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ABSTRACT: The role that the α-Fe2O3/NiFeOOH interface
plays in dictating the oxygen evolution reaction (OER) mechanism
on hematite has been a source of intense debate for decades, but
the chemical characteristics of this interface and its function are still
ambiguous and subject to speculation. In this study, we employed
operando X-ray absorption spectroscopy to investigate the
interfacial dynamics at the α-Fe2O3/NiFeOOH interface. We
uncovered the spontaneous formation of a FeOOH interfacial
layer under (photo)electrochemical conditions. This FeOOH
interfacial layer plays a role in the surface passivation of hematite
and in accumulating the (photo)generated holes upon external
potential application. This hole-accumulation process leads to the extraction of more (photo)generated holes from hematite before
releasing them to NiFeOOH to carry out the water-splitting reaction, and it also explains the reason for the delay in the nickel
oxidation process. Based on these observations, we propose a model where NiFeOOH acts mainly as an OER catalyst and a
facilitator of holes extraction from hematite, while the interfacial FeOOH layer acts as a surface passivation and hole-accumulation
overlayer.
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■ INTRODUCTION

The oxygen evolution reaction (OER) in the water-splitting
process is the main reason for the larger overpotential
necessary to split water into oxygen and hydrogen. The OER
involves four proton-coupled electron transfers and oxygen−
oxygen bond formation, resulting in sluggish kinetics and the
need for a catalyst to improve the reaction efficiency. Here, 4d
and 5d transition metal oxides, such as RuO2 and IrO2, are
well-known state-of-the-art OER catalysts rendering a relatively
low overpotential and high stability in acidic media.1−4

However, the scarcity and high cost of Ir and Ru metals are
the main constraints for the development of industrially
relevant applications for electrochemical hydrogen production.
Ni−Fe-based electrocatalysts have shown catalytic efficien-

cies surpassing those of the IrO2 catalyst in alkaline media.4−8

As a result, highly active and durable Ni−Fe-based electro-
catalysts were prepared by cathodic and anodic electro-
deposition and have shown remarkably low OER over-
potentials.9,10 Trotochaud et al. investigated the influence of
iron concentration in Ni(OH)2 thin films prepared by a
solution-cast method, where Ni0.9Fe0.1Ox compositions were
found to be among the most active water oxidation catalysts in

basic media with a Tafel slope of 30 mV dec−1 and OER
activities an order of magnitude higher than IrOx control
films.11 Interestingly, it was shown that the electronic
conductivity of the films increased by a factor of 30 after the
intentional addition of Fe impurities. Several later studies have
focused on understanding the role of Fe addition on the OER
performance enhancement in NiOOH catalysts. Some studies
suggested that incorporating even a small concentration of Fe
in NiOOH resulted in the substitution of the Ni sites in NiO6
octahedra by Fe, where Fe species become the active sites for
OER.12,13 Other studies suggested that the role of Fe involves
mainly accelerating the OER process by acting as a Lewis acid
that promotes the oxidation of Ni2+ to Ni4+.14 In the center of
this debate lies the main question about whether high valent
metal species, such as Fe4+, could form under OER conditions,
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where it could promote the formation of high valent Ni4+ or
act directly as OER active sites. Nevertheless, the majority of
reported literature agrees on the crucial role the Fe plays in
reducing the OER overpotential in NiFeOOH. For a deeper
insight into the evolution of the electronic structure of
NiFeOOH during OER, the reader is referred to excellent
reviews on this topic.8,15,16

Deposition of NiFeOOH OER catalysts on hematite
semiconductors has been generally shown to lower the OER
photocurrent onset potential of hematite.17,18 However, the
exact role that these catalysts (or overlayers) play in improving
the OER performance of hematite is poorly understood,
mainly due to the nontraditional structure of these electro-
catalysts (i.e., unlike the well-defined structure of metal oxide
semiconductors, electrocatalysts are often layered, porous, and
hydrated), which makes the characterization of their structure
and OER mechanism cumbersome. Moreover, the lack of
available experimental tools that can directly investigate
interfacial processes is an additional challenge to the
semiconductor/catalyst characterization efforts. Several reports
suggested that thin films made of NiFeOOH act as direct OER
catalysts that play a major role in the process by extracting the
photogenerated holes from α-Fe2O3 and utilizing them to drive
OER.19−21 Others reported that these overlayers mainly assist
hematite in driving OER at lower onset potential by passivating
surface defects and slowing the rate of surface recombination,
hence reducing the electron-hole recombination probability,
which leads to a higher concentration of holes available for
OER at the semiconductor surface.10,22−26 Additionally, A
third group suggested that NiFeOOH could play both roles.27

All of these reports highlight the importance of understanding
the role of the semiconductor/catalyst interface in dictating the
overall performance of the hematite OER performance, which
is crucial for future realization of efficient water-splitting
photoanodes.17,28 Although several characterization studies
have been reported on the semiconductor/catalyst interfaces,
few of them were focused on the characterization of the
combined α-Fe2O3/NiFeOOH system. Malara et al. conducted
electrochemical studies on the system and concluded that the
anodic wave formed in the cyclic voltammogram scan at a
potential of ∼1.2 VRHE is due to the possible formation of a
new α-Fe2O3/NiFeOOH interface that is associated with the
Ni redox waves and is considered an indirect evidence that this
Ni redox process induced a new recombination process at the
α-Fe2O3/NiFeOOH interface.28 Another notable example is
the work of Laskowski et al., who utilized a dual-electrode
photo-electrochemistry method that could directly track the
current generated on the catalytic overlayer during the
photoelectrochemical OER.29 They concluded that NiFeOOH
can act as both an overlayer for holes collection and as a
catalyst that drives OER by showing that NiFeOOH was
oxidized by the photogenerated holes at a rate that is
compatible with OER operating potentials. A previous work
by the same group shed light on the importance of eliminating
possible pinholes in mesoporous semiconductors through
which the deposited NiFeOOH overlayers could become in
direct contact with the back contact that effectively acts as a
recombination center for the photogenerated holes.30 In
another study, George et al. conducted density functional
theory + U calculations to understand the role of NiOOH
catalyst in improving the OER performance of hematite. They
reached a conclusion that the improved OER performance in

