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ABSTRACT: Mixed Ni—Fe oxides are attractive anode
catalysts for efficient water splitting in solar fuels reactors.
Because of conflicting past reports, the catalytically active
metal redox state of the catalyst has remained under debate.
Here, we report an in operando quantitative deconvolution of
the charge injected into the nanostructured Ni—Fe oxy-
hydroxide OER catalysts or into reaction product molecules.
To achieve this, we explore the oxygen evolution reaction
dynamics and the individual faradaic charge efliciencies using
operando differential electrochemical mass spectrometry
(DEMS). We further use X-ray absorption spectroscopy
(XAS) under OER conditions at the Ni and Fe K-edges of
the electrocatalysts to evaluate oxidation states and local
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atomic structure motifs. DEMS and XAS data consistently reveal that up to 75% of the Ni centers increase their oxidation state
from +2 to +3, while up to 25% arrive in the +4 state for the NiOOH catalyst under OER catalysis. The Fe centers consistently
remain in the +3 state, regardless of potential and composition. For mixed Ni,o,_,Fe, catalysts, where x exceeds 9 atomic %, the
faradaic efficiency of O, sharply increases from ~30% to 90%, suggesting that Ni atoms largely remain in the oxidation state +2
under catalytic conditions. To reconcile the apparent low level of oxidized Ni in mixed Ni—Fe catalysts, we hypothesize that a
kinetic competition between the (i) metal oxidation process and the (ii) metal reduction step during O, release may account for
an insignificant accumulation of detectable high-valent metal states if the reaction rate of process (ii) outweighs that of (i). We
conclude that a discussion of the superior catalytic OER activity of Ni—FeOOH electrocatalysts in terms of surface catalysis and
redox-inactive metal sites likely represents an oversimplification that fails to capture essential aspects of the synergisms at highly

active Ni—Fe sites.

1. INTRODUCTION

The increasing global demand of energy calls for the
development of alternative, solar-based energy harvesting
technologies, involving integrated photoelectrochemical reac-
tors for efficient solar energy conversion and storage of solar
fuels in the form of molecular bonds.! To achieve this, earth
abundant, nonprecious electrocatalyst materials at anode and
cathode are critical. Anode electrocatalysts oxidize water in the
oxygen evolution reaction (OER),” and cogenerate protons and
electrons, while cathode electrocatalysts generate solar
fuels.”™"> Mixed Ni and Fe oxide electrocatalysts are among
the most active nonprecious OER catalysts in alkaline
electrolyte and help split water at low overpotentials,®™>"
and have been shown applicable to photocatalytic applica-
tions.””~** Mixed Ni—Fe catalysts containing ~10—30 atomic
% Fe have been reported to exhibit most favorable intrinsic
OER activities.””>>~*
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To achieve structural atomic-level and chemical insight into
the origin and the mechanism resulting in the low OER
overpotential in mixed Ni—Fe electrocatalysts, previous
experimental studies have largely relied on the combination
of X-ray absorption spectroscopy (XAS), in situ spectroscopic,
and voltammetric techniques. Lattice strain, surface area, and
conductivity effects have also been brought to the fore; however
a common conclusive picture about the metal redox states is
still emerging. A missing piece has been the charge transfer
reaction dynamics and its selectivity under reaction conditions,
in particular in situ deconvolution of the total faradaic charge
transfer which goes into forming molecular products vs catalyst
charge processes. This contribution will address this issue.
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Synchrotron-based XAS studies of Ni—Fe catalysts including
XANES and EXAFS have repeatedly been used successfully to
reveal details on the chemical states and the local atomic
structure around the metal centers under catalytic potential.
These studies have shown conflicting results regarding the
formal charges of the Ni and Fe in the catalytically active
state.'®*"3*~* In situ XAS of a mixed Ni—Fe oxide studied by
Landon et al.'® showed no significant potential-induced
changes in local atomic structure or oxidation state under
catalytic potential, which was contradicting other studies
regarding the oxidation state of Ni atoms during catalysis.
The absence of oxidation state changes was attributed to
possible electrolyte inaccessible sites which is likely in oxide
nanoparticles with a large bulk to surface volume ratio.'®
Operando XAS by Friebel et al.>' of electrodeposited and/or
sputtered Ni-FeOOH electrocatalysts with various composi-
tions of Ni and Fe showed that Ni atoms oxidize from Ni** to
Ni*" during applied potential regardless Ni—Fe composition,
with the catalytically active state described as Nit**Fe**OOH.
This in agreement with early EXAFS investigations of Ni-based
electrodes by Corrigan and co-workers,** which showed that a-
Ni(OH), converts to y-NiOOH with Ni in oxidation state +4
under oxidizing potentials. A recent in situ XAS study by Wang
et al.** of Ni—Fe oxyhydroxide catalysts electrodeposited on
carbon paper confirmed Ni atoms in oxidation state +4 and the
presence of a highly covalent Fe**—O bond under OER
potential, and a charge transfer between Ni and Fe atoms was
proposed. The presence of Fe*" was also proposed in an earlier
study by Balasubramanian et al.*' in electrodeposited Ni—Fe
oxyhydroxide catalysts. The presence of Fe*' species under
catalytic potentials in a Ni—FeOOH catalyst was recently
confirmed by Chen et al*® using operando Mdssbauer
spectroscopy. The role of Fe** was discussed to potentially
provide important mechanistsic imé)lications if generated at an
edge, corner, or a “defect” site.” Regarding the synergism
between Ni and Fe centers, Bates et al."” reported a clear
difference in the Ni oxidation state in Ni vs Ni—Fe catalysts,
where the presence of Fe apparently stabilized Ni centers in a
lower oxidation state visible at potentials up to 1.45 V.

In the operando XAS study by Friebel et al,*" indications of
Fe nucleating as a separate phase was observed above 25% Fe
based on diverging Fe—O and Ni—O distances, which could
explain why the OER activity did not improve above this Fe
content. Moreover, Trotochaud et al.*® showed that traces of
Fe impurities in the electrolyte readily incorporate into the Ni
oxyhydroxide lattice, which increases the OER activity of a-
NiOOH due to the presence of Fe and not due to formation of
P-NiOOH which was long proposed as the reason for increased
activities of NiOOH catalysts after aging in KOH. Klaus et al.**
showed that despite removal of Fe impurities, mixed phases of
a, p, and y phases in Ni oxyhydroxides are likely to form;
however, Fe impurities resulted in a lower degree of #-Ni(OH),
formation upon aging based on in situ spectroscopic Raman
measurements. Using DFT calculations, Friebel et al.*! showed
that OER intermediates have nearly optimal binding energy at
Fe sites located in proximity to a Ni site,”’ thus Fe was
proposed as the expected active site. Trze$niewski et al.**
observed negatively charged species referred to as “active
oxygen” in Ni(Fe)OOH in KOH pH 13 using Raman
spectroscopy, which was absent in borate bufter pH 9.2,
explaining the strong pH dependence of OER catalysis.

Direct comparison between studies is notoriously demanding
due to deviating experimental parameters, catalyst supports, or
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other variations in electrochemical testing conditions. Despite
these difficulties, recurring OER activity trends and structural
motifs have been observed in systematic studies across, which
are necessary to eventually lend support to the yet incomplete
mechanistic picture of the catalytic interface processes.

