
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Fe

br
ua

ry
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

/2
4/

20
26

 1
2:

09
:2

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Monitoring inter
aDepartment of Chemistry, Stephenson Inst

Liverpool, Liverpool, UK. E-mail: acowan@l
bEarly Career Laser Laboratory, University o

† Electronic supplementary informa
https://doi.org/10.1039/d2sc05628c

‡ Current address: Department of Ch
Denmark.

Cite this: Chem. Sci., 2023, 14, 3182

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 10th October 2022
Accepted 23rd February 2023

DOI: 10.1039/d2sc05628c

rsc.li/chemical-science

3182 | Chem. Sci., 2023, 14, 3182–318
facial electric fields at a hematite
electrode during water oxidation†

Khezar H. Saeed, ‡a Dora-Alicia Garcia Osorio, a Chao Li, a Liam Banerji, a

Adrian M. Gardnerab and Alexander J. Cowan *a

To understand the mechanisms of water oxidation on materials such as hematite it is important that

accurate measurements and models of the interfacial fields at the semiconductor liquid junction are

developed. Here we demonstrate how electric field induced second harmonic generation (EFISHG)

spectroscopy can be used to monitor the electric field across the space-charge and Helmholtz layers in

a hematite electrode during water oxidation. We are able to identify the occurrence of Fermi level

pinning at specific applied potentials which lead to a change in the Helmholtz potential. Through

combined electrochemical and optical measurements we correlate these to the presence of surface trap

states and the accumulation of holes (h+) during electrocatalysis. Despite the change in Helmholtz

potential as h+ accumulate we find that a population model can be used to fit the electrocatalytic water

oxidation kinetics with a transition between a first and third order regime with respect to hole

concentration. Within these two regimes there are no changes in the rate constants for water oxidation,

indicating that the rate determining step under these conditions does not involve electron/ion transfer,

in-line with it being O–O bond formation.
Introduction

Hematite (a-Fe2O3) is a promising material for water oxidation.
The low cost, good stability and high abundance of hematite,
coupled to its suitable band gap for visible light absorption has
led to massive efforts towards engineering more efficient pho-
toelectrodes.1 Mechanistic studies of hematite electrodes, and
photoelectrodes aim to elucidate the underlying physico-
chemical phenomena controlling water splitting efficiencies
which is vital in enabling the design of the next generation of
photoelectrodes.

The electrocatalytic and photoelectrochemical properties of
a semiconductor are profoundly affected by the presence of the
interfacial electric elds at the semiconductor liquid junction
(SCLJ). For hematite, an n-type semiconductor, a depletion of
charge carriers within its structure occurs when contacted to an
aqueous electrolyte and a positive space charge layer is formed
between the bulk of the semiconductor and the electrolyte
interface.2 This positive charge is balanced by a compact layer of
negatively charged ions in the electrolyte (the Helmholtz or
Stern layer) and a diffuse layer of charges towards the bulk of
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the electrolyte, with the resulting potential distribution shown
in Fig. 1. For concentrated electrolytes, such as those used here,
the potential drop within the electrolyte is primarily across the
Helmholtz layer (DfH). Thus, for these electrodes there is
a distribution in the electric eld along the surface normal
direction and understanding how this varies as illumination
and/or the potential applied to the electrode is changed is
essential if we are to rationalise how a (photo)electrode behaves.
But it is challenging to directly monitor these elds under
operating (water oxidation) conditions.

