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ABSTRACT: Ni—Fe oxyhydroxides are the most active known electrocatalysts OER

for the oxygen evolution reaction (OER) in alkaline electrolytes and are therefore Ni-Fe(OOH) ﬁ 85%
of great scientific and technological importance in the context of electrochemical ~__ / e
energy conversion. Here we uncover, investigate, and discuss previously FE,, High pH

unaddressed effects of conductive supports and the electrolyte pH on the Ni— o3 % I NI
Fe(OOH) catalyst redox behavior and catalytic OER activity, combining in situ 0—77«&% pope wa¥ o Highmetal
UV—vis spectro-electrochemistry, operando electrochemical mass spectrometry 0" e y - odaten
(DEMS), and in situ cryo X-ray absorption spectroscopy (XAS). Supports and ————— Carbon support

pH > 13 strongly enhanced the precatalytic voltammetric charge of the Ni—Fe ER Vo

oxyhydroxide redox peak couple, shifted them more cathodically, and caused a Low metal ~

oxidation

2—3-fold increase in the catalytic OER activity. Analysis of DEMS-based faradaic
oxygen efficiency and electrochemical UV—vis traces consistently confirmed our
voltammetric observations, evidencing both a more cathodic O, release and a
more cathodic onset of Ni oxidation at higher pH. Using UV—vis, which can monitor the amount of oxidized Ni in situ,
confirmed an earlier onset of the redox process at high electrolyte pH and further provided evidence of a smaller fraction of
Ni**** in mixed Ni—Fe centers, confirming the unresolved paradox of a reduced metal redox activity with increasing Fe content.
A nonmonotonic super-Nernstian pH dependence of the redox peaks with increasing Fe content—displaying Pourbaix slopes as
steep as —120 mV/pH—suggested a two proton—one electron transfer. We explain and discuss the experimental pH effects
using refined coupled (PCET) and decoupled proton transfer—electron transfer (PT/ET) schemes involving negatively charged
oxygenate ligands generated at Fe centers. Together, we offer new insight into the catalytic reaction dynamics and associated
catalyst redox chemistry of the most important class of alkaline OER catalysts.

+3/+4

1. INTRODUCTION Several studies concerning Ni—Fe catalysts deposited on
carbon or high surface area supports have demonstrated
superior catalytic activities in comparison to unsupported Ni—
Fe catalysts.'””'»?"** Gong et al. demonstrated that
solvothermally prepared Ni—Fe layered double hydroxide
(LDH) supported on oxidized carbon nanotubes (CNTs)

The oxygen evolution reaction (OER) leading to formation of
O, and the release of protons (H*) and electrons (e”) is a key
reaction in the production of renewable fuels. Non-noble Ni—
Fe oxide electrocatalysts have shown high catalytic activity in
alkaline electrolytes,' "> applicable in electrolyzers'* and in

solar-water splitting devices.!> ™' yielded higher activity than unsupported catalyst with a
Fe impurities were first reported by Corrigan et al. to catalyze turnover frequency of 0.56 s™' per total metal site at 300 mV
oxygen evolution in electrodeposited Ni—Fe(OOH) at overpotential (77) in 1 M KOH."’ Qiu et al. investigated small
comparably low overpotentials, observed as a “volcano” shaped sized Ni—Fe hydroxide nanoparticles (NPs) on Vulcan carbon
activity trend following the Sabatier principle.”” Utilizing X-ray support, which showed overpotentials in the order of 280 mV
photoelectron spectroscopy (XPS) in combination with a new at 10 mA cm™ in 1 M KOH."" Under the same conditions, Ma
purification method to eliminate Fe impurities present in the et al. showed that exfoliated Ni—Fe nanosheets on reduced
electrolyte, Trotochaud et al. confirmed that Fe was responsible
for the observed “activation” behavior of NiOOH during anodic Received: November 28, 2016
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graphene oxide had an overpotential of 240 mV and an
associated turnover frequency (TOF) of 0.1 s™.*° Lu et al.
electrodeposited Ni—Fe(OOH) catalyst on Ni foam with an
overpotential of 215 mV; however, the reported TOF was only
in the order of 0.075 s™! at # = 400 mV.”> Whether these
measurable differences are caused largely by the exposed
electrochemically accessible surface area, mass loading, or from
other factors such as particle size effects and catalyst—support
interactions still lacks systematic investigations.

The increasing number of reports have pointed toward
substantial differences in the OER activity and the metal redox
states during catalytic conditions. To achieve a fundamental
understanding of the origins of the synergisms between Ni and
Fe centers, an investigation of the possible impact of external
factors such as catalyst support and measurement conditions
will be crucial. This we will attempt to approach in this
contribution.

To identify the local atomic structure in the OER active state
in electrodeposited Ni—Fe(OOH) catalysts, X-ray absorption
spectroscopy (XAS) under operando conditions by Friebel et al.
disclosed metal redox states predominant as Ni**** and Fe*3.**
The commonly observed anodic shift of the precatalytic redox
wave assigned to Ni(OH), — NiOOH,”>*° caused by Fe
incorporation, was confirmed by Bates et al. as a stabilization of
Ni*? atoms to more anodic electrode potentials in mixed Ni—
Fe catalysts.”” However, a recent study from our workgroup has
confirmed that Fe stabilizes low-valent Ni*> atoms in mixed
Ni—Fe centers also under OER catalytic potential.”” To explain
these conflicting reports, Fe was hypothesized to shift the
stationary concentration of oxidized Ni**/** vs the reduced Ni*?
by impacting the oxygen evolution rate (kogg) versus the metal
oxidation rate (kyo,).”® This could prevent oxidized Ni*¥/**
species from accumulating to detectable levels.”® A recent
computational DFT+U study showed that Fe may induce
electron transfer from Fe to Ni in mixed Ni—Fe centers, which
stabilizes Ni*? atoms and formation of Fe**** The study also
showed that the lowest energy configuration was very similar
for different interlayer stacking and proton environments in
NiOOH materials, which predicts that the local environment
may be dependent on the species.”” With this in mind, it is
likely that different types of oxyhydroxide catalysts may have
local environments that favor different metal redox states. This
could help explain why a variation of Ni and Fe oxidation states
in mixed Ni—Fe(OOH) catalysts has been reported to
date*#?7?%°%°1 An observation by Enman et al. was a poor
correlation between the Ni redox peak and the catalytic OER
activity in NiOOH doped with different metals (Mn, La, Ti, Ce,
Fe).”” This clearly demonstrates that the interpretation of the
redox peak area in relation to the catalytic OER activity requires
far more knowledge of the formal charge of the Ni at the
impact of a second metal. What remains under debate is
whether Ni or Fe is the active site. A DFT+U study pointed
toward Fe as the most likely active site, since the OER
intermediates showed most optimal binding energies resulting
in a lower OER overpotential at a Fe site.”"