In this contribution, we provide new insight into the Ni—Fe
OER puzzle by combining operando differential electro-
chemical mass spectrometry (DEMS), quasi-in situ X-ray
absorption spectroscopy (XAS)*”*° and electrochemical
characterization. The DEMS analysis yields reaction product
dynamics data that allowed for a quantitative deconvolution of
faradaic charge generating molecular oxygen and charge
injected into the metal oxide catalyst causing redox state
changes. This constitutes a first-of-its-kind cross-check of our
XAS-based findings on the metal redox states. A simple but
plausible hypothesis is brought forward to reconcile our and
previous findings with respect to the redox states of the metal
centers under catalytic oxygen evolution conditions.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Mixed Ni—Fe Catalysts. Nanosized Ni—Fe
catalysts with varying Ni/Fe ratios were synthesized by a microwave-
assisted, surfactant-free solvothermal route.’** This allowed for high
solubility of the Fe®" precursor under these conditions. Desired
amounts of solutions of 0.1 M Ni(NO,),-6H,0 (99.999% trace metals
basis, Aldrich) and 0.1 M Fe(acac); (99.5% trace metal basis, Aldrich)
with additions of 10 mM 1,2-Benzenediol (>99%, Aldrich) were mixed
in benzyl alcohol (Puriss, 99—100.5%) to make up a final total
concentration of 22 mM of Ni+Fe precursors to a volume of 20 mL.
The reaction mixtures were sealed in special autoclave vials (Anton
Paar) and heated to 190 °C for 15 min with a ramping step of 16.5
°C/min. After immediate cooling to room temperature the solid
products were collected by washing five times with high purity ethanol
and recollected by repetitive centrifugation at 7500 rpm for 15 min.
The collected nanoparticles were freeze-dried and stored as powders
under inert atmosphere until use. An Fe-free Ni-catalyst was prepared
according to the same synthesis method but with an additional
purification step where the solvent and the ethanol had been cleared of
Fe-traces prior to synthesis according to the method reported by
Trotochaud et al.”® An additional Fe-Free Ni-catalyst was synthesized
without addition of 1,2-Benzenediol using the same conditions.

2.2. Elemental Analysis. The metal content was determined by
inductively coupled plasma—optical emission spectrometry (ICP-
OES), using a Varian 715-ES spectrometer with a CCD detector. Prior
to analysis, the samples were digested in mixtures of concentrated
HNO;:HCl in a 1:3 ratio for ~2 h and sonicated for 10 min and
diluted with appropriate amounts of >20 MQ cm Milli-Q water.

Total metal content in catalysts after electrochemical conditioning
was analyzed using total reflection X-ray fluorescence (TXRF)
spectroscopy. Conditioned electrodes were dissolved in 300 uL of
HCI (37%, Merck) by sonication for ~10 min, and further left in the
HCI solutions for at least 2 h. Additions of the same amount of a Ga-
standard solution of 1 mg/mL (Merck), allowed for determination of
the metal content. The analysis was acquired using a PicoTAX
spectrometer with a 40 kV using a Si-drift detector (Rontec).

2.3. Scanning Electron Microscopy (SEM) and Energy
Dispersive X-ray (EDX) Analysis. SEM images of samples drop-
casted on polished glassy carbon electrodes were acquired in
secondary electron mode using a JEOL JSM-7401F high resolution
field emission SEM operated at 10 kV or, respectively, 15 kV, if the
images were acquired in the context of energy dispersive X-ray (EDX)
spectroscopic measurements. EDX analysis (including elemental
mapping and line-scans) was measured in the same microscope
using an EDX detector unit (Quantax 400, BrukerAXS Microanalysis
GmbH, Germany). The working distance was 12 mm for EDX
elemental mapping and line-scan analysis. Quantifications of the Ni
and Fe content were obtained from the K lines.
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2.4. Powder X-ray Diffraction (XRD). XRD was recorded using a
Bruker D8 advance powder diffractometer (Bragg—Brentano geome-
try), equipped with a Cu Ka source, variable divergence slit and
position sensitive device as detector. Data were recorded between 10°
to 80° 26 with a step size of 0.038°.

2.5. Electrochemical Characterization. The catalytic activity was
measured in rotating disk electrode setup (RDE) using a standard 3-
electrode electrochemical cell designed to hold the glassy carbon
electrode (® = S mm), a Pt-mesh counter electrode, and a reversible
hydrogen reference electrode (RHE). The electrodes were polished
with 2 ym followed by 0.05 ym silica polishing solutions (Buehler),
and sequentially washed with Milli-Q - 2-Propanol - Milli-Q water in a
sonication bath. Trace metals were removed with HCI and the washing
procedure repeated. All measurements were recorded in 0.1 M KOH
(semiconductor grade, 99.99% trace metals basis, Aldrich) in
electrolyte purged with N, for 20 min prior to the experiments (and
keeping a protective N, atmosphere), using a GAMRY potentiostat
3000 at a rotation speed of 1600 rpm. Catalyst powders were prepared
as inks with mixtures of 50:75:1 of Milli-Q water, 2-propanol, and S wt
% Nafion (SIGMA). The inks were homogeneously dispersed by
ultrasonication for ~20 min, and drop-casted onto the glassy carbon
electrodes to make up a total metal loading of ~S ug of Ni+Fe cm™
(~175 nmol of Ni+Fe cm™), and dried in an oven at 60 °C for 10
min. Fe-free KOH was prepared by purification according to a
reported method,”® measured in polypropylene beakers (Nalgene)
instead of the standard electrochemical cell to avoid contamination
from glass etching. The uncompensated series resistance (iR-drop)
was determined by electrochemical impedance spectroscopy (EIS) in
the frequency range between 1 Hz to 100 kHz, with typical values in
0.1 M KOH of 30 Q. CVs were corrected afterward for iR-drop
whereas chronoamperometric measurements were carried out at iR
compensated potentials determined prior to the measurement.

2.5.1. Turnover Frequency (TOF) and Ni Redox Charge
Calculations. The turnover frequency was defined as moles of O,
per moles of total metal content (Ni+Fe) evolved per second (s7*).
The geometric current densities (i) were extracted at 300 mV
overpotential (1.53 Vgyy, all reported potentials are iR corrected) and
400 mV overpotential (1.63 Vgyp) from quasi stationary state
measurements, based on the total moles of Ni+Fe (ny,z.) on the
electrode determined by ICP-OES prior to the measurement,
assuming a z = 4 electron transfer for the overall reaction according
toeq 1,

TOF = ——

zFnyiype (1

Determination of redox charge (Q) (equivalent to the number of
redox active Ni atoms) was done by integration of the area under the
voltammetric prewave ascribed to the Ni(OH),/NiOOH redox
transition. The redox charge was described as the area between the
experimental curve and a fit line described by the Butler—Volmer
equation, i, = i1~ OPI/RT The fit was minimized by the nonlinear least-
squares method using the Levenberg—Marquardt algorithm using in-
house software. To obtain the redox number (electrons transferred per
Ni atoms, e~ Ni™"), the integrated charge was normalized to the total
moles of Ni on the electrode determined by ICP-OES prior to, or by
TXREF analysis after electrochemical conditioning, according to eq 2,

- . QNi(OH)z/NiOOH
e perNi= ————
z-Feny;

)

2.6. Differential Electrochemical Mass Spectrometry. Differ-
ential electrochemical mass spectrometry (DEMS) was recorded in a
home customized dual thin-layer electrochemical flow cell based on
the concept reported elsewhere.® The volatile products were detected
using a Prisma quadrupole mass spectrometer (QMS 200, Pfeiffer-
Vacuum) equipped with two turbomolecular pumps (HiPace 80)
operating under 10™® mbar.