Capacitance measurements such as Mott–Schottky analyses
can be used to study hematite electrodes but they typically
require an assumption of the potential distribution across the
Helmholtz and space-charge layers. Mott–Schottky analyses are
also complicated by the presence of surface and defect states
and it has been shown that for hematite, a material where
surface states play a key role in determining photo-
electrochemical performance, these measurements can give
unreliable results.3 Transient absorption spectroscopy with
a UV/vis probe has been used extensively to understand how
photogenerated charge carrier dynamics change as the applied
potential is altered.4–7 But transient absorption spectroscopy
does not directly probe the different elds present. These are
instead inferred from the applied potential dependence of the
kinetics of the charge carriers. Here we use electric eld-
induced second harmonic generation (EFISHG) spectroscopy
to study a hematite electrode to report on the changes in
potential across the Helmholtz and space-charge layers under
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Potential distribution at a typical n-type semiconductorjelectrolyte junction, where DfSC represents the potential drop over the space
charge layer, DfH over the Helmholtz layer and Dfdiff over the diffuse layer (such that the potential drop over the double layer, DfDL = DfH +
Dfdiff). The high electrolyte concentrations employed allow us to approximate Df ∼ DfH + DfSC.
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operating conditions as hole (h+) accumulation occurs at the
SCLJ.

Understanding how h+ accumulation changes the potential
distribution across the SCLJ and the subsequent impact of this
on water oxidation kinetics is important. It is widely accepted
that the slow kinetics of water oxidation, with h+ lifetimes at the
SCLJ of milliseconds reported,8–11 limits the efficiency of metal
oxide photoanodes. With conventional metallic electrodes the
kinetics of electrocatalytic reactions are oen interpreted using
the Butler–Volmer equation. In this case application of
a potential leads to a change in DfH causing a change in the
energetics (and hence rate constant) for charge transfer giving
rise to an exponential increase in current with applied potential.
In contrast for an idealized semiconductor (e.g. no surface
states present, low doping concentration) in a concentrated
electrolyte the majority of the potential drop across the SCLJ is
expected to occur across the space charge region with minimal
change to DfH. The invariance of DfH means that the rate
constant for electron transfer can be considered independent of
applied potential. Instead of using the Butler–Volmer model
well established population models can be used,12,13 where the
change in rate of reaction is due to a change in surface electron/
hole population. Recently Durrant et al. used a population
model (eqn (1)) to correlate optically measured [h+] to rates of
water oxidation (Jwo) for a range of metal oxide electrodes and
photoelectrodes including hematite.11,14,15 These experiments
indicated that a switch in mechanism occurs on hematite
photoelectrodes with the reaction order (a) with respect to [h+]
being ∼3 at high [h+] (occurring at ∼1 sun), but ∼1 at low [h+]
and that the water oxidation rate constant (kwo) for each
pathway is independent of applied potential.15 This behaviour
has been interpreted to indicate a change in water oxidation
© 2023 The Author(s). Published by the Royal Society of Chemistry
mechanism from occurring at a single Fe centre to a mecha-
nism involving interaction between two adjacent FeIV]O sites
(the proposed surface trapped h+) when the surface coverage of
h+ reaches a high enough level. Further studies using transient
photocurrent measurements have since also reported a third-
order dependence of Jwo on hole density with DFT calcula-
tions showing O–O bond formation occurring at sites where
three oxo/oxyl groups are found.16

Jwo = kwo × [h+]a (1)

Supporting the use of a population model are measurements
of hole activation energies which are constant at a range of
applied potentials with a-Fe2O3,17 which could indicate that
minimal change in DfH occurs as [h+] changes. However, as
recently highlighted by Zhang and Leng,18 it is surprising that
a population model holds for hematite and other oxide photo-
electrodes. When the rate of h+ transfer is slow, h+ accumula-
tion causes light-induced Fermi level pinning. Fermi level
pinning leads to changes in DfH as the applied potential is
changed, which in turn might be expected to change kwo. Sup-
porting the concerns of Zhang and Leng is that in, several
studies tting of Intensity-Modulated Photocurrent Spectros-
copy (IMPS) and Photoelectrochemical Impedance Spectros-
copy (PEIS) data of hematite electrodes gives kwo values that are
dependent on applied potential.19–23 It is therefore clear that to
validate the proposed models of electron transfer at the hema-
tite–water interface newmeasurements that directly address the
local electric elds whilst monitoring the h+ population are
required.

