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ABSTRACT: Ni—Fe and Ni—Fe—Co mixed-metal oxide (MMO) films were
investigated as electrocatalysts for the oxygen evolution reaction (OER) in
0.1 M KOH. In an effort to optimize MMO morphology, aniline was used as
a capping agent to produce high-surface-area Ni—Fe—Co films on Raney
nickel supports. This catalyst exhibits enhanced mass activity in comparison
to the Ni—Fe OER electrocatalysts reported to date. Cyclic voltammetry
shows changes in the potential of the Ni?*/3* transitions in Fe- or Co-
containing MMO films. In situ X-ray absorption spectroscopy (XAS) analysis
confirms that Fe acts to stabilize Ni in the 2+ oxidation state, while Co
facilitates oxidation to the 3+ state. The results of this study support the
recent claims that Fe (not Ni) is the OER active site. The OER enhancement
of the ternary Ni—Fe—Co catalyst results from two effects: (1) the charge-
transfer effects of Co result in the formation of the conductive Ni'"OOH
phase at lower overpotential, thus activating the Fe sites which are otherwise
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inaccessible to electron transfer in the nonconductive Ni''(OH), host lattice, and (2) XAS analysis shows that the presence of Co
effectively “shrinks” the Ni and Fe local geometry, likely resulting in an optimized Fe—OH/OOH bond strength. In addition,
analysis of heat-treatment effects indicates that calcination at 400 °C improves the OER activity of Ni—Fe—Co but deactivates
Ni—Fe. Annealing studies under argon show that MMO surfaces with a hydrated Ni(OH), phase and a crystalline NiO phase
exhibit nearly identical OER activities. Finally, the morphology of the MMO catalyst film on Raney Ni support provides excellent
catalyst dispersion and should result in high active-site utilization for use in technologically relevant gas-diffusion electrodes.
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B INTRODUCTION

The oxygen evolution reaction (OER) forms a critical corollary
to technologically important electrode processes in aqueous and
nonaqueous electrolytes. Most important among these is the
couple with the hydrogen evolution reaction (HER). In addition,
the goal of a reversible oxygen electrode in both aqueous and
nonaqueous electrolytes has been the Holy Grail of the
electrochemical community, with a direct impact on metal—air
batteries. Most of the affordable and sustainable analogues are in
the aqueous domain such as the Fe—air system, recognizing that
nonaqueous Li—air has one of the highest energy density
electrochemical couples. Of the two ends of the pH scale in the
aqueous domain, acidic pH as a result of “stability criterion” is
restricted to noble metals (especially rare Ir): therefore, the
greater focus on alkaline pH.

Recent breakthroughs in alkaline polymer electrolytes (APEs)
have sparked increased research into non platinum group metal
(non-PGM) electrocatalysts for fuel cells and electrolyzers.'
Research has identified three main classes of non-PGM
electrocatalyst materials for the OER: (a) spinels (with AB,O,
crystal structure), (b) perovskites (with ABOj crystal structure),
and (c) mixed-metal oxides (typically with M,M,_,(OH), crystal
structure). Singh et al.” (among many others) have conducted

