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Supplementary Note 1

Characterization of the α-Fe2O3 thin film

The film was characterized by XRD, Raman, TEM and UV-Vis spectroscopy. Besides

a strong contribution from the underlying substrate, XRD indicates the sole presence of

hematite (rhombohedral lattice, R3c space group). Based on the (110) reflex and using the

Scherrer equation, the estimated mean crystallite size is 48 nm. Also, the Raman spectrum,

with the major modes at 229, 248, 296, 414, 500 and 614 cm−1 is in excellent agreement with

literature data of α-Fe2O3. Tauc analysis of the UV-Vis data suggests a similar direct and

indirect band gap of 2.1 eV. The microstructure of the thin film photoanode was investigated

by TEM analyzing a FIB lamella from the cross section of the anode. The images suggest

a three-dimensional network of fairly round crystallites, approximately 50 nm to 100 nm in

diameter, which is in good agreement with the mean size obtained from the XRD analysis.

The film thickness was approximately 200 nm.
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Supplementary Figure 1|TEM characterization of the film. a, Bright field TEM
image of a FIB lamella showing the cross section of the electrode. b, High resolution bright
field TEM image of one crystallite.
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Supplementary Figure 2|XRD and Raman characterization of the film. a,
XRD patter of the α-Fe2O3/F–SnO2 photoanode, CuK. b, Raman spectrum of the α-
Fe2O3/F–SnO2 photoanode obtained at 633 nm wavelength.
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Supplementary Note 2

Photoelectrochemical experiments

Experiments were performed in a home-made cell using the above α-Fe2O3 photoanode (0.196

cm2) with a 450 nm cw laser diode (max power density: 59.7 mW/cm2) and a potentiostat

(Biologic) at room temperature. A Pt wire counter electrode and Ag/AgCl, 3M KCl, E0

= 0.196 V(NHE) reference electrode was used. Electrolyte was 1M KOH (pH ∼ 13.8, 54

mS/cm). Transient photocurrent measurements under chopped illumination using an optical

shutter was carried out at 0.76, 1.01, 1.26 and 1.51 V(RHE). The whole range of laser power,

from the lowest settings at which the diode emits light up to the maximum power of the laser,

was used to vary the incident light intensity. The cathodic current transient upon blocking

the laser light was integrated to calculate the total charge corresponding to a particular

condition (bias voltage, laser power). The first second of the decaying current profile (upon

inversion) was fit to a function containing 4 elements, following the analysis of Dupont and

Donne:1

y = y0 + A · exp(R0·x) +B · exp(C·x) +
D√
(x)

(1)

approximating two double layer capacitors, both in series with a resistor, upon the applica-

tion of a potential step caused by blocking the laser light, a diffusion limited pseudocapacitor

following the Cottrell equation and a constant term because the current does not decay to

zero in the 1 second time window. In a first attempt we used only one double layer term, but

the fit at the lowest potential was very poor. Thus, like Dupont and Dunne, we utilized two

exponentially decaying terms to calculate a sum double layer charge. A fit example is shown

in Supplementary Fig. 5. Typical current-voltage characteristics of α-Fe2O3 photoanode

is shown in Supplementary Fig. 3. Positive and negative current spikes when the light is

turned on and off, respectively, indicate charging and discharging of the photoanode. Such

cathodic current transients were utilized to calculate the hole concentration and correlate to

the OER performance, as detailed above.
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Supplementary Figure 3|Current-voltage curve. Current-voltage curves of the α-
Fe2O3/F:SnO2 photoanode in the dark and under static and chopped illumination in 1M
KOH with 24 mW/cm2 of a 450 nm continuous wave laser diode.
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Supplementary Figure 4|Linear dependence of OER versus laser power. The OER
current density of the α-Fe2O3/F:SnO2 photoanode is plotted under chopped illumination
in 1M KOH as a function of the laser power.
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Supplementary Figure 5|Fit of the current transient. Blocking the laser light reaching
the photoanode gives rise to cathodic current transients. An example is shown here (the
current is numerically inverted) with the fit model applied to extract double layer charge.
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Supplementary Note 3

Estimate of the surface hole concentration

To estimate the concentration of surface holes we first determine the ratio between surface

Fe atoms and the total number of Fe atoms in our particles. We assume the particles to be

spherical, and the density of surface atoms is approximated to that of the (0001) surface. The

(0001) surface of hematite contains 8 Fe sites in an area on 10.076 Å× 8.726 Å, leading to 9.1

Fe sites/nm2. Since bulk hematite has a volume per unit formula of 51.08 Å3, considering a

spherical particle with diameter 50 nm, the ratio between the number of surface Fe atoms

and total number of Fe atoms is 0.0139. For particles of diameter 100 nm the ratio is half

as much, 0.070. The dispersion is therefore between 1.4% and 0.7%, that we approximate to

1%.

Since our electrodeposition involved a one-electron redox process, the total charge used

in the sample preparation (10 µAh = 36 mC on an electrode with area 1 cm2) leads also to

an estimate of the quantity of Fe deposited. The maximum value of total charge detected

integrating our transient photocurrents is 0.016 mC on an electrode with area 0.196 cm2.

The ratio between the total amount of holes and the total amount of Fe atoms is therefore

0.016/(36×0.196) = 2.27×10−3 holes/Fe. Assuming a 1% dispersion we have 2.27×10−1

hole/Fe. Since we have 9.1 Fe sites/nm2, we have 2.1 holes/nm2. In this estimate we have

used the total charge, while the double layer charge is approximately half the total charge.

Our estimate of the maximum density of surface holes present in our sample is therefore 1.05

holes/nm2 (see Fig. 1b in the main text). The values reported by Durrant and co-workers2

are in the 0.1−4.0 holes/nm2 range, while those reported by Hupp and co-coworkers3 are

in the 0.05−0.3 holes/nm2 range. We can also express density of surface holes with respect

to the number of oxygen atoms present in the surface layer (as done in Fig. 3 in the main

text and in the microkinetic model), i.e. 1 ML of holes would correspond to one hole per

surface oxygen atom, and there are 12 oxygen atoms in a 2×2 unit cell with area 0.879 nm2.
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A surface hole density of 1.05 holes/nm2 corresponds to a hole coverage of 0.10 ML.

Supplementary Note 4

Choice of the structural model for the α-Fe2O3/water interface

Among of the most common morphologies of naturally-occurring hematite crystals there

are platy trigonal shapes, dominated by large flat faces with (0001) orientation.4 Similarly,

hematite crystals grown from ferrihydrite in aqueous systems form hexagonal plates dom-

inated by the (0001) termination. The two most common faces found in hematite are in

fact the (0001) and the (011̄2) surfaces,5 which is consistent with DFT calculations indi-

cating that these two faces have the lowest surface energy.6 The (0001)/water interface has

been thoroughly characterized in a number of recent studies. Trainor et al.,7 using crys-

tal truncation rod diffraction measurements, have identified an oxygen termination of the

type (OH)3–Fe–Fe–R, where all surface oxygen atoms are singly protonated and bridge two

Fe ions (µ2-OH), and an iron termination of the type (OH)3–Fe–H3O3–R, where surface

Fe ions bind three terminal µ1-OH groups. Boily et al.8 examined the properties of the

α-Fe2O3(0001)/water interface as a function of pH. Using STM microscopy and surface po-

tentiometry measurements, they have detected a large prevalence of the (OH)3–Fe–Fe–R

termination and negligible amounts of terminal µ1-OHx groups. Acidimetric titrations show

that this surface is near-neutral in the 4-14 pH range8 . In light of these experimental

studies, we decided to focus on the (0001) surface and in particular on the (OH)3–Fe–Fe–R

termination. Notice that on this termination all surface oxygen atoms form singly proto-

nated bridge µ2-OH groups, while higher index surfaces can expose also terminal µ1-OHx

and three-fold coordinated µ3-OH groups. In polycrystalline systems a number of different

surfaces and terminations are likely to be present, and our model is therefore a strong sim-

plification of the complexity of the real solid/liquid interface. We stress, however, that the

multihole character of OER in hematite has been detected in vastly different samples9 and
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is therefore unlikely to be a property linked to a specific surface termination, but rather a

general feature of OER promoted by hematite as well as by other semiconducting materials

like TiO2, BiVO4 and WO3.