Regarding pH dependence and the nature of the OER
intermediates, Koper and co-workers recently identified “active
oxygen” species forming under catalytic potential in Ni(Fe)-
OOH catalysts using surface enhanced raman spectroscopy
(SERS), which could be attributed to oxidic (NiO~) or
superoxidic (NiOO~) species.””** A decoupled OH /e~
elementary step occurring during the OER cycle was proposed
in accordance with the observations and used as an argument to
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explain the strong pH dependence of the oxygen evolution
activity.*®

Here we present a systematic study of the influence of carbon
support in solvothermally prepared Ni—Fe oxyhydroxide
electrocatalysts, at various electrolyte pH and varying measure-
ment conditions. We use a combination of standard electro-
chemical rotating disk electrode (RDE), physical character-
ization techniques (XRD, BET, TEM), quasi-in situ X-ray
absorption spectroscopy (XAS), operando differential electro-
chemical mass spectrometry (DEMS), and in situ UV—vis
spectroelectrochemistry to evaluate quasi-stationary and steady
state levels of volatile products and spectroscopic signatures of
redox-active metals. We aim to track catalyst redox state
changes during oxygen evolving conditions. Several key
parameters were examined in an attempt to establish
correlations between catalytic activity, O, evolution, and
metal redox processes.

2. EXPERIMENTAL SECTION

2.1. Synthesis. Ni—Fe catalysts were synthesized by microwave
assisted autoclave synthesis under solvothermal conditions.'” Desired
ratios of Ni and Fe were obtained by mixing different stochiometries of
0.1 M Ni(NO;), X 6H,0 (99.999% trace metals basis, Aldrich) and
0.1 M Fe(acac); (99.5% trace metal basis, Aldrich) in benzyl alcohol
(puriss., 99—100.5%, Aldrich) to a final concentration of 22 mM, and
addition of 10 mM 1,2-benzenediol (purity grade, Sigma-Aldrich), and
a total reaction volume of 20 mL. All chemicals were used as received
without further purification. The reaction mixtures were sealed in
special autoclave vials (Anton Paar) and heated in a Monowave 300
(Anton Paar). The mixtures were heated to 190 °C with a ramping
step of 16.5 °C/min, and held for 15 min. Carbon supported catalysts
were prepared by addition of 90 wt % Vulcan XC-72r (Cabot) after
synthesis when the mixtures had cooled down. The catalysts were
added to the carbon support by dropping to a carbon slurry dissolved
in high purity ethanol under sonication. The catalyst—carbon mixture
was left for an additional 30 min of sonication and afterward stirring
for 24 h. The product was collected and washed five times with high
purity ethanol containing 10% Milli-Q water (>18 MQ cm) using
repeated centrifugation at 7500 rpm for 10 min. The samples were
freeze-dried and stored as powders under an inert atmosphere until
use.

2.2. Elemental Analysis. The metal content of Ni and Fe was
analyzed by inductively coupled plasma-optical emission spectroscopy
(ICP-OES) using a Varian 715-ES spectrometer with a CCD detector.
Samples were digested in acid (HNO;:H,SO,:HCl in a 1:1:3 ratio)
and heated using microwave irradiation to 180 °C for 15 min, with a
ramping step of 15.5°/min. The samples were diluted with Milli-Q
water (>18 mQ cm) to reach an appropriate emission intensity.
Standards with a known concentration were coanalyzed with the
samples.

Metal contents analyzed after electrochemical conditioning were
analyzed using total reflection X-ray fluorescence (TXRF) spectros-
copy. Electrodes were dissolved in a volume of 300 uL of HCI (37%,
Merck) using sonication. Additions of Ga standard (Merck) of a
concentration of 1 mg/L allowed for quantitative determination of the
metal content. The analysis was acquired using a Bruker S2 Picofox
spectrometer at 40 kV using an XFlash Si-drift detector.

2.3. Physical Characterization. X-ray diffraction (XRD) was
acquired on a Bruker D8 Advance diffractometer with Cu Ke radiation
and a Lynx Eye detector. Samples were analyzed between 10 and 80°
20, with a step size of 0.04° and a collection time of 6 s. Data analysis
was carried out using MDI Jade 9.

Transmission electron microscopy (TEM) was carried out using a
FEI Tecnai G* Microscope 20 S-Twin with a LaBg cathode at 200 kV
accelerating voltage (ZELMI Centrum, Technical University of
Berlin). The microscope was equipped with an energy dispersive X-
ray (EDX) detector for elemental analysis. Catalyst powders were
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dispersed in 2-propanol by ultrasonication and drop-dried onto Cu
grids. Analysis was carried out using software from Image].

Brunauer Emmet Teller (BET) N, adsorption isotherms were used
to determine specific surface area and were measured using a
Quantachrome Autosorb-1-C. The samples were outgassed in a
vacuum at 70 °C for ~22 h prior to the measurements. The adsorption

was measured at 77 K in a relative pressure range (pﬁ) of 0.08—0.3.
0

2.4. Electrochemical Characterization. Electrochemical charac-
terization was carried out in a standard three-electrode rotating disc
electrode (RDE) setup from Pine Instruments. Polished glassy carbon
(GC) electrodes were used as working electrodes (@ = S mm, Pine
Instruments) and a Pt mesh was used as a counter electrode, measured
versus a reversible hydrogen reference electrode (RHE). All
measurements were controlled using a Gamry Reference 600
potentiostat in 0.1, 0.5, and 1 M KOH (semiconductor grade,
99.99% trace metals basis, Sigma-Aldrich). Cyclic voltammograms
were collected at a rotation speed of 1600 rpm and steady-state
measurements at 2200 rpm unless otherwise stated. Catalyst inks were
prepared by dispersing 5 mg of the catalyst powders in a mixture of
1000 pL of Milli-Q, 1500 uL of 2-propanol, and addition of 20 uL of
Nafion (5 wt %). The inks were homogeneously dispersed by
ultrasonication for 20 min and drop-casted on the GC electrodes. To
make up a final metal loading of 10 g cm™, ca. 5—10 uL of ink was
drop-casted on the electrodes. Varying metal loadings were achieved
by varying the amount of ink drop-casted on the electrodes. The total
metal contents of Ni+Fe were determined by elemental analysis.

2.4.1. In Situ UV—vis Spectroelectrochemistry. UV—vis spectra
were collected using a UV/vis/NIR spectrometer from Avantes
(AvaLight-DH-S-BAL) equipped with a deuterium and halogen lamp
and a light guide. The spectrometer was connected via fiber optic
cables to the electrochemical cell. Spectra were collected between 250
and 900 nm with a time resolution of 400 ms. The electrochemical cell
constituted a 1 cm quartz cuvette, a leak free Ag/AgCIl reference
electrode with a @ = 1 mm shaft (Warner Instruments), and a Pt mesh
counter electrode placed along the sides of the beam path. All
potentials are reported versus the reversible hydrogen electrode (Egyg
= 0.198 V + 0.059 V X pH). Fluorine doped tin oxide (FTO)
electrodes (Sigma-Aldrich) were used as working electrodes, precut to
fit into the cuvette. The electrodes were cleaned prior to the
measurements in high purity ethanol and afterward rinsed with Milli-Q
water using sonication. Electrolyte was prepared from semiconductor
grade KOH pellets (99.99% trace metals basis, Sigma-Aldrich) and
diluted with Milli-Q water to 0.1, 0.5, and 1 M KOH. Measurements of
NiOOH catalyst were carried out in Fe-free KOH which had been
purified according to a previously reported method."” The UV—vis
spectrum was blanked versus an empty FTO substrate.