-4 ACS Publications  ©2015 American Chemical Society

155

extensive screening of a wide range of spinel OER electro-
catalysts with results indicating that catalysts containing both Ni
and Fe exhibit the highest OER activity. Perovskites have played
a starring role in recent literature because they have shown very
promising fundamental properties, such as high “specific activity”
(activity normalized to their physical surface area). Unfortu-
nately, the calcination temperatures required for the formation of
the perovskite phase (700—1100 °C) also result in significant
particle sintering, leading to a physical surface area typically
below 1 m*/g, and thus the mass activity (MA) for these samples
is lower than the MA reported for mixed-metal oxide (MMO)
catalysts.” However, Stevenson et al.” have recently reported a
novel method to produce La(NiCo)O; perovskites with a
surface area of ~10 m?/g which exhibit OER activity rivaling that
of PGM catalysts. In contrast to the thermal treatments required
to form spinel and perovskite phase catalysts, MMO materials do
not require high-temperature heat treatment and can be
fabricated by electrochemical deposition or simple hydrothermal
methods to produce the transition-metal oxide films.’
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Screening of monometallic metal oxide films by Markovic et
al.’ previously indicated that, of the group 3d metals, Ni is the
most active for OER. However, Boettcher et al.” recently showed
that the high apparent activity of “pure Ni oxide” samples in
previous reports was due to contamination from trace Fe in the
electrolytes. Numerous studies have revealed that Ni—Fe mixed
oxides provide a greatly increased OER activity in comparison to
pure Ni electrodes—or other binary mixed oxides.” Various
studies of Ni—Fe systems have shown that catalysts consisting of
60—90 wt % Ni exhibit optimized activity’” The wide range
reported for optimum Ni content is likely due to the range of
synthesis methods and heat treatments to which the samples
were subjected. In particular, it has been shown that catalysts
exhibiting a layered double-hydroxide (LDH) crystal structure
are more active than the calcined spinel phase nickel ferrite
catalysts. Furthermore, it has been shown that nonconductive
FeOOH phases nucleate above a certain Fe content thresh-
0ld.”*" Until very recently, it was widely assumed that Ni was
the OER active site and the role of the Fe in Ni—Fe catalysts was
rather ambiguous. The addition of Fe was certainly beneficial in
facilitating formation of the LDH phase, thus increasing the
effective electrochemical surface area (ECSA). However, recent
in situ XAS analysis of Ni—Fe oxides together with DFT
calculations by Bell et al."® have indicated that Fe, not Nj, is the
OER active site in Ni—Fe catalysts. Furthermore, Boettcher et
al.'” conducted in situ conductivity testing of Co,_,Fe,OOH
films which indicated that the pure FeOOH films are not
conductive until >1.62 V (vs RHE) and, thus, a conductive matrix
(of Co or Ni oxide) is required to activate the Fe sites at lower
overpotential.

In light of the previous reports mentioned above, this
investigation examines in some detail an electrocatalyst
comprised of a ternary mixed-metal oxide film of Ni—Fe—Co
oxide supported on Raney Ni. This MMO catalyst exhibits the
highest OER activity of any electrocatalyst evaluated to date on a
mass activity basis. It must be recognized that for any practical
OER electrocatalyst its incorporation into a three-dimensional
interface provided by gas diffusion media in close concert with
ion channels is critical. This is particularly relevant from the
perspective of some prior reports where electrodeposited thin
films were used."'

This report specifically examines the enhanced OER activity of
the ternary Ni—Fe—Co MMO over state of the art Ni—Fe LDH
materials in the context of aforementioned results of Bell'”* and
Boettcher.”'”" In particular the charge-transfer effects of the Co
component in the Ni—Fe—Co MMO have been studied in their
ability to facilitate oxidation of the insulating Ni(OH), to the
conductive NiOOH, thus activating the Fe sites in the conductive
Ni/Co oxide host at lower overpotential. Furthermore, in situ
XAS analysis has been used to reveal that the presence of Co in
the MMO film decreases the Ni-centered bond distances. We
also show that our XAS results agree with those of Bell et al.;'**
herein we show that Fe substitutes into the Ni sites, thereby
decreasing the average bond distances, presumably resulting in a
decrease of the Fe—OH/OOH bond energy and thus leading to
optimized adsorbate binding energy. This constitutes a thorough
revelation of the likely design elements necessary for enhanced
OER electrocatalysis by MMO type materials.

B EXPERIMENTAL SECTION

Raney Ni supported catalysts were synthesized via a modified
impregnation method (IM) technique,'” in the presence of
aniline to form a high-surface-area MMO film on the Raney Ni
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support. To a slurry of Raney Ni (Raney-2800, Sigma-Aldrich) in
H,O (18.2 MQ Millipore) was added an appropriate amount of
metal nitrate salts, or MoCl; for the Mo/Raney sample (reagent
grade, Sigma-Aldrich), to produce a film of 40 wt % MMO on
Raney Ni. The high-surface-area MMO film was produced by
adding a 10 molar equiv excess (with respect to metal salts) of
aniline (Sigma-Aldrich) to the reaction solution and stirring
gently for ~1 h prior to dropwise addition of a 3 molar equiv
excess (with respect to metal salts) of sodium borohydride
reducing agent (Sigma-Aldrich). The reaction solution was then
stirred overnight and subsequently filtered, washed, and dried
before heat treatment in a tube furnace. In addition, various
carbon-supported binary and ternary Ni alloy electrocatalysts
were synthesized by a standard impregnation method (IM) using
NaBH,. The carbon support was Vulcan XC-72R (Cabot Corp.,
Billerica, MA). The support was dispersed in the reaction
solution and stirred for at least 1 h, followed by addition of metal
nitrate salts and an additional 1 h of stirring. Finally, NaBH, was
added dropwise with vigorous stirring. The solution was stirred
for atleast 1 h to ensure complete reaction. Both Raney Niand C
supported samples were vacuum-filtered through a Biichner
funnel and washed with 500 mL of DI H,O. The Raney Ni
supported samples were also washed with 200 mL of acetone to
remove any free aniline or aniline oligomers. The solid products
were dried in a vacuum oven at 80 °C overnight. Heat-treatment
studies were performed in a tube furnace in air for calcination or
under argon for annealing.