One further point to keep in mind is that while hematite is generally credited with

exceptional stability in alkaline electrolytes,10,11 recent measurements show that surface ions

can undergo dissolution-precipitation processes leading to formation hydrated ferric oxi-

hydroxide complexes. STM and potentiometry measurements by Boily et al.8 revealed that

in the neutral to near-alkaline region (pH 7-11) the (0001) surface can undergo dissolution and

precipitation of ferric adatoms, i.e. mononuclear solvated complexes, most likely bound to

kinks/steps. The concentration of these sites is estimated to be 0.02-0.03% of the bridging

µ2-OH sites.8 Similar dissolution and precipitation of mononuclear complexes have been

detected on the (0001) surface also by Eggleston et al.12 in acidic conditions (pH=1). The

kinetics for the formation of these species is however quite slow, with hematite dissolution

rates at pH=1 of one Fe atom removed from a 20 x 20 nm area every 12 h on average.12

Surface hydration and formation of goethite-like layers at the hematite/water interface in

acidic conditions has been discussed also by Hun et al.,13 while Samson et al.14 have studied

the dissolution and precipitation of Fe(III) ions in neutral to acidic conditions. Lützenkirchen

et al.15 recently disputed the existence of such complexes, showing the O-termination of the

(0001) surface in aqueous electrolytes is stable for over 2 weeks. While we cannot exclude

that these molecular species contribute to OER, given their low concentration and slow

kinetics of dissolution/precipitation, we will not consider them in the present study.

Supplementary Note 5

Structure of the hydroxylated α-Fe2O3(0001) surface

Supplementary Fig. 6 shows the 2×2 unit cell of the hydroxylated α-Fe2O3(0001) surface

used in our calculations, obtained starting from experimental corundum crystal structure (a
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a b

Supplementary Figure 6|Structure of the α-Fe2O3(0001) surface. Side (a) and top
(b) views of the hydroxylated α-Fe2O3(0001) surface. Gold, red and white balls are the iron,
oxygen and hydrogen atoms, respectively. The rectangle in panel b shows the 2×2 surface
unit cell adopted in the calculations.

= 5.43 Å; α = 55.281◦). The geometry displayed is optimized in vacuum. All Fe ions are

in a high spin d5 configuration, ferromagnetically coupled within each Fe bilayer and anti-

ferromagnetically coupled along the c-axis.16 The topmost layer contains 12 *OH− groups,

bound to 8 Fe ions. While all the oxygen atoms of the hydroxylated O-termination are

µ2-oxo bridging ligands, their protonation pattern gives rise to two types of O-H bond: One

where the H atoms lie in the O plane, and a second where the H atoms lie in a vertical

position. We find that structural optimizations in vacuum lead to one third of the H atoms

lying in-plane, while first principles molecular dynamics in explicit solvent shows that bonds

can rotate fairly easily, leading to half the H atoms lying out-of-plane. These results are

in agreement with previous theoretical investigations of the hydroxylated α-Fe2O3(0001)

surface performed in vacuum17 and in solution.18
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Supplementary Figure 7|Level alignment across the hematite/water interface.
a, Pourbaix diagram of the α-Fe2O3(0001) surface in contact with liquid water, with the
potential E referenced to the reversible hydrogen electrode (RHE). The dashed line indicates
the estimated position of the valence band edge. Different colors correspond to different
coverages of H. b, Level alignment of the CBM and VBM (conduction band minimum and
valence band maximum) of hematite on the electrochemical scale (SHE, standard hydrogen
electrode), across the α-Fe2O3(0001)/water interface. The continuous line represents the
Hartree potential averaged on snapshots extracted from the dynamics every 500 fs. The
cartoon at the bottom represents the structure of the interface in a snapshot extracted from
the first-principles molecular dynamics simulation.
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Supplementary Note 6

Pourbaix diagram and position of valence band edge

Supplementary Fig. 7a shows the Pourbaix diagram of the α-Fe2O3(0001)/water interface,

obtained dehydrogenating the *OH− surface groups. We modelled the 2×2 surface, where

there 12 *OH− groups, and removed H atoms one by one.

Since we consider PCET steps and we report the bias with respect to RHE, the phase

transitions in the Pourbaix diagram do not display any dependence on pH. Assuming the

quasi-Fermi level of the holes at the solid/liquid interface coincides with the valence band

edge of hematite, the electrochemical potential of the holes will depend on the level alignment

across the α-Fe2O3(0001)/interface. For a thorough review of topic of first-principles methods

to align of electronic energy levels at electrochemical interfaces we refer the readers to the

work of Cheng and Sprik.19 The accuracy of these approaches has been discussed also by

Pasquarello and co-workers.20

To estimate the position of the valence band edge on the electrochemical scale, we com-

puted the electrostatic potential change across the solid/liquid interface, sampling the system

at room temperature via FPMD performed with the rVV10 exchange and correlation func-

tional and a Hubbard term on the Fe ions. We then used the three-step approach introduced

by Guo et al.20 to align the valence band of bulk hematite on the electrochemical scale,

as shown in Supplementary Fig. 7b. Since our simulation is performed on a charge neu-

tral interface, the hematite surface is modelled at a pH value corresponding to the point

of zero charge (pHPZC). From the data reported in Supplementary Fig. 7b we therefore

obtained EVBM(SHE, pHPZC) = 1.44 V. Experimental estimates of the point of zero charge

span a wide range of values, with Hanking et al. reporting an average value of pHPZC=7.9

from a literature survey.21 Using this estimate pHPZC and assuming Nernstian behavior,22,23

our calculations indicate that EVBM(RHE) = EVBM(SHE, pH=0) = EVBM(SHE, pHPZC) -

0.059×(0-pHPZC) = 1.91 V.
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The experimental estimates for this quantity vary a lot,21 with Durrant and co-workers

reporting a value of 2.2 V(RHE)24 and Hupp and co-workers a value of 2.25 V(RHE).25 In

Section we evaluate the impact of the position of the valence band edge on the predictions

of the microkinetic model.

Supplementary Note 7

TDDFT simulations of holes in hematite
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Supplementary Figure 8|Simulated optical absorption spectra. The spectra have
been computed using TDDFT simulations, averaging spectra obtained on snapshots ex-
tracted from FPMD. The red curve is the spectrum of the pristine surface, the black line
is the spectrum of the oxidized surface, the blue curve is the difference of the black and
red curves, multiplied by an arbitrary factor. a (0001)/water interface where the hole has
been created via a PCET step, leading to the formation of a *O1− species. b (0001)/water
interface where the hole has been created via an electron removal, leading to the formation
of a Fe4+ species at the surface. c (0001)/vacuum interface where the hole has been created
via a PCET step, leading to the formation of a *O1− species.
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Surface holes: FPMD in solution vs. vacuum Supplementary Fig. 8 compares the

spectra obtained form averaging the spectra of snapshots extracted from FPMD simula-

tions of the solid/liquid interface (same data discussed in the main text) with the spectrum

obtained on the optimized solid/vacuum interface (Supplementary Fig. 8c). This compar-

ison highlights the effects both of the presence of the solvent and of thermal fluctuations,

which are accounted for in FPMD simulations of the solid/liquid interface and ignored in

simulations of the optimized solid/vacuum interface.

Interestingly, the optical spectrum of the Fe3+-O1− obtained on optimized geometries in

vacuum is in good agreement with GW-BSE calculations performed on the same structure,26

which shows that thermal and solvation effects have a large impact on the optical properties

of surface species.