NiOOH-α-Fe2O3 system stems from the Ni edge sites that are
in close proximity to Fe in hematite.31

Operando X-ray absorption spectroscopy (XAS) is the main
characterization tool utilized in this work to investigate the
electronic structure dynamics in α-Fe2O3 and NiFeOOH
during OER. This method has been used with great success in
the last few years in characterizing water-splitting electrodes
because of its element- specificity combined with its ability to
track even the small changes in oxidation state and local
structure around the absorbing atom under operational
conditions.32 Braun et al. conducted one of the first operando
XAS studies on the oxygen K-edge in hematite photo-
anodes.33,34 They identified two types of photogenerated
hole transitions taking place under OER onset potential; an O
2p hole transition to the charge-transfer band and a Fe 3d
transition into the upper Hubbard band. They concluded that
both types of holes directly contribute to the photocurrent
generated on hematite during OER. Another notable example
is the work of Friebel et al. on F:SnO2/NiFeOOH, where Fe

3+

was reported to occupy octahedral sites with very short Fe−O
bond distances surrounded by edge-sharing [NiO6] octahedra,
which in turn render these Fe sites near-optimal adsorption
energies of OER intermediates. Therefore, it was concluded
that Fe sites were active for the OER, and by their
incorporation, Ni oxidizes to an “average” oxidation state of
Ni3.6 and that Ni sites play a less important role during OER.
In this work, we studied the role of NiFeOOH in promoting

OER on hematite by conducting operando X-ray absorption
spectroscopy on both F:SnO2 (will be referred to as FTO)/
NiFeOOH and α-Fe2O3/NiFeOOH electrodes during electro-
chemical/photoelectrochemical water oxidation at pH 13.6.
The goal of this work is to disentangle the chemical and
structural changes that take place on both NiFeOOH and α-
Fe2O3, and their interface during OER and the effect of solar-
simulated illumination in this process. We detected the
spontaneous formation of FeOOH layer at the α-Fe2O3/
NiFeOOH interface under (photo-)electrochemical OER
conditions, which possibly plays a major role in dictating the
charge carrier transfer across the interface. Based on the study
results, we also speculate on the main general electronic and
structural characteristics of a future efficient OER catalyst.

■ EXPERIMENTAL SECTION
For this study, two working electrodes were designed: SiNx/
FTO/(Ni,Fe)Ox and SiNx/FTO/α-Fe2O3/NiFeOOH com-
bined semiconductor/electrocatalyst systems. Briefly, 1.4 μm
of free-hanging SiNx membranes were prepared by deposition
of a layer of low-stress SiNx, followed by etching through a
⟨111⟩ silicon substrate using KOH. Two different electrode
designs were made depending on the photoelectrochemical
reactor employed in the operando XAS measurements. The
first type contained both working electrode and counter
electrode on the same silicon chip (Figure S1a). Extreme care
has been taken to avoid short circuiting both electrodes during
deposition and reaction (Supporting Information Section 1).
The second type contained only the working electrode on the
Si chip, while the Pt counter electrode was inserted in the
separate inlet in the reactor (Figure S1b). An electron
conductive fluorine-doped tin (FTO) oxide layer (150 nm)
was then deposited on certain areas in the SiNx membranes by
ultrasonic spray pyrolysis from a water-based solution
comprised of NH4F and SnCl4 salts. A 50 nm (Ni,Fe)Ox
permeable thin-film catalyst was deposited on ∼150 nm FTO
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using successive ionic layer adsorption and reaction (SILAR).
To prepare the cation solution, a mixture of FeCl2 (Sigma-
Aldrich, 98% purity) and NiCl2 (H2O)6 (Merck, 98% purity)
with Fe/Ni ratio of 1:5 was dissolved in distilled water (18 MΩ
cm−1), while the anion solution was prepared by dissolving 0.1
M NaOH in distilled water (18 MΩ cm−1). A typical
deposition cycle consisted of a 10 s immersion in (1) cation
solution, (2) distilled water (rinsing), (3) anion solution, and
(4) distilled water. For the preparation of hematite thin films,
Fe(III) acetylacetonate (acac) (Acros, >99% purity) was
dissolved in ethanol (Interchem, 100% purity) under strong
stirring for 12 h at a concentration of 50 mM. A custom-made
ultrasonic spray pyrolysis chamber was used for the direct
deposition of 100 nm hematite thin film at a deposition
temperature of 420 °C and a flow rate of 3 mL min−1. To
compare the electrochemical properties of the samples in the
reactor with the laboratory setup, the working electrode was
deposited on mechanically and chemically cleaned-fluorine-
doped tin oxide (FTO) coated borosilicate glass (Pilkington,
TEC 15). The thickness and morphology of the prepared
samples were then characterized with X-ray diffraction (XRD),
scanning electron microscopy fitted with energy-dispersive X-
ray spectroscopy (SEM-EDX) (Supporting Information
Section 2).