The electrolyte was separated from the chamber by a hydrophobic
PTFE membrane with a pore size of 30 nm and thickness of 150 ym
(Cobetter, Cat. No. PF-003HS). The catalysts were drop-casted on
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polished glassy carbon electrodes (® = S mm, HTW GmbH) as
described in section 2.5, to make up a total metal loading of ~10 pg Ni
+Fe cm™ determined by ICP-OES. Cyclic voltammograms (CVs)
were recorded in 0.1 M KOH by cycling the potential between 1.0—
1.8 Vgyg (prior to iR-compensation) at a scan-rate of S0 mV/s. The
electrodes were initially allowed to stabilize in electrolyte solution at
1.1 Vg, in order to record the ionic current baseline before recording
the CVs. The electrolyte was constantly purged with N, before
entering the flow cell and pumped through the cell at a flow of 8 uL/s.
Formation of volatile products (m/z 2, 16, 18, 28, 30, 36, 32, 34, 44)
was monitored during the CV scan. Quantification of the Faradaic
efficiency (FE) of O, (m/z 32) was done using a calibration constant
(K*) obtained from quasi-stationary state measurements where
chronoapotentiometric steps were applied in the linear region. The
value of K;* directly relates the mass spectrometric ion current (ins) to
the faradaic current at the potentiostat (ir) to the volatile product j
according to eq 3,5

KI* _ zMSj’-'zj

©)

where z; represents the number of transferred electrons per molecule
of volatile product j. The Faradaic efficiency (charge selectivity) during
a CV scan was obtained by integration of the mass spectrometric ion
current (QMS,)‘) and the capacitive current-corrected, faradaic current
(%), and combining the two integrated charge values according to eq

4

Iy

)

Here QFD;-EMS denotes the DEMS-derived, total faradaic charge that is
converted into volatile product j. Only anodic faradaic currents were
included in the analysis to exclusively account for anodic processes
(molecular O,). The potential/time integration limits of the mass
currents were selected from the onset of O, formation (m/z 32) until
the detected signal had returned to the initial baseline level. The
absolute integration limits slightly varied for different Ni:Fe
compositions due to different onset potentials for OER.

2.7. X-ray Absorption Spectroscopy (XAS). X-ray absorption
spectra were recorded at the K-edges of Ni and Fe at the KMC-1 and
KMC-3 beamlines at the BESSY-II synchrotron facility at Helmholtz-
Zentrum Berlin, Germany, using a liquid-helium cryostat cooled to 20
K.*® Absorption spectra were collected in fluorescence mode of films
conditioned at OER potentials and in absorption and fluorescence
mode of as-prepared powder samples. The fluorescence was detected
using a 13-element energy-resolving Ge detector (Canberra), selecting
the K, emission lines of the respective element. The k* weighted
extended X-ray absorption fine structure (EXAFS) spectra were
extracted using E, value equal to 8333 eV at the Ni K-edge and to
7117 eV at the Fe K-edge. Theoretical simulations of the EXAFS
spectra were carried out using in-house software (SimX) with phase
functions generated from the atomic coordinates of a-Ni(OH),, 7-
NiOOH, y-FeOOH, and a-FeOOH, using the FEFF software
package®”*® version 9.1 with self-consistent field option switched on.
The amplitude reduction factor (S,2) was set to 0.85 for both Ni and
Fe K-edges. The data ranges used for the simulations were 25—750 eV
above E; (k-range of 2.6—14 A™") for the Ni K-edge and 25—600 eV
(2.6—12.5 A7) for the Fe K-edge. The simulations were optimized in
k-space by the least-squares method using a Levenberg—Marquardt
algorithm with numerical derivatives. The error ranges of the fit
parameters were estimated from the covariance matrix of the fits
corresponding to a 68% confidence level as described elsewhere.*’
More details about selected fit parameters are given in Supporting
Information S6.

2.7.1. Sample Preparation for Quasi-In Situ XAS. Catalyst inks
were prepared as described above without additions of Nafion, and
drop-casted on polished glassy carbon working electrodes with a
geometric area of ~1 cm?’ and prepared for quasi-in situ XAS as
described previously.*”*° Catalysts were assembled in custom-made
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sample holders designed to hold a small volume of electrolyte on top
of the working electrode. A Pt-wire was used as counter electrode and
an RHE reference electrode connected to the working electrode via a
Luggin capillary to the electrolyte. The iR-drop was determined by EIS
prior to the measurement, which showed typical values of 2 Q. Oxygen
evolution potential was applied using a GAMRY 3000 potentiostat and
the catalysts were conditioned at 1.0 or 1.63 Vg for 30 min in 0.1 M
KOH (semiconductor grade, 99.99% trace metals basis, Aldrich)
without further purification. The catalysts were freeze quenched in
liquid N, during applied potential. All samples were stored in liquid N,
until analyzed at the BESSY-II synchrotron facility, Helmholtz-
Zentrum, Berlin.

3. RESULTS AND DISCUSSION

3.1. Electrochemical Activity, Turnover Frequency,
Voltammetric Metal Redox Behavior. Mixed Ni—Fe
oxyhydroxide catalysts with atomic compositions ranging
from 0 to 100 at % Fe were prepared using solvothermal
synthesis. Consistent with earlier reports they showed high
catalytic activity for the oxygen evolution reaction (OER) in a
specific compositional range. The highest oxygen evolution
activity was observed for the Ni,sFess catalyst containing 55 at.
% Fe (Figure lab and Sla—c), demonstrating a synergism
between Ni and Fe centers in accordance with previous
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Figure 1. Electrochemical characterization of mixed Ni—Fe catalysts
with varying catalyst composition (Ni;q_,Fe,,) measured in RDE
setup in 0.1 M KOH. (a) Cyclic voltammograms (CVs) recorded at a
scan-rate of 100 mV/s after conditioning at 1.63 Vg for 30 min (see
also Figure Sla for CVs at 10 mV/s). (b) Geometric current density
(igeom.) and turnover frequency (TOF) of Ni—Fe catalysts based on
the total metal loading of Ni+Fe (chosen identical for all samples)
extracted from stationary measurements at fjogg = 300 mV (black
curve) and 400 mV (blue curve). TOF is defined as moles of O,
evolved per total moles of metal (Ni+Fe) per second. (c) Number of
electrons transferred per Ni atoms (e~ Ni~') obtained by integration
of the area under the Ni(OH),/NiOOH redox peak obtained by
integration of the area under the redox peak, obtained from the
maximum average value of anodic and cathodic redox wave during the

Q,.tQ,. a c
first 150 cycles, ( %) (d) Midpeak potential, (@) of the

Ni(OH),/NiOOH redox peak. (e) Tafel slopes obtained from quasi-
stationary state measurements (see also Figure S1d). Catalyst loadings
were determined by ICP-OES analysis. Additional electrochemical
measurements are presented in Supporting Information SI.
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frequency based on total metal of Ni + Fe determined by ICP-
OES (TOFy;.re) at 7 = 300 mV was determined to 0.14 s~ for
the Ni,sFeg; catalyst in 0.1 M KOH (Figure 1b, see also Figure
Slc for mass based activity). The upper limit TOF, based on
the redox active Ni centers obtained by integration of the
Ni(OH),/NiOOH redox peak area of the NijFes catalyst
under the same conditions was estimated to 2 s'. Direct
comparison to other work is rather challenging due to
variations in a number of parameters such as catalyst
loadingsz’63 and electrochemical conditions as well as the
definition of the active site, the approach to evaluate redox
active sites, and the contribution of these to the overall
activity.">®" The values we observe meet or exceed previous
estimations of likely catalytic turnover frequencies of mixed
Ni—Fe catalysts.'”**°"** The redox electrons (e~ per Ni
atoms) of the Ni(OH),/NiOOH redox transition visible in the
CVs at ~1.4 Vpyg was estimated to ~1.1 for the Ni-catalyst on
the anodic scan, and slightly higher on the cathodic scan
(Figure 1c), well consistent with previous reports on NiOOH
catalysts."”*” In other words, every metal center in our Ni-
catalyst appear to undergo an oxidation state change assuming
1 electron transfer. Upon addition of Fe, however, this number
is substantially decreased, with an associated anodic peak shift
of ~70 mV when the Fe content is increased from 0 to 50% Fe
(Figure 1d). Addition of Fe also had an evident effect on the
Tafel slopes, which varied between 35 mV dec™ for the most
active NisFeg catalyst to 60 mV dec™ for less active catalysts
(Figure le and S1d).