2.5. Mass Spectrometry and Gas Chromatography. 2.5.1. Dif-
ferential Electrochemical Mass Spectrometry. Differential electro-
chemical mass spectrometry (DEMS) was measured in a dual thin
layer electrochemical flow cell partly based on the design described
elsewhere.”® DEMS was recorded in 0.1, 0.5, and 1 M KOH
electrolytes. The electrochemistry was controlled using a BioLogic
potentiostat, a leak-free Ag/AgCl as a reference electrode (Warner
Instruments), and a Pt mesh as a counter electrode. The reported cell
voltages are reported on the RHE scale (Egyp = 0.198 V + 0.059 V X
pH); the real offsets were determined in each electrolyte by calibration
against a Pt working electrode in H, saturated electrolyte. The DEMS
cell was connected to a mass spectrometer (QMS 200, Pfeiffer
Vacuum) via a 150 pm thick microporous PTFE membrane with 30
nm pore size (Cobetter). Two turbomolecular pumps (HiPace 80)
were operating at 1076 mbar. Catalysts were drop-casted onto polished
GC electrodes (@ = S mm, Pine Instruments) to make up a total metal
loading of ~10 ug of Ni+Fe cm™ CVs were recorded by potential
cycling between ~1 and 1.75 Vg (before iR-comp). The scan limits
varied slightly for the different electrolyte pHs to account for
differences in resistance and catalytic activity. The catalysts were first
preconditioned at a scan rate of 100 mV/s for ~200 cycles until a
steady-state CV had been reached. The mass spectrometric ion
currents for each volatile product j (iMS,j) were converted into the
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corresponding faradaic current contributions, ipj ", using a catalyst-
specific calibration factor K**. Values for K** were obtained for each
catalyst in separate steady-state measurements (see Table S1a) of mass
spectrometric ion currents and faradaic currents according to

O IMs,j
j T .100%FE

iy (1)
Integrating the voltammetric faradaic currents and the mass
spectrometric ion currents to obtain Qg and Qyg respectively, allows
for determination of a species-specific faradaic efficiency (FE)
according to

FE (%) = QL

2.5.2. Headspace Mass Spectrometry and Gas Chromatography.
Online mass spectrometry was measured in a gas-tight electrochemical
cell in a steady flow of S scem N, controlled by flow meters (El-flow,
Bronkhorst). The mass spectrometer (Pfeiffer Omnistar GSD 301)
was coupled to the gas outlet for continuously monitoring volatile
gases in the N, stream. All measurements were carried out in 0.1 M
KOH (semiconductor grade, Sigma-Aldrich) used as received, with an
RHE reference electrode and a Gamry reference 3000 potentiostat. A
Pt mesh was used as a counter electrode separated by a glass frit to
avoid H, entering the gas stream. Catalysts were drop-casted onto
carbon fiber paper (AvCarb PSOT, Ballard Power Systems) with an
area of ~2 cm? to make up a total metal loading of ~30 pgyipe cm ™2
Chronopotentiometric (CP) steps were applied between 0.25 and 10
mA cm™% Gas chromatography (GC) samples were regularly taken
out from the gas phase using a gas-tight syringe (Hamilton). The gas
was injected into a GC-2014 chromatograph (Shimadzu) equipped
with a Molsiev 13X column and a thermal conductivity detector
(TCD). The theoretical volume % of the volatile product j could be
determined in the headspace according to eqs 3 and 4

. irA-V
= —2=
J z-F (3)
o =Y
jythr — 7, .
Y + VN, (4)

where v, is the theoretical volumetric flow of product j at 100% faradaic
selectivity, vy, is the applied flow of Ny, v, is the theoretical volume

% of product j, i is the applied current density, A is the electrode area,
V., is the standard molar gas volume, and F is the Faraday constant.
The faradaic efficiency of product j in the headspace (FEys_ys)
could be determined from the mass spectrometric detected volume %
of product j (v,ys) in the theoretical volume % of product j according
toeq S
V.
FE s s = o X 100
Yj, thr

©)

2.6. X-ray Absorption Spectroscopy (XAS). Quasi-in situ X-ray
absorption spectroscopy (XAS) was measured of catalysts drop-casted
on polished GC electrodes with an area of ~1.5 cm? Electrodes were
assembled in special sample holders. A Pt mesh was used as a counter
electrode and a reversible hydrogen reference electrode connected via
a Luggin capillary. Samples were conditioned at 1.63 Vi for 30 min
as a conditioning step, and subsequently cooled under the applied
potential usin§ liquid N, (freeze quenching) according to a reported
method.”**”?% XAS was measured at the Ni and Fe K-edges at the
KMC-1 beamline at the BESSY-II synchrotron (Helmholtz-Zentrum
Berlin, Germany) at a temperature of 20 K controlled by a liquid-
helium cryostat. Spectra were collected in the fluorescence mode using
a 13-element energy-resolving Ge detector (Canberra) by selecting the
Ka fluorescence of the Ni and Fe K-edges. The k* weighted EXAFS
spectra were simulated in k-space using E, = 8333 eV for Ni and E, =
7115 eV for Fe, an amplitude reduction factor (Sy*) of 0.85, and a k-
range of 20—760 €V corresponding to 2.3—14 A™". Phase functions
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were generated using FEFF software version 9.1 with self-consistent
field.*”*° In-house software (SimX) were used for the simulations. The
parameters were optimized as described elsewhere.*®

3. RESULTS AND DISCUSSION

3.1. Physical Characterization of Ni—Fe Catalysts.
Unsupported mixed Ni—Fe(OOH) nanoparticle electrocata-
lysts with various stoichiometric compositions were synthesized
according to a previously reported solvothermal method (see
Figure 1a)."”**® To investigate the influence of a carbon catalyst
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c) d)
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Figure 1. (a) Structural model of a small sheet of Ni—Fe(OOH),
synthesized solvothermally, with intercalated water and K* (cif
9012316). (b) TEM images of unsupported Ni,Fess and carbon
supported Ni,sFess/C catalysts (supported on Vulcan XC-72r). (c)
Powder X-ray diffraction (XRD) of the NiFess and NiyFess/C
catalysts. The bottom lines show the powder diffraction profile of a-
Ni(OH), (green, # 00-038-0715). The tilted squares mark the
reflections of the catalyst and the asterisks the reflections of the Vulcan
XC-72r carbon support. (d) BET surface area obtained from the N,
adsorption isotherm of unsupported Ni—Fe and carbon supported
Ni—Fe/C catalysts with varying Ni:Fe compositions. All atomic
compositions are given as atomic % Fe, determined by ICP-OES. The
error bars are given as standard errors.

support, the unsupported Ni—Fe catalysts were immobilized on
Vulcan XC-72r post synthesis (referred to as “Ni—Fe/C”), not
to alter the catalyst particle size.

Transmission electron microscopy showed that the Ni—Fe/
C catalysts exhibited a similar morphology to the unsupported
Ni—Fe catalysts (Figure 1b). The oxyhydroxide catalysts were
immobilized on top of the carbon support to an extent of 10 wt
% metal loading. There were also visible spots with a lower
coverage of catalyst showing a more exposed carbon structure
(Figure 1b). X-ray diffraction confirmed an amorphous
character of both the unsupported and carbon supported Ni—
Fe catalysts (Figure 1c). Reflections at 34 and 42° 260 matched
well with the (101) and (1 10) reflections of a-Ni(OH),.'”*'
The (002) and (10 0) reflections of the carbon support at 24
and 42° 26 were overlapping with the (00 6) reflection of the
oxyhydroxide structure, which are generally weak in turbostratic
Ni(OH), materials.*”** Upon increasing Fe content, the XRD
reflections of the Ni—Fe/C catalysts decreased in intensity in
accordance with earlier reports of Fe insertion in unsupported
Ni—Fe catalysts (Figure S1).%