For the operando Fe and Ni K-edge X-ray absorption
experiment, two different photoelectrochemical cells were
prepared. The first type is a commercially available flow cell
(DRP-FLWCL, DropSens, Spain) that was modified to satisfy
the requirements of the XAS experiment. The original flow
inlet was sealed with a mica window (diameter 4 mm,
thickness ∼20 μm) and served as an entrance window for the
optical beam originating from the solar simulator (Figure S3).
A conical beam entrance and exit window was drilled in the
base plate of the cell so that it allows the incident X-ray beam
and the fluorescent signal to enter and exit the silicon nitride
windows from the back side of the electrode at an angle of
∼45°. A liquid flow inlet and outlet were drilled on the side of
the cell to allow electrolyte flow during the photoelectrochem-
ical measurements. The original flow inlet was redesigned to
contain the Ag/AgCl reference electrode (3 M KCl, liquid
junction, Metrohm, Switzerland). Prior to the measurements,
the cell was filled with the electrolyte, and a constant flow of
the electrolyte (2 mL min−1) was maintained throughout the
experiment. This was also useful to eliminate any oxygen
bubbles formed during the water-splitting process. To test the
reproducibility of the results and to confirm that there are no
spectral artifacts resulting from possible interaction between
the incident X-ray beam and the photoelectrochemical cell, a
custom-made static electrolyte high-density polyethylene-based

Figure 1. Operando X-ray absorption spectroscopy (XAS) setup and photoelectrochemical measurements of the FTO/Ni0.8Fe0.2OOH catalyst and
α-Fe2O3/Ni0.8Fe0.2OOH photoanode. (a) Schematic representation of the operando XAS experiment during photoelectrochemical (PEC) water
splitting. During the measurement, solar-simulated optical illumination was focused on the sample (brown color in the figure) from the front
direction through a transparent quartz window (pale green). (b) Linear sweep voltammetry (LSV) of several FTO/Ni0.8Fe0.2OOH catalysts
prepared with different number of SILAR (successive ionic adsorption and reaction) cycles. (c) LSV of bare hematite (black), α-Fe2O3/50 nm
Ni0.8Fe0.2OOH film (red), and α-Fe2O3/75 nm Ni0.8Fe0.2OOH film (blue). The inset in each panel shows schematics of the working electrodes. All
of the LSV scans were recorded at 1 M NaOH at a scan rate of 10 mV·s−1. The potential in the measurements is reported vs the reversible
hydrogen electrode. The samples in panel (c) were illuminated with ∼100 mW·cm−2 of AM1.5G solar-simulated optical light.
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reactor was employed, where two orifices were drilled into the
cap to serve as inlets for the coiled Pt wire counter electrode
(Sigma-Aldrich) and the Ag/AgCl/3 M KCl reference
electrode (Metrohm, Switzerland) (Figure S3). Two 8 mm
diameter orifices were drilled on opposite sides of the bottle. In
the first orifice, a 1.4 μm silicon nitride window that contained
the working electrode (FTO/Ni1−xFexOOH) was fixed using
epoxy resin. In the opposite orifice, a transparent 1 mm thick
fused silica substrate was fixed with epoxy resin to allow for the
optical light to illuminate the working electrode from the front
side when needed (Supporting Information Section 3). The
working electrode area in contact with the electrolyte is 8 mm
in the static electrolyte reactor and 10 mm in the liquid flow
reactor.
Prior to the XAS measurements, cyclic voltammetry scans

were recorded to investigate the current response of the
semiconductor, the co-catalyst, and the combined system using
a three-electrode configuration. An external voltage was
applied using a potentiostat (CompactStat, Ivium Technolo-
gies, The Netherlands) in the range from 0 to 1.8 V vs RHE
with a scan rate of 50 mV s−1. During the XAS measurements,
chronoamperometry measurements were performed at 0.4, 0.8,
1.2, 1.6, and 1.8 V vs RHE (Figure S4). The alkaline electrolyte
used was a 1 M NaOH solution.
The operando XAS experiment was carried out at the Swiss

Light Source (SLS, Villigen, Switzerland), which operated at
2.4 GeV and 400 mA. The photoelectrochemical cell was
aligned in such a way that the incident beam and the emitted
fluorescence would enter and exit through the sample and
silicon nitride window from the back side at an angle of ∼45°
(Figure 1). The incident beam provided by a 2.9T super
bending magnet at the SuperXAS-X10DA beamline was
collimated by a Si-coated mirror (at 2.8 mrad), which was
also used for the reduction of higher harmonic contributions.
The desired X-ray energies were scanned around the Fe K-
edge (7110 eV) and Ni K-edge (8339 eV) using a Si (311)
channel-cut monochromator to achieve good energy resolution
at the pre-edge region. The beam was focused by an Rh-coated
toroidal mirror at 2.8 mrad to a spot size of 1 mm × 0.2 mm
(H × V). The X-ray spectra were collected in fluorescence
mode using an ion chamber filled with He/N2 to measure the
incoming beam intensity and an energy-dispersive five-element
silicon drift detector mounted at 90° to the incoming beam to
measure the fluorescence signal and the sample mounted at
45° (Figure S6).
XAS spectra were treated by subtracting a linear pre-edge

background and were averaged and normalized to the edge
jump of 1.0. EXAFS spectra using Origin software and were
spline-fitted using IFEFFIT35through Athena graphical user
interface. EXAFS scattering paths were calculated with FEFF6
using the Artemis graphical user interface36 based on the
crystallographic data of NiOOH and γ-FeOOH reported
earlier.37,38 The least-squares fitting of the Fourier-transformed
EXAFS spectra was performed using a χ(k) range of 2−11 Å−1

for the FT and using a k-weight of 3 via IFEFFIT36 (more
information in the Supporting Information Section 10).

■ RESULTS AND DISCUSSION
Oxygen Evolution Reaction on FTO/NiFeOOH and α-

Fe2O3/NiFeOOH. Amorphous Ni0.8Fe0.2OOH thin film-
catalysts were prepared using the successive ionic adsorption
and reaction (SILAR) method.39,40 One of the advantages of
using this “soft” deposition method is that it enables the

deposition of an electrolyte-permeable electrocatalyst that
forms adaptive junctions, which enable the photogenerated
holes to be screened locally by the penetrating electrolyte ions,
which in turn maximize the generated photovoltages.17,29,30,41