Bulk holes: FPMD at room-T vs. zero-T calculations. Supplementary Fig. 9

compares the spectra of bulk hematite obtained form averaging the spectra of snapshots

extracted from FPMD simulations at room temperature and the spectrum obtained with

a structural optimizations (zero temperature calculation). This comparison highlights the

significant effects of thermal fluctuations.

Supplementary Note 8

Estimate of solid-liquid interactions

To estimate the impact of solvation effects on the free energy cost of the elementary steps of

OER we adopted the approach of Wang et al.27 We performed first-principles molecular dy-

namics simulations for a total simulation time of ∼ 20 ps for the pristine, fully hydroxylated

α-Fe2O3(0001) surface in contact with liquid water. The hematite surface is modeled using

a 2×2 unit cell (120 atoms) and liquid water consists of 47 molecules. The FPMD simula-

tions have been performed with the CP2K code, using the rVV10 exchange and correlation
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Supplementary Figure 9|Simulated optical absorption spectra of bulk hematite.
The red curve is the spectrum of the pristine bulk system, the black line is the spectrum of
the system in the presence on a hole, the blue curve is the difference of the black and red
curves, multiplied by an arbitrary factor. a, Spectra obtained averaging snapshots extracted
from a FPMD simulation at 300 K. b, spectra obtained from structural optimizations.

functional, a Hubbard U term of Fe(d) orbitals of 3.3 eV, MOLOPT-DZVP-SR basis set, a

time step of 1 fs and H atoms have been replaced with deuterium atoms. The first 3 ps have

have been used as equilibration and have been discarded. We then extracted equispaced

shapshots every 0.5 ps, we optimized them, and then computed the solid-liquid interaction

as:

Eint =
1

2N

N∑
i=1

Ei
tot − Ei

surf − Ei
water, (2)

where Ei
tot is the total energy of the i-th snapshot, Ei

surf is the total energy of the hematite

slab for the same snapshot and Ei
water is the total energy of the liquid water for the same

snapshot. The factor 2 accounts for the presence of two surfaces. For consistency with ener-

gies computed in vacuum, the total energies have been computed with Quantum ESPRESSO,
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with identical parameters to the calculations in vacuum.

The procedure adopted for the pristine surface, which contains 12 *OH− surface adsor-

bates on each of the two surfaces, (i.e. ∼ 20 ps FPMD, optimization of snapshots, total

energy of the subsystems for each snapshot) has been used to compute the solid-liquid in-

teraction in the presence of a *OOH− adsorbate (and 11 *OH−), in the presence of a *OO−

adsorbate (and 11 *OH−), and in the presence of 8 *O− adsorbates (and 4 *OH−). Having

found that the solid-liquid interaction does not differ significantly when a *OH− group is

replaced by a *O− group, to obtain a change in interaction larger than the statistical er-

ror we created 8 dehydrogenations on each facet and we assume that the difference in the

solid-liquid interaction scales linearly with the number of dehydrogenations. The results are

reported in Supplementary Table 1.

Supplementary Table 1|Estimate of the solid-liquid interactions. ∆Eint is referenced to
the pristine fully hydroxylated surface. STD is the standard deviation of Eint and SEM is
the standard error of the mean (SEM=STD/

√
N)

Eint(eV) ∆Eint (eV) STD (eV) SEM (eV)
12*OH -3.57 0.00 0.18 0.03
8*O, 4*OH -3.95 -0.38 0.34 0.06
1*OOH, 11*OH -4.14 -0.57 0.23 0.04
1*OO, 11*OH -3.77 -0.19 0.21 0.04

.

Starting from the pristine fully hydroxylated surface, the creation of a *O− intermediate

in the presence of the solvent has a free energy cost that is lowered by 0.05 eV (0.38/8 eV)

compared to vacuum. The *OOH−1 is strongly stabilized by the interaction with the solvent,

as already reported in previous works that modeled the solid-liquid interface explicitly,28 and

the effects of solvation on *OO− is also not negligible.
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Supplementary Note 9

Zero-point energies corrections and entropic contributions

In Supplementary Fig. 10 we show the geometry of the OER intermediates *OH−, *O−,

*OOH−, *OO−.

*O1-*OH- *OOH- *OO-

Supplementary Figure 10|Adsorbates species on hematite surface. The green balls
are the structures which correspond to the *OH−, *O−, *OOH−, *OO− intermediates.
Brown, red, and hydrogen balls are Fe, O, and H atoms.

Supplementary Table 2|Zero Point Energies (ZPE) and entropic contribution (TS) at T=
298.15 K for molecules in gas phase and for adsorbates on the (0001) hematite surface.

ZPE TS
H2O (l) 0.56 0.67
H2 (g) 0.27 0.41
O2 (g) 0.10 0.64
*OOH− 0.464 0
*OO− 0.141 0
*OH− 0.372 0
*O− 0.078 0

In Supplementary Table 2 we report the zero point energies corrections (ZPE) and the

vibrational entropy contributions (TS) for each OER intermediate. The entropic contribu-

tion of the adsorbates is very small and neglected as usual.17,29 These quantities have been

obtained from normal mode analysis considering a (2× 2) hematite surface, whereas the gas-

phase values have been taken from the thermodynamic tables, and reported in the article of

Nørskov et al.29 For the liquid water we have used the value for gas phase water at 0.035

bar, following the approach proposed by Nørskov, because, at this pressure value, gas phase

and liquid water are in equilibrium.
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Supplementary Note 10

Reaction free energy of steps 1-7
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Supplementary Figure 11|Reaction free energy of elementary steps 1-7. Reaction
free energy of elementary steps 1-7 calculated for the (0001) surface, computed as function
of the coverage of *O1− (surface holes).

Supplementary Fig. 11 shows the reaction free energy of steps 1-7 as a function of the

surface hole coverage i.e. the coverage of *O1− obtained by dehydrogenating *OH− groups.

Total energies have been computed in vacuum, solvation effects (Supplementary Table 1),

zero-point energy and entropic corrections (Supplementary Table 2) have been estimated

using the methods described in the previous Sections. The calculation of the reaction free

energies for PCET steps (Eqn. 1-4) have been performed with the computational hydrogen
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electrode method,29 at zero applied bias on the SHE scale, at room temperature, p(H2)=1

bar and pH=0, while steps 5-7 involve only chemical steps.

Supplementary Fig. 11 includes simulations performed both on the 2×2 surface unit cell

(black symbols) and on the 4×4 surface unit cell (red symbols). The latter have been included

to explore coverages of *O1− compatible with those estimated in experiments. Coverages

are reported in ML, referenced to the number of available surface oxygen atoms, and a hole

coverage of 1 ML corresponds to 13.65 h+nm−2. Measurements typically report surface hole

coverages in the 0.05-5 h+nm−2 range.2,3,30 While the data reported in Supplementary Fig.

11 display some scatter, we can extrapolate clear trends. The dehydrogenation of a *OH−

group leading to *O1− (Step 1, Supplementary Fig. 11a) has a free energy cost that is

approximately constant up to 1/6 ML and then tends to increase with the degree of surface

oxidation.

Interestingly, we find that pairs of *O1− species interact attractively when the involved

O atoms are bound to a common Fe ion, with a nearest-neighbor interaction of −0.06 eV

(see Supplementary Table 3). The formation of a third hole has a cost that is only slightly

(by 0.02 eV) more favorable than the first hole, and the dehydrogenation proceeds via the

formation of pairs of holes that are weakly interacting among each other and that form

stripes on the (0001) surface (see Supplementary Fig. 12).