The BET surface area was investigated using the N,
adsorption isotherm (Figure 1d). Independent of the Ni:Fe
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composition, there was a low extent of mesoporosity and
micropososity in these materials. The BET surface area of the
NiysFegs/C catalyst amounted to 182 m?/g, whereas the
unsupported NiyFegs catalyst showed a lower surface area of
27 m?/ g, similar to previous established BET surface areas of
Ni—Fe oxide catalysts.8 The high BET areas of the Ni—Fe/C
catalysts were derived from the carbon support, which had a
BET surface area of 187 m’/g. Despite the offset between
unsupported and carbon supported Ni—Fe catalysts, there was
a consistent trend with larger BET surface area at high Ni
content. This suggests that the densities of the N, adsorption
sites in Ni(OH), and FeOOH are different. Whether a
correlation between the BET surface area and the electro-
chemically active surface area prevails in mixed Ni—Fe catalysts
has been under discussion.””" Since our catalysts show
interfacial faradaic charge-transfer reactions which are affected
by the Ni:Fe stoichiometry,”® an accurate determination of the
double layer capacitance was challenging.”** For the moment,
we could not establish a reliable estimate of the catalytically
available surface sites in our Ni—Fe catalysts among the full
range of Ni:Fe compositions. Therefore, a possible correlation
to the BET surface area will require further investigations.

3.2. Electrocatalytic Oxygen Evolution Activity. Car-
bon supported Ni—Fe/C catalysts consistently showed a 2—3-
fold higher catalytic activity compared to unsupported Ni—Fe
catalysts (see Figure 2ab). Lower limit turnover frequencies
(TOFs) were estimated from CVs recorded at 2 mV/s, based
on the total moles of metal (Ni+Fe) deposited on the
electrodes (TOFy,r.), determined by ICP-OES. The current
densities derived from the CVs were in good agreement with
steady-state measurements (Figure S2). The highest TOFs in
0.1 M KOH were observed for the Ni,sFess and NiyFess/C
catalysts and determined to 0.10 and 0.20 s~' (Figure 2c). By
increasing the electrolyte concentration from 0.1 to 1 M KOH
(pH 13 to 13.87), an additional activity boost was observed
(Figure 2b). Higher electrolyte pH also slightly shifted the
activity maximum toward higher Ni content.

The TOFs of the NigFe;s and NigsFe;s/C catalysts in 1 M
KOH peaked at 0.14 and 0.34 s™', clearly exceeding the top
performing S5 at. % Fe materials in 0.1 M KOH. More
importantly, the redox charge under the redox peak assigned to
the Ni(OH), — NiOOH oxidation became significantly larger
in either 1 M KOH or in the presence of the carbon support
(Figure 2d). The latter can be explained by a better metal oxide
particle dispersion and more exposed catalytic sites, while the
effect of pH suggests the participation of protons in the rate-
determining step.

Tafel slopes ranged around ~60 mV dec™" for Ni catalysts
and ~40 mV dec™! for mixed Ni—Fe catalysts; however, they
were consistently lower for supported Ni—Fe/C catalysts
(Figure S3).

Short-term OER stability comparisons of Ni—Fe and Ni—Fe/
C catalysts were investigated in 0.1 M KOH. Both catalysts
showed good cycling stability with only an ~10 mV increase in
overpotential after 1000 potential cycles (Figure 3). After 20 h
of bulk electrolysis at a constant current density of 10 mA cm ™2,
however, there was a much larger, ~30 mV, increase in
overpotential (Figure S4). It is possible that potential cycling
leads to reactivation effects associated with redeposition of
leached metal ions or causes a lower stress due to the
introduction of a resting phase at noncatalytic potential. It is
possible that oxygen bubbles can be removed which is not
possible during galvanostatic polarization. An estimation of the
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Figure 2. (a) CVs of unsupported (“u.s.”) and carbon supported (“/C”) Ni—Fe catalysts in 1 M KOH measured at a scan rate of 100 mV/s. The
inset shows the geometric current density as a function of Fe content at 7 = 300 mV. (b) Schematic representation of the effects of a carbon support.
(c) Lower limit TOFs on the basis of the total metal loading of Ni+Fe (TOFy;,r.) as a function of Fe content, estimated at # = 300 mV from CVs
measured at 2 mV/s. (d) Redox electrons (e~ per Ni) determined from integration of the cathodic redox peak, using CVs recorded at a scan rate of
10 mV/s. The measurements were carried out at a fixed geometric metal loading of 10 ug Ni+Fe cm™?, determined by ICP-OES.

amount of catalyst material metal left on the electrodes after
1000 potential cycles showed a loss of ~38% of the total metal
content for both NisFess and NiysFess/C catalysts (see Figure
SS).

3.2.1. Catalyst Loading Effects on the OER Activity. OER
activity measurements of unsupported Ni—Fe (“us.”) and
carbon supported (“/C”) catalysts were carried out as a
function of metal loading (Figure 4a and Figure S6a—c). As
exemplified by the Ni sFess/C catalyst, the catalytic geometric
current density as well as TOF values of the supported catalyst
increased nearly proportionally with the metal loading before
stabilizing at higher loadings regardless of pH (Figure 4b).
Conversely, the unsupported Ni,Fegs catalyst showed a less
steep increase in the current and a monotonic decrease in TOF
with higher loading at either pH. In recent work by Batchellor
et al,, a comparison of continuous and pulse-electrodeposited
Ni—Fe(OOH) catalysts showed a similar trend to what was
observed here.” The continuously deposited catalyst exhibited a
descending TOF, whereas the pulsed deposited catalyst showed
an increasing TOF with loading.” This was explained as a better
connectivity and minimal contributions of electrical, ionic, or
mass transfer resistances in the catalytic film.” Our comparative
trends in TOF values for supported and unsupported
solvothermal Ni—Fe(OOH) catalysts support this hypothesis:
the supported catalysts show improved particle dispersion on a
conductive carrier and hence should suffer less from mass
transport and char%e transport resistances despite thicker films
at higher loadings. > Data for the supported Ni,sFes; catalyst
further evidence that a significantly higher OER activity can be
maintained at high catalyst loadings by increasing the
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electrolyte pH from 13 (0.1 M KOH) to ~14 (1 M KOH).
A number of different explanations can account for this. Higher
pH at larger particle dispersion boosts the local buffer capacity,
preventing a drop in local pH and thus effective overpotential,
caused during high oxygen evolution rates as a consequence of
OH™ depletion. Also, better particle dispersion generates a
larger portion of electrolyte accessible metal sites, which would
translate in higher TOF values. Finally, high ionic electrolyte
and electronic conductivity may benefit rate determining
proton transfer kinetics.'”**

The faradaic charge under the Ni(OH), redox peak in Figure
S6d followed closely the trends of the TOF values with
increasing metal loadings. The number of redox electrons
(transferred per Ni atoms) rose significantly with the support,
jumping from 0.2 e to as high as 0.75 e” per Ni atom for the
unsupported NiyFess and the supported NiyFess/C catalyst,
respectively. This lends support to the enhanced metal center
accessibility hypothesis to explain the significantly improved
OER activity. For the supported catalysts, the number of redox
electrons per Ni increased more significantly when going from
pH 13 to pH ~14. This finding precludes conclusions that the
enhanced TOF values are largely controlled by ionic
conductivity or local buffer capacity. The reason for a generally
lower TOF at low catalyst loadings may be explained if
enhanced activity can be achieved when edge sites are in close
contact. We note that, regardless of support or pH, the total
faradaic redox charge in mixed Ni-Fe catalysts remained much
smaller compared to the Ni-only catalyst (1.5 e” per Ni atom),
in agreement with earlier results where Fe was found to mute
the redox activity of Ni.>* Thus, neither pH nor support appear
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Figure 3. Stability performance up to 1000 cycles between 1 and 1.6
Vrye at a scan rate of 100 mV/s and steady-state chronopotentio-
metric measurements at 10 mA cm™* for 20 h: (a) unsupported
NiysFess; (b) carbon supported NiyFess/C. CVs are displayed after
100 cycles (gray), SO0 cycles (green), and 1000 cycles (blue), and after
steady-state measurements at 10 mA cm ™2 for 20 h (red). The insets
show the associated OER overpotentials.

to fully recover the metal redox activity in mixed Ni-Fe catalysts
to the levels observed for the Ni-only catalysts.