Second harmonic generation (SHG) is a second order
nonlinear optical process where the electric eld of incident
Chem. Sci., 2023, 14, 3182–3189 | 3183
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light at frequency ui induces a polarisation within the material
and light is emitted at double this frequency (uSHG = u2i).24 The
intensity of the SHG (ISHG) signal is proportional to the square
of the second order polarisation of the material (P(2)), which in
turn is dependent on both the electric eld of the incoming
photons and the second order susceptibility (c(2)) of the system
under study:

ISHG f [P(2)]2 = [c(2)E(ui)E(ui)]
2 (2)

Due to inversion symmetry, c(2) = 0 in centrosymmetric
materials and only becomes non-zero at interfaces, where the
inversion symmetry is inherently broken. SHG spectroscopy has
been used previously to study a variety of catalytic systems at
interfaces including monitoring adsorption of gaseous reac-
tants at solid surfaces and even identifying reaction interme-
diates in liquid phases (when the intermediates have
a resonance at the second harmonic wavelength).25,26 This
surface-selectivity makes SHG spectroscopy especially useful for
studying electrochemical systems. EFISHG is a form of SHG in
which the response of a charged interface requires consider-
ation of an additional static electric eld(s) (EDC), eqn (3). The
presence of additional elds can inuence ISHG through two
mechanisms.27 Firstly, by directly interacting with bulk third
order susceptibility (c(3)) which does not usually contribute to
the SHG response, but is induced by the additional static eld.
Thus, the presence of EDC means non-interfacial species will
contribute to the second harmonic response, resulting in
a change in the SHG intensity. Secondly, the presence of EDC can
also change the net orientation of mobile interfacial molecular
species, or for a material such as a semiconductor electrode
induces a polarization of the lattice, manifesting as a change in
c(2). Thus, the second harmonic polarisation for an electrode
held at a potential (f) can be summarised as:

PSHG = c(2)(f)E(u)E(u) + c(3)(f)E(u)E(u)EDC (3)

The dependence of the second harmonic polarisation on the
interfacial electric eld has been used extensively to study the
evolution of electric elds at metal electrodejelectrolyte inter-
faces based on the nonlinear electroreectance studies by
Bloembergen et al.28,29 However, fewer studies have exploited
EFISHG to study the semiconductor electrodejelectrolyte
interface.30–33 Experiments on a TiO2 electrode34 reported
a linear relationship between the applied potential and ISHG at
potentials positive of at band (f). To rationalise this behav-
iour, it is important to rst consider the relationship between
applied potential (Df, relative to the reference electrode) and
the strength of the electric eld across the space charge layer.
The Mott–Schottky approximation tells us that for a n-type
semiconductor that is held positive of the at band potential
(f), the electric eld varies linearly over the space charge layer
and the charge (qSC) is proportional to the square root of DfSC

(where DfSC = f − f), eqn (4).

qSC = (2330eND)
1/2(f − ffb)

1/2 (4)
3184 | Chem. Sci., 2023, 14, 3182–3189
In this case the overall charge of the space charge layer is
directly related to the magnitude of the electric eld (eqn (5)),30,34

and it is possible to arrive at eqn (6) from eqn (3), assuming that
the potential drop is solely over the space charge layer:

qSCfjEDCjf
ffiffiffiffiffiffiffiffiffiffiffi
DfSC

p
(5)

PSHG zEðuÞEðuÞ
h
cð2ÞðfÞ þ cSC

ð3ÞðfÞ
ffiffiffiffiffiffiffiffiffiffiffi
DfSC

p i
(6)