For electrochemical analysis, inks composed of 3 mL of H,0,
6.95 mL of 2-propanol and 50 uL of 5 wt % ionomer dispersion
were mixed with an appropriate amount of catalyst. The ionomer
dispersion used was perfluorosulfonic acid—PTFE copolymer
(Alfa Aesar, Ward Hill, MA). The inks were sonicated for at least
30 min before a 10 yL aliquot was deposited on the tip of a
polished glassy-carbon disk (5.61 mm diameter) to produce a
loading of 50 ug of MMO/cm? for C supported catalysts and 250
ug/cm’® for Raney Ni supported catalysts. MMO samples were
compared to an Ir black PGM standard provided by Proton On-
Site (Wallingford, CT). The catalyst layers were spin-coated on
the RDE tip at 300 rpm using an inverted Pine Instruments
rotator to ensure uniform distribution of the catalyst. For
examination of the Raney Ni supported catalysts, catalyst layers
also contained S0 pg/cm® Acetylene Black (Chevron) to
maximize the dispersion and increase the electronic conductivity.
Electrochemical tests were conducted with an Autolab
(Ecochemie Inc., Model PGSTAT30) potentiostat/galvanostat.
Tests were conducted in a 100 mL three-electrode cell. Alkaline
(0.1 M KOH) electrolyte was prepared using potassium
hydroxide pellets (semiconductor grade 99.99%, Sigma-Aldrich)
and ultrapure H,O (18.2 MQ, Millipore). For each test, a freshly
made reversible hydrogen electrode (RHE) was used as the
reference electrode and a gold flag counter electrode was used to
avoid Pt contamination. The glassy-carbon working electrode
was rotated using an RDE setup from Pine Instruments. Rotation
rates of 2500 rpm were sufficient to remove the O,(g) product
from the surface and examine the kinetics well into the OER
region. The electrolyte was purged for 30 min with O,(g) prior to
testing to mitigate carbonate formation from dissolved CO, and
to simulate the O,-saturated electrolyte of a working electrolysis
anode. All reported data were obtained after conditioning
electrodes with 20—30 CV scans (100 mV/s from 1 to 1.8 V) or
until a stable response was observed. EIS spectra were evaluated
at S0 mV intervals from 1.55 to 1.7 V vs RHE (20 kHz to 100
mHz with 10 mV amplitude). The high-frequency resistance was
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obtained from EIS data and used to perform iR corrections of
steady-state OER polarization curves.

XRD characterization was conducted using a Rigaku Ultima IV
XRD instrument with a Cu Ka source (4 = 1.541 A) operated at
40 kV and 44 mA. 20/6 scans were conducted using a 0.05° step
size and S s hold per step. XRD analysis was conducted using
Rigaku’s PDXL software. SEM characterization was conducted
using a Hitachi S-4800 FE-SEM instrument. EDS data was
collected using EDAX Genesis on the SEM to validate sample
elemental composition. XAS measurements were conducted at
the X3B beamline of Brookhaven National Laboratories, and
analysis was performed using the IFEFFIT suite. Additional
details of XAS measurements are provided in the Supporting
Information.