3.3. DEMS-Derived Charge Efficiency during Oxygen
Evolution. To track the distribution of faradaic charge injected
into formation of products (O, release) and into catalyst redox
processes (change in metal redox states), we used differential
electrochemical mass spectrometry (DEMS). The measure-
ments were carried out in a dual thin-layer electrochemical flow
cell based on a similar design reported elsewhere.*> Oxygen
evolution activities were measured for unsupported Ni,sFes;
and supported NiysFess/C catalysts. To gain a deeper
understanding of the effects of carbon support and electrolyte

pH on the charge efficiency, measurements were carried out in
0.1, 0.5, and 1 M KOH electrolytes (pH 13, 13.7, and 13.9,
respectively). The catalysts were first cycled in 0.1 M KOH
until a stable CV had been reached (~200 cycles), and next
switched to 0.5 M KOH, and thereafter to 1 M KOH, without
removing or changing the electrode. The faradaic efficiencies of
O, (FEO,) were calculated using a sensitivity factor (K*) to
convert the jon currents to corresponding DEMS-derived
faradaic currents (ifgy°), the integral charge of which was
subsequently divided by the total faradaic charge derived from
voltammetry. The absolute levels of O, were also confirmed
close to 100% in the steady state using online mass
spectrometry coupled to gas chromatography (GC) where
volatile species were sampled in the headspace in a steady flow
of § sccm N, (Figure S7 and Table S1b). Cyclic scans of the
voltammetric faradaic currents (black lines) and the O, DEMS-
derived faradaic currents (iggy") (colored lines) are compared
in the potential domain in Figure Sa—f. The insets show both
data sets in the time domain.

The colored areas in the insets of Figure Sa—f represent the
integral of (iﬁ%lfs) corresponding to the charge of the evolved
oxygen, while the black lines denote the total faradaic
voltammetric current (ig).

In 0.1 M KOH, The faradaic O, efficiency was estimated to
93% O, for the unsupported NiyFess catalyst and to 81% for
the supported NiysFess/C catalyst, indicating a lower level of
catalyst redox activity in the unsupported catalyst. By gradually
increasing the pH by changing the electrolyte concentration
from 0.1 M — 0.5 M — 1 M KOH, the apparent redox charge
associated with processes other than oxygen evolution
increased significantly, and the FEO, decreased from 93% —
86% — 85% for NiyFeg; catalyst and from 81% — 61% — 55%
for the NiysFess/C catalyst in the corresponding electrolytes
(see overview in Figure Sg). We also note that O, release did
not set off before near completion of the catalyst-related redox
wave. Our data establish for the first time a clear reemergence
of catalyst-related (metal and ligand) redox processes with
increasing pH and with increasing catalyst dispersion on a
support.

Evaluating the faradaic O, efficiency from Figure S omitting
the catalyst redox charge from the total faradaic charge, it
approached 100% within the error of the peak deconvolution
for the unsupported NiyFegs catalyst (Figure S8). For the
NiysFess/C catalysts on the contrary, the efficiency was much
lower despite attempts to eliminate the charge associated with
the redox peak. This may inflict a contribution from a carbon
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Figure 4. Measurements at various metal loadings of the Ni,Fess and Ni,sFess/C catalysts ranging from 1 to 20 ug Ni+Fe cm™2 (a) CVs at 100
mV/s of carbon supported NiysFess/C catalyst in 1 M KOH. (b) Turnover frequency (TOF) of unsupported Ni,sFess and NiyFes/C in 0.1 and 1

M KOH. (b) CVs at 100 mV/s of Ni,sFess/C in 1 M KOH.
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Figure S. Differential electrochemical mass spectrometry (DEMS) measured in an electrochemical flow cell. Presented CVs were measured at a scan
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shifts due to ohmic resistances and reference electrode shifts associated with the different electrolyte pH. The current densities recorded at the
potentiostat (iz) are shown as black curves. The mass spectrometric faradaic ion currents of O, (m/z 32), iggl\fs, are shown as colored lines or areas.
The inset numbers indicate the faradaic efficiency O, (FEO,). Potential values at the arrows at the bottom indicate the OER onset potential from the
DEMS trace. (g) FEO, estimated for the catalysts shown in parts a—f by inclusion of the entire redox peak area (denoted Nigy). Redox charge and
FEO, estimated by exclusion of the redox peak area are shown in Figure S8.

corrosion process in addition to the catalyst redox charge. We
emphasize that we could not detect any indication of CO, of
the supported catalysts judged from the absence of signal from
CO, (m/z 44); see Figure S9. This fact does not exclude that
CO, is formed, since it will escape detection under alkaline
conditions (pH 13—14) due to the reaction between OH™ and
CO, to form dissolved carbonates. In an earlier study from our
workgroup, we showed that CO, could be detected in
phosphate buffer pH 7 and borate buffer pH 9.2 of the carbon
supported NigsFess/C catalyst.'” It should therefore be kept in
mind that the lower faradaic efficiency observed of the Ni—Fe/
C catalysts may partly come from a carbon corrosion process
and not solely from an enhanced metal redox process. Further
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investigations will be needed to assess the contribution of
carbon corrosion at pH 13—14.

Our DEMS charge efficiency analysis evidences that both
carbon support and higher pH enhance catalyst metal redox
processes, however in distinctly different ways. In accordance
with the Tafel plot analysis of Figure S3, the carbon support
shifts and strongly enhances the catalyst redox wave together
with the oxygen evolution onset, resulting in a greatly enhanced
OER activity and TOF. The pH value shifts the catalyst redox
wave cathodically, which also increases in magnitude, and
lowers the onset potential of the OER (see Figure 5). Higher
pH coupled with a support combine both effects. These
findings definitively exclude any simple masking of voltam-
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Figure 6. In situ UV—vis spectroelectrochemistry: (a) UV—vis absorption spectra of unsupported Ni(OOH) and Ni,sFe;s(OOH) catalysts at 1.5
Vi in 0.1 M KOH. The black curve shows the spectral baseline at 1.0 V. The right axis shows the molar extinction coefficient (¢). (b) UV—vis
spectra monitored at Abs,s, (A450nm) during potential cycling of Ni and Ni,sFeg catalysts in 0.1 M KOH. The solid lines show faradaic current
density (igeom, right axis), the dotted lines the absorption (left axis). (c—e) UV—vis spectra at A5, during potential cycling of the Ni,sFeg; catalysts in
different electrolyte concentrations, consecutively switched from 0.1 M — 0.5 M — 1 M KOH. Catalyst loadings were kept constant at ~5 ug cm™>
Ni. The CVs were recorded at 10 mV/s; the second cycle is shown. Potential values at the bottom in parts c—d indicate the onset potential of
spectral fingerprints linked to Ni redox activity.