Notice that the formation of a third hole on an O site bound to the same Fe atom

where the first two holes reside results in a repulsive interaction (+0.10 eV). Similarly, the

formation of a third hole on a Fe ion that is first nearest neighbor of the Fe atom where the

first two holes reside results in a repulsive interaction (+0.15 eV). The third hole is therefore

formed sufficiently far from the first pair of holes, i.e. on an O atom that is at least second

nearest neighbor to the first pair of holes (see Supplementary Fig. 12). This condition can

be satisfied up to a hole coverage of 1/3 ML. Above that coverage, the only O sites available

for dehydrogenation are nearest neighbors to O atoms already hosting a hole, giving rise to

a repulsive interaction. This is the reason why the free energy cost for dehydrogenation is
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almost constant (save for the even-odd behavior due to the formation of pairs of holes) up

to 1/3 ML, and starts increasing above that coverage, as shown in Supplementary Table 3.

Supplementary Table 3|Free energy cost to dehydrogenate a *OH− group on the hy-
droxylated α-Fe2O3(0001) surface as a function of the coverage of surface holes. Data at
low coverage of holes are obtained on the 4×4 unit cell, while those at high coverage are
obtained on the 2×2 unit cell.

Unit cell Θ(*O1−) (ML) ∆G (eV)
4×4 0.000 1.59

0.020 1.53
0.042 1.57
0.063 1.52
0.083 1.58
0.104 1.54
0.125 1.58
0.146 1.54
0.167 1.58
0.188 1.54
0.312 1.54

2×2 0.333 1.66
0.416 1.68
0.500 1.78
0.583 1.71
0.666 1.86
0.750 1.87
0.833 1.98
0.916 1.91

The formation of the hydroperoxo (step 2, Supplementary Fig. 11b) has a free energy

cost that is nearly constant up to a surface hole coverage of about 2/3 ML, and is reduced at

higher coverage. The dehydrogenation of *OOH− to *OO− (step 3, Supplementary Fig.11c)

decreases with the degrees of surface oxidation. The release of O2 and discharge of an

OH− at an O vacancy (step 4, Supplementary Fig.11d) has a reaction free energy that is

approximately constant.

The reaction free energy of step 5, Supplementary Fig. 11e, is approximately independent

of the coverage of *O1−.

Both steps 6 and 7 are exergonic and, when compared at equal coverage of *O1−, the
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Supplementary Figure 12|Pattern of dehydrogenation. Pattern of dehydrogenation
of the hydroxylated α-Fe2O3(0001) surface simulated in a 4×4 unit cell.

formation of the superoxo is always thermodynamically favored. At low *O1− coverage (up

to 1/3 ML) we find that the formation the hydroperoxo is approximately constant with

the coverage of *O1−, while the formation of the superoxo becomes more favorable as the

coverage of *O1− increases. At higher coverage both steps becomes more favorable.

Supplementary Note 11

Reaction free energy of steps 8 and 9

While the reaction free energy of steps 1-7 has been estimated starting from calculations

performed in vacuum and adding solvation effects, this cannot be done for chemical steps

involving a solvated hydroxide ion like step 8 and 9. To estimate the reaction free energy

of steps 8 and 9 we start from the change in total energy evaluated using static calculations

in explicit solvent, reported in Supplementary Table 5. To evaluate the zero point energy

and finite temperature corrections we used the the harmonic solvation model of Nakai and

Ishikawa.31 These authors have shown that treating the translational and rotational degrees
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of freedom of solute molecules as gas phase molecules can lead to a large overestimation

of these contributions. They proposed and validated a model which assumes that also the

translational and rotational degrees of freedom of the solute molecule interacting with solvent

molecules can be treated as harmonic oscillators. While Nakai and Ishikawa modelled their

solvent via an implicit solvent model, we employed our explicit description of liquid water.

In Supplementary Table 4 we report the vibrational contributions to the free energy,

separated in zero point energy (ZPE), enthalpic (Hvib) and entropic (-TSvib) contributions

calculated for the initial state (IS), transition state (TS) and final state (FS). We considered

step 8 with two surface *O1− holes and step 9 with three holes, at 298.15 K. We find that

the vibrational contribution to the enthalpy is always extremely small, 0.01 eV or less.

The entropic contribution to the TS is also negligibly small, and will therefore be ignored

in the estimate of rates in the microkinetic model. The sum of these corrections, ∆Gvib,

measured with respect to the IS value, are 0.06 eV for both steps 8 and 9. While these

values are negligible for our purposes, they are nonetheless included in the calculation of the

reaction free energies, in order to be consistent with the calculations for steps 1-7, where these

terms have been included. In the following we assume that these corrections are coverage

independent.

Supplementary Table 4|Zero point energy (ZPE), vibrational enthalpic (Hvib) and en-
tropic (-TSvib) contributions, evaluated with the normal mode analysis for steps 8 and 9.
Gvib=ZPE+Hvib−TSvib, and ∆Gvib is referenced to the initial state. Values are in eV.

Reaction ZPE Hvib −TSvib ∆Gvib

8 IS 3.23 0.32 -0.57 0.00
TS 3.20 0.31 -0.53 0.00
FS 3.27 0.31 -0.54 0.06

9 IS 3.25 0.34 -0.58 0.00
TS 3.31 0.34 -0.59 0.05
FS 3.34 0.35 -0.62 0.06

23



Supplementary Note 12

Activation energy and reaction energy of the O-O bond formation

step

In Supplementary Table 5 we report the activation energies (Ea) and the reaction energies

(∆E) for various elementary steps leading to the formation of the O-O bond. We show data

for reactions involving both water and the hydroxide ion as reactants. We consider a varying

number of surface holes as well as the role of subsurface holes (h+
sub). To model the surface

with a subsurface hole we have substituted one Fe atom with a Mg atom. Activation energies

were determined using the climbing image nudged elastic band (CI-NEB) method.

Supplementary Table 5|Activation energies Ea and reaction total energies (∆E) calculated
for the different reactions with a different number of surface holes.

Reaction Number of surface holes Ea ∆E
2: *O1− + h+

sub + OH− → *OOH− + H2O
1 0.43 -0.25
2 0.21 -0.23
3 0.13 -0.36

6: 2*O1− + H2O → *OOH− + *OH−

1 1.68 1.53
2 1.38 0.67
3 1.00 0.10
4 0.88 -0.15

7: 3*O1− + H2O → *OO− + 2*OH−

3 0.98 -0.42
4 0.91 -1.03
8 0.60 -1.35
12 0.37 -2.00

8: 2*O1− + OH− → *OOH− + *O2−

2 0.23 -0.18
3 0.16 -0.35

9: 3*O1− + OH− → *OO− + *OH− + *O2−

3 0.16 -0.89
4 0.12 -1.53
8 0.003 -2.00
12 0.00 -2.24
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In Supplementary Fig. 13 we show the reaction energy versus the hole coverage and the

activation energy versus the reaction energy. All the values have been obtained by NEB

calculations with explicit solvent. We note a linear dependence of the activation energy on

reaction energy. This means that the activation energy obeys the Brønsted–Evans–Polanyi

(BEP) relationship.
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Supplementary Figure 13|Reaction energies and activation energies. a, Reaction
energy versus hole coverage. b, Activation energies versus the reaction energy.

In Supplementary Fig. 14 we show the effect of the presence of a subsurface hole on the

activation energy for the O-O bond formation to obtain *OOH− adsorbing a hydroxide ion

on a *O1−. To model a subsurface hole we have substituted a Fe atom with a Mg atom. We

note that the energy barrier decreases significantly only in the case of a single *O1−. The

reason for this is that the formation of the *OOH− intermediate determines the reduction

of the surface, and in presence of a single *O1− we observe the formation of Fe2+, which
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is energetically unfavourable with respect to the reduction of *O1−. When more than one

*O1− is present at the surface, the species being reduced is *O1− (to *O2−) and the effect of

the subsurface hole is therefore negligible.
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Supplementary Figure 14|Effects of a subsurface hole. Activation energy for the O-O
bond formation step versus the number of surface holes, in the absence and presence of a
subsurface hole.