B RESULTS AND DISCUSSION

1. Validation of Metal Trends for OER. In an effort to
validate previous trends of OER activity on transition-metal
oxides, we first synthesized monometallic films on the Raney Ni
support. Figure 1 shows the results of cyclic voltammetry testing
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Figure 1. CV data (20 mV/s) showing Ni**/** redox peaks and OER
activity from Raney Ni supported samples. Conditions: 250 pg/cm?
catalyst loading on GC RDE substrate; tested in O,-purged 0.1 M KOH
at room temperature (~23 °C) and 2500 rpm.

on the films of Ni, Mo, Co, and Fe on the Raney Ni support. The
results indicate that the Mo surface on Raney Ni did not enhance
the OER activity, and the lack of redox peaks on the Mo/Raney
sample indicate that the Mo surface may be completely
passivating the redox activity of the Raney Ni substrate.
Furthermore, the Fe/Raney Ni sample also showed muted
Ni**3* redox peaks, indicating the presence of an iron-rich
surface. It has been previously reported that iron-rich surfaces do
not exhibit the OER enhancement typical of mixed Ni—Fe
systems.” Finally, it should be noted that the redox peaks
observed on the Co/Raney Ni sample occur at a potential much
lower than the redox peaks characteristic of the Ni**/3*
transitions. The redox peak potentials observed on the Co/
Raney Ni surface are very similar to those reported by
Berlinguette et al.”® for the Co*/** transition. Figure 1 also
clearly shows enhancement in OER activity by addition of Fe or
Co to the Raney Ni substrate. These results were conducted on
unheated samples to avoid the formation of crystalline spinel
phase materials.

2. Comparison of Steady-State OER Activity. Following
identification of the OER enhancement from Fe and Co addition
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to the Raney Ni support, preliminary MMO composition
optimization studies were conducted. Nickel-rich samples with
9:1 Ni:Fe and 8:1:1 Ni:Fe:Co atomic ratios exhibited maximum
OER activity. These results support recent literature, which
indicates that a Ni-rich composition provides ideal OER activity.
Although many recent reports evaluating the fundamental
properties of OER catalysts chose to report the MA at
overpotentials of 350 or 400 mV (iR-comp.), we chose to
evaluate OER performance only up to 1.8 V (vs RHE) applied
potential, because this translates to full-cell operation below 2 V
assuming 100—200 mV cathodic overpotential from the HER
catalyst. Figure 2 shows the clear increase in OER activity by
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Figure 2. Steady-state OER chronoamperometry results. Conditions: 20
mV steps with 1 min hold/step; 0.25 mg/cm? catalyst loading, tested in
O,-purged 0.1 M KOH at room temperature (~23 °C) and 2500 rpm.

adding Ni—Fe and Ni—Fe—Co MMO films to the Raney Ni
substrate. This increased activity is evident from both the raw
data and iR-comp. data. It should be noted that all catalysts
reported in Figure 2 exhibited ~36 Q high-frequency resistance
(HFR). The bulk of this resistance can be attributed to the low
conductivity (~20 mS/cm)"® of the 0.1 M KOH electrolyte at
~23 °C. However, calculations'* based on the geometry of the
three-electrode configuration indicate solution resistance on the
order of 22 Q. The EIS results are presented in Figure S1 of the
Supporting Information along with a detailed discussion of the
analysis and the relative resistivity of the MMO film. However,
the nearly identical HFRs of the MMO and Ir black samples
suggest that the MMO/Raney Ni catalyst layer exhibits
conductivity similar to that of the benchmark Ir black catalyst
and thus contributes negligibly to the measured resistance.

In addition to increasing the OER activity beyond that of the
Raney Ni substrate, the addition of the MMO films produces
catalyst layers which exhibit increased performance in compar-
ison to an Ir black standard provided by Proton On-Site.
Furthermore, Figure S2 in the Supporting Information shows the
stability of the ternary Ni—Fe—Co/Raney Ni catalyst during 1 h
of continuous operation at 1.7 V applied potential (1.54 V iR-
comp.). During the course of the entire 1 h the average current
was 18.2 mA/cm? with a standard deviation of 0.07 mA/cm?,
which translates to an average mass activity of 70 mA/mg over
the course of the 1 h test, with aloss of less than 1% after reaching
a stable steady state at ~2 min. Although the data are somewhat
noisy due to occasional bubble formation on the tip of the
working electrode, the durability of this sample is apparent.
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Table 1. Comparison of Recently Reported OER Activities under Identical Conditions: 0.1 M KOH @ 25 °C