metric redox processes of the catalyst by the oxygen evolution catalyst, which was linked to the emergence of a broad spectral
onset. The support-induced increase in catalyst particle absorption band slightly above 450 nm (A,); see Figure
dispersion, on the other hand, causes (i) better charge 6a.'”%° The absorption band is assumed to be related to the Ni
transport and (ii) the number of electrolyte-accessible Ni/Fe/ charge transfer processes, since no spectral changes were visible
ligand centers to increase sharply. The number of electro- in the FeOOH catalyst or of an empty FTO electrode upon
chemically accessible metal/oxygen centers, in turn, directly application of potential in the OER regime (see Figure S10).
controls the observed kinetic OER rate at a given overpotential, The observed absorption can therefore directly and unambig-
the change of that number will potentially affect the apparent uously be linked to changes in the electrochromic properties of
Tafel slope. We note the presence of a cathodic “tail” during O, Ni. To cross-check the effect of Fe doping on the fingerprint
release on the NiyFegs catalysts. This ion current tail is absent spectral changes of the Ni catalyst, the unsupported NijsFes;

on less roughened surfaces such as polycrystalline Pt or even in
IrO, catalysts.”® It was also discernible in previous inves-
tigations of unsupported Ni—Fe(OOH) catalysts with various
compositions.”® We speculate that this delayed O, release could

reflect a kinetic- or diffusion-limited release of O,. potential-induced absorption remained visible reflecting the

In summary, our DEMS experiments suggest a strong small percentage of Ni centers still undergoing redox processes
dependence of the degree of catalyst redox activity, associated (Figure 6a,b)

with the population of preactive metal/oxygen centers, on
electrolyte pH and catalyst dispersion. Catalyst redox activity
directly influences the catalytic OER activity.

3.4. Tracking Metal Redox States Using In Situ UV—vis
Spectroscopy. In situ UV—vis spectroelectrochemistry was
used to track the metal oxidation processes in NiIOOH and the
unsupported NiyFess(OOH) catalysts and to compile findings
in the DEMS experiments in a previous section regarding the
onset of the metal redox process and possible masking inside

catalyst was investigated keeping the mass loading of Ni strictly
constant at S ug cm™> Remarkably, the presence of Fe
suppressed the potential-induced coloration of the Ni almost
entirely in the Ni,Fess catalyst; merely a weak residual

Changes in the position of the absorption maximum upon
applied potential (1.5 Vyyp) were not observed as an effect of
Fe incorporation. Due to the broad nature of the band and the
weak absorption in the Ni—Fe centers, possible effects may
have been masked. The wavelength dependent molar extinction
coeflicient was calculated on the basis of the total metal loading
of Ni on the electrodes determined by elemental TXRF analysis
(shown in Figure 6a, right axis), according to the following

the OER current. Measurements were carried out using a formula

quartz cuvette, and catalysts were drop-casted on transparent AQD)

FTO electrodes. Application of an OER catalytic potential e(d) = 3

induced a strong characteristic coloration of the Ni(OOH) cni10 (6)
2077 DOI: 10.1021/jacs.6b12250
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deprotonation of mixed Ni—Fe(OOH), leading to oxidized Ni and accumulation of negative charge on the oxygen connected to the Fe site. Note
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where £(1) is the molar extinction coefficient in units L mol™
cm™', A(4) is the wavelength dependent absorption, and cy; is
the molar concentration of Ni on the electrode (mol cm™).

The extinction coeflicient was estimated to increase up to
6500 and only to 200 L mol™! ecm™ for Ni(OOH) and
NiysFess(OOH), respectively, at a potential of 1.5 Vi Since
the total metal loading of Ni was kept at a constant value for
both the Ni and the Ni—Fe catalyst, the study confirms that Fe
strongly suppresses the induced charged transfer of Ni? —
Ni*¥** observed as a reduced absorption intensity at applied
catalytic potential.

Our observations build on a previous report that
demonstrated potential-induced coloration of solution-cast
NiOOH and Ni—FeOOH catalyst thin films.'” However, a
quantitative analysis of the amount of oxidized Ni at catalytic
OER potentials has previously not been established and we
hereby show for the first time that Fe modifies the visible light
absorption related to the oxidation of Ni*> — Ni**** in a
quantitative way. Our observations are in perfect agreement
with a larger fraction of reduced Ni** centers in mixed Ni—Fe
catalysts during catalytic potential, confirming findings in a
previous XAS study from our group about low-valent Ni** in
mixed Ni—Fe catalysts.”® Potential cycling revealed that the
absorption band of the Ni catalyst was rising right after the
onset of the Ni(OH), — NiOOH redox wave, and finished
before OER commences. On the contrary, in the NiyFes
catalyst, the UV—vis absorption started at slightly more anodic
potentials, slightly overlapping with the OER catalytic process
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(Figure 6b). This concludes that Fe is suppressing the oxidation
of Ni centers, shifting the onset of its oxidation closer to the
OER onset potential and at pH 13 even into the catalytic
potential range (see discussion below). Our data however do
not allow unambiguous discrimination of whether the two
competing oxidation processes (Ni oxidation and OER) are
independent of each other.”® Our results clearly demonstrate
that Fe shifts the Ni oxidation anodically, and provides
spectroscopic evidence to what appears as an OER catalytic
process proceeding at low-valent Ni*> centers in mixed Ni—Fe
catalysts.

To further investigate the effect of the electrolyte pH on the
UV—vis absorption band in the NiyFeg catalyst, we applied a
similar pH protocol during operando UV—vis measurements as
previously in our DEMS study, gradually increasing the
electrolyte concentration from 0.1 M - 0.5 M —- 1 M
KOH. Starting in the lowest electrolyte concentration of 0.1 M
KOH (pH 13), the CVs revealed a small redox peak feature,
confirmed by the weak potential-induced absorption at A,50,m
(Figure 6c). After a stable CV had been reached in 0.1 M KOH,
the electrolyte was switched to 0.5 M KOH (pH 13.7). The Ni
redox peak immediately shifted cathodically and grew in
intensity. This was reflected in the UV—vis absorption band,
which immediately responded to the increased electrolyte pH
by an increased intensity along with an earlier onset potential
for the oxidation (Figure 6d). After a stable CV had been
reached in 0.5 M KOH, the electrolyte was switched to 1 M
KOH (pH 13.9). The redox peak again shifted to more
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cathodic potentials, and the absorption band intensified (Figure
6e). The response from the visible A450,, band was again
consistent with a stronger coloration of the catalyst film in 1 M
KOH, which suggests that a larger portion of oxidized Ni*¥/**
centers were present in higher electrolyte pH. This is consistent
with the decreased faradaic efficiency observed in the DEMS
measurements at higher electrolyte pH. We noticed that, at the
first CV cycle, there was a stronger absorption change than on
all consecutive cycles (Figures 6a—e and S1la—c). This could
confirm the presence of trapped oxidized Ni in the catalytic
film, as discussed by Batchellor et al,’ or suggest Ni atoms in an
average higher oxidation state. The coloration of the oxidized
Ni centers was possible to remove by application of a slightly
reducing potential, which returned the absorption to the initial
level.