Furthermore, previous work by our group has shown that
FTO/NiFeOOH catalysts provide the lowest OER onset
potential when the thickness of the catalytic overlayers ranged
between 40 and 50 nm, and the concentration of iron in the
catalyst is in the range of 20−30 atomic percentage.40 These
observations are also in agreement with several reports on the
effect of Ni/Fe ratio on the OER performance of NiFeOOH
electrocatalysts.11,30,42,43 XPS analysis of Fe 2p and Ni 2p core
levels in the as-prepared films confirms that Fe and Ni have 3+
and 2+ oxidation states, respectively (Figure S2). XRD analysis
of the as-prepared FTO/NiFeOOH samples did not show
diffraction peaks, which confirms the amorphous state of the
electrocatalysts. Further XRD analysis after subjecting the films
to 2 VRHE polarization for 2 h did not show diffraction peaks
either, which confirms that no long-range crystallinity was
formed in the electrocatalysts upon potential application but
does not rule out the possibility of small crystal formation with
sizes in the nanometer scale that could not be detected with
XRD (Figure S2). SEM images of the 50 nm films show the
conformal and crack-free geometry of the films (Figure S2).
Linear sweep voltammetry (LSV) of FTO/Ni0.8Fe0.2OOH

showed a well-known Ni2+/Ni3+ redox wave at ∼1.4−1.5 V vs
RHE, which was associated with the transition from Ni(OH)2
to NiOOH.11,42 Possible oxidation to higher valent Ni3.5+/4+

species was also reported earlier.14 The intensity of this charge-
transfer wave increased with larger thin film thickness, which
led to higher current densities and lower OER overpotentials
as represented in Figure 1b. Deposition of 50 nm
Ni0.8Fe0.2OOH on 100 nm hematite thin films shifted the
onset potential cathodically by 230 mV under one sun
illumination (at 0.62 V vs RHE). More importantly, the
current density did not decrease with respect to the bare
hematite sample (Figure 1b). The photogenerated holes in the
semiconductor under illumination contribute to the reduction
in the applied potential and the subsequent photovoltage
generation at the semiconductor/catalyst interface. This
generated photovoltage can either be used to drive the OER
at the semiconductor surface or alternatively, further drive the
diffusion of holes from the semiconductor to the catalyst,
which then drives the OER.41 When illuminated from the glass
side, i.e., back side, the performance was hampered due to the
large α-Fe2O3 layer thickness and concomitant recombination
in the hematite layer (Figure S5).

Operando XAS during FTO/Ni0.8Fe0.2OOH Photo-
electrochemical OER. One of the challenges of characteriz-
ing α-Fe2O3/Ni0.8Fe0.2OOH is that both hematite and
NiFeOOH contain iron species that could have similar or
different oxidation states and local structures. Therefore, we
first conducted operando XAS on the FTO/Ni0.8Fe0.2OOH
electrocatalyst and used the recorded Fe K-edge and Ni K-edge
XANES of the as-prepared sample during (photo)-
electrochemical OER and after the process as references for
the linear combination fitting of the Fe K-edge of the α-Fe2O3/
Ni0.8Fe0.2OOH. This allowed us to disentangle the XAS
contribution from Fe in Ni0.8Fe0.2OOH from that in α-Fe2O3
and also possibly from the interface. We also used this
experiment to investigate the relaxation behavior of the Fe K-
edge and Ni K-edge XANES in FTO/Ni0.8Fe0.2OOH.
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The Fe K-edge and Ni K-edge XANES in Figures S7 and S8
contain multiple features: The pre-edge feature results from 1s
→ 3d quadrupole transitions, and its intensity increases by
dipole contributions if the site is not centrosymmetric. The
energy positions of both the pre-edge and the absorption edge
provide information on the formal oxidation state of Ni in the
electrocatalysts. Comparing the shape of the dipole-allowed 1s
→ 4p transitions in the near-edge region with known
references and with electronic structure calculations can
provide quantitative insight into the local geometric structure
and ligand arrangement around the nickel atoms. Finally, the
extended X-ray absorption fine structure (EXAFS) region
yields quantitative information on the number and type of
atoms around Ni as well as the bond distances between Ni and
its surrounding atoms. In general, the results of the Fe K-edge
and Ni K-edge XANES and EXAFS on FTO/Ni0.8Fe0.2OOH
during OER are in agreement with earlier reports on these
electrocatalysts.12,44 A detailed explanation of the observations
and their interpretation can be found in Supporting
Information Section 6. One final remarkable observation that
we note on this system is regarding the recovery of the catalyst
at open circuit potential, where we observed a reversal of the
blue-shifted Ni K-edge spectra that represent the formation of
γ-NiOOH phase to its original state that represents the α-
Ni(OH)2 phase. This process is slow and is fully completed
within 1.5 h after reducing the applied potential (Figures S7
and S9). Closer examination of the Ni pre-edge and EXAFS
after 0.5 and 1 h of opening the circuit shows that two different
symmetries around Ni atoms co-exist during the relaxation

process. This process is also observed in the Fe K-edge EXAFS
but not in XANES (Figures S8 and S10). This observation
provides an insight into the “self-healing” behavior of
NiFeOOH after OER and points out to the dynamicity and
reversibility of the Fe/Ni substation process, depending on the
applied external potential. Recently, Kuai et al. conducted an
extensive study to investigate the electronic origin of this
catalyst’s recovery mechanism and whether it could be
accelerated.45 They found that exposing NiFeOOH to an
extended period of applied potential resulted in the segregation
and dissolution of Fe ions to the electrolyte. Subsequent
application of reduction potential resulted in the reincorpora-
tion of the Fe ions into the nickel hydroxide lattice within the
catalyst.