Addition of small traces of Fe (4%) resulted in a drastic
decrease of the redox electrons to 0.5 e per Ni, with a further
decrease down to ~0.1 for the Ni,Fey catalyst. This effect was
previously noted for electrodeposited Ni—Fe catalysts by Louie
et al,>® which was referred to as a decrease in the average
oxidation state of Ni. Stabilization of the Ni in lower valent
states in a mixed Ni—Fe catalyst on Raney-nickel support was
observed by Bates et al,”’ however at relatively low
overpotentials (1.45 V). In a study by Friebel et al,’" Fe
incorporation in mixed Ni—Fe oxyhydroxides did not appear to
have any effect on the formal oxidation state of Ni. The origin
of this discrepancy has not yet been clearly elucidated.

To eliminate the possibility of trapped oxidized Ni** escaping
detection due to formation of an insulating layer of non-
conductive Ni**(OH), at the electrode interface as was recently
discussed by Batchellor et al,”* catalysts were investigated
before and after application of a reducing potential of 0 Vyyg
for 20 min. We found, in accordance with the study,62 that the
redox wave in the first CV when starting in the “reduced state”
appeared larger than in the steady state CVs, without significant
changes in the cathodic redox wave (Figure S2). The increase
in the anodic wave was clearly dependent on the Ni:Fe
stoichiometry, where largest effect was observed for the Ni, Fe,
catalyst, similar to the composition where a large change was
demonstrated by Batchellor et al.”* Increased catalyst loadin
has also been shown to result in increased OER activity.”>*"
Starting in the “reduced state” did not result in an instant
increase in the OER activity on the anodic scan for any of the
Ni—Fe catalysts, where a larger fraction of Ni centers
hypothetically should be exposed to the electrolyte as suggested
by the increased redox wave, and thus a direct correlation
between the observed effect and increased electrolyte
accessibility is not strongly supported by these observations.
Other possibilities include processes related to adsorption
intermediates or formation of low valent [Ni*?’—OOH]~
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Figure 2. Operando DEMS during CVs in the OER region between 1 and 1.8 Vg (before iR-comp.) in 0.1 M KOH (a) In situ cyclic voltammetric
scan (green curve) and the corresponding faradaic ion current of O, (m/z 32) (black curve) of the Ni-catalyst. Q" represents the total anodic
charge under the green trace, and QRoy" is derived from the charge under the black ion current trace. (b) Faradaic O, efficiencies of Ni—Fe
oxyhydroxide catalysts as a function of Fe-content (Ni,,_.Fe,) given as atomic %. The hatched bar represent the O, efficiency excluding the charge
associated with Qg n;,2/,3, corresponding to the Ni(OH),/NiOOH redox process. The Faradaic O, efficiency was derived from FE, (%) = 1)'181\245

Q™. (c) Absolute faradaic charge (Qg" — Dl%l\fs injected into catalyst layer for changing metal oxidation states. The catalyst composition
(Ni,go_,Fe,) is given as atomic % Fe on x-axis. The catalyst loading was ~10 pg/cm?® Error bars are derived as the standard deviation from 3

independent measurements. Additional measurements are presented in Supporting Information S2 (Figure S7—S9).

species during the first CV scan as was recently discussed by The reaction dynamics analysis has evidenced that
Smith et al.*® application of oxidizing potentials results in pronounced and

Conditioning of the catalysts by CV cycling or, alternatively, complex changes in redox properties and catalytic activity
application of a constant electrode potential of +1.63 V showed extending over a time period of 10 min (maximal OER activity)
distinct changes in the OER activity (Figure S3) associated with up to 30 min (approximate equilibration reached). The origin
a change in the number of redox electrons transferred during of these changes may be related to trace Fe impurities;
the first 150 cycles (Figure S4a,b) accompanied by an anodic however, a partial influence by a loss of catalyst material
peak shift of ~30 mV (Figure S4c,d). These changes could be (~30%) was confirmed. As a conclusion, our analysis shows
either a consequence of hydration, loss of CatalYStIB'GS or that the extent of redox-state changes detected in Ni-containing

continuous Fe incorporation.”® To address possible losses of
catalyst, comparison of metal content of as-prepared catalysts
and after the conditioning step determined by TXRF analysis,
showed a loss of ~30% total metal , which was similar for both
the Ni and Ni—Fe catalysts, thus suggesting that the e™ per Ni
was slightly underestimated (see Figure SS for reviewed redox
electrons). There was also a loss of Ni (not only Fe) during this
conditioning step; however, the relative loss of Fe was
consistently higher under these conditions resulting in a
small, however neglectible fractional change (~6%). A stable
CV was achieved after the conditioning step upon further
cycling, suggesting that these initial losses could be due to stress
under strong oxygen evolution conditions.

Experiments of the Ni-catalyst were repeated in Fe-free
electrolyte purified according to the method by Trotochaud et
al.”® These experiments showed that elimination of Fe
impurities from the KOH electrolyte (case 3 in Figure S6a) Rl
increased the OER overpotentials at 10 mA cm™ by about 180 oxidation-state cha?ges of the mz?tal crsnters.

mV compared to the unpurified or Fe-Free KOH conditions The voltammetric profiles obtained in the DEMS setup were

(cases 1), in agreement with previous observations upon nearly identiFal to those pr.eviously measured using the RDE
removal of Fe-impurities.*® An additional redox peak appeared setup (see Figure la and Figure S7—S8). This lent support to
at 1.56 Vi (Figure S6a). The relative activity and Ni redox the accuracy of our DEMS-based faradaic charge analysis. No

catalysts implies that not only surface exposed metal sites are
redox-active, but that a catalytic volume activity of the catalyst
material is more likely as previously found for amorphous
oxides.*>%