Our UV—vis measurements demonstrate that the reduction
of oxidized Ni*¥** centers is more difficult than the oxidation
of Ni*? centers, which might explain the “tail” observed in the
DEMS measurements on the cathodic scan, assuming that the
reduced centers relax through O, release. Both CVs and quasi-
stationary-state measurements (Figure S12) confirmed that the
oxidation commences more anodic in 0.1 M KOH compared to
0.5 and 1 M KOH. Notably, prior to the main oxidation wave in
the NiysFess catalyst, we noticed spectral changes that could
correspond to early formation of an oxidized species
(preoxidation) starting before the onset of the Ni redox peak
(Figure S11d). This was especially pronounced in 0.1 M KOH;
however, it was also visible in 0.5 and 1 M KOH. The band was
slightly more pronounced at higher wavelengths. In a recent
ambient pressure XPS study by Ali-Loytty et. al, signals from an
unknown oxide species, possibly a negatively charged “active
oxygen species”, were also detected at precatalytic potentials
before the onset of the main Ni redox peak."’

Finally, to exclude that compositional changes accounted for
the increased metal redox activity at high electrolyte pH, we
estimated the amount of Ni and Fe on the electrodes after
exposure to each respective electrolyte pH (0.1, 0.5, and 1 M
KOH); see Figure S13. The samples were conditioned with an
equivalent measurements protocol as in the UV—vis measure-
ments, using identical conditions. The metal loadings were
determined by TXREF analysis by dissolving the catalyst left on
the electrode in acid. These measurements concluded that a
fraction of Fe was lost upon exposure to KOH, and a small
further loss due to increased electrolyte pH. However, the
compositional changes were neglectible, and could not account
for the increased metal redox activity.

In summary, our operando UV—vis studies enabled a
quantitative estimation of the metal redox states in Ni—Fe
oxide catalyst films during oxygen evolution conditions, even
inside the OER range; they confirm the Fe-induced suppression
of characteristic Ni-based spectral absorption of the film during
scans into the catalytic OER potential range.

3.5. Non-Nernstian pH Effects and Decoupled
Proton—Electron Transfer. A detailed analysis of the pH
dependence of the characteristic catalyst Ni redox peak
potentials revealed a surprising, previously overlooked
composition-sensitive and pH-sensitive shift of both the anodic
and the cathodic peak potentials (Figure 7a,b and Figure S14).
Figure 7b shows the dependence of the Pourbaix slope
(AEcqsur/ApH) dependence on the Fe content of the
catalysts. The pH-induced shifts of the peak potentials were
near-Nernstian (~—59 mV/pH) for the supported and
unsupported NiOOH catalysts (0 at. % Fe) in unpurified as
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well as purified, rigorously Fe-free electrolytes. The
(AE, 51/ ApH) values observed for the Ni-only catalyst are
in excellent agreement with similar Nernstian slopes of earlier
studies.*® However, at increasing Fe contents, the Pourbaix
slopes (AEPeak,SHE/ ApH) reached values as low as —120 mV/
pH, peaking at around 37 at. % Fe. This constitutes a large
deviation from the ideal Nernstian thermodynamics. The
anodic scan exhibited a less pronounced shift than the cathodic
scan; however, this is explained by the fact that the redox peak
is hidden in the OER current, as revealed by the UV—vis
spectro-electrochemical measurements in a previous section.

The —60 mV/pH Nernstian potential shift of Ni-only
catalysts in Figure 7b can be explained in a straightforward
manner by an n-proton coupled n-electron transfer***’
(PECT) schematically illustrated in Figure 7c (n = 2) according
to

Ni"’Ni**(OH)(OH) + 20H™ — Ni"’Ni**(0)(0)

+ 2H,0 + 2e” (PCET)

?)
We note that, to account for a thermodynamic Nernstian
shift of —60 mV/pH, the proton/electron transfer in eq 7 does
not necessarily have to proceed in a fully concerted manner.”
In contrast to the Nernstian behavior of Ni-only catalysts, the
unusual super-Nernstian —120 mV/pH behavior in Figure 7b
of the Ni—Fe catalysts is consistent with a two proton—one
electron transfer™®*” illustrated in Figure 7d according to

Ni*Fe*3(OH)(OH) + 20H™ — Ni"Fe™(0)(0)°~

+2H,0 + ¢~ (PT/ET) (8)

Schemes such as eq 8 would generate negatively charged
oxygen ligands, which have been thought to be instrumental for
the evolution of molecular oxygen, as such ligands react with
neighboring vicinal/geminal OH ligands (lattice oxygens) or
solvated OH™ forming so-called “active oxygen” species such as
peroxide (“—O—OH” or “—0—07) and superoxide (“—O—
0”) ligands.***>*° The thermodynamics do not allow any
conclusions as to a concerted or serial nature of the two
proton—one electron transfer. However, due to the exper-
imental pH dependence of the catalytic OER rate at more
anodic electrode potentials, a decoupled proton transfer
appears conceivable. We propose that the initial proton
abstraction from a terminal or bridged OH at a Fe* center is
slow and results in the generation of a reactive Ni**Fe™>(OH)-
(0)" intermediate, followed by a fast subsequent concerted
transfer of an electron and another proton, this time from a OH
group attached to a redox active Ni*? center. If the proton
abstraction from Fe exhibits kinetic barriers, this would increase
the required overpotential for proton abstraction with
increasing Fe content. It would also diminish the exper-
imentally observable population of the Ni“*Fe**(0)(0)%"
intermediate at a given overpotential.

Our data do not allow an unambiguous assignment at which
metal center the negative charge is ultimately formed, nor if the
negative charge is linked to a bridging oxygen or a terminal
oxygen ligand. However, the anodic shift of the redox peak
combined with the lack of evidence for any oxidized Fe™**
suggest that the negatively charged oxygenate is more likely
formed at a Fe. This would explain the delayed Ni oxidation
and establish Fe as the catalytic active center. In fact, according
to a recent isotope study involving 18-O exchange in CoO,
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catalyst by Koroidov et al., the O, is most probably formed by
coupling of terminal intramolecular lattice oxygens.”'

In summary, we report previously overlooked substantial
non-Nernstian pH effects for unsupported and supported NiFe
oxyhydroxide catalysts. We propose a two proton—one electron
transfer scheme with a negatively charged species generated at
the Fe center. This hypothesis is able to plausibly explain the
experimental pH shifts of the voltammetric redox couple as well
as the pH dependence of the OER activity. In addition, our
hypothesis accounts for the anodic peak potential shifts with
increasing Fe content and their diminished integral charge.

3.6. Local Atomic Structure under Catalytic OER
Conditions. The local atomic structure and the metal redox
states during oxygen evolution conditions were examined using
in situ X-ray absorption spectroscopy (XAS), at the Ni and Fe
K-edges. The catalysts were freeze-quenched at 1.63 Vyyyp using
liquid nitrogen after 30 min of chronoamperometric
preconditioning at the given potential according to a reported
method.”**”** Catalysts were measured in 0.1 or 1 M KOH,
where catalysts measured in 1 M KOH had not been exposed
to 0.1 M KOH. The catalysts were kept under liquid nitrogen
or liquid helium during transfer and throughout the measure-
ments.