catalyst size (nm) mg/cm? mA/mg @ 1.55 V iR-comp. ref
BSCF perovskites micrometer 0.25 20 3b
LaMO;/N-doped-C 20-50 0.05 30 4
IrO, nanoparticles 6 0.05 40 16
Ni—Fe LDH 20 X 500 plates 0.07 70 15
Ni—Fe LDH/CNT S X S0 plates 0.2 80 Sb
Ni—Fe LDH/CQD S X 50 plates 0.2 100 Sc
Ni—Fe—Co/Raney Ni 2-5 0.25 110 this work
Recently literature has reported Ni—Fe LDH catalysts with 1]

extremely high OER MA.””"® To our knowledge, the highest Ni/C

MA to date, reported by Song et al,'” has resulted from 121 .

exfoliation of these Ni—Fe LDH materials to form subnanometer 10 4 N !-CO/C

films of LDH which were described as 2D networks of MOy T N!'FE/C

clusters. This exfoliated LDH catalyst material has shown < 81 [reee=eee Ni-Fe-Co/C

unprecedented MA on the order of 300—400 mA/mg at 7 = 320 S

mV, although this was in 1 M KOH, as opposed to the 0.1 M E

KOH standard electrolyte concentration used to more closely -

simulate the pH ~13 conditions of commercially available anion-

exchange membranes. In addition, these exfoliated LDH

nanoflakes were tested at relatively low mass loading (70 ug/

cm?). Under the conditions reported by Song et al,'’ the

-4 ; - , - ;

utilization of the active sites likely approaches 100%. However, in
a real electrode it is very unlikely that the MA of the exfoliated
LDH will scale linearly—i.e., active site utilization will be much
lower once the catalyst is stacked in a thick film. Thus, although
the MA reported by Song et al.'* acts as an excellent guide to
show the inherent OER activity of LDH catalysts, it should be
emphasized that optimization of catalyst morphology will be
paramount to leverage the high MA of this type of catalyst in
technologically relevant gas diffusion electrodes.

The MMO catalyst reported here provides an example of a
novel morphology which may allow high active site utilization at
higher catalyst loading on a real electrode. As a basis for
comparison, Table 1 reports the MA of the leading perovskite,
PGM, and MMO catalysts under nearly identical testing
conditions. Although Shao-Horn et al.* and Stevenson et al.’
reported perovskites which exhibited MA approaching that of the
Ir PGM standard'® at high overpotential (350—400 mV), Table 1
emphasizes that the Ni—Fe LDH samples of Song et al,,'> Gong
et al.,Sb and Kang et al.> exhibit much higher MA at low
overpotential. The advantage of the Ni—Fe catalysts results from
the very low onset potential for OER on these catalysts. This high
OER activity at low overpotential translates into significant
energy savings for full-cell water electrolysis using these non-
PGM catalysts.

3. Observations of Charge-Transfer Effects. Figure 3
shows the Ni**/3* peaks and OER activity for MMO films on
carbon supports. While the C supported samples would not be
stable under the high-voltage conditions of an operational OER
anode, these samples allow for analysis of the MMO film without
contribution from the Raney Ni support. The results indicate
that Co facilitates oxidation of Ni** to Ni** at lower potentials. In
contrast, Fe appears to stabilize the Ni** oxidation state. It has
been noted by Gong et al.™ and Bell et al.” that the inclusion of
Fe in Ni oxide catalysts appears to create a more disordered local
structure, characteristic of the a-Ni(OH), phase. In addition,
Bell et al.”® noted that the average oxidation state of Ni in films
with Fe was lower than that in pure Ni oxide films—i.e., inclusion
of Fe into the Ni oxide film increases the potential at which the
Ni%*/** transition occurs. Furthermore, the effects of Co on the
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Figure 3. CV data (20 mV/s) showing Ni**/** redox peaks and OER
activity from C-supported samples used for XAS analysis. All samples are
30 wt % MMO/C. Atomic ratios of MMO films are 1:1 Ni:Co, 9:1
Ni:Fe, and 8:1:1 Ni:Fe:Co.

Ni redox peaks in coprec7ipitated Ni—Co oxide films has been
noted by Corrigan et al.'” In particular, they noted a cathodic
shift of the Ni**/3* redox features in the presence of Co.