3.2. Faradaic Charge Efficiency Derived from In Situ
Differential Electrochemical Mass Spectrometry (DEMS).
To learn more about the reaction dynamics of the OER
process, volatile product species were detected under catalytic
conditions using operando differential electrochemical mass
spectrometry (DEMS). The operando DEMS analysis allowed
for a separation of the total faradaic anodic charge, Q&
transferred during a cyclic voltammetric OER scan, into two
components: (1) the faradic charge Qgg\fs, which corresponds
to the number of oxidizing equivalents consumed for water
oxidation (O, formation), (2) the oxidation charge, Qg ;, which
corresponds to the number of redox-equivalents needed for

peak charge evolution during the first 150 cycles under Fe-Free volatile products other than molecular O, (e.g, no CO,) were
conditions exhibited similar trends as the Ni-catalyst measured detected during anodic polarization of the Ni—Fe oxyhydroxide
in unpurified electrolyte; however, under Fe-free conditions the electrocatalysts over the entire compositional range. Figure 2a
OER activity was descending (Figure S6b,c). Since a proper exemplifies our analysis for the Ni catalyst. The anodic charge
method was lacking to determine whether Fe-impurities still under the voltammetric curve (green) represents the total
remained in the catalysts, we cannot claim that trace Fe- faradaic charge Q" The charge under the mass spectrometric
impurities did not affect the measured curves. It is on the other trace (black) is Q5 0, which can be converted into QIF), EMS, The
hand likely that processes such as phase transformations and quantity Q" splits into a component associated with oxidation
coexistence of @, # and y phases occur even under Fe-Free of Ni centers, Qgy; and a component associated with the
conditions, recently demonstrated by Klaus et al.** evolution of O,, QB‘ EMS,
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Figure 3. (a) Powder XRD diffractograms of as-prepared Ni—Fe(OOH) catalysts with varying Ni:Fe compositions (Ni,y,_,Fe,). The inset shows the
structural motif of @-Ni(OH), with the arrow indicating the (003) interlayer spacing. The Fe content is indicated as atomic % Fe determined by
ICP-OES. The bottom green vertical lines show the diffraction peaks of a-Ni(OH), (pdf # 00—038—0715) and of FeOOH (00154417). (b) SEM
image (top left and middle) and EDX elemental mapping (bottom) of the Ni,sFeg; catalyst; as-prepared catalyst. A line-scan analysis with the relative
change of the Ni and Fe content across a selected path of the as-prepared catalyst is shown in the upper right corner. Atomic compositions are
reported as atomic %. See also Figure S12—13 for additional SEM-EDX elemental mapping after exposure to OER catalytic conditions.

For the Ni-catalyst, the experimental faradaic efficiency of the
O, evolution process, FEq,, can be evaluated according to eq S,

DEMS ;- tot DEMS DEMS
/ Qg * = QF,OZ /(QF,OZ + QF,Ni)

FEq, = F,02

()
was about 33%, (see green bar in Figure 2b). We note that this
value of FEgy, was almost identical in nonpurified (Fe-
containing) electrolyte and in Fe-free electrolyte. Given the
absence of any other volatile product, this result implies that
67% of Q" constitutes faradaic charge solely used to change
the oxidation state of Ni atoms. If the 1-electron Ni**/3>* redox
charge process (see peak area “1.” in Figure 2a) was subtracted
from Qg the resulting FEs, value roughly doubled to 60%
(hatched bar in Figure 2b). This still leaves a significant portion
of the experimental anodic charge unaccounted for.

To account for this missing charge, we assume that Qgy;
splits into Qgpjisz/+3 the contribution from the 1-electron
Ni**/** transition, and into Qpyi.s/.s associated with the
consecutive 1l-electron redox transition from Ni** to Ni*,
according to eq 6,

(6)

Eq 6 is a plausible assumption given the much more anodic
electrode potentials during the OER compared to the
Ni(OH),/NiOOH redox peak potential (Figure la). Simple
algebra yields eq 7,

Q—F,Ni = QF,Ni+2/+3 + QF,Ni+3/+44

QF,Ni+3/+4 =025 X QF,Ni+2/+3 )
for the data of the Ni-catalyst (see derivation eqs S1—S5).
Considering our earlier conclusion that all Ni centers of the
Ni-catalyst reached the Ni** oxidation state, our DEMS-based
charge balance analysis in eq S clearly evidence the formation of
Ni*; in particular a maximum of 25% of all Ni centers had
reached the Ni*" state during the scanned OER conditions.
Figure 2c highlights the absolute charge (Qg* — QEE}‘Z“) that
was injected into the Ni redox state changes for the Ni-catalyst.
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Figure 2b suggests that the faradaic contribution of the
evolved O, (m/z 32) differed substantially at higher Fe
contents. The O, faradaic efficiency reached a maximum at
intermediate Ni:Fe compositions (35, 55, and 72% Fe) before it
dropped again for the pure Fe catalyst. This was quite similar to
the OER activity trends discussed before.

For the mixed Ni—Fe oxide catalysts, an evaluation of
Qgpisz/+3 18 no longer possible, because the anodic redox
feature vanished or shifted anodically merging with the OER
voltammetric profile. The much larger FEq, values of the
NigsFess, NiysFess and NiygFe,, catalysts (Figure 2b) evidenced
less metal redox charge processes relative to oxygen evolution
charge. Thus, the average Ni valence in the mixed Ni—Fe
catalysts must have remained lower compared to the Ni-
catalyst. In fact, Figure 2c confirms how much the metal redox
charge dropped in the presence of Fe. Fe appears to have a
stabilizing effect on low-valent Ni centers, which largely
suppresses the oxidation of Ni to higher oxidation states
under OER conditions. This will be further complemented with
X-ray absorption studies below.

Unlike the Ni-catalyst, the Fe catalyst showed little charge
contribution toward oxidation state changes (Figure 2c)
suggesting that Fe centers largely remained in their oxidation
state even at catalytically active OER electrode potentials. The
somewhat lower FE, value directly reflects the lower catalytic
OER rate compared to the mixed Ni—Fe catalysts, which
lowers the relative contribution of Qg EMS Additional measure-
ments were carried out with extended scan-limits in order to
reach a similar O,-rate for all Ni—Fe catalysts (Figure S7f,g and
S8f,g). These measurements confirmed a higher FE, value of
the Fe catalyst when cycling to higher current densities (Figure
S9). However, at such high overpotentials, other processes such
as catalyst degradation and carbon corrosion might lower the
overall efficiency.

In summary, our DEMS-based faradaic efficiency analysis
provided independent evidence for a Ni**/# transition for the
Ni-catalyst under OER conditions. In contrast, the presence of
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Fe caused much higher faradaic efficiency, FE,, with values of
~90% for the most active mixed Ni—Fe catalysts. This evidence
highly O,-selective catalytic OER cycles, while Fe appears to
reduce the detectable amounts of high-valent Ni.

3.3. Compositional Analysis, Long-Range Order and
SEM-EDX Elemental Mapping. X-ray diffraction of the
mixed Ni—Fe catalysts (Figure 3a and Figure S10) showed
broad diffraction peaks at 15° and 25°, corresponding to the (0
0 3) and (0 0 6) lattice planes associated with the interlayer
spacing of the layered Ni(OH),.*® Broad diffraction peaks were
also visible at ~40° and 61° 26; the peak at 40° could be
refined with three peaks at 35°, 38°, and 45°. These all match
well with observations of turbostratic a-Ni(OH),.****~7* The
Fe catalyst showed reflections at similar positions, 14°, 20°, 36°,
and 60° 26, however with lower intensity, which have been
reported for highly distorted FeOOH structures.”*~" The d-
spacings were found between ~6—8 A obtained from the (0 0
3) reflection, with small variations as a function of Fe-content.
Changes in turbostratic oxyhydroxide structures are difficult to
accurately interpret due to c-axis stacking faults.”*>%**73%07%>
The relative peak intensities of the (1 0 1) and (1 1 0)
reflections continued to decrease at increased Fe content, which
is consistent with formation of more distorted phase, in line
with earlier observations of the effect of Fe intrusion in Ni
lattices.***