As ISHG is proportional to the square of PSHG, eqn (6) has been
used to conclude that for the TiO2 electrode studied previously
the potential drop was primarily across the space charge layer at
potentials positive of at band and that the c(3) contribution
was dominant in the EFISHG response.34 A similar linear
dependence of ISHG with applied potential for a n-Si positive of
at-band has also been reported.35 Interestingly, at potentials
negative of at-band a non-linear (parabolic) potential depen-
dence of ISHG occurred, which was rationalised by the electrode
becoming more metal like under these conditions leading to
DfH changing with applied potential instead of DfSC.28,30 These
past studies demonstrate that EFISHG can be used to study the
SCLJ and to monitor the distribution of the potential drop, but
to the best of our knowledge EFISHG has not been used to study
electrodes during water oxidation. SHG has also been used to
study the interactions of dissolved ions with hematite.36,37 Here
we combine SHG spectroscopy with optical/kinetic measure-
ments of [h+] to follow how the potential drop across the SCLJ
varies for a hematite electrode as h+ accumulate at the SCLJ. We
show that h+ accumulation leads to changes in DfH but that the
water oxidation rate constant is independent of DfH when there
is a rst or third-order dependence of Jwo on [h+], indicating that
under these conditions the rate determining step does not
involve electron/ion transfer, in-line with it being O–O bond
formation.
Results & discussion
EFISHG response of hematite

EFISHG experiments (see Fig. S1 and S2† for more details on the
SHG experimental setup) were carried out on electrodeposited
a-Fe2O3 electrodes on FTO (FTO = F-doped SnO2) glass. Full
details of the synthesis and characterisation of the photo-
electrodes are found in the Experimental section and ESI
(Fig. S3–S10).† The samples consist of a-Fe2O3 layers (150 nm
thick) that have low surface roughness (Fig. S3 and S5†) making
them suitable for the EFISHG measurements and they also
exhibit a reasonable level of photoelectrochemical activity
(photocurrent onset ∼ −0.2 VAg/AgCl ∼ 0.8 VRHE, 0.33 mA cm−2

under 15 mW cm−2 365 nm illumination, Fig. 2b). As is typically
the case for a (photo)electrode these samples contain multiple
SHG-active interfaces (electrolyteja-Fe2O3jFTOjglass) in close
proximity, Fig. 2a. Careful selection of the incident radiation
wavelength can allow only the interface of interest to be probed.
With a sufficiently thick layer of a-Fe2O3, the electrode itself can
act as an optical lter for the (unwanted) underlying interfaces.
An incident wavelength of 800 nm was selected for these
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) UV-vis in transmission of the a-Fe2O3 electrode used for
SHG experiments. Inset, experimental geometry for reflection SHG
experiments, highlighting the absorption of SHG photons (blue) from
the buried interface by the layer of hematite on commercial FTO-
coated glass. (b) Chopped light (15 mW cm−2, 365 nm) and dark linear
sweep voltammograms (LSVs) at 10 mV s−1 of a-Fe2O3 electrode in
0.1 M NaOH.
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experiments, generating SHG photons at 400 nm. The absorp-
tion coefficient for a-Fe2O3 is reported to be a ∼ 2 × 105 cm−1

(a−1 ∼ 29 nm) at 400 nm.38 Therefore, any SHG from the a-
Fe2O3jFTO and FTOjglass interfaces is almost completely
absorbed by the hematite layer in these electrodes and it does
not contribute to the detected EFISHG response. Photo-
electrochemical tests indicate that when the 800 nm laser (2.5 mJ
per pulse, 170 fs pulse duration, 10 kHz) is incident on the a-
Fe2O3 there is no detectable photocurrent (>30 nA, Fig. S8†)
indicating that neither the 800 nm or 400 nm SHG generated is
able to lead to a signicant change in the steady-state carrier
population. The incident and SHG wavelengths are also not on
resonance with trapped h+ which have a maximum in absor-
bance at ca. 625 nm.8,15