The Ni K-edge positions, shown in Figure 8a, were
consistent with Ni absorbers in the carbon supported Ni
catalyst (Ni/C) predominantly in an oxidation state of +3/+4

(or more precisely +3.7). This is in agreement with
Ni K edge
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Figure 8. X-ray absorption spectroscopy (XAS) of unsupported and
carbon supported Ni—Fe/C catalysts under a catalytic potential of 1.63
Ve measured in 0.1 and 1 M KOH. (a) Ni K-edge XANES and (b)
Ni K-edge FT-EXAFS for the catalysts shown in part a. Catalysts were
freeze quenched after conditioning at the given potential for 30 min in
0.1 M KOH or 1 M KOH. Catalysts conditioned in 1 M KOH were
not exposed to 0.1 M KOH prior to the measurements. Supporting
measurements at the Fe K-edges are shown in Supporting Information
Figure S15 and extended X-ray absorption fine structures in Figure
S16. Fit parameters are listed in Tables S2 and S3. The catalyst
composition is given as at. %. The legend in part a also applies to part

b.
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investigations of the unsupported Ni catalyst in an earlier
study from our group.”® The carbon supported Ni,Fess/C
catalyst investigated in 0.1 M KOH, in contrast to the
unsupported NiyFegs catalyst, showed a potential-induced Ni
K-edge shift, however less pronounced in comparison to the
Ni/C catalyst. Quantification of the oxidation states revealed a
mixture of Ni*? and Ni**** atoms in the mixed Ni,Fe/C
catalyst and mainly Ni** centers in the Ni,Fes (fit parameters
are listed in Table S2). This supports recent work from our
group of unsupported Ni—Fe catalysts, showing that Fe results
in a higher fraction of low-valent Ni*2** This also confirms that
the carbon support increases the detectable amount of oxidized
Ni*¥** species compared to the unsupported Ni—Fe catalysts,
which corroborates findings using DEMS, compatible with a
larger redox peak in the Ni—Fe/C catalysts.

To investigate the effect of electrolyte pH, XANES was
measured in 1 M KOH. These samples had not been exposed
to 0.1 M KOH in order to rule out possible effects from pre-
exposure to 0.1 M KOH. The Ni K-edge showed a stronger
potential-induced shift which could be fitted with a larger
fraction of oxidized Ni**** species present in both the
unsupported NiyFess and the supported NiyFess/C catalysts
in 1 M KOH (Figure 8a and fit parameters in Table S2). This is
consistent with the findings using both DEMS and UV—vis
spectroelectrochemistry that higher electrolyte pH facilitates
the metal oxidation process, seen as an enhanced redox peak
feature.

The Fe K-edge did not undergo an observable shift under
catalytic potential, and Fe was consistently in oxidation state +3
(see Figure S15a and fit parameters in Table S3). This is in
accordance with earlier findings from our group of the
unsupported catalysts”® and in agreement with work from
Friebel et al.”* While there exists a sin§le report on the
formation of Fe** under catalytic potential,”® all other reports
arrived at the conclusion that the overwhelming fraction of Fe
centers in Ni—Fe/C catalysts does indeed remain in oxidation
state +3. According to a recent DFT+U study, different
analogous NiOOH structures may favor different local atomic
environments also with respect to oxidation state.””

The Fourier-transformed extended X-ray absorption fine
structure (FT-EXAFS) of the Ni/C catalyst (Figure 8b)
revealed explicit octahedral coordination of Ni—O at a distance
of 1.88 A and Ni—M of 2.82 A, the latter ascribed to di-y-oxo-
bridged metal (see insets in Figure 8b for motifs). The short
coordination distances under a catalytic potential were
consistent with a y-NiOOH phase.”*****>* The Ni,sFes; and
NiysFegs/C catalysts in 1 M KOH showed split Ni—O and Ni—
M coordination distances, which impart the presence of partly
reduced Ni** and partly oxidized Ni**** atoms. This is also
evident from the suppressed K-edge shift of the mixed Ni—Fe
catalysts in comparison to the Ni/C catalyst. The fraction of
reduced Ni*? centers (long distance) could be well represented
by Ni—O shells coordinated at 2.04 A and Ni—M shells at 3.08
A, consistent with a a-Ni(OH), phase.”**® The absence of a
potential-induced Fe K-edge shift and a lack of contraction of
the Ni—O bond supports the absence of a metal oxidation state
change of Fe (Figure S15b). Nevertheless, a contraction in the
Fe—M coordination appeared as a response to the oxidized
fraction of Ni*¥** centers, with an additional coordination
distance arising at 2.93 A, supporting that Fe was incorporated
to form well-mixed Ni—Fe centers. X-ray absorption fine
structure is shown in Supporting Information Figure S16, and
complete fit parameters are listed in Tables S2 and S3.
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We conclude that the carbon supported Ni—Fe/C catalysts
exhibited a generally larger fraction of oxidized Ni** centers in
comparison to the unsupported catalysts,”® presumably due to
the enhanced electrolyte accessibility to more catalytic centers.
Increased electrolyte OH™ concentration also increased the
detectable amounts of oxidized Ni**** centers showing that
higher pH facilitates the metal oxidation step. On the other
hand, the fraction of oxidized Ni**** in mixed Ni—Fe/C
centers was consistently lower in comparison to the Ni/C
catalyst, also confirming that Fe suppresses Ni oxidation.””**
The XAS investigations confirmed both findings using DEMS
and UV—vis spectroelectrochemistry, where faradaic efliciency
of O, and spectroscopic potential-induced coloration associated
with charge transfer processes of the Ni metal were used as
sensors to track catalyst redox state changes in mixed Ni—Fe
catalysts.

4. CONCLUSIONS

We have presented a detailed study of the effects of high
surface-area conductive supports and the electrolyte pH on the
OER catalysis of Ni—Fe oxyhydroxide catalysts under alkaline
conditions. New insights and important conclusions were
obtained from a combination of voltammetric, in situ
electrochemical UV—vis, operando electrochemical mass spec-
trometric (DEMS), and in situ cryo X-ray absorption
spectroscopic data. In particular, we address the paradox of
muted Ni redox activity with increasing Fe content.

Compared to the unsupported reference catalyst at pH 13,
catalyst support and pH values >13 caused a substantial
cathodic shift and enhancement of the voltammetric catalyst
redox activity in the precatalytic potential range prior to the
OER onset. Operando UV—vis data confirmed this finding,
showing a more cathodic onset of generation of oxidized Ni
species with increasing pH. Both support and electrolyte pH
showed strongly enhancement effects on the catalytic OER
activity, however, in distinctly different manners. Supported
NiFe oxyhydroxide catalysts, with their higher particle
dispersion, allow for a larger population of metal centers to
be electrochemically addressable and accessible. This inter-
pretation was consistent with lower DEMS-derived faradaic
efficiencies for O, and slightly higher XANES/EXAFS-derived
average Ni oxidation states of the supported catalysts. With or
without support, UV—vis, DEMS, and XANES/EXAFS data all
evidenced that Fe suppressed the Ni redox behavior relative to
the Ni(OOH) catalyst.

Our study further revealed a dramatic effect of Fe*> centers
on the Ni redox peak potential shift with pH. Data revealed a
gradual transition from an ideal Nernstian to a strongly non-
Nernstian cathodic potential shift with increasing Fe; we
rationalized this in terms of a transition from a two proton—two
electron PCET process to a two proton—one electron (PT/
ET) transfer, involving the generation of negatively charged
oxygen ligands at the Fe centers. If the deprotonation of the Fe-
bound OH is assumed slow but necessary for subsequent
proton/electron redox transfers at adjacent Ni centers, this
would provide a plausible explanation for the long-standing
paradox of the anodic shifts of the Ni redox peaks with higher
Fe content, despite earlier OER onset. Together, the refined
mechanistic picture is able to consistently explain most major
present and previous observations, a significant step forward in
our understanding of the OER catalysis of this catalyst system.
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