Operando XAS during α-Fe2O3/Ni0.8Fe0.2OOH Photo-
electrochemical OER. As for the combined α-Fe2O3/
Ni0.8Fe0.2OOH photoanode, we showed in Figure 1 that the
deposition of Ni0.8Fe0.2OOH on hematite cathodically shifts
the OER onset potential by ∼300 mV. To understand the role
of Ni0.8Fe0.2OOH in reducing the OER onset potential in
hematite, we conducted operando XAS measurements on the
α-Fe2O3/Ni0.8Fe0.2OOH photoanode under applied potential
in both dark (electrochemical or EC) and under illumination
(photoelectrochemical or PEC) conditions. At first glance, the
iron K-edge XANES of the α-Fe2O3/Ni0.8Fe0.2OOH sample
looked visibly different from that of the FTO/Ni0.8Fe0.2OOH
sample (Figure 2a). Then, a clear spectral change in the Fe K-
edge XANES could be observed starting from the application
of a potential of 1.4 V (dark) and 0.6 V (illumination), where

Figure 2. Operando XAS of iron in the α-Fe2O3/Ni0.8Fe0.2OOH photoanode. (a) Iron K-edge XANES at different applied potentials in the dark
(electrochemical, EC) and (b) under illumination (photoelectrochemical, PEC). (c) FT-EXAFS of Fe at different applied potentials in the dark and
(d) under illumination.
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the spectral feature b increases in intensity, while features a, c,
and d remain almost unchanged. This spectral change was also
constant while applying higher potentials in the dark and under
optical illumination conditions. To understand the origin of
this spectral change, we conducted linear combination fitting
(LCF) of multiple iron reference compounds and compared it
with the Fe K-edge XANES spectra of the as-prepared sample
and the sample at 0.6 V under illumination (Figure 3). A good
fit was acquired for the as-prepared sample when we combined
both the Fe K-edge XANES spectra of hematite (α-Fe2O3) and
that of iron oxyhydroxide (γ-FeOOH also known as
lepidocrocite) (Figure 3a). This is expected, given the fact

that the emitted fluorescence signal contained information
from iron species in both α-Fe2O3 and Ni0.8Fe0.2OOH (where
γ-FeOOH is known to be the dominant Fe phase for iron in
the system, as we explained earlier in Supporting Information
Section 6). Interestingly, an excellent fit of the Fe K-edge
XANES spectrum at 0.8 V under illumination was acquired
when the intensity of the α-Fe2O3 XANES was decreased and
that of γ-FeOOH was increased by ∼13% (Figure 3b). These
spectral changes of the Fe K-edge XANES and the subsequent
LCF analysis directly indicate that upon external potential
application, part of hematite was hydroxylated and structurally

Figure 3. Linear combination fitting of Fe K-edge XANES in the α-Fe2O3/Ni0.8Fe0.2OOH photoanode in the (a) as-prepared samples and in the
(b) samples after applying 0.8 V under illumination. The fitting parameters, R-factor and χ2 are shown for each fit and indicate that the fit is
relatively accurate.

Figure 4. Operando Ni K-edge XAS of nickel in α-Fe2O3/Ni0.8Fe0.2OOH photoanode. (a) Ni K-edge XANES at different applied potentials in the
dark and (c) under illumination. (b, e) Inset to the K-edge showing the edge shift at 1.2 and 1.6 V applied potential. (d) Close up to the pre-edge
region showing the 1s−3d transition during the OER applied potential. (f) FT-EXAFS of Ni at different applied potentials in the dark (EC) and (g)
under illumination (PEC).
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transformed into FeOOH at the Fe2O3/Ni0.8Fe0.2OOH
interface.
The Fe K-edge FT-EXAFS of the as-prepared sample

showed multiple Fe−M peaks (Figure 2c,d). By examining the
FT-EXAFS fits of both FTO/α-Fe2O3 and FTO/
Ni0.8Fe0.2OOH separately (Tables S1 and S2), we concluded
that the Fe K-edge FT-EXAFS of the combined Fe2O3/
Ni0.8Fe0.2OOH system is composed of the Fe−M peaks of both
systems, where these peaks are representative of the Fe−Fe′ at
2.97 Å (α-Fe2O3), Fe−Ni/Fe at 3.04 Å (Ni0.8Fe0.2OOH), Fe−
Fe″ at 3.41 Å (α-Fe2O3), Fe−Fe‴ at 3.71Å (α-Fe2O3), and
Fe−O bond at 1.94 Å. The FT-EXAFS spectra were changed
upon voltage application, where the M−M peaks were reduced
to two main peaks: a Fe−M peak at 2.89 Å and another Fe−Fe
peak at 3.4 Å, with similar Fe−O and Fe−M bond contraction
observed to that in the case of FTO/Ni0.8Fe0.2OOH electro-
catalysts. Correlating the observations from both Fe K-edge
XANES and EXAFS shows that under solar-simulated optical
illumination conditions, the Fe−O and Fe−M bond
contractions and distortions took place directly after external
potential application starting from 0.6 VRHE, which is the same
potential at which the structural transformation of ∼13% of
hematite to FeOOH took place, as could be observed from
XANES data. This is different from the EC “Dark” conditions,
where this structural transformation took place at 0.2 V higher
(at 1.4 VRHE) than the potential needed to induce the Fe−O
and Fe−M bond contractions and distortions as observed in
EXAFS (at 1.2 VRHE). This could mean thatin all cases
applying an external potential on α-Fe2O3/Ni0.8Fe0.2OOH
results in distorting the Fe bonds with its neighboring atoms,
but to induce the structural transformation of the surface of α-
Fe2O3 to FeOOH, more holes generation is required, which is
achieved either by applying higher external potential or via the
optical illumination-induced photogenerated holes.
Examining the Ni K-edge XANES under applied potential in

the “dark” condition showed a spectral response to the OER
conditions similar to those observed earlier in the case of the
FTO/Ni0.8Fe0.2OOH electrocatalyst. The XANES spectra of
the as-prepared sample resembled that of Ni2+ species in α-
Ni(OH)2, which were then oxidized to Ni3+/4+ (as in γ-
NiOOH) at 1.6 VRHE (Figure 4a). The spectral changes of Ni
K-edge XANES under illumination were generally similar to
that in the dark, with two important exceptions. First, the
complete energy shift of the Ni K-edge under illumination has
taken place at 1.4 VRHE, which is 0.2 V lower than that in the

