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S1. Microkinetic model of OER

The oxygen evolution reaction under alkaline environment is given by
40H™ + 4h* - 0, + 2H,0 (S.1)
In this study, reactions in an alkaline environment are considered and the mechanism
proposed by Hellman et al.! is chosen. This mechanism is based on the multistep OER

mechanism proposed earlier by Rossmeis| et al.2

S1.1 Electrochemical mechanism of OER

The four-step OER in alkaline environment is given as

Ky
«+OH™ +h* K;\l OH,q (5.2)

b1

Kf, S.3
OHuq+ OH™ + h™ 2 0,4 + H,0 (5:3)

Kbz

K3 S.4
Oaq +OH™ +h* = 00H,q (5.4)
b3

Kgy S5
OOH,q+ OH™ +h* K;b* 03,24 + H,0 (5:5)
4

Here * represents an adsorption site and the subscript ad means that the species are adsorbed
on the surface. Thus, OH,q, 0,4, 00H,q4, and 0, ,4 are the intermediate species adsorbed on
the surface during the OER. The forward and backward reaction rates of these charge transfer
reactions are represented by Ky and Ky,;, respectively, where i =1 to 4. The calculation of these
rate constants is described in the following sections. After adsorbed oxygen (0, ,q) is formed
at the site, it desorbs (0, ges) from the surface at a rate of K¢s which is given by

Kts S.6
02,ad - 02,des + * ( )

This step does not involve charge transfer and, hence, the desorption rate K;s is chosen as a

constant.
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S1.2 Charge transfer via valence band and conduction band

Rate constants for charge transfer via valence band and conduction band

For an ideal semiconductor, charge transfer can occur via the valence band (VB) and/or via

the conduction band (CB). The forward and backward rate constants for charge transfer via

VB, K, and K, . can be calculated as

kvfl = Ky maxf €XP

kvy, = kv,max,b e€xp

KVﬁ = kTﬁps

K,

Vbi

= kvble

(EV - EFO,redox,i_VH + /1)2

(EV - Elg,redox,i_VH - /1)2]

(S.7)
(S.8)
(S.9)

(S.10)

where p is the hole density at the surface, N, is the density of states of the valence band, E,

is the valence band energy level, Eeq0x; IS the redox potential of the intermediate steps (i = 1

to 4), Vy is the potential drop across the Helmholtz layer, 4 is the solvent reorganization energy,

kg is the Boltzmann constant, and T is the temperature. The descriptions of all the parameters

used in the model and their respective values are given in Table S1.

Table S1 Model parameters specific to the microkinetic model, their descriptions, and values

in addition to Table 1 in the main manuscript.

Parameter Description Value Ref.
Kg Boltzmann constant 8.61733 x 10° eV/K
e Charge of electron 1.60217662 x 10°C
€o Permittivity of free space 8.8541878128 x 104 F
cm?
Sr Scan rate 20 mV/s
T Temperature 298 K
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pOH

XoH

XH20
kv,max,fl kv,max,b
kc,max,f ) kc,max,b

kt,max,ﬁ kt,max,b

pH of the electrolyte
pOH of the electrolyte

Mole fraction of hydroxyl ions

Mole fraction of water

Max. rate constants via val. band
Max. rate constants via cond. band
Max. rate constants via trap state
Solvent reorganization energy
Density of state of cond. band
Density of state of val. band

Desorption rate of oxygen

13.6
14-pH

10P°H/(molar conc. of

water)

1-xon

3x 1016 cm?/s
3x 108 cm?/s
3x 1016 cm?/s
leVv

4 x10%2 cm™
1x10%cm?

8 x10°cm™

Similarly, the rate constants for charge transfer via CB (subscript c) can be calculated as *

kcfl = kc,max,f exp

kcy, = kc,max,b exp

K. = kcg N,

K,

chi = kcping

0
(EC - EF,redox,i_

AAKgT

(EC - EPQ,redox,i_VH + A)Z

Vi — ,1)2]

4AKgT

(S.11)
(S.12)
(S.13)

(S.14)

where N, is the density of states of the conduction band, ng is the electron density at the

surface, and E. is the conduction band energy level.
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Rate equations for OER intermediates at semiconductor sites

The rate equations for fractional coverage of intermediates at a semiconductor site due to
charge transfer via both VB and CB can be written as
90H = Ky XoH Bad — Kvyy1 00 — Kvp,O0onxon + Kvy,00%n,0 (S.15)

+ KcpXon ad — KeypOon — Kep,Oonxon + Key,00%H,0

00 = Kyg,Xon Bon — Kup,00%n,0 — Kyg00%on + Kyyz000m (S.16)
+ chszH Oon — KCbZHOxH2 ch390xOH + ch3900H

boon = Kygz00%on — Ky ps000m — Ky r,800nXon + Kvy,,80,%H,0 (S.17)
+ Kcs00%on — Keyp3000n — Keg@oonxon + Key,80,%1,0

9 KVf4900Hx0H Kvb4902xH20 + KCf4900Hx0H ch4902xH20 (5.18)
— K500,

Oaa =1 —0ou — 00 — Boon — 902 (5.19)

where xoy represents the mole fraction of hydroxyl ions and xy,q represents the mole
fraction of water.