This finding explains why, in Fig. 3 of the main text and in Supplementary Fig. 13,

the data points for step 2 and step 8 (when evaluated with 2 and 3 surface holes) almost

coincide, since step 2 is equivalent to step 8 in the presence of a subsurface hole.

Supplementary Note 13

Extrapolating results at low coverage

Step 9, involving 3 surface holes, when modelled in a (2×2) unit cell, leads to a minimum

surface hole coverage of 0.25 ML. Since, to make contact with experiments, we are interested

in modelling OER at low surface hole coverages, we need an estimate of reaction energies

and activation energies obtained in larger unit cells.

Performing NEB simulations in explicit solvent in a (4×4) unit cell would be prohibitively

expensive. To reach this goal, however, we can exploit the relationships between data ob-

tained from simulations in the (2×2) unit cell performed in vacuum and those performed in
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Supplementary Figure 15|Extrapolation of the barrier at low coverage. a, ∆G
of step 7: H2O +3*O1− → *OO− +2*OH− in explicit solvent versus ∆G of the same step
calculated in vacuum with a (2×2) supercell. b, ∆G of step 9: 3*O1− + OH− → *OO− +
*OH− +O2− in explicit solvent versus ∆G of step 8: 3*O1− + H2O → *OO− +2*OH− in
explicit solvent in a (2×2) supercell. c, ∆G of step 9: 3*O1− + OH− → *OO− + *OH−

+O2− in explicit solvent versus the hole coverage for a (4×4) supercell. d, Activation energy
of step 9: 3*O1− + OH− → *OO− + *OH− +O2− versus the hole coverage for a (4×4)
supercell.

the same cell in explicit solvent, as well as data obtained in vacuum in a (4×4).

To this end, in Supplementary Fig. 15a we first show the reaction free energies of step

8: 3*O1− + H2O → *OO− + 2*OH−, obtained in explicit solvent, versus the reaction

free energies of the same reaction in vacuum with a (2×2) supercell. The data can be fitted

accurately with a linear regression: ∆Gsolv=1.04*∆Gvac−0.08 eV. Supplementary Fig. 15(b)

shows the reaction free energy of step 9: 3*O1− + OH− → *OO− + *OH− +O2−, obtained

in explicit solvent, versus the reaction free energy of step 8: 3*O1− + H2O → *OO− +

2*OH− obtained in explicit solvent with a (2×2) supercell.

Using the reaction free energies of step 8: 3*O1− + H2O → *OO− + 2*OH− in vacuum

in a (4× 4) supercell (see Fig. 5g in the main text), and using the linear fit of Supplementary

Fig. 15a we have obtained the reaction free energies of the same reaction in explicit solvent.

Then, using the linear fit shown in Fig. 15b, we have estimated the reaction free energies of

step 9: 3*O1− + OH− → *OO− + *OH− +O2− in explicit solvent in the (4× 4) supercell,
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as shown in Supplementary Fig. 15c.

Finally, in Supplementary Fig. 15d we show the activation energies obtained exploiting

the linear relationship found for the activation energy versus reaction energy, see Supple-

mentary Fig. 13, using the reaction free energy shown in Supplementary Fig. 15c. The

slopes obtained in Supplementary Fig. 15c-d have been used in our microkinetic model that

includes the coverage dependence of reaction energies and activation energies.

Here we report the linear fit of activation energies and reaction free energies obtained on

the 2×2 cell and the extrapolation to the 4×4 cell.

E2×2
a (9) = −0.22Θ(∗O1−) + 0.20 eV (3)

E4×4
a (9) = −0.10Θ(∗O1−) + 0.16 eV (4)

∆G2×2(9) = −1.58Θ(∗O1−)− 0.72 eV (5)

∆G4×4(9) = −0.75Θ(∗O1−)− 1.07 eV (6)

Supplementary Note 14

Reaction order in the low hole coverage limit

Both our measurements and simulations show that the OER rate has a third order depen-

dence on the surface hole density even at low surface hole concentration. To rationalize this

finding, we can consider the thermodynamic preference of forming hole pairs, as discussed in

Section 2.7, and the fact that the migration of surface hydrogen via bridging water molecules

is fast. In some of our simulations, we observe these events within the few picosecond time

scale of our FPMD runs. We therefore expect paring of holes to happen at orders of magni-

tude lower time scales compared with the overall OER reaction cycle. Moreover, as shown in

our simulations, to dissociate an incoming hydroxide we need two holes, one to form the O-O
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bond, one to transfer the hydrogen atom to. The third hole, promoting the electron transfer

leading to the formation of the superoxo, however, could well involve a hole non-nearest

neighbor of the pair, via tunneling. Notice also the activation energy of step 2 (O-O bond

formation in the classical PCET scheme) is higher at 1 hole than at 2-3 holes present and also

higher than the activation energy of step 9 (O-O bond formation in the 3-hole mechanism)

at any surface hole numbers explored (see Supplementary Table 5).

Supplementary Note 15

Comparison between NEB and Thermodynamic Integration calcu-

lations

Supplementary Figure 16|Free energy profile from thermodynamic integration.
Free energy profile for the O-O bond formation reaction. Dots are the data points, the red
line is a cubic interpolation.

In Supplementary Fig. 16 we show the results of a thermodynamic integration simulation

of step 9, the dissociative chemisorption of an hydroxide ion in the presence of three *O1−

species. A series of NVT first principles molecular dynamics have been performed constrain-

ing the O-O distance between the oxygen atom of the hydroxide and one of the *O1−. The

length of each simulation is around 2-3 ps and we time-averaged the Lagrange multiplier
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enforcing the constraint, obtaining the mean force at that particular value of the constraint.

Integrating this quantity yields the free energy profile displayed in Supplementary Fig.16.

We obtain an activation energy of 0.19 eV and a reaction free energy of −0.73 eV. The

corresponding values from the NEB calculations are 0.16 eV and −0.89 eV. This shows that

finite temperature effects, included in the thermodynamic integration approach, are fairly

small, which is consistent with the results displayed in Supplementary Table 4, and that

our approach based on NEB calculations yields accurate estimates for barriers and reaction

energies.

Supplementary Note 16

Comparison with the calculations of Mesa et al.

It is worth comparing our results against similar calculations performed on α-Fe2O3. Mesa

et al.,2 in particular, performed DFT calculations on the α-Fe2O3(110), considering a nucle-

ophiclic attack of a solvent water molecule on a terminal oxygen atom, in the presence of

two neighboring dehydrogenated oxygen atoms (a terminal oxygen and a 3-fold coordinated

oxygen). With calculations performed in implicit solvent, the authors estimated a 0.03 eV

enthalpic barrier for the formation of the *OO− intermediate, which is substantially lower

than our estimate of 1.00 eV for a nucleophilic attack of a solvent water molecule on a bridg-

ing oxygen in the presence of two neighboring dehydrogenated bridging oxygen atoms. The

large difference could be imputed to either the different oxygen atom (terminal vs. bridge)

or the different model for the solvent (implicit vs. explicit). We performed the calculation

of the (110) termination in implicit solvent with our DFT setup and we reproduced Mesa’s

et al. results, obtaining a barrier of 0.06 eV. We then performed a FPMD simulation to

equilibrate the solid/liquid interface, we extracted a snapshot for the FPMD and we mod-

elled this step in explicit water with a NEB calculation, obtaining a barrier of 0.88 eV. The

largest contribution to discrepancy is therefore to be attributed to the effects of adopting an
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explicit water solvent model.