It is interesting to note that addition of Co to the Ni oxide film
does not appear to enhance the OER activity; however, both
samples containing Fe exhibit significantly enhanced OER
activity. Boettcher et al.” noted that while Fe does increase the
conductivity of the Ni oxide film, this effect cannot entirely
account for the enhancement of OER activity on Ni—Fe surfaces.
Thus, in light of the recent DFT results by Bell et al.'™* it appears
that these data support the assertion that Fe is the active site.
While FeOOH alone is not sufficiently conductive to act as a
catalyst at low overpotentials, calculations and experiments have
shown that Fe sites in a conductive host matrix (Ni or Co oxide)
exhibit ideal binding energy with —OH and —OOH
intermediates.'® Thus, the further OER enhancement of the
Ni—Fe—Co catalyst is likely due to activation of the more
conductive Ni""OOH phase (in comparison to the non-
conductive Ni(OH), phase’) at lower overpotential due to
charge-transfer effects from the Co component.

4, Observations of Charge-Transfer Effects from in Situ
XAS Analysis. In an effort to further examine the charge-transfer
effects in MMOs, in situ XAS analysis was conducted at Ni, Fe,
and Co K-edges on the C supported MMO samples. The XAS
data show distinct differences in the potential dependence of the
Ni K-edge energy from the various MMO samples. In contrast,
upon an increase in the applied potential, no shift in energy is
observed at the Fe K-edge (for data collected from 1 to 1.45 V)
and the Co K-edge shows only a minor shift in the edge energy
(Figures S3 and S4 in the Supporting Information). These results
are consistent with previous reports which have also observed
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that Fe exists in the 3+ oxidation state under OER
conditions.*™'%* Figure S5 in the Supporting Information
shows the Ni K-edge XANES and FT-EXAFS data for all four
samples: Ni—(0,)/C, Ni—-Co—(0,)/C, Ni—Fe—(0,)/C, and
Ni—Fe—Co—(0,)/C. However, to focus on the most relevant
data, Figure 4a compares the Ni K-edge XANES data from each
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Figure 4. Summary of XAS analysis: shifts in Ni K-edge energy due to
the presence of Fe and/or Co. (a) Ni K-edge XANES data for various
samples at 1.45 V applied potential (potential at which edge-energy shift
is most apparent). (b) Graphical representation of shifts in Ni K-edge
energy (relative to 8333 V) for various MMO samples as a function of
applied potential. The arrow shows the correlation with the observed
shift in Ni>*/** redox potential.

sample at 1.45 V applied potential, where the difference in
oxidation states is most obvious. Figure 4b provides a depiction
of the relative shift in the Ni K-edge energy of each sample as a
function of applied potential. The results support the CV data
shown in Figure 3, which indicate that Fe stabilizes Ni in the 2+
oxidation state, while Co facilitates oxidation to Ni** at lower
applied potential.

Figure 4b shows the shift in Ni K-edge energy relative to the
value of 8333 eV for pure Ni foil and emphasizes the charge-
transfer effects of Fe and Co in the MMO films. The exact
direction of charge transfer (i.e., to/from Ni) is rather
ambiguous, due to the structure of these MMO samples. In a
typical intermetallic alloy it is presumed that charge donation
from the Co to Ni sites would allow oxidation of the Ni sites at
lower potential (and vice versa for Ni—Fe charge transfer).
However, as these catalysts consist of nonstoichiometric metal
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oxy hydroxides, they likely interact by indirect charge transfer via
the bridging oxygen atoms.

EXAFS fitting of the Ni K-edge data (Table S2 and Figures S6
and S7 in the Supporting Information) shows that (1) for all
samples, the Ni K-edge data match very closely the recent results
by Bell et al.'"™ indicating that the Ni exists in the y-NiOOH
phase under the high-voltage conditions tested and (2) the
insertion of Co leads to contraction of Ni-centered bond
distances, including Ni—O and Ni—M (M represents a metal
such as Ni, Fe, and/or Co). This effect is caused by the
substitution of the Ni** with Co*" with shorter bond distances
due to the higher oxidation state. For a similar crystalline metal
oxide, Upton et al.'® recently reported that strain effects in
NdNiO; facilitate the charge transfer between two elementally
different atoms (Ni and Co here) despite the fact that the atoms
had been assumed to be isolated from each other (note the long
Co—Ni bond distances given by EXAFS (Table S2). Another
beneficial role of the strain induced by Co is to increase the
electrical conductivity of the MMO. Interestingly, while these
changes further increase the OER activity of y-Ni,_,Fe OOH,
they do not affect the OER activity of y-NiOOH. This strongly
suggests that the Fe is the active site which is responsible for the
high OER activities of Ni—Fe and Ni—Fe—Co. Specifically, the
shortening of bond distance is expected to result in further OER
activity enhancement if Fe is the active site, since Fe is known to
overbind OER intermediate adsorbates, % and the strain effects
are known to reduce the binding energies between Fe and OER
intermediates. On the other hand, it will not increase the OER
activity if Ni is the active site, since Ni already binds the OER
intermediates too weakly.

