic studies probing the reaction mechanism. Figure 2b plots 
the pH dependence of the first- and third-order water oxida-
tion rate constants on haematite and Fig. 2c plots the kinetic iso-
tope effect (KIE) of these rate constants for H2O/D2O exchange 
as a function of pH (Supplementary Fig. 7). It is apparent from  
Fig. 2b that both the first- and third-order rate constants are essen-
tially pH-independent for pH values of up to 9.5, and then increase 
modestly (although not monotonically) for higher values of pH. 
The relatively weak pH dependence indicates that electrolyte 
hydroxides are not directly involved in the RDS of either reaction. 
The onset of a modest increase in kWO above pH 9 coincides with 
the point of zero charge (PZC) of haematite (8–10)32. This suggests 
that the increase in kWO above pH 9 is most likely associated with 
a change in the surface protonation of haematite. This also cor-
relates with a change in the pH dependence of the photocurrent 
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Fig. 2 | Mechanistic analyses of water oxidation on α-Fe2O3. a, Rate law analyses as for Fig. 1b, but at different temperatures (21–50 °C). The inset shows 
an Arrhenius plot of water oxidation rate constant kWO for both the first- and third-order regimes. The slopes (dashed lines) indicate the activation energies 
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onset potential from an ideal Nernstian 60 mV per pH at acidic/
neutral pH to 100 mV per pH at alkaline pH (Supplementary  
Figs. 8 and 9).

From Fig. 2c, it is clear that the H/D KIE is small for the first-
order rate constant at pH < 14 (KIE ≈ 1.1), indicating that O–H 
bond cleavage is not involved in the RDS of this reaction. On the 
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other hand, the third-order rate constant exhibits a modest sec-
ondary KIE effect, ~1.7 (expected KIE of 2.5, see DFT calculations 
below) from pH 7 to pH 11, decreasing to ~1.3 at more alkaline pH, 
which we discuss further in the following.

DFT calculations. DFT studies were undertaken to provide insight 
into the potential mechanisms of the observed first- and third-order 
water oxidation kinetics. We note that the extensive literature on 
theoretical studies on the water oxidation mechanism on haema-
tite33–38 have focused primarily on the thermodynamic aspect, with 
the kinetic data presented herein yet to be studied. We focus on 
the (110) surface of haematite, reported as the primary and most 
active facet for water oxidation, and the dominating facet of the 
photoelectrodes studied herein39,40. We employ a defect-free sur-
face, consistent with our experimental observation of surface hole 
densities being much greater than typical surface defect densities. 
We focus on a reaction site based on a hydroxyl-terminated haema-
tite (110) for which two neighbouring Fe(iii)–OH groups form an 
Fe(OH)–O–Fe(OH) dimer in aqueous solutions (Figs. 3b and 4).  
Full details of the DFT calculations, including consideration 
of the haematite (110) surface/water interface, are given in the 
Supplementary Information.

We begin our discussion of the water oxidation mechanism cor-
responding to the observed first-order kinetics. Oxidation of a sur-
face FeIII–OH leads to formation of FeIV=O, requiring an energy of 
1.41 eV and consistent with a recent study30, which provided strong 
evidence for surface haematite holes comprising localized FeIV=O 
species. Under low illumination, and therefore low hole densities, 
the FeIV=O groups are isolated from each other. A potential pathway 
for water oxidation by such isolated surface holes is illustrated in 
Fig. 3a (see Supplementary Information for a detailed discussion). 
This mechanism is based on the oxidation of an incoming substrate 
H2O molecule to form a hydroxyl radical, with the RDS of O–O 

bond formation having an activation free energy of 0.54 eV and 
enthalpy of 0.26 eV. This activation enthalpy is in agreement with 
our experimental data for the first-order reaction. The H2O2 inter-
mediate (IV) after the RDS could be further oxidized to produce 
O2 (Fig. 3a) or released to the solution (Supplementary Fig. 11), 
with the former being thermodynamically more favourable. This 
mechanism is also consistent with our experimental data indicating 
only a weak pH dependence. Furthermore, the calculated H/D KIE 
associated with this mechanism is 1.03, again consistent with our 
experimental observation.