Supplementary Note 17

O-O Direct Coupling

Besides the nucleophilic attack described in the main text, another possible mechanism to

form the O-O bond is the direct coupling of two surface oxygen atoms (*O1− + *O1− →

*OO−) as shown in Supplementary Fig. 17 for the case of two surface holes. From the initial

state (IS), neighboring surface oxygen atoms bound to the same Fe ion move toward each

other, forming the O-O bond and reaching a final state with an O-O distance of 1.45 - 1.47

Å, depending on the hole coverage. The atomic spin density on the two O atoms in the final

state is around 0.35 µB, with ferromagnetic coupling. In Supplementary Table 6 we report

the reaction energies (∆E) and the activation energies (Ea) versus the number of surface

holes. The reaction energy as a function of the degree of oxidation is almost constant, with a

significant decrease only when the surface is completely dehydrogenated (12 surface holes),

although it remains thermodynamic hindered. Similarly, also the activation energy does not

show a strong dependence on the hole coverage, and it is remarkably high, always exceeding

1 eV, showing that this mechanism is not active on the (0001) surface at any hole coverage.

Supplementary Table 6|Reaction Energies (∆E) and Activation Energies (Ea) versus the
number of surface holes for the direct coupling mechanism.

N. of surface holes 2 3 4 8 12
∆E 0.72 0.76 0.68 0.74 0.33
Ea 1.35 1.40 1.36 1.38 1.22
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IS TS FS

Supplementary Figure 17|O-O direct coupling. Initial state (IS), transition state (TS),
and final state (FS) for the reaction *O1− + *O1− → *OO−. Brown, red, and white balls are
iron, oxygen, and hydrogen atoms, respectively. Green balls are the dehydrogenated *O1−

oxygen atoms.

Supplementary Note 18

Microkinetic model

Rate constants for each of the 10 reactions are estimated from transition state theory, fol-

lowing Wang et al.,27 as:

kif =
kBT

h
e−E

i
a/RT (7)

kib = kif/K
i
eq (8)

Ki
eq = e−∆G/RT , (9)

where kif and kib are the forward and backward rates of the i-th step. In the expression

of the forward rate we have neglected the entropic term e∆S/R, since we found that ∆S/R

is of the order of 0.01-0.02 eV and is therefore negligible, in agreement with the findings of

Wang et al.27

We define the OER rate, rOER, as the rate of O2 release, i.e. sum of the rate of steps 4 and

5. Following Mesa et al.,2 since rOER depends on the coverage of surface holes Θ(*O1−) as
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rOER = kOER×[Θ(*O1−)]α, the we define the OER rate constant as kOER = rOER / [Θ(*O1−]α.

In analysing the results of the microkinetic model, we employ Campbell’s degree of rate

control,32 computed as:

DRC(i) =

∂log(rOER)

∂
(
Ei

a

RT

)

Ej 6=i

a

(10)

Supplementary Note 19

Linear model for activation and reaction energies

Structural optimization of the reactants of step 1 and 3 led to the formation of the corre-

sponding products, showing that these three steps are not activated. We need to consider,

however, that in all PCET steps involving a space charge layer hole h+, the activation en-

ergy Eh
diff for the diffusion of the hole to the surface intermediate can be substantial. For

this reason, as indicated in Supplementary Table 7, for steps involving h+, the activation

energy considered in our model is the largest value between Eh
diff and the activation energy

computed with our DFT calculations. To obtain an upper limit for Eh
diff we consider the

activation energy for hole diffusion in hematite obtained from bulk measurements,33 0.29

eV. Our computational evidence that steps 1 and 3 are not activated suggests, however, that

the diffusion of the hole from subsurface sites to surface intermediates is negligibly small.

We therefore follow the strategy of Wang et al.27 and explore the results of the microkinetic

model as a function of Eh
diff , varying this quantity within the limits 0 - 0.29 eV. We stress

that there are a number of different estimates for the activation energy of hole diffusion,

and that theoretically computing this quantity leads to results that are strongly dependent

on the method adopted.34,35 Similarly, we assume that the barrier for step 10 is due to the

diffusion of the SCL-hole.

The activation energy of all the other elementary reactions (steps 2, 4-9) are extracted

from the NEB calculations performed in explicit solvent in a 2×2 cell discussed in a previous
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Section. To account in the microkinetic model for the dependence of the activation energies

of these steps on the coverage of *O1− we fitted linearly such dependence. For the release

of O2 we performed a single NEB calculation, where the initial state consists of the *OO−

intermediate in an otherwise fully hydroxylated surface, and as final state an O2 in solution

and a surface oxygen vacancy, and we assume that the barrier for this step has no coverage

dependence.

The evaluation of the reaction free energy of steps 1-9 has been discussed in a previous

Section. For the reaction free energy of step 10, we considered the solid/liquid interface in

the presence of a single *O1− surface species; we optimized the structure and compared its

total energy to a structurally similar configuration, but constraining the hole to be localized

on a bulk Fe ion, leading to the formation of *O2−. We assume this step to be coverage

independent.

Supplementary Table 7|Coverage dependence of activation energy Ea and reaction ener-
gies ∆G. ΘO1− indicates the coverage of *O1− in ML. Eh

diff is the barrier for diffusion of a
hole. EVBM is the position of the valence band edge on the RHE scale.

Reaction Ea(eV) ∆G(eV)
1 Eh

diff −0.01ΘO1−+ 1.56 −EVBM

2 max(−1.80ΘO1− + 0.56, 0.11, Eh
diff) 0.06ΘO1− + 1.19 − EVBM

3 Eh
diff −0.49ΘO1− + 1.46 − EVBM

4 max(0.35, Eh
diff) 0.77ΘO1− + 0.67 − EVBM

5 0.35 0.33ΘO1− − 0.86
6 max(−3.00ΘO1− +1.84, 0.93) 0.07ΘO1− − 0.32
7 −0.82ΘO1− + 1.18 −0.82ΘO1− − 0.49
8 max(−0.77ΘO1− + 0.35, 0.14) −1.88ΘO1− + 0.12
9 −0.10ΘO1− + 0.16 −0.72ΘO1− − 1.05
10 Eh

diff 1.43 − EVBM

The values of activation energies and reaction free energies of the 10 elementary steps

included in our model are listed in Supplementary Table 7.
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Supplementary Note 20

Evaluating the coverage dependence at high hole coverage
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Supplementary Figure 18|Microkinetic model with step 9 evaluated at high cov-
erage. Results of the microkinetic model obtained where for step 9 we use data obtained
at high coverages, in a 2×2 cell. We fixed the activation energy for hole diffusion at its
bulk value, Eh

diff=0.29 eV. a, Coverage of various reaction intermediates as a function of the
concentration of the space charge layers holes C(h+). b, log/log plot of the OER rate against
the coverage of *O1− intermediates. The red dashed line is a linear fit of the data points. c,
log of the OER rate constant plotted against the inverse temperature. The red dashed line
is a linear fit of the data points.

Supplementary Table 8|Results of the microkinetic model using data for step 9 obtained
at high coverages, in a 2×2 cell.

Parameters: Eh
diff=0.29 eV C(h+) = 1 ML

Θ(*O1−) 0.13 ML
O(Θ(*O1−)) 3.20
Eapp 0.23 eV
Reaction Rate (s−1) Reversibility DRC(Ea)
1 5.48e+01 1.96e-01 0.79
2 1.07e+00 5.20e-07 0.01
3 5.23e+00 9.28e-07 0.08
4 1.59e-04 2.03e-16 0.00
5 2.00e+01 4.32e-16 0.00
6 9.66e-15 1.84e-05 0.00
7 7.70e-09 9.08e-13 0.00
8 4.16e+00 2.72e-02 0.03
9 1.48e+01 2.26e-19 0.09
10 1.90e+01 3.27e-03 0.00

Here we discuss the results obtained with a microkinetic model where the coverage de-
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pendence of the rate of step 9 was evaluated at high coverages, in a 2×2 cell.

The results of this model shown in Supplementary Fig. 18 and in Supplementary Table

8. The main difference with respect to the results discussed in the main text is a small

deviation from a power law behavior of the rate on Θ(∗O1−) at high hole coverage and a

slightly higher reaction order, O(Θ(∗O1−))=3.20 compared to 3.07. The origin of this effect

is the larger dependence of the activation energy of step 9 on the surface hole coverage when

evaluated at high hole coverage (compare Eq. 3 with Eq. 4).