dark conditions (Figure 4c). This is compatible with the LSV
scans we showed earlier for α-Fe2O3/Ni0.8Fe0.2OOH, where
the sharp increase in the generated photocurrent was observed
at 1.4 VRHE under illumination and at 1.6 VRHE in the dark
conditions (Figure 1b). This implies that the Ni oxidation
process is directly related to the start of the OER.
Second, we also observe that unlike the sudden spectral shift

that took place from 1.4 VRHE to 1.6 VRHE in the dark, the Ni
K-edge started to change gradually under illumination while
applying an external potential of 0.8 and 1.2 V, where the
absorption edge started with a shift by 0.5 eV at 0.8 VRHE
accompanied by a slight distortion in the edge maximum until
it shifted totally by 2.5 eV at 1.4 VRHE (Figure 4). Furthermore,
a similar spectral trend was observed in the Ni K-edge FT-
EXAFS, where unlike the sharp increase in amplitude and the
shortening of the bond lengths observed in the Ni−O and Ni−
M bonds under the dark conditions, the amplitude of these
two peaks decreased gradually first at 0.8 VRHE and 1.2 VRHE
under illumination and then increased sharply at 1.4 VRHE
(Figure 4f,g). The sharp increase in the amplitude of both
peaks at 1.6 VRHE (dark) and at 1.4 VRHE (illumination) and
their smaller bond distances could be correlated with the
oxidation of Ni during OER, and both spectral changes in
XANES and EXAFS could be attributed to the injection of the
(photo)generated holes from hematite to the NiFeOOH
catalysts that resulted in the contraction of the Ni−O and Ni−
M bonds and the distortion of the local environment around
Ni during oxidation.
On the other hand, the observation of the small gradual shift

in Ni XANES and the gradual reduction in the amplitudes of
Ni−O and Ni−M bonds under illumination is related to and
compatible with the broad anodic wave observed in the LSV of
α-Fe2O3/Ni0.8Fe0.2OOH between 0.8 VRHE and 1.4 VRHE.
Interpreting the origin of this phenomenon is not straightfor-
ward; since, on one hand, one might argue that this spectral
change is the result of the direct photogenerated holes
injection from hematite to NiFeOOH.46 Then, these extracted
holes are used up by NiFeOOH to carry out OER at 1.4 VRHE,
where Ni is oxidized. However, there are multiple issues with
this assumption. First, the extent of the spectral change in Ni
XANES and FT-EXAFS between 0.8 VRHE and 1.4 VRHE is
relatively small and slow and does not seem to be compatible
with the interaction of Ni species with the extracted holes that
would work as excellent “catalysts” for triggering the oxidation
of those Ni species. Second, NiFeOOH is an electrolyte-

Table 1. Summary of the Spectral Change in the Ni and Fe XANES and EXAFS as a Function of Applied Potential in the Dark
(EC) and Light (PEC) Conditions

α-Fe2O3/Ni0.8Fe0.2OOH photoanode as-prepared oxidation state: Ni edge → Ni2+/Fe edge → Fe3+

Fe XANES: 61% Fe2O3 and 39% FeOOH
Ni EXAFS: Ni−O 2.08 Ni−M 3.12 → Ni2+

Fe EXAFS: Fe−O 2.01 Fe−M 3.04 → Fe3+

applied
voltage

dark light

α-Fe2O3/Ni0.8Fe0.2OOH photoanode during
OER

0.6 VRHE Fe XANES changes to 48% Fe2O3 and 52%
FeOOH

0.8 VRHE edge shift: Ni = 0.2 eV
1.2 VRHE edge shift: Ni = 0.3 eV
1.4 VRHE Fe XANES changes to 48% Fe2O3 and 52%

FeOOH
edge shift: Ni = 3.4 eV → Ni3+

Ni−O 1.91 Ni−M 2.83 → Ni3+

1.6 VRHE edge shift: Ni = 3.4 eV → Ni3+

Ni−O 1.91 Ni−M 2.88 → Ni3+

Fe−O 1.92 Fe−M 2.89 → Fe3+
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permeable catalyst, where the redox ions are localized on the
catalytic “islands” within the thin film and are in close
proximity to, or interacting with, the semiconductor/catalyst
interface.17,30 Therefore, it is safe to think that once those
photogenerated holes reach the interface, they would interact
with the redox ions on the NiFeOOH catalytic islands, and
OER would take place. These two processes should then take
place simultaneously or within a few mV from each other,
which is not the case here.
On the other hand, it is interesting to notice the clear

remarkable difference between the spectral changes in Ni and
Fe FT-EXAFS while increasing the applied potential under
illumination (Table 1). While the Ni−O and Ni−M bonds
exhibited a gradual decrease in amplitude and then a sharp
increase in the amplitude accompanied by a bond length
shortening at higher applied potential, the Fe−O and Fe−M
bonds exhibited a monotonic sharp increase in amplitude
under all applied potential conditions. We attribute this
behavior to the effect of interfacial FeOOH formation on the
holes transport from hematite to NiFeOOH. Since FeOOH is
an insulator with poor electrical conductivity, it could possibly
hold up or slow down the holes transport to the NiFeOOH,
leading to the expansion of the NiO6 octahedra and the
reduction of the number of neighboring atoms around Ni
while increasing the applied potential, which could be observed
in EXAFS as a decrease in the amplitude of Ni−O and Ni−M
bonds in the catalyst. It is also worth noting that the operando
XAS observations do not confirm or deny the potential

existence of Ni species in the interface, as the spectral changes
that were observed in the Ni K-edge XAS are all related to the
Ni oxidation and phase transformation taking place in
Ni(Fe)OOH itself, as pointed out earlier in this study and in
other studies as well.8,12 We believe that if a cation diffusion
phenomenon takes place, it will probably be compatible with
the direction of the positive applied potential and the
subsequent holes diffusion (i.e., from hematite to Ni(Fe)-
OOH), as the Ni(Fe)OOH permeable catalyst sheets host a
more chemically active environment compared to the compact
hematite environment.