Scanning electron micrographs (SEM) of the Ni and the
Ni,sFess catalysts showed a similar layered morphology with
stacked, slightly distorted layers with a layer size of ~100 nm
(see Figure 3b and Figure S11a—c). The morphology of the Fe
catalyst revealed a much smaller domain size with small
particles <10 nm, which partly assembled to form larger round
agglomerated particles in the size of ~500 nm (see Figure
S11d—f). This would suggest that the low XRD amplitudes
observed for the Fe catalyst could have been influenced by the
small particle size. The Ni-catalyst before and after exposure to
catalytic potentials (1.63 V for 30 min in 0.1 M KOH) did not
show detectable amounts of Fe impurities; however, traces of
Fe could be below the detection limits. Elemental EDX
mapping and line-scan analysis of the Ni,sFes catalyst showed
a homogeneous distribution of Ni and Fe across the analyzed
area (Figure 3b and Figures S12—S13), with a significant
amount of oxygen distributed in the metal associated regions
both of the as-prepared catalyst and after conditioning at
catalytic OER potential. The EDX analysis indicated a relative
loss of Fe content, resulting in a fractional change of ~9% after
OER catalysis (see Figure 3b and Figure S12), which was also
confirmed by TXRF analysis as a ~6% loss (see discussion
above). Apparent changes were also visible in the morphology
after exposure to 1.0 and 1.63 V (Figure S13). The EDX
mapping showed that Ni and Fe remained well distributed
without visible formation of separate phases.

3.4. Quasi-In Situ X-ray Absorption Spectroscopy
(XAS). Gaining access into prevalent local structural motifs,
atomic coordination number and bond lengths of the mixed
Ni—Fe catalysts was achieved using X-ray absorption spectros-
copy (XAS) at the Ni and Fe K-edges. Catalysts with different
compositions of Ni and Fe were drop-casted onto glassy carbon
electrodes at a geometric metal loading of ~145 nmol/cm’.
Catalytic voltages of ~1.63 Vyyg (opr = 400 mV) were applied
during 30 min in 0.1 M KOH as the conditioning step. The
catalysts were freeze-quenched under applied potential usin:

liquid N, according to a previously reported approach.’®®
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Selected catalysts were also investigated under non catalytic
potentials of 1.0 Vpy.

3.4.1. Local Structure and Metal Redox States. X-ray
absorption near-edge structure (XANES) showed that the Fe
centers were consistently in oxidation state +3 both in as-
prepared catalysts and catalysts freeze-quenched in the OER-
active state (Figure 4a and Figure Sl14a), which have been
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Figure 4. X-ray absorption spectra of the Ni—Fe catalysts with varying
catalyst composition (Ni,o_,Fe,) freeze-quenched under application
of catalytic potential after conditioning at 1.63 V for 30 min in 0.1 M
KOH. (a) Fe K-edges and (b) Ni K-edges. Fourier transformed k*-
weighted EXAFS oscillations (FT-EXAFS) of as-prepared (as.)
catalysts (black lines) and catalysts frozen under applied catalytic
potential after conditioning at 1.63 Vyyg for 30 min in 0.1 M KOH
(colored lines) measured at the (c) Ni K-edge and (d) Fe K-edge. The
catalyst composition is indicated as atomic % Fe. Fit parameters are
listed in Table 1 and Supporting Information S6, Tables S1—S7.

observed in several in situ XAS studies of mixed Ni—Fe
catalysts.">*"***” Conflicting results regarding the Fe oxidation
state of our catalysts compared to other studies, where Fe** has
been observed*”** up to a molar fraction of ~12 % at similar
catalytic potentials,*” might be attributed to the sensitivity of
the respective methods. The presence of Fe®™ sites can
therefore not be excluded in our study; however, the main
fraction is confirmed as Fe®. Distances fitted from the Fe
EXAFS showed that the Fe catalyst could be well represented
by O coordinated at 1.98 A and Fe at 3.07 A (Table 1 and
Figure S15—16); however, the amplitudes of the peaks were
lower than expected for a highly crystalline phase, suggesting a
high distortion of the oxide motifs around the metal center in
accordance with the amorphous XRD nature. The oxidation
state of the Fe in our mixed Ni—Fe catalyst based on the Fe—O
distances obtained from the EXAFS fitting varied between
+3.1—3.4, which is in conflict with Fe in oxidation state 3+ as
estimated from the K-edge positions (see Figure S17 and Table
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Table 1. Fit Parameters Obtained from EXAFS Ni and Fe K-Edges of Selected Catalysts Freeze-Quenched under Applied

Catalytic Potential of 1.63 Vyy”

Fe K-edge at 1.63 Vpyg

Ni; go_Fe, R(Fe—0)/A CN Ox. state R(Fe—M)/A CN R,
Fe 1.98 + 0.02 5.0+ 0.9 34 3.0 + 0.02 49 + 1.0 20.1
NiggFe, 1.99 + 0.03 5.8 + 1.0 3.4 3.11 £ 0.01 3.7+03 23.0

2.88 £+ 0.02 29 +£03
Niy, Feg 2.01 £ 0.01 6.3 + 0.8 3.1 3.12 £ 0.01 6.7 + 1.0 15.9
NigsFess 2,01 + 0.01 62+ 08 3.1 3.09 + 0.01 6.5+ 08 144
NiycFes 2,00 + 0.01 52408 32 3.08 + 0.01 37 + 0.5 17.9
NiysFes, 1.99 + 0.01 54 + 0.8 3.4 3.07 + 0.02 3.5+07 19.4
Ni K-edge at 1.63 Vyy

Nizoo_.Fe, R(Ni—0)/A CN Ox. state R(Ni-M)/A CN R,
Ni 1.88 + 0.01 49 +03 3.7 2.82 + 0.01 63 + 02 15.2
Nig¢Fe, 1.87 £ 0.02 19 +02 3.7 2.83 + 0.01 2.0+ 02 244

2.06 + 0.01 4.1+ 02 2.0 3.07 + 0.01 4.0 £ 0.2
Niy, Feg 2.04 £+ 0.01 6.6 + 0.5 2.0 3.09 + 0.01 54 +03 15.5
NigsFess 2.05 + 0.01 6.6 + 0.6 2.1 3.08 + 0.01 49 +02 16.6
NiyeFes 2,04 + 0.01 56+ 05 2.1 3.08 + 0.01 33+ 01 248
NiygFey, 2,05 + 001 67 + 05 2.0 3.07 + 0.01 44 +02 23.5

“Full fit parameters and errors are given in Tables S2—S7. Parameters were obtained from fitting in the k-range of 2.6—12.5 A™" for the Fe K-edge
and 2.6—14 A™" for the Ni K-edge. Error values correspond to a 68% confidence interval. Oxidation states were determined from M—O distances
(see Figure S17a for oxidation states from K-edge positions). Complete fit parameters are given in Supporting Information S6, Tables S1—-S7,
structural models used for the Fe and Ni K-edges are shown in Figure S20—21, and reference compounds in Figure S22 and in Tables S8—S9.

S1). A possible explanation for this discrepancy is that a fraction
of the Fe centers are not coordinately saturated, and thus either
appear as tetrahedral coordination, or the presence of O
vacancies, which would explain a relatively low coordination
number.