Supplementary Note 21

Microkinetic model with coverage-independent barriers and reac-

tion energies

Supplementary Table 9|Values of activation energies and reaction free energies employed
in the coverage-independent microkinetic model.

Reaction Ea(eV) ∆G(eV)
1 Eh

diff 1.59−EVBM

2 0.43 1.19−EVBM

3 Eh
diff 1.45−EVBM

4 0.35 0.68−EVBM

5 0.35 −0.72
6 1.38 −0.37
7 0.98 −0.51
8 0.23 −0.18
9 0.16 −0.89
10 Eh

diff 1.43−EVBM

Here we consider a model where both activation energies and reaction free energies are

independent of the surface coverage of *O1− (Supplementary Fig. 19). The values of the

activation energies and reaction free energies of all steps, reported in Supplementary Table

9, are evaluated at the smallest coverage of *O1− compatible with the step considered (e.g.

1/12 ML for step 2, 2/12 ML for steps 6/8, 3/13 ML for steps 7/9 since these reactions
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Supplementary Figure 19|Microkinetic model with coverage-independent param-
eters. Results of the microkinetic model using coverage-independent activation and reaction
energies, with Eh

diff=0.29 eV. (a) Coverage of various reaction intermediates as a function of
the concentration of the space charge layers C(h+); (b) log/log plot of the OER rate against
the coverage of *O1− intermediates. The red dashed line is a linear fit of the data point; (c)
log of the OER rate constant plotted against the inverse temperature, at C(h+)=1 ML. The
red dashed line is a linear fit of the data points.

Supplementary Table 10|Results of the microkinetic model using coverage independent
barriers (computed in a 2×2 cell) and reaction energies.

Parameters: Eh
diff=0.29 eV C(h+) = 1 ML

Θ(*O1−) 8.76×10−2 ML
O(Θ(*O1−)) 2.12
Eapp 0.20 eV
Reaction Rate (s−1) Reversibility DRC(Ea)
1 3.91e+01 4.42e-01 0.64
2 3.27e-02 7.19e-07 0.00
3 6.59e+00 5.03e-06 0.12
4 1.74e-04 8.60e-18 0.00
5 1.52e+01 3.03e-14 0.00
6 3.15e-13 5.19e-06 0.00
7 1.45e-07 5.89e-11 0.00
8 6.55e+00 1.76e-03 0.11
9 8.63e+00 5.30e-18 0.14
10 1.52e+01 4.17e-03 0.00

require 1, 2 and 3 *O1− and the barriers are evaluated in a 2×2 cell containing 12 surface

oxygen atoms). In Supplementary Fig. 19 we show the results of the microkinetic model

obtained using the experimental estimate of the activation energy for hole diffusion in bulk

hematite (Eh
diff=0.29 eV). In particular, we see that as the concentration of SCL-holes C(h+)

increases, the coverages of surface holes *O1− and *OOH− increase at the expense of *OH,
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while the coverages of both *OO− and *O2− are negligibly small.

Blocking step 9, by setting its activation energy to 10 eV, we obtain a reaction order 2.

Blocking step 8, by setting its activation energy to 10 eV, we obtain a reaction order 2.95.

This shows that the relative rate of steps 8 and 9 has a key role in determining the reaction

order in Θ(*O1−). The reason why the reaction order in Supplementary Fig. 19 is 2.12, i.e.

in between 2 and 3 but closer to two, is that the activation energy for step 8 in this model

is 0.23 eV, not much higher than the value for step 9, 0.16 eV, hence step 8 has also a high

rate.

Supplementary Table 11|Results of the microkinetic model using coverage independent
barriers and reaction energies and including only steps 1-4.

Parameters: Eh
diff=0.29 eV C(h+) = 1 ML

Θ(*O1−) 0.19 ML
O(Θ(*O1−)) 2.02
O(Θ(h+)) 1.97
Eapp 0.72 eV
Reaction Rate (s−1) Reversibility DRC(Ea)
1 7.09e-02 9.99e-01 0.00
2 7.09e-02 4.25e-09 0.99
3 7.09e-02 1.60e-01 0.00
4 7.09e-02 2.02e-20 0.01

In Supplementary Table 11 we show the results of a microkinetic model that includes only

the PCET steps, Eqn. 1-4, with coverage independent activation energies and reaction ener-

gies. Step 1 is quasi-equilibrated, implying that the coverage of *O1− and the concentration

of SCL-holes C(h+) are linearly related. Step 2 has a DRC of 0.99, is not quasi-equilibrated,

and its forward rate depends on the product Θ(*O1−)×C(h+). From this follows that the

reaction order in both Θ(*O1−) and C(h+) is approximately 2.

38



Supplementary Note 22

Effects of pH

The microkinetic model simulations described in the main text are performed at pH=8. This

choice is motivated by the fact that the experimental PZC is estimated to be around 7.9 (±

1.7).21 Since our DFT simulations are performed on a neutral surface, our first-principles

estimates of activation energies and reaction energies have been obtained at PZC conditions.

Moreover, in our microkinetic model we do not include the acid-base chemistry of the surface

that could describe charging at values of pH different from the PZC. The pH enters only

through the concentration of OH− in the expression of the rates of the elementary steps.

Figure 20 shows the dependence of the logarithm of the OER rate and of the OER

rate constant as a function of the pH. In panels (a) and (b) the simulation parameters are

Eh
diff=0.29 eV and C(h+) = 1 ML. In both cases we see that the increase is approximately

linear, which is consistent with the fact that the forward rate of step 1, which has the largest

DRC at these conditions, is linear in the concentration of OH−. In panels (c) and (d) we

lowered the concentration of SCL holes to C(h+) = 10−2 ML. At low pH, in the range 7−8.5,

the slope of log of the OER rate on pH is approximately four. At these conditions step 9

is the one with the largest DRC (approximately 1) and step 1 is quasi-equilibrated. This

allows to express analytically the OER rate as a function of the concentration of OH−, which

indeed appears with a fourth power. Panels (e) and (f) show the results obtained still with

C(h+) = 10−2 but at a higher pH, in the range 10−12. In these conditions the step with the

largest DRC is step 1 and the log of OER rate is again linear in pH. Notice that in all cases

shown in Supplementary Fig. 20 the OER rate is third order in the concentration of surface

holes.

In all cases examined above, the OER rate is exponential in pH. If rather than using the

activation energies discussed in the manuscript, we slow down step 10, which does not involve

OH−, so as to make it the step with the largest DRC, the OER rate becomes essentially
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Supplementary Figure 20|Effects of pH in the microkinetic model. Dependence of
(a, c, d) the OER rate and (b, d, f) the OER rate constant on the pH. Panels a and b refer
to a simulation with C(h+) = 1 ML and pH=7-14, where step 1 is the one with the largest
DRC. Panels c and d refer to a simulation with C(h+) = 10−2 ML at pH=7-8.5, where step
9 is the one with the largest DRC. Panels e and f refer to a simulation with C(h+) = 10−2

ML at pH=10-12, where step 1 is the one with the largest DRC. In all simulations we set
Eh

diff=0.29 eV.

independent of the concentration of OH− (we obtain an OER rate with a sublinear, rather

than exponential, dependence on pH). This can be done by increasing the barrier of step 10,

e.g. using Gardner et al.’s experimental estimate of 0.46 eV for the hole diffusion barrier,36
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Supplementary Figure 21|Microkinetic model with a slow step 10. Results of
a microkinetic model where the activation energy of step 10 is increased to 0.46 eV. a,
Coverage of various reaction intermediates as a function of the concentration of holes in the
SCL, C(h+). b, log/log plot of the OER rate against the coverage of *O1− intermediates.
The red dashed line is a linear fit of the data point. c, log of the OER rate constant plotted
against the inverse temperature, at C(h+)=10−3 ML. The red dashed lines are linear fits of
the data points. d, Coverages as a function of pH. e, OER rate as a function of pH. Notice
that here we plot the rate, not the log of the rate.
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Supplementary Table 12|Results of the microkinetic model where step 10 has an activa-
tion energy of 0.46 eV.