5. Investigations of Heat-Treatment Effects. Due to the
wide range of heat treatments for OER catalysts reported in the
literature, additional studies were conducted to evaluate the
effects of heat treatment on the Raney Ni and C supported
catalyst samples. The OER activity and XRD profiles of the
catalyst samples were evaluated to examine the effects of heating
the MMO films under argon (annealing) or calcination of the
films in an ambient air atmosphere. The results of heat treatment
studies on the MMO/Raney Ni samples are presented in Figures
S8—S10 and Table S3 in the Supporting Information. For
MMO/Raney Ni samples, accurate determination of the local
structure of the MMO surface is not possible because XRD
results are dominated by diffraction from ordered domains
within the Raney Ni substrate. However, electrochemical results
from the heat-treatment studies of the Raney Ni supported
catalysts provided an interesting qualitative result. Figure S shows
that the binary Ni—Fe catalyst exhibits enhanced OER activity
after annealing in argon but decreased OER activity after
calcination in air. In contrast, the ternary Ni—Fe—Co catalyst
exhibits increased OER activity after heating to 400 °C under an
argon or air atmosphere. While the reason for the increased
tolerance to oxidizing heat treatment of the Ni—Fe—Co MMO is
not clear, these results suggest a higher stability of the ternary
MMO.

In an effort to more clearly identify the phase changes in the
active surface, MMO samples on carbon supports were evaluated
before and after annealing heat treatment. The calcination heat
treatment was not studied for carbon supported MMO catalysts
due to the well-known oxidative degradation of carbon at
elevated temperatures.

In particular, the investigation of the heated MMO catalyst
provides a comparison between the Ni(OH), and NiO crystal
phases. Numerous recent reports of OER catalysts have
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Figure 5. CV data (20 mV/s) showing HT effects of Raney Ni
supported Ni—Fe and Ni—Fe—Co samples. All samples were heated at
400 °C under argon or air for 30 min.

examined the layered double-hydroxide (LDH) phase.””“'>"?
This LDH structure is essentially a hydrated a-Ni(OH), crystal
structure. The distinction of the LDH phase is that directed
anion exchange between the interlayers increases the effective
ECSA and facilitates exfoliation of highly active LDH nano-
platelets. Furthermore, until very recently a leading hypothesis
for the role of Fe in the enhancement of Ni—Fe OER catalysts
was that the Fe* facilitated the formation of the LDH phase by
enhancing anion intercalation in the interlayers to balance the
cationic charge of the [Ni*';_Fe* (OH),]*" structure. The
results of the heat treatment study indicate that the unheated
samples consist primarily of the hydrated Ni(OH), phase, while
the annealed samples exhibit a more crystalline (i.e., dehydrated)
NiO phase. However, the OER activity of both the binary Ni—Fe
and ternary Ni—Fe—Co samples does not change significantly
with heating. These data show that the OER activity of these
MMO catalysts is not dependent on the degree of hydration of
the NiO,, phase.