At the Ni K-edge, the XANES spectra of the as-prepared
catalysts showed consistently Ni atoms oxidation state +2
independent of Ni—Fe composition (Figure S14b) also
supported by the Ni—O distances (Table 1), whereas the Ni-
catalyst frozen under catalytic potentials of 1.63 V showed a
distinct Ni K-edge shift of +2.7 eV (Figure 4b). This is
consistent with Ni atoms in changing from oxidation +2 to +4
(+3.7), in accordance with previous reports of formation of a y-
NiOOH phase under catalytic OER potential.>"*"**** The FT-
EXAFS of the as-prepared Ni-catalyst showed a nearly perfect
match with the layered a-Ni(OH),”"*"*>*% and with oxygen
coordinated at a distance of 2.04 A and a Ni—Ni coordination
at 3.08 A in the as-prepared state, which upon application of
1.63 V contracted to a short Ni—O distance at 1.87 A and Ni—
Ni coordination at 2.82 A (see also Figure S15—S16 for EXAFS
fits), confirming that Ni atoms oxidized from Ni**(OH), —
Ni*"-oxy(hydroxide) under OER potential. In the NigFe,
catalyst, the potential-induced Ni K-edge shift was reduced to
a +~0.8 eV shift (Figure 4b). In the Ni FT-EXAFS, this was
observed as two split Ni—O distances at 1.87 and 2.06 A and
two split Ni-M distances at 2.83 and 3.07 A (Figure 4d, S15d,
and S17b,c). This indicates that a fraction of the Ni centers
remained in oxidation state +2 under applied catalytic potential
at 1.63 V. The respective Fe EXAFS of the NigFe, at 1.63 V
showed two clearly separated Fe-M peaks at 2.88 and 3.11 A,
and a slightly broadened Fe—O peak (Figure 4c, Figure S1Sc,
and S17b,c), which implies that Fe is adapting to the changing
Ni lattice without changing its oxidation state. Further addition
of Fe resulted in a further decline in the potential-induced Ni
K-edge shift, which was absent at 9% Fe (Nig,Fe,). This would
suggest that Ni atoms remain in oxidation state +2 in the OER-
active state in the presence of Fe atoms in mixed Ni—Fe
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centers. This supports the observation regarding the Faradaic
efficiency of O, as presented in the DEMS study in Figure 2
above, where a contribution of Ni oxidation in the Ni-catalyst
was confirmed, however absent in the mixed Ni—Fe catalysts,
which showed low charge contributions and high Faradaic
efficiencies of ~90% (see discussion above). Extracted Ni—O
and Ni—M trends vs catalyst composition are shown in Figure
S17. Fit parameters are listed in Table 1 and Supporting
Information S6, Tables S1—S7.

Our results are conflicting previous XAS studies of mixed
Ni—Fe catalysts,”*"*”*' however have been partly sup-
ported.'"™” We speculate that external influences such as
measurement conditions and/or electrode material might play a
more important role than previously thought. Possible charge-
transfer interactions between the catalyst and Au were
highlighted in MnO, by Gorlin et al.*° and were recently
correlated to an increase in OER activity and Mn oxidation
state by Seitz et al.*” Yeo et al.>” have also discussed possible
charge transfer interactions between NiO, and Au based on an
significant increase in the OER activity. Doyle et al.*® showed
clear differences in the redox wave of NiOOH when deposited
on Au, Pt or GC electrodes. Klaus et al.*® recently confirmed
that Au also enhances the OER activity of Fe atoms. Au has
been shown to oxidize already at 1.2 Vyyp in alkaline
electrolyte,”” and interactions between the catalyst and
electrochemically dissolved Au atoms are therefore plausible
however has so far not been thoroughly explored. The impact
of external influences as a likely explanation for diverging
results regarding the Ni oxidation state during OER catalysis in
mixed Ni—Fe oxyhydroxides would require further inves-
tigations.

3.4.2. Structural Motifs, Amorphicity and Long-Range
Order. The Fourier-transformed EXAFS spectra showed two
main peaks at the Fe and Ni K-edges, one at shorter distance
corresponding to the nearest oxygen ligands, and a second peak
at longer distance reflecting the nearest metal ligands of the X-
ray absorbing metal ion (Figure 4c,d). The positions of these
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peaks and the lack of major peaks at higher distances suggest
that the dominant structural motifs in the catalysts were
octahedrally coordinated [MOg] units where Ni and Fe atoms
were extensively connected via y-O(H) bridges. Addition of Fe
resulted in decreased FT amplitudes, which was significant at
Fe contents above 35%, suggesting that addition of Fe leads to
a distortion of the ligand environment around the metal center,
in accordance with the increasing atomic amorphicity suggested
by the XRD data. Weaker Ni—Ni peaks were visible at longer
distances, which can be well described by backscattering from
the corresponding Ni atoms within the oxide layer. The FT-
EXAFS spectra show that nearly identical spectral motifs were
present at both Ni and Fe K-edges for the same Ni:Fe
composition, which imply that the Ni and Fe atoms formed
well-mixed centers. This contrasts findings of Friebel et al,’!
where it was proposed that Fe nucleates as a separate phase at
Fe contents above 25%. In the present study, no detection of
metallic Ni or Fe was confirmed. Surprisingly, the Fe atoms
contributed to binuclear Ni—Fe motifs at a coordination
distance of 3.09 A (possibly di(u-OH) bridging) and a shorter
distance of 2.86 A (possibly di(u-O) bridging), whereas in the
Fe catalyst such long or short Fe—Fe distances were not
observed. This suggests that Fe was incorporated to form
Ni—Fe bonds also at Fe-contents > 25 at %. An increase of the
Fe—M amplitudes at 3.45 A was clearly visible toward high Fe
contents under catalytic OER potentials. This distance indicates
the presence of corner-sharing octahedra,”® which have been
proved computationally to be thermodynamically feasible in j-
Ni(OH),.”° This may also be explained by aggregation of
metal-oxo octahedra undergoing condensation during catalysis,
where if hydrated oxyhydroxide layers attaching end-by-end
would result in such distance,”® however this has so far non
been extensively discussed in terms of mixed Ni—Fe oxy-
hydroxides. Presented SEM images (Figure S12—S13) are
supportive of a rearrangement with visible changes in the
morphology during applied OER potential in the mixed
NiysFegs catalyst.

Catalysts frozen under catalytic OER potential of 1.63 V
showed an increase in the FT-EXAFS amplitudes compared to
the as-prepared catalysts both at the Ni and Fe K-edge clearly
revealed in Figure S18 (see also Figure S19 for XANES and
EXAFS). We notice that this increase is not caused specifically
by the application of catalytic potential since catalysts frozen
under non catalytic potential (1.0 V) showed even higher FT-
EXAFS amplitudes than catalysts conditioned at 1.63 V. The
NiysFess catalyst showing highest OER activity also preserved
highest distortion around the metal center in the active state
(visible in Figure 4d). Thus, high catalytic OER activity is
correlated with higher distortion around the metal center. This
would suggest that high activity is associated with a highly
disordered state, which could be ascribed to high amorphicity.
This could on the other hand be reflected in the number of
highly active Ni—Fe centers, and thus would be most visible in
the catalyst with a high turnover.