Current density due to charge transfer via VB and CB

The forward and backward current densities for charge transfer via VB (subscript v) and CB

(subscript ¢) are calculated as

Jvg = eNo( Kyt 0aa + Ky, 00n + Kyg;60 + Vf4900H)X0H (S.20)
Jop, = eNo(Kuy,00m + Kuy,00%i1,0 + Kvpz00m + KuyyB0,%H,0 ) (S.21)
Jv = Jve = Jvyp (S.22)
jeg = €No(Keg0aa + KepyB0m + Keps 80 + KegOo0m)Xon (S.23)
Jep = eNo(Kep,Oom + Key,00%m,0 + KepsBoon + Key,80,%H,0 ) (S.24)
Je = Jeg = Jey, (S.25)

S1.3 Charge transfer via r-SS
Rate constants for charge transfer via r-SS

The surface states which act as recombination centers are called recombining surface states

(r-SS). The rate constants for charge transfer via r-SS are calculated as *
K = ktq(1 = f)(Nr/d) (S.26)
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Kiy; = ktouf (Nr/d) (S.27)

2
e (ET - EPQ,redox,i_VH B /1) (828)
kte = kt,max,f exp| — 4AKgT

2
— (ET - EFQ,redox,i_VH + /1) (829)
ktb1 = kt,max,b exp| — 4/1KBT

where Nt is the density of states of r-SS, f is the fill factor of r-SS, d is the thickness of the
hole accumulation layer, and is used to convert the surface concentration (per cm?) to volume

concentration (per cm?).8

Rate equations for OER intermediates at sites corresponding to r-SS

The rate equations for fractional coverage of intermediates at an r-SS site due to charge

transfer via r-SS are calculated as

éTOH = Ki¢ Xon OTaq — KtbleTOH - thZHTOHxOH + KtbzeTOxHZO (5.30)
6To = Kir,xXou 0Ton — Ki,,0ToXn,0 — Kees0ToXon + Kep36Toon (S.31)
QTOOH = Ki30Toxon — Ky 30Toon — Kt 0ToonXon + Kty ,0T0,%H,0 (S.32)
6To, = Ki;,0ToonXon — Kiy,,0T0,%1,0 — Kis67T0, (S.33)
0T,g = 1 — 0Toy — 0T — 0Toon — 670, (S.34)

Current density due to charge transfer via r-SS

The forward and backward current densities for charge transfer via r-SS are calculated as

Jip = €Ngs (K, 0Taq + K, 0Ton + K500 + Kir, 6To0n) o (S.35)
jtb = eNSS(KtblgTOH + KthHTotzo + KtbgeTOOH + Ktb49T02xH20) (536)
jt :jtf_jtb (837)

S1.4 Calculation of the total current density

The total current density is calculated based on Eq. S.20-S.25 and Eq. S.35-S.37 as
J=Jvtjetje (S.38)
J :ij+ij+jtf_ij _jcb _jtb (S.39)
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S1.5 Implementation of IR drop in the model

The potential drop over the series resistance, R, depends on the current density in the circuit.
The implementation of the potential drop over Ry in the model is shown as a schematic in

Figure S1.

TN\ -
Cu) {( U Model (i)
(Input) \‘,_;,/ (Output)

Figure S1 Schematic representation of the implementation of potential drop over the series
resistance in the model; u* represents the input potential to the model after correcting for a

potential drop over R,.
S2. Gibbs free energy and redox potential

The Gibbs free energies for the intermediates steps in OER on hematite are calculated using
DFT.® Previously, in Zhang et al.°, we have calculated Gibbs free energies for OER
intermediates on hematite surfaces using DFT calculations, assuming a gas-solid interface. The
gas-solid model does not account for solvent effects in the calculation of the free energies. In
this study, an (implicit) solid-liquid model of the hematite-water interface is used wherein the
solvent effects are accounted for by using a continuum solvation model with the dielectric
constant of water (¢ = 78.4) as implemented in VASPsol.2® The redox potentials of the
intermediate steps in OER are calculated using DFT. The spin-polarized DFT+U (U = 4.3 eV)
formalism is chosen in order to treat the correlation effects in 3d electrons in hematite.!! The
Perdew—Burke—Ernzerhof (PBE) XC functional ‘2 and the projected augmented wave (PAW)*3
potentials were used. The molecular geometries were fully optimized with VASPsol when
incorporating solvent effects. A 2x2 supercell of hematite (110) is used which is modeled as
being antiferromagnetic (net zero spin via the MAGMOM keyword in VASP).*14 Zero-point
energy correction and entropic contributions to the Gibbs free energy were obtained via

Hessian calculation on the optimized geometry.
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Table S2 Gibbs free energies calculated for OER intermediate steps on hematite (110) surface.