The potential dependence of the SHG response of the a-Fe2O3

electrode in the dark between −0.2 and 1.0 VAg/Ag+ is shown in
© 2023 The Author(s). Published by the Royal Society of Chemistry
Fig. 3a and b. The limitations of the SHG cell mean that a Ag
pseudo reference electrode is used but as discussed alongside
Fig. S9† the potential of the Ag/Ag+ ∼ −0.1 V Ag/AgCl in this
experiment. The at band potential of this electrode is found to
be ca.−0.46 VAg/AgCl (Fig. S10†), therefore in the applied potential
study (Fig. 3a and b) the a-Fe2O3 electrode is always positive of at
band. In Fig. 3a and b we see a potential dependence of ISHG from
the electrolyteja-Fe2O3jFTOjglass sample. Comparison of the
potential dependent SHG response to an electrolytejFTOjglass
electrode (Fig. S11b†) shows clear differences, indicating that we
are able to successfully monitor the SHG response of the a-Fe2-
O3jelectrolyte interface. The lower panels of Fig. 3a and b show
the rate of change of ISHG from the a-Fe2O3jelectrolyte interface
with applied potential. ISHG changes at a roughly constant, linear
rate with applied potential between 0.2 and 0.6 VAg/Ag+ and also
between −0.2 and −0.05 VAg/Ag+. As outlined in the introduction
a linear response in ISHG with applied potential has been
proposed to be the result, and an indicator, of the potential drop
occurring across the space charge region and of the c(3) contri-
bution dominating the EFISHG response (eqn (6)).34 Here we also
conclude that between 0.2 to 0.6 VAg/Ag+ and −0.2 to −0.05 VAg/Ag+
the potential drop is primarily across the space charge region and
that the c(3) term arising from the space charge layer is leading to
the potential dependent ISHG. A full expansion of eqn (6) and
discussion of the relative contributions of the 2nd and 3rd order
terms can be found in the ESI.†

The deviation from a linear rate of change of ISHG with
applied electrode potential at >0.6 VAg/Ag+ and between −0.05
and 0.2 VAg/Ag+ may indicate an abrupt change where the
majority of potential drop is occurring (i.e. fDH vs. fDSC).
Supporting the possibility that a change in potential drop
distribution is the Mott–Schottky analysis (Fig. 4c and S9†),
which shows that at the more positive potentials examined
there is a deviation from linearity. Between ca. 0.6 to 0.7 VAg/Ag+

we see the onset of a catalytic current assigned to water elec-
trolysis on the a-Fe2O3 surface. Dark water oxidation occurs at
signicant rates when the Fermi level approaches the valence
band edge or a high enough density of suitably energetic inter-
band states. At these very positive potentials the density of
surface holes is expected to increase due to the slow rate of hole
transfer during water oxidation on hematite.15 To monitor the
[h+] we have measured the change in optical density at 625 nm
during a linear sweep voltammogram. Here we nd there is
excellent agreement between the measured [h+] and the rate of
change in ISHG at potentials between ∼0.6 V to ∼1.0 VAg/Ag+ in
Fig. 3a. It is known that high levels of hole accumulation leads
to Fermi-level pinning, with the effect being particularly
pronounced when the electron transfer kinetics are slow,39 as is
the case with a-Fe2O3.8–10,15 The h

+ population begins to plateau
at the highest potentials studied in Fig. 3 (1.0 VAg/Ag+). Electro-
chemical measurements (see below, Fig. 4) demonstrate that
between 0.6 and 1.0 VAg/Ag+ the h+ are present in surface states
and measurements of the optical density at 625 nm at higher
potentials (Fig. S14†) 1.0–1.2 VAg/Ag+ show that the valence band
edge lies just positive of the region of study in the EFISHG
experiment. Therefore, we conclude that the non-linear ISHG

response with applied potential at >0.6 VAg/Ag+ is primarily due
Chem. Sci., 2023, 14, 3182–3189 | 3185
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Fig. 3 ISHG (grey line) recorded at 400 nm (2.5 mJ per pulse p-polarised 800 nm incident light at 10 kHz) during cyclic voltammogram at 2mV s−1