Role of Ni(Fe)OOH in Enhancing the OER over Hematite.
The results of the operando XAS investigation discussed in the
previous sections prove clearly that a FeOOH layer with an
estimated thickness of ∼13 ± 5 nm (estimated from LCF
analysis) is formed at the interface α-Fe2O3/Ni0.8Fe0.2OOH. In
this section, we will discuss three important implications based
on the observations of this study: (1) the origin of formation of
this layer, (2) its effect on the OER performance of hematite
and NiFeOOH, and (3) the role of NiFeOOH in the OER
process in light of the above observations.
Considering the results of this study altogether, we propose

a possible OER mechanism in α-Fe2O3/Ni0.8Fe0.2OOH,
whereupon optical illumination and at an applied potential of
0.6 VRHE, a positive photovoltage gradient was created by
lowering the holes’ Fermi level that resulted in the photo-
generated holes being transported from hematite to
NiFeOOH, but most of the photogenerated holes do not

Figure 5.Mechanism of OER in α-Fe2O3/Ni0.8Fe0.2OOH. (a) Plot of the applied voltage (V vs RHE) vs the edge position of the Ni K-edge XAS in
α-Fe2O3/Ni0.8Fe0.2OOH photoanode at different applied potentials in the dark (EC) and under illumination (PEC). The plot shows the voltages at
which FeOOH formation and Ni oxidation were observed from the Fe K-edge and Ni K-edge operando XAS data. (b) Schematic representation of
the as-prepared photoanode (left) and the OER mechanism under illumination (right). Ef, EInter, Ecat, and EOER represent the electrochemical
potential (Fermi level) of the holes, the interface, the catalyst, and the electrolytic solution during OER, respectively.
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reach the NiFeOOH catalyst at this potential (Figure 5a).
Instead, part of these holes contributed to the formation of
FeOOH phase at the α-Fe2O3/NiFeOOH interface (as
observed from the structural distortion of the Fe K-edge
maximum at 0.6 VRHE under illumination and the change in the
Fe−O and Fe−M amplitudes at the same potential), the other
part of these holes (which we assume is the majority) were
stored in the newly formed FeOOH layer. At 0.8 VRHE, more
photogenerated holes from hematite travel towards NiFeOOH,
but the majority of those holes are instead further accumulated
in FeOOH. This results in a gradual decrease in the amplitude
of Ni−O and Ni−M bonds, which is an indication of the bond
distortion and even a slight expansion in these bonds due to
the presence of fewer neighbors around the Ni species while
increasing the applied potential, as observed in the Ni K-edge
EXAFS. This phenomenon is also accompanied by a gradual
edge absorption shift to higher energy, as seen in XANES.
These gradual effects increase further at 1.2 VRHE, resulting in
more holes being accumulated and stored in FeOOH, and only
a small amount is released to NiFeOOH, leading to small
photocurrent generation (as observed in the 0.8−1.4 region in
the LSV scan in Figure 1c). However, at 1.4 V, the
photogenerated holes accumulated in FeOOH are released
to NiFeOOH. The release of the holes from FeOOH to
NiFeOOH at this specific potential value is possibly due to the
OER activation of more FeOOH species at higher applied
potential in contrast to lower applied potential, as explained in
detail by Boettcher and co-workers.47 It is also possible that the
Ni2+ oxidation to higher valence intermediates becomes more
energetically favorable at this potential, thus allowing them to
extract the holes stored within the FeOOH structure. Similar
behavior was observed in CoOxHy catalysts by Li et al. and was
explained further by Zhang et al.48,49 We do not also exclude
the simultaneous occurrence of both phenomena at this
potential. Nevertheless, the release of these holes from
FeOOH to NiFeOOH results in: (1) a contraction of the
Ni−O and Ni−M bonds, (2) sharp increase in the amplitude
of these bonds, and (3) a sudden blue shift of the Ni K-edge
indicating the oxidation of Ni2+ to Ni3+/4+ due to the
interaction with the photogenerated holes. At this potential,
OER takes place on NiFeOOH, and a sharp rise of the
generated photocurrent is observed. As for the electrochemical
(dark) conditions, we also observe the formation of FeOOH,
albeit not directly upon potential application but at 1.4 VRHE as
observed in Fe K-edge XANES (the Fe bonds distortion takes
place already at 1.2 VRHE). The main difference between the
EC and PEC conditions is the presence of a solar-simulated
optical illumination source that excites the core electrons in
hematite and generates a considerable quantity of holes. This
photovoltage is probably responsible for inducing Ni and Fe
bonding distortions at 0.2 V earlier in PEC compared to EC.
These holes are also generated upon external potential
application in the absence of optical illumination, but their
concentration is much lower relative to the illumination
conditions.50 The positive voltage created by NiFeOOH
during EC is also smaller, which leads to a slow transport
rate of these holes to the catalyst until sufficient holes
concentration reaches the NiFeOOH and drives the Ni redox
process at the OER onset potential (at 1.4 VRHE).
Based on the above observations and discussion, we suggest

that the role of NiFeOOH to be mainly an OER catalyst
which, due to its electrolyte permeability, provides an optimum
voltage gradient for the photogenerated holes in hematite to

travel to the electrolyte. The formed FeOOH layer acts then as
a surface passivation overlayer that temporarily accumulates
the photogenerated holes before releasing them to NiFeOOH
(Figure 5b,c). It is important to mention here the important
role the electrolyte-permeable and hydrated NiFeOOH
catalyst may be playing in this structural transformation. We
believe that the electrolyte permeability nature of NiFeOOH
allows hydroxyl ions to build up within the catalyst and
possibly reach the semiconductor/catalyst interface. More
importantly, NiFeOOH facilitates hole extraction from
hematite that is needed for the occurrence of this phase
transformation process by reducing the potential required to
drive the holes from hematite to the electrolyte.17 We have
conducted another operando XAS study on the bare hematite
semiconductors during EC and PEC conditions, where we
found that such phase transformation from α-Fe2O3 to
FeOOH takes place only under optical illumination conditions
and not in the dark. This observation underlines the
importance of NiFeOOH catalysts in the efficient holes
extraction process from hematite that leads to FeOOH
formation even under EC (dark) conditions. The results of
the operando XAS on bare hematite semiconductor will be
discussed in detail elsewhere.
In addition, the above results also highlight the role of