Parameter Description Value
A G,y Gibbs free energy for the step in Eq. (S.2) 1.87 eV
A G, Gibbs free energy for the step in Eq. (S.3) 1.97 eV
A Gy Gibbs free energy for the step in Eq. (S.4) 0.97 eV
AG, Gibbs free energy for the step in Eq. (S.5) 0.11eV

The redox potential corresponding to each intermediate step can be calculated based on the
relation between Gibbs free energy and redox potential given by*°

AG; (S.40)
Eredoxi = T

where n is the number of electrons transferred in a single step (n = 1 for all steps here), F is
the Faraday’s constant, and Epeq0x; IS the redox potential of the intermediate step.
S3. Experimental j-V plot for different illumination intensities

Experimental j-V plot for three different illumination intensities replotted from the literature

for comparison with the simulations shown in Figure 3 of the main text.®
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Figure S2 Experimental j-V plots for three different illumination intensities for hematite

electrodes replotted from Klahr et al.*®
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S4. Simulated data for R¢ =0

The j-V curves, C;_ss plots, and Mott-Schottky plots are simulated for three different
illumination intensities by keeping Rs = 0 as shown in Figure S3. For all the three illumination
intensities C;_gs shows peaks around the OER onset potential. However, no deviation in
linearity is observed in the Mott-Schottky plot around the potential range of C;_gs. Therefore,

the deviation in linearity observed in the Mott-Schottky plot in Figure 6 of the main text cannot

be attributed to C;_gs.

Figure S3 a) j-v plot, b) surface state capacitance C;_gs, and ¢) Mott-Schottky plot simulated
for the case of R = 0. The Mott-Schottky plot shows a deviation from linearity before the onset
potential which is related to FLP due to r-SS. However, the Mott-Schottky plot shows no

deviation in linearity around the potential range of C;_ss.
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S5. Coverage dependent Helmholtz capacitance

In the analysis of PEC data, the Helmholtz capacitance is usually assumed to be constant.6:1
However, it has been reported in the literature that surface adsorption can affect the Helmholtz
capacitance.'® This will result in Helmholtz capacitance (Cy) to be potential dependent through
the potential dependence of surface coverage. In this section, we look into a scenario in which
the Helmholtz capacitance depends on the coverage of surface intermediates and how it affects
the PEC data. For simulating the coverage-dependent Helmholtz capacitance, we consider the
simplest model of Helmholtz capacitance which is based on a parallel plate capacitor.

The Helmholtz capacitance per unit area (Cy,) in this case, is defined as Cyo = € * €4/,
where [ is the thickness of the Helmholtz double-layer, €, is the permittivity of free space, and
€ is the relative permittivity of the semiconductor material.**? An approximate value of 100
UF cm is obtained for Cyy, using [ = 3 - 108 cm and e = 382! for hematite.

If we assume that the available area of the capacitor reduces due to surface adsorption, the
capacitance based on potential can be calculated as Cy = Cyo * 8, Where 6 is the fraction of
free sites on the surface per unit area. We note that this is a simplified assumption. The idea
here is to investigate whether a variation in Helmholtz capacitance based on surface coverage
will affect the simulated data. Based on this assumption, the j-V plots, C;_gs, and Mott-Schottky
plots are simulated for three different illumination intensities as shown in Figure S4. In these
simulations, the contribution due to series resistance is eliminated by keeping R = 0. Figure
S4a shows the j-V plots for three different illumination intensities. C;_gg plots from Figure S4b
show peaks around respective OER onset potential. From Figure S4c, there are two points at
which the Mott-Schottky plots show a deviation from linearity. The first one at lower potential
is due to r-SS as described in the main text. The second deviation from linearity around the
onset potential is enlarged and shown in Figure S4d. The potential range of this second
deviation coincides with that of the peaks in the Cj_gg plot. In the main text, it is shown that
potential drop over Rg can lead to a deviation in the Mott-Schottky plot around the onset
potential. However, in this case R = 0 and, hence, the deviation from linearity observed in the
Mott-Schottky plot around the onset potential can be attributed to i-SS. Therefore, if the

Helmholtz capacitance varies as a function of surface coverage, i-SS can result in FLP.
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Figure S4 a) j-v plot, b) surface state capacitance C;_gs, ¢) Mott-Schottky plot simulated for
the case of Cy varying as a function of surface coverage. R = 0 in all the simulations; d)
Enlarged Mott-Schottky plot showing deviation in linearity around the onset potential when

the Helmholtz potential is assumed to change with surface coverage, even when R = 0.
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