in 0.1 M NaOH. (a) Shows the data recorded in the outward (−0.2 to 1.0 V vs. a Ag/Ag+ pseudo reference electrode) sweep, (b) shows the data for
the return (1.0 to −0.2 V) sweep, demonstrating the reversibility of the SHG response. The current density is shown by the red line. The lower
panels show the rate of change of ISHG (blue line) and the change in optical density at 625 nm (green dashed line) recorded during a subsequent
linear sweep voltammogram at 2mV s−1 in 0.1 MNaOH. The change in optical density at 625 nm (compared to the same electrode at open circuit
potential) is a probe of hole density. Note, the green (mDOD) axes are reversed to better display the correlation of an increase in hole
concentration with a decrease in d[SHG]/dV.
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to the build-up of surface h+, changing the potential distribu-
tion across the interface, with the further changes in potential
drop occurring across the Helmholtz layer instead of solely
across the space-charge layer.

To identify if the deviation from the linear rate of change of
ISHG with applied potential between −0.05 to 0.2 VAg/Ag+ is also
due to Fermi level pinning, we have investigated the distribu-
tion of trap states on the hematite electrode. Using a method-
ology developed by Hamann et al.,23 we initially hold the
electrode in the dark at a positive potential, where an OER
current occurs, then the potential is rapidly (200 mV s−1) swept
to more negative potentials depopulating (reducing) any oxi-
dised trap states, Fig. 4a. Two different reductions can be seen
Fig. 4 (a) Fast (200mV s−1) reverse LSV of an a-Fe2O3 electrode in 0.1 M
to build up a large population of trapped holes (region (A)). The measu
distribution of potential across the space charge and Helmholtz layer de
leading to the potential drop occurring over the Helmholtz layer. (c) Mot
hematite electrode in 0.1 M NaOH with a Ag/AgCl electrode, where the

3186 | Chem. Sci., 2023, 14, 3182–3189
in Fig. 4a. The feature at ca. 0.65 VAg/Ag+ was previously assigned
to the reduction of h+ that have accumulated at surface trap
states,23 supporting our assignment of Femi level pinning and
a change in fDH at >0.6 VAg/Ag+ as a result of h+ accumulation.
The 2nd broad reduction centred around 0.1 VAg/Ag+ in Fig. 4a
has also been reported previously and assigned to surface
electron/hole trap states.23 The good agreement between the
potential of these electron/hole trap states and the deviation
from the linear rate of change of ISHG leads us to conclude that
the lower rate of change of ISHG potential between −0.05 to 0.2
VAg/Ag+ is also due to Fermi-level pinning with the potential drop
occurring across the Helmholtz layer, instead of solely over the
space-charge layer.
NaOH from 1.2 V to−0.2 V vs. Ag/Ag+ after holding at 1.2 V for 1 minute
rement also highlights a surface electron trap state (B). (b) Qualitative
rived from the SHG data. In regions A and B Fermi level pinning occurs
t–Schottky analysis (using the circuit diagram in the inset) of the same
red line indicates a linear fit to the Mott–Schottky relation.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Analysis of surface mechanisms in the dark and under
illumination

To understand the impact of the change in potential distribu-
tion on themechanisms and kinetics of water oxidation we have
carried out an operando spectroelectrochemistry study of the
rate law, and examined its potential dependence, eqn (1). In the
voltage induced absorption (VIA) experiment we correlated the
steady-state current density (Jwo) to the [h+] (given by the change
in optical density at 625 nm) which is modied by changing the
applied potential to the electrode, Fig. 5a. Full details of this
experiment can be found alongside Fig. S15.† This experiment
is analogous to the photoinduced absorption experiment (PIA)
previously reported by Durrant and colleagues to identify the
rate law for water oxidation on hematite by photogenerated
holes.15 There they correlated the measured photocurrent for
a hematite photoelectrode under strong anodic bias to the
optically determined [h+] which was modulated by changing the
light intensity. In Fig. 5b we also show the results of a PIA
experiment carried out on the same hematite electrode.