Parameters: Eh
diff=0.29 eV C(h+) = 10−3 ML pH=13

Θ(*O1−) 4.4×10−3 ML
O(Θ(*O1−)) 3.00
Eapp 0.19 eV
Reaction Rate (s−1) Reversibility DRC(Ea)
1 2.29e+02 1.89e-03 0.04
2 9.57e-04 3.08e-15 0.00
3 -5.36e-03 4.27e+02 0.00
4 1.91e+00 1.73e-23 0.00
5 7.49e+01 2.92e-20 0.00
6 1.18e-23 1.12e-11 0.00
7 5.63e-15 1.69e-07 0.00
8 -6.32e-03 1.00e+00 0.00
9 7.68e+01 1.08e-14 0.00
10 7.68e+01 3.50e-08 0.96

rather than the experimental estimate of 0.29 eV taken from Warnes et al.33 The results of

this model are displayed in Supplementary Fig. 21 and in Supplementary Table 12. The

linear dependence of the photocurrent on pH observed in some experiments could therefore

simply be a consequence of the surface being deprotonated at values of pH higher that the

PZC or of slow hole migration through the SCL, independently of the pH.

Supplementary Note 23

Effects of modifying Eh
diff

In this Section we investigate the effects of reducing the activation energy for hole diffusion,

Eh
diff . As shown in Supplementary Tables 13-15, the apparent activation energy drops slightly,

from 0.19 eV to 0.09 eV upon lowering Eh
diff from 0.29 eV to 0.00 eV, while the reaction order

remains in all cases close to 3. Moreover, at low values of Eh
diff step 9 is the step with the

larges DRC, while at Eh
diff=0.29 eV step 1 is the step with the largest DRC.
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Supplementary Table 13|Results of the microkinetic model using Eh
diff=0.00 eV.

Parameters: Eh
diff=0.00 eV C(h+) = 0.1 ML

Θ(*O1−) 7.25×10−2 ML
O(Θ(*O1−)) 2.97
Eapp 0.09 eV
Reaction Rate (s−1) Reversibility DRC(Ea)
1 1.90e+01 1.00e+00 0.00
2 1.50e-03 1.75e-10 0.00
3 2.88e-01 6.59e-01 0.00
4 8.93e-06 8.46e-16 0.00
5 6.44e+00 8.89e-16 0.00
6 6.57e-18 1.21e-09 0.00
7 2.67e-10 1.93e-11 0.00
8 2.87e-01 1.61e-05 0.05
9 6.15e+00 2.78e-23 0.95
10 6.44e+00 9.98e-01 0.00

Supplementary Table 14|Results of the microkinetic model using Eh
diff=0.10 eV.

Parameters: Eh
diff=0.10 eV C(h+) = 0.1 ML

Θ(*O1−) 7.24×10−2 ML
O(Θ(*O1−)) 2.98
Eapp 0.09 eV
Reaction Rate (s−1) Reversibility DRC(Ea)
1 1.89e+01 9.98e-01 0.00
2 1.49e-03 2.95e-09 0.00
3 2.87e-01 3.90e-02 0.00
4 8.90e-06 8.46e-16 0.00
5 6.41e+00 8.92e-16 0.00
6 6.49e-18 2.05e-08 0.00
7 2.65e-10 1.94e-11 0.00
8 2.85e-01 3.06e-04 0.05
9 6.12e+00 3.11e-23 0.95
10 6.41e+00 8.96e-01 0.00

Supplementary Note 24

Using reaction free energies from calculations in explicit solvent

Here we test the effects of estimating the reaction free energy of steps 2, 6 and 7 from the

difference in total energy calculations performed in explicit solvent, corrected with ZPE and
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Supplementary Table 15|Results of the microkinetic model using Eh
diff=0.29 eV.

Parameters: Eh
diff=0.29 eV C(h+) = 0.1 ML

Θ(*O1−) 4.25×10−2 ML
O(Θ(*O1−)) 3.03
Eapp 0.19 eV
Reaction Rate (s−1) Reversibility DRC(Ea)
1 3.40e+00 5.77e-01 0.67
2 1.30e-04 2.41e-08 0.00
3 9.82e-04 3.82e-03 0.00
4 2.67e-06 1.29e-15 0.00
5 1.13e+00 3.78e-15 0.00
6 9.32e-20 2.89e-07 0.00
7 2.28e-11 7.18e-11 0.00
8 8.52e-04 9.81e-01 0.00
9 1.13e+00 3.02e-21 0.33
10 1.13e+00 1.81e-02 0.00

vibrational terms. The reaction total energies are those reported in Supplementary Fig. 13

and in Supplementary Table 5. A linear fit of the data leads to the following expressions:

∆G(2) = −0.66Θ(∗O1−)− 0.17 eV (11)

∆G(6) = −4.92Θ(∗O1−) + 1.44 eV (12)

∆G(7) = −1.84Θ(∗O1−)− 0.17 eV, (13)

to be compared against those reported in Supplementary Table 7. In spite of the sig-

nificantly different estimates of the reaction free energies, the impact on the predictions of

the microkinetic model is very limited (compare Supplementary Table 16 with the analo-

gous results reported in the main text). Reaction order, apparent activation energy and the

coverages of the intermediates are weakly affected by these changes.

44



Supplementary Table 16|Results of the microkinetic model where the reaction free energy
for steps 2, 6 and 7 have been obtained from calculations in explicit solvent.

Parameters: Eh
diff=0.29 eV C(h+) = 1 ML

Θ(*O1−) 1.05×10−1 ML
O(Θ(*O1−)) 3.07
Eapp 0.18 eV
Reaction Rate (s−1) Reversibility DRC(Ea)
1 6.39e+01 1.49e-01 0.90
2 -2.43e-01 1.95e+00 0.00
3 1.55e-01 5.75e-05 0.00
4 2.08e-04 1.00e-16 0.00
5 2.18e+01 3.83e-16 0.00
6 -1.24e+00 1.49e+15 0.01
7 2.50e-09 2.10e-08 0.00
8 1.64e+00 5.16e-02 0.02
9 2.16e+01 4.78e-22 0.08
10 2.32e+01 2.21e-03 0.00

Supplementary Note 25

Effects of modifying EVBM

In this Section, rather that using our first principles estimate of the valence band edge

EVBM=1.91 V(RHE), we use one of the experimental estimates,25 EVBM=2.25 V(RHE). The

results are shown in Supplementary Fig. 22 and in Supplementary Table 17. Comparing

these with those reported in Table 1 in the main text (the only difference between the two

simulations being the value of EVBM) we can see that the changes in reaction order, apparent

activation energy, surface hole coverage and DRCs are minor.
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Supplementary Figure 22|Effects of EVBM in the microkinetic model. Results of
the microkinetic model obtained using EVBM=2.25 V(RHE).

Supplementary Table 17|Results of the microkinetic model obtained using EVBM=2.25
V(RHE).

Parameters: Eh
diff=0.29 eV C(h+) = 1.0 ML

Θ(*O1−) 0.11 ML
O(Θ(*O1−)) 3.18
Eapp 0.19 eV
Reaction Rate (s−1) Reversibility DRC(Ea)
1 7.34e+01 3.01e-07 0.94
2 3.54e-01 3.54e-13 0.00
3 1.60e+00 1.12e-11 0.02
4 2.34e-04 1.93e-22 0.00
5 2.50e+01 3.37e-16 0.00
6 1.45e-15 8.14e-06 0.00
7 3.06e-09 3.89e-12 0.00
8 1.25e+00 3.93e-01 0.00
9 2.34e+01 4.60e-22 0.04
10 2.46e+01 4.15e-09 0.00
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