Figure 6a shows that both the binary Ni—Fe and ternary Ni—
Fe—Co MMO films exhibited a significant decrease in the redox
peak charge upon annealing, indicative of a transition from a
hydrated phase to a more crystalline oxide. However, at
operating voltages (1.7—1.8 V vs RHE), the OER activity of
the annealed samples was very similar to that of the unheated
samples. The decreased Ni**/3* redox charge suggests a
decreased ECSA, indicating a phase transition from the hydrated
a-Ni(OH), phase to a dehydrated NiO phase. Figure 6b shows
the XRD results for the Ni—Fe sample (XRD results for the Ni—
Fe—Co sample can be found in Figure S13 in the Supporting
Information). For both the Ni—Fe and Ni—Fe—Co samples, the
XRD analysis shows a clear transition from the Ni(OH), phase
with a crystallite size of 2—3 nm to the NiO phase with a
crystallite size of ~5 nm after annealing in argon. Finally, the
inset of Figure 6a examines the Ni**/3* redox peaks of the heated
samples. The inset shows that the redox peak potentials of the
Ni—Fe film are observed at potentials higher than those for the
ternary Ni—Fe—Co. The increased OER activity of the heated
Ni—Fe—Co is apparent in the full-scale plot. This observation is
in agreement with the observed shifts in OER activity and Ni**/3*
peak potentials discussed above in reference to Figure 3.
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Figure 6. (a) CV data (20 mV/s) showing HT effects of C supported
Ni—Fe and Ni—Fe—Co samples. Both HT samples were annealed at 400
°C under argon for 30 min. (b) XRD data from Ni—Fe/C sample after
annealing heat treatment at 400 °C under argon forming gas. Profile
fitting indicates a 2—3 nm crystallite size for the Ni(OH), phase in the
unheated sample and 5 nm crystallite size for the NiO phase in the
heated sample.

B CONCLUSIONS

Binary and ternary mixed-metal oxide (MMO) films on a
commercial Raney Ni support were evaluated for alkaline OER
activity in 0.1 M KOH at room temperature (~23 °C).
Electrochemical testing in an RDE configuration showed that a
ternary Ni—Fe—Co oxide (with 8:1:1 atomic ratio of metals)
catalyst exhibited the best OER activity heretofore. The MA was
110 mA/mg at 1.55 V (iR-comp.). In addition, the ternary Ni—
Fe—Co catalyst showed less than 1% loss of OER activity at 1.7 V
applied potential (1.54 V iR-comp.) during 1 h of continuous
operation. Although a direct comparison is not possible due to
the different test conditions, this catalyst is comparable to the
best materials presented recently by Jaramillo et al. for alkaline
OER.” Analysis of the heat treatment conditions reveals that the
ternary Ni—Fe—Co sample maintains stable OER activity when
heated under inert or oxidizing conditions. In contrast, the binary
Ni—Fe catalyst suffered significant deactivation after oxidizing
heat treatment. In addition, the high OER activity of the ternary
Ni—Fe—Co sample can be rationalized in light of recent in situ
XAS and conductivity measurements of Ni—Fe and Co—Fe
films.'” Recent DFT calculations have proposed that Fe’" sites
provide ideal binding energy for the —OH and —OOH OER

intermediates, whereas Ni*" sites bind these adsorbates too
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weakly.'%* The results of the present study indicate that the most

active catalysts are those which contain Fe (Ni—Fe and Ni—Fe—
Co). Further enhancement of OER activity from the ternary Ni—
Fe—Co sample in comparison to the binary Ni—Fe sample is
attributable to conductivity and strain effects. Primarily, the Co
component facilitates oxidation of Ni to the more conductive
NiOOH phase at lower overpotential, thus effectively activating
the Fe sites which are otherwise dormant in the nonconductive
Ni(OH), phase. In addition, EXAFS fitting of the in situ XAS
data shows a decrease in the Ni-centered bond distances in
samples containing cobalt. Bell et al.'”® showed that Fe
substitutes into the Ni oxide lattice in Ni,_ Fe, OOH (for
samples with x < 0.25). They further indicated that the NiOOH
local geometry was not noticeably affected by the replacement of
Fe in the Ni sites and that the resulting Fe—metal and Fe—O
bond distances were ~6% smaller than those in a pure FFOOH
lattice. Thus, the presence of Co in the MMO films further
decreases the Ni(Fe)-centered bond distances and the resulting
strain effects are assumed to produce more optimized binding
energies between Fe and OER intermediates.

The charge-transfer effects studied in this report present
numerous interesting opportunities for tuning the properties of
Ni-based catalysts. In particular, Co and Fe doping of NiO
semiconducting quantum dots should allow fine tuning of the
conduction and valence bands for photoelectrochemical
applications. In addition, consideration of these charge-transfer
effects may aid the development of higher conductivity Ni—Co
supercapacitors or NiMH anodes, or even increased selectivity of
Ni-based steam-reforming or hydrogenation catalysts.
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