We now turn to consideration of the third-order reaction mech-
anism, which dominates under 1 sun operating conditions. We 
analysed successive (and potentially reversible) oxidations of an 
Fe(OH)–O–Fe(OH) dimer core by neighbouring haematite sur-
face valence band holes (Figs. 3b and 5). Remarkably, the second 
and third oxidations of this dimer are thermodynamically similar 
to the first oxidation, with the third oxidation actually being the 
most facile. The second oxidation results in oxidation of the sec-
ond FeIII–OH to FeIV=O in the dimer, essentially corresponding to 
two nearest-neighbour haematite surface holes. The third oxidation  
oxidizes one of the FeIV=O groups to FeV=O while deprotonating 
a surface OH group coordinated to the FeV centre. After three suc-
cessive oxidations, the Fe dimer gains enough oxidation power to  
drive the nucleophilic attack of an incoming substrate water mol-
ecule (Fig. 4, TSD-E), and subsequent O–O bond formation. This 
O–O bond formation is relatively facile, requiring an activation 
free energy of only 0.34 eV and enthalpy of 0.03 eV (Fig. 4), in good 
agreement with our experimental observed activation enthalpy 
(0.06 eV). This reaction mechanism is consistent with our measure-
ment of a modest KIE. In particular, the RDS of O–O bond for-
mation involves H atoms in the substrate water molecule (Fig. 4, 
TSD-E), but does not involve O–H bond breaking. A similar KIE 
value has been reported for analysis of an analogous water oxidation 
mechanism on a ruthenium-based molecular catalyst41. The calcu-
lated H/D KIE with TSD-E is 2.5, which is consistent with our experi-
mentally observed KIE of ~1.7, indicating a modest secondary H/D 
KIE. Similarly, the RDS involves nucleophilic attack by a water  
molecule onto a Fe(iv)=O and does not directly involve hydroxide 
ions or proton release, consistent with the observed relatively weak 
pH dependence.

Mechanistic implications. The DFT calculations discussed above 
illustrate potential mechanisms for water oxidation consistent with 
our observed first and third reaction kinetics. We now consider 
the more general implications of these experimental and theoreti-
cal data, focusing on the key third-order reaction pathway, as illus-
trated in Fig. 5. A key element of this pathway is that three surface 
holes are in equilibrium with the triply oxidized cluster involved 
in the RDS. The accumulation of three oxidizing equivalents on 
a single cluster requires the lateral diffusion of surface holes, con-
sistent with an analogous model previously proposed for Co3O4  
(ref. 42), until three holes accumulate together to enable O–O bond 
formation. The subsequent steps leading to O2 release and H2O 
binding, and fourth oxidation, are thermodynamically downhill 
with no activation barrier.

The similarity of the oxidation potentials for the first, second and 
third oxidations (redox levelling), as indicated by our DFT calcula-
tions, is analogous to that observed for the oxidations of the oxo-
manganese complex of PS II43,44 and for other catalytic systems such 
RuO2 (ref. 45). As for PS II, an underlying redox levelling mecha-
nism is probably essential to enable the accumulation of multiple 
oxidizing equivalents at multi-metallic reaction sites. In both cases,  
this ability to drive multiple oxidations of a single cluster with  
similar driving energies results primarily from the proton release 
associated with the first, second and third oxidations in our model, 
thus maintaining charge neutrality.

H atom

TSD-E

O atom

Fe atom

Fe atom in active site

1.04

∆G ‡ = 0.34 eV
∆H ‡ = 0.03 eV

Ea= 0.06 ± 0.02 eV

1.95

1.55

O atom in substrate
water molecule

O atom coordinated to
catalytic active Fe atom

Fig. 4 | Potential transition state for the third-order kinetics on α-Fe2O3. 
Top and side views of optimized transition state (TS) structures with key 
bond lengths given in units of Å. Dashed lines indicate hydrogen bonds and 
dotted lines indicate partially formed bonds at transition states.
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Our DFT calculations indicate that the first, second and third 
oxidations of this cluster occur with similar oxidation potentials, 
without the need for consideration of any surface defects. This 
redox levelling can be attributed to proton release associated with 
each oxidation step, and is key to enabling the accumulation of three 
oxidizing equivalents on the cluster. Such redox levelling associated 
with proton coupled electron transfer is also observed in the multi-
metal oxygen evolution centre of PS II.