3.5. Correlation of Activity, Faradaic Efficiency, and
Metal Redox States. This section establishes a plausible
correlation of the voltammetric, XAS, and DEMS results and
seeks reconciliation with earlier reports. Key findings of our
present study are illustrated in Figure S. The Ni-catalyst with its
edge-connected octahedral structural motifs undergoes a
pronounced redox state change between +2 and +3/+4 under
OER conditions, evidenced by both XAS and DEMS-based
faradaic efficiency data. In presence of Fe, however, data
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Figure 5. (a) XAS-derived structural motifs prevalent during OER
catalysis at high and intermediate Ni-content. At high Ni-content the
dominating host is the layered y-NiOOH (a “NiO,” phase) with
octahedrally coordinated edge-sharing Ni**. In the presence of Fe
there is a mixture of edge- and corner sharing octahedra.”**%"! Above
4% Fe, the dominant host is the Ni(OH), with Ni**. (b) Simplified
scheme of the electrochemical water splitting cycle with metal
oxidation rate constant, ky;ox, and the catalytic OER rate constant,

kOER'

suggested a stabilization of low-valent Ni centers, in particular
for the most active mixed Ni—Fe catalysts. Pure Fe centers
essentially showed no change in their redox state, as well. Our
XAS results pointed in the same direction given the absence of
any potential-induced Ni or Fe K-edge shift of the Fe-
containing catalysts under catalytic reaction conditions. At the
same time, corner-connected Fe—O octahedra emerge as a
prominent structural motif. While these results are in
agreement with a number of previous studies,”"***’ they are
partially in conflict with others.”"*® These conflicting reports
on the metal oxidation state bear the question whether the
catalytically most active metal centers actually remain in low-
valent states, or whether there are other mechanisms or external
influences that make the observation of low-valent states under
certain experimental and catalytic conditions extremely
challenging as discussed above.

Intuitively, one would expect the metal redox centers to build
up oxidation equivalents during the catalytic cycles. So, a muted
redox activity of the Ni and the suspected active Fe centers
appears implausible. A simple argument states that the bulk-
sensitive XAS methods may miss the catalytic redox processes
near surfaces. However, this can be ruled out based on the fact
that the XAS analysis of the pure Ni-catalyst showed indeed
strong variations in its redox state. In addition, the DEMS
results gave independent evidence for significantly reduced
charge injection associated with metal redox processes.

Assuming the muted metal redox processes are real, one may
argue that the presence of Fe centers might have shifted the
neighboring Ni** oxidation potential to such positive values
that Ni** oxidation is no longer energetically possible at +1.63
V. The electrochemical data, however, are in conflict with this
view. The Ni(OH),/NiOOH redox peak does indeed shift by
~70 mV from +1.38 V to +1.45 V (see Figure 1) at increasing
Fe contents: the midpoint potential, however, is still clearly
below the applied potential of +1.63 V. Thus, the population of
Ni atoms at catalytic potential should include formation of
Ni**OOH.

An alternative hypothesis to reconcile conflicting results
regarding the actual metal redox state under catalytic conditions
is outlined in Figure Sb. We represent an individual catalytic
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OER cycle by a very simplified reaction scheme, where the
buildup of oxidation equivalents from Ni** to Ni** (or Fe** to
Fe*") sites is followed by the O—O bond formation with the
subsequent release of molecular oxygen. This process restores
the metal site back to its reduced state. The full cycle thus can
be split into two consecutive processes that are assumed to
proceed with the reaction rate constants ky,, and kogg,
respectively (see Figure Sb).

It has been shown for various water-oxidizing oxides of
monometallic first-row transition metals that the second water-
oxidation—metal-reduction step is slower (rate-limiting) than
the metal oxidation (ky,, >> kogr) which results in
accumulation of high-valent metal species at catalytic potentials.
In our bimetallic Ni—Fe catalysts, however, the presence of Fe
enhances the OER rate by 1—2 orders of magnitude. This
increase reflects a dramatically increased rate constant, kogg,
which may exceed the rate of the metal oxidation, i.e., kogg >
kytox- The origin of the increased OER activity in terms of faster
OER rate constant have been discussed previously as a plausible
explanation;zs’30 however, evidence of low valent Ni could not
be confirmed. Under these conditions, a significant accumu-
lation of high-valent metal centers is prevented, even though
the reaction cycle does involve formation of high-valent metal
ions.

Our hypothesis reconciles voltammetric, DEMS and XAS
data consistently. It predicts that the observation of Ni in its
high-valent state critically depends on the ky; . /kopg ratio.
Subtle differences between catalyst materials, or external
influences, thus could favor or disfavor detection of Ni*" jons
at OER potentials so that our model offers a simple explanation
for conflicting results in previous reports.

4. CONCLUSIONS

We have characterized and correlated the OER reaction
dynamics, the faradaic charge efliciency, and the corresponding
metal redox states of Ni—Fe oxyhydroxide electrocatalysts. To
achieve this, we combined operando electrochemical mass
spectrometry (DEMS) and X-ray absorption spectroscopy
(XAS) with electrochemical characterization. Our results and
conclusions offer new fundamental insights into the reaction
dynamics and the state of the metal centers under reactive
conditions. Our critical discussion of the present results in light
of previous reports has resulted in a simple mechanistic model
hypothesis that is capable to resolve conflicting past reports on
the prevailing active metal redox states.

We investigated amorphous Ni—Fe catalysts with various
compositions (0—100 at. % Fe). The highest OER activity was
observed around a 50% Fe, supported by low Tafel slopes in
the order of 35 mV dec™'. Tracking the evolution of the
normalized Ni**/** redox charge evidenced that the OER
catalysis needs to be recognized as a volume, not as a surface
process. The continuous change in the electrochemical
properties of the Ni—Fe(OOH) series excludes the formation
of separate Ni- and Fe-oxide phases or metallic Ni, instead
suggests the formation of a well-mixed bimetallic phase with
catalytic properties determined by the Ni:Fe stoichiometry.

The deconvolution of faradaic processes using operando
DEMS allowed for relating the evolution of O, to the metal
redox state changes. For the NiOOH catalyst, there was a large
charge contribution process not resulting in product formation
and a low faradaic efficiency (max ~60%), which evidenced the
presence of Ni**. The presence of Fe (while boosting the OER
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activity) diminished the charge contribution process of Ni*,
reaching faradaic efficiencies in the order of ~90%.

Quasi-in situ X-ray absorption spectroscopy confirmed the
DEMS-based conclusions. They showed that the oxidation state
of Ni atoms in the mixed Ni—Fe electrocatalysts under catalytic
OER conditions were highly dependent on the Ni:Fe
stoichiometry whereas the Fe oxidation state was not. The Fe
structure was best described as a highly distorted Fe>*OOH
with a mixture of edge-sharing and corner-sharing octahedra.
The Ni structure was well described as a-Ni(OH), with Ni in
oxidation state +2 in the as-prepared state. Under catalytic
conditions, Ni atoms were present as Ni** at Fe content below
4%, and above, Ni atoms were stabilized in low-valent oxidation
state under catalytic conditions, and thus the OER active state
could be described as Ni**Fe**OOH. At the Fe K-edge, there
was no visible K-edge shift for any composition; however, a
strong Fe-M bond contraction was observed, well correlated
with the lattice contraction in the Ni host.

Finally, a simple mechanistic hypothesis was put forward to
explain why the experimental detection of Ni centers
predominantly in lower-valent states do not preclude an
efficient electrocatalytic water splitting process where redox
equivalents are accumulated in the metal centers. The
mechanistic hypothesis highlights the fact that the detection
of metal centers in high-valent states critically depends on the
kngox/kogr ratio. High catalytic OER activity of the mixed Ni—
Fe catalysts sharply decreases this ratio; the population of high-
valent Ni atoms are depressed due to a faster OER rate
constant in comparison to the metal oxidation step (kopg >
kyoy)- This hypothesis plausibly explains water oxidation at
seemingly low-valent metal centers and reconciles past
diverging reports.
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