In-line with the past PIA studies we nd that both the dark
and the photoelectrochemical water oxidation currents/rates
depend strongly on [h+].15 For both the VIA and PIA experi-
ments there is an approximately rst-order dependence of Jwo

on hole density (a= 1) at low h+ concentrations, which switches
to third order (a = 3) at higher h+ concentrations, Fig. 5a and b.
The transition between 1st order and 3rd order behaviour occurs
at approximately the same hole density in the light and dark (∼2
h+ nm−2, based of electrode geometric surface area) and a Jwo of
∼0.03–0.04 e− s−1 nm−2 (0.4 and 0.6 mA cm−2). This compares
well to past PIA studies on planar hematite where a change in
reaction order occurred at between ∼0.6 h+ nm−2 and a Jwo ∼
0.07 e− s−1 nm−2 (∼1 mA cm−2).40 On high aspect ratio photo-
electrodes which achieve benchmark photocurrents the change
in reaction order to a = 3 occurs at similar surface hole densi-
ties (∼1 h+ nm−2) to those seen here and the third-order
Fig. 5 Log–log plot of current versus change in optical density at 625 n
changes the water oxidation current and hole density (voltage induced ab
at 0.2 VAg/Ag+ (positive of the onset of dark water oxidation) with the light
change the photocurrent and hole density (PIA, red). The VIA data in the
(c) with the regions fitted to the different a values indicated by the shaded
light intensity or voltage in Fig. S17.†

© 2023 The Author(s). Published by the Royal Society of Chemistry
dependence of Jwo on hole density has been shown to occur at
∼1 sun indicating that it is occurring on many leading photo-
electrodes.15 Interestingly here at the highest water oxidation
currents studied (Jwo > 0.3 (VIA), Jwo > 0.6 e− s−1 nm−2 (PIA)) in
both the dark and light we nd that a s 1 or 3 which has not
been previously reported. Instead we nd that the Jwo vs. h+

density data in this region can be reasonably well tted to
a linear function with a ∼ 7–9 (Fig. 5a and b) and this will be
discussed further below.

Fig. 5c allows us to make comparison between the VIA data
and the EFISHG response as the [h+] changes (Fig. 3). There is
a slight offset in the potentials of the reference electrode
between the VIA and EFISHG experiment (ca. 20 mV) which is
reasonable given the use of a pseudo reference (Ag wire) and the
change in spectroelectrochemical cell. From Fig. 5c it can be
seen that h+ accumulation increases at potentials where Jwo has
a rst or third-order dependence on h+ density (a = 1 or 3 from
0.575 to 0.675 VAg/Ag+). The EFISHG experiment (Fig. 3) shows
that this h+ accumulation leads to potential drop across the
Helmholtz layer due to Fermi level pinning. If the rate limiting
step of the oxygen evolution reaction involves ion or electron
transfer at the electrode surface a change in DfH is expected to
change kwo.41,42 Fig. S18† shows that when the water oxidation
mechanism has a rst or third-order dependence of Jwo on hole
density, kwo is approximately constant as the [h+] changes when
a = 1 or 3. Therefore, we conclude that kwo is independent of
DfH during electrocatalytic water oxidation on hematite in the
dark. This conclusion is in-line with the assignment of h+s to an
FeIV]O state, formed following FeIII–O(H) oxidation43,44 and
DFT calculations on the photoelectrochemical mechanism of
water oxidation on hematite that show for low FeIV]O cover-
ages (when a = 1) the rate determining step is the interaction of
H2O with FeIV]O, leading to O–O bond formation.40 At higher
coverages (a = 3) the rate determining step is again O–O bond
formation, this time due to nucleophilic attack of a water or
m for a hematite electrode in (a) the dark where the applied potential
sorption, VIA data, blue) and (b) in the light where the electrode is held
(365 nm LED) intensity being modified between <1 to ∼30 mW cm−2 to
form of applied potential and change in optical density is shown in part
areas. Raw PIA/VIA data is shown in Fig. S16† and shown as a function of
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hydroxide molecule at site where three h+ have accumulated.16,40

In both cases the rate determining step (O–O bond formation)
does not involve a formal transfer of a charged species (H+, e−)
to or from the solution and the reaction free energy would not
be expected to be strongly dependent upon the potential drop
across the Helmholtz layer as is seen in our studies.