Our observation of a modest acceleration of the rate constant 
at pH values greater than haematite’s PZC, is consistent with the 
partial deprotonation of surface hydroxyls at a strongly alkaline 
pH. These deprotonated oxyl groups would provide effective pro-
ton transport channels to facilitate proton release from the oxidized 
cluster, thereby favouring the accumulation of multiple oxidation 
equivalents on a single dimer. Similarly, our observation of a mod-
est increase in rate constant with VBE (Fig. 1c) could be explained 
by a shift of the equilibrium between three separated surface holes 
and the triply oxidized cluster towards the latter. This may also be 
associated with an increase in the surface hole reactivity for O–O 
bond formation.

The haematite photoelectrodes studied here are very distinct 
in terms of system architecture and material/molecular composi-
tion from the biological water oxidation enzyme PS II. For exam-
ple, haematite undertakes the functions of both light absorber and 
catalyst, whereas in PS II these functions are separated between 
light-absorbing pigments and a metal cluster-based catalyst (the 
oxygen evolution complex (OEC)). However, it is interesting to 
note that some of the fundamental aspects of the third-order water 
oxidation reaction mechanism proposed herein for haematite  
(and potentially for other metal oxides, as discussed below) have 
parallels to mechanisms proposed for the OEC of PSII. Both the 
proposed oxyl–oxo coupling pathway46,47 and the nucleophilic 
attack of a terminal oxyl radical by substrate water48–52 for PS II 
require μ-oxo bridges linking the Mn metal centres in the OEC. 
These regulate the binding, deprotonation and oxidation of sub-
strate water molecules as well as O–O bond formation processes, 
in ways analogous to those discussed herein for the haematite sur-
face. For both systems, the thermodynamic coupling of oxidation 
and deprotonation events establishes a redox-levelling mechanism 
that enables low free energy pathways for the accumulation of mul-
tiple oxidizing equivalents. For both systems, the accumulation of 
multiple oxidizing equivalents in high-valent transition metal cen-
tres is necessary to induce deprotonation of water ligands and the  
formation of the reactive species responsible for O–O bond for-
mation. On the other hand, clear differences are also apparent.  

The reaction mechanism proposed herein for haematite proceeds 
via formation of a peroxo moiety, which contrasts to most models 
of water oxidation by PS II43,47,52–55, but has been proposed for het-
erogeneous water oxidation on other metal oxides such as Co3O4 or 
IrO2 (ref. 56). It is also important to recognize that water oxidation 
on haematite (and the other oxides studied herein) proceeds with a 
slower turnover frequency and larger driving energy than for PS II. 
Clearly, the OEC of PS II is a far more complex and effective catalyst 
for water oxidation than the relatively unsophisticated metal oxide 
surfaces studied herein. As such, it is remarkable that parallels can 
be drawn between water oxidation by these two very distinct sys-
tems, indicating that studies of natural water oxidation may indeed 
provide guidelines to aid further development of artificial heteroge-
neous water oxidation catalysts.

Our observation of similar water oxidation rate laws for four 
different oxides suggests broadly similar reaction mechanisms for 
all four oxides. A full analysis of this issue is, however, beyond the 
scope of this study, with detailed specific reaction mechanisms 
likely to depend, for example, on the oxide surface facet and the 
nature of the surface holes. We note that the water oxidation models 
proposed herein for haematite show common features with analo-
gous reaction mechanisms proposed for other metal oxides. In 
particular, Frei and others57 observed distinct reaction intermedi-
ates for ‘slow’ and ‘fast’ water oxidation reactions on cobalt oxides, 
with proposed reaction mechanisms broadly consistent with the 
two first- and third-order reaction mechanisms proposed herein. 
From the plausible mechanisms of first- and third-order kinetics 
suggested by our DFT calculations, it is also possible that the partic-
ipation of multiple nearby M–OH groups, as detailed in our third-
order mechanism, is a common feature for efficient water oxidation  
on metal oxide surfaces. We note that both cobalt oxide and hae-
matite have M(OH)–O–M(OH) sites, which can be oxidized by 
sequential proton-coupled oxidations to accumulate enough oxida-
tion power. Similar M(OH)–O–M(OH) sites are not only present 
on most metal oxides, but also in recently developed highly active 
homogeneous Ir- and Fe-based catalysts58,59 and in the Fe(iv)2 dia-
mond-core structure of carboxylate-rich, non-haem diiron enzyme 
systems60–62, suggesting their importance for the development of 
efficient oxidation catalysts.

Data availability
The complete optical and electrochemical dataset is available at 
http://zenodo.org with the identifier 10.5281/zenodo.851635.
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