FeOOH not only as a surface passivation layer but also as a
“hole regulator” within the α-Fe2O3/NiFeOOH system.
Hajibabaei et al. investigated the OER performance of
Ni75Fe25OOH and Ni25Fe75OOH catalysts deposited on very
thin (∼30 nm) α-Fe2O3 samples made by atomic layer
deposition (ALD) and electrodeposition (ED).51 Both
catalysts showed comparable performance in the case of
ALD-hematite. As for the ED-hematite, the Ni25Fe75OOH
showed lower OER overpotential than Ni75Fe25OOH. This is
remarkable, given the several reports in the literature on the
superior OER performance of Ni25Fe75OOH.

11,16,27 They
attributed the lower performance of Ni75Fe25OOH to the
formation of the hematite-NiOx layer at the interface that acts
as a recombination center, while Ni25Fe75OOH effectively
collected the photogenerated holes by passivating the hematite
surface states. It is important to note here that the
Ni25Fe75OOH consists of two separate phases; a FeOOH
phase and a Fe-doped NiOOH phase.12,51 In another study,
Kim et al. reported a remarkable improvement in the OER
performance in BiVO4 when a FeOOH layer was deposited
between the BiVO4 semiconductor and the NiOOH catalyst.
They attributed this performance improvement to the role that
FeOOH played in reducing interfacial recombination, hence
increasing the holes concentration available for OER.52 This
observation could explain the results of Hajibabaei et al. in
which the superior performance of Ni25Fe75OOH could be due
to the surface state passivation by FeOOH, which enabled an
optimum holes extraction by the other phase, namely
NiFeOOH. In light of our observations, we also believe that
the observed superior OER performance in the Fe-rich catalyst
is due to the FeOOH−NiFeOOH phase segregation in this
catalyst, while they did not observe similar performance in the
Ni-rich catalyst because the thin film of the hematite
semiconductor they used was probably too small (∼30 nm)
to form the optimum FeOOH interfacial layer. Finally, both
catalysts provided comparable OER performance on the ALD-
hematite sample, possibly due to the packed surface nature of
the ALD-prepared films that did not allow the electrolytic ions
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to pass through the semiconductor and facilitate FeOOH
formation.
One might ask whether adding FeOOH always improves the

OER performance on photoanodes. We believe that the answer
to this question depends on the thickness of the FeOOH in the
system, which in turn depends on the thickness of the
underlying hematite semiconductor and the Fe-concentration
in the NiFeOOh overlayer. FeOOH itself has a higher OER
turnover frequency (TOF) than CoOOH and NiOH catalysts
that increases further at higher applied potential.53 However,
its low electrical conductivity hinders its OER performance and
makes it act as an insulator. Furthermore, increasing its
thickness affects its TOF even at higher applied potential, as
was shown by Burke et al.54 This thickness increase could
possibly impede the holes transport, resulting in the need for
higher potential application to release these holes to the
NiFeOOH catalyst for OER to take place. If this speculation is
true, it could explain why having a high Fe concentration in
NiFeOOH shifts the OER onset potential to higher values
rather than to lower values, since it is known that NiFeOOH
with high Fe concentration (>50% Fe concentration) tends to
form mixed FeOOH/NiFeOOH phases, where the OER
inactive γ-FeOOH is the dominant phase (with the exception
of Hajibabaei et al. study).11,12 Therefore, we speculate, based
on the results of this study, that having a thin interfacial layer
of FeOOH could be beneficial to the overall OER activity of
the α-Fe2O3/Ni0.8Fe0.2OOH because of its role in the hematite
surface passivation, possible charging prevention, and more
holes extraction. However, increasing the thickness of this layer
beyond a certain limit may hinder the holes transport to
NiFeOOH due to the poor electrical conductivity of FeOOH
and may lead to charge trapping and recombination effects,
which results in shifting the OER overpotential to higher
values. An interesting future study to further investigate this
phenomenon is to conduct a combined operando XAS and
LSV investigation on α-Fe2O3/FeOOH/Ni0.8Fe0.2OOH sam-
ples, where only the thickness of the FeOOH interlayer is
changed. If our above assumption is true, then the results of
this experiment will show that the thicker the FeOOH is, the
more the OER onset potential to higher values, and possibly,
the Ni oxidation potential will also shift as well.

■ CONCLUSIONS
In this study, we conducted operando XAS analysis on the
combined α-Fe2O3/Ni0.8Fe0.2OOH photoanode during
(photo)electrochemical OER, where we observed a sponta-
neous formation of an interfacial FeOOH layer that forms
upon potential application. Since the formation of this layer is
accelerated further under optical illumination conditions, we
believe that the formation of this layer is directly related to the
ability of NiFeOOH to extract the (photo)generated holes
from hematite as well as facilitating the interfacial interaction
with the electrolytic ions via its porous structure. This
interfacial FeOOH layer could be playing a role in the surface
passivation and efficient holes extraction from hematite, which
leads to high photocurrent generation during OER, as
observed in previous studies. However, it also plays a
detrimental role by holding up and slowing down the transport
of these holes to NiFeOOH because of its intrinsically poor
electrical conductivity, resulting in delaying the start of OER
on NiFeOOH. This detrimental effect becomes more severe
when the thickness of these layers is increased. We believe that
identifying the origin of the formation of this interfacial

FeOOH layer and its role in dictating the OER dynamics on
NiFeOOH will help in further understanding the role that
NiFeOOH plays during OER and will also explain some of the
apparently contradicting results surrounding the effect of Fe
concentration on the OER performance of NiFeOOH as well
as the performance improvement of other investigated systems
that include FeOOH.
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