The good agreement between the PIA and VIA data shows
that water oxidation occurs by the same surface mechanisms in
the dark and the light on these hematite electrodes. Ideally
EFISHG experiments would also be carried out with the elec-
trode under band gap illumination to directly assess the change
in DfH during photohole accumulation, however these are
extremely difficult to carry out and to interpret due to the
presence (and trapping) of both photogenerated h+ and e−. The
demonstration of a commonmechanism during electrocatalytic
(dark) and photoelectrochemical water oxidation indicates that
the rate determining step is also likely to be the same and it is
therefore reasonable to conclude that kwo would also be ex-
pected to be independent of DfH under conditions where Jwo

has a rst or third-order dependence on hole density.
Finally, we discuss the VIA/PIA results measured at high

current densities where a third order dependence of Jwo on h+

density no longer holds, Fig. 5. Instead, the data is better tted
to a ∼ 7 to 9, although there are considerable errors on these
linear ts. This behaviour has not previously been reported on
hematite. A possible cause could be direct water oxidation due
to hole transfer from FTO via pinholes in the a-Fe2O3 layer. But
we rule this out as the onset of water oxidation on FTO is
signicantly positive of that on a-Fe2O3 and Fig. S11† shows
that at the potentials used in the VIA experiment the FTO is
largely inactive. Instead, we propose that the water oxidation is
still primarily occurring on hematite and that a further change
in reaction mechanism for water oxidation on a-Fe2O3 has
occurred at the highest Jwo measured. It is notable that the
potential region where as 1 or 3 corresponds to that where the
[h+] plateaus (>0.7 VAg/Ag+, Fig. 5c), where the EFISHG experi-
ment shows that the rate of change of ISHG with applied
potential becomes very small. One interpretation of this result is
that the potential drop is now nearly completely over the
Helmholtz layer as increases in fDSC are shown above to lead to
large increases in ISHG. In this case a switch to a mechanism
where the rate determining step is dependent on DfH may
rationalise the behaviour in Fig. 5. However, a plot of kwo for a=

8 at range of h+ densities does not show a clear correlation
between h+ density/applied electrode potential (Fig. S18†) which
suggests that the population model still holds. In this case the
rate determining step of the oxygen evolution reaction under
these conditions also does not involve ion or electron transfer.
But as noted above we caution there is considerable error in the
t of the VIA and PIA data at the higher values of Jwo and further
experiments are need to explore this interesting result.

Conclusion

In conclusion our study demonstrates the applicability of
EFISHG as a probe of the electric elds present at the SCLJ
during electrochemical water splitting. Using complimentary
3188 | Chem. Sci., 2023, 14, 3182–3189
UV/vis spectroelectrochemical measurements we have directly
correlated changes in [h+] with changes in the interfacial elec-
tric elds determined from EFISHG. At potentials where surface
h+ accumulation occurs, immediately prior to the onset of water
oxidation, there is a shi in the potential distribution leading to
a change in DfH. Whilst simple absorbance measurements are
able to identify the accumulation of holes in the electrode it is
through the EFISHG that we are able to identify the impact of
this on the potential distribution and elds across the interface.
Despite the change in DfH we measured no signicant change
in the rate constant for water oxidation (kwo) at potentials where
Jwo has a rst or third-order dependence on h+ density. This
indicates that the rate determining step in water oxidation on
hematite at these lower current densities does not involve
a formal transfer of a charge species and instead our results are
consistent with O–O formation being the rate determining step.
Here we have focused on the behaviour of semiconductor
electrodes in the dark but with careful modelling, experiments
of photoelectrodes under band gap illumination should be
addressable. This combined with the ability to carry out EFISHG
with a high spatial resolution (mm) offers an exciting future
opportunity to provide a comprehensive understanding of the
spatial and potential dependence of the SCLJ during photo-
electrochemical water oxidation.
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