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ABSTRACT: Nickel—iron oxides/hydroxides are among
the most active electrocatalysts for the oxygen evolution
reaction. In an effort to gain insight into the role of Fe in
these catalysts, we have performed operando Mossbauer
spectroscopic studies of a 3:1 Ni:Fe layered hydroxide and
a hydrous Fe oxide electrocatalyst. The catalysts were
prepared by a hydrothermal precipitation method that
enabled catalyst growth directly on carbon paper electro-
des. Fe*" species were detected in the NiFe hydroxide
catalyst during steady-state water oxidation, accounting for
up to 21% of the total Fe. In contrast, no Fe* was
detected in the Fe oxide catalyst. The observed Fe**
species are not kinetically competent to serve as the active
site in water oxidation; however, their presence has
important implications for the role of Fe in NiFe oxide
electrocatalysts.

he oxygen evolution reaction (OER) is one of the main

bottlenecks in photoelectrochemical solar energy con-
version into chemical fuels.' Oxides/hydroxides containing
both Ni and Fe have emerged as the most active electrocatalysts
under alkaline conditions, and numerous studies show that they
exhibit substantially higher activity than oxides containing only
Ni or Fe.” In a broad survey of trimetallic oxides, we recently
observed that oxides containing Ni, Fe, and 2 thlrd metal (Al
Ga, Mo, among others) are even more active.”* In an effort to
begin probing the mechanistic basis for the synergistic effects of
the different metals in these catalysts, we elected to initiate our
studies on compositionally simpler NiFe oxide catalysts. NiFe
oxide catalysts have been the subject of substantial historical’
and contemporary” wb/5 investigation in the context of alkaline
electrolysis and battery (e.g,, NiCd) applications;”* however,
the origin of the synergy between Ni and Fe in these materials
continues to be debated. Recent studies by the groups of
Boettcher and Bell are particularly pertinent to the present
study because of their investigation of NiFe oxide electro-
catalysts under OER conditions. Boettcher and co-workers
demonstrated that incorporation of Fe into a NiOOH lattice
enhances the oxide conductivity, although they further showed
that this effect is insufficient to explain the dramatic
enhancement of catalytic activity.Ge Friebel, Bell, and co-
workers performed a thorough investigation of NiFe oxide
electrocatalysts via operando X-ray absorption spectroscopy
(XAS).”" From the data, they concluded that Fe remains
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largely, if not entirely, in the Fe’* oxidation state under the
reaction conditions. In the same report, computational studies
by Norskov and co-workers implicated Fe®" species as the
active sites for water oxidation. Mossbauer spectroscopy
provides a unique means by which to probe the Fe sites in
these catalysts. An early study by Corrigan investigated a NiFe
catalyst at an applied potential suitable to oxidize Ni** but
insufficient to promote water oxidation.** A decrease in the Fe
Mbossbauer isomer shift (§), from 0.32 to 0.22 mm/s, was
attributed to partial transfer of electron den51ty away from Fe’*
species upon oxidation of the Ni centers.” The present study
builds on this earlier work by using Mossbauer spectroscopy to
probe a layered NiFe hydroxide electrocatalyst under active
OER conditions. The results are compared to those obtained
with a hydrous Fe oxide electrocatalyst. The data provide direct
evidence for the formation of Fe*" in the NiFe catalyst, while
no Fe*" is observed in the Fe oxide catalyst. These results offer
unique insight into the synergistic roles of Ni and Fe in
electrocatalytic water oxidation.

NiFe layered double hydroxide (LDH) catalyst precursors
are readily prepared via co-precipitation and hydrothermal
synthesis as powders;” however, interfacing these materials with
an electrode typically requires a polymer binder, such as Nafion.
The resulting composite lacks direct electrical contact with the
electrode and often exhibits poor mechanical stability, especially
under OER conditions. Cathodic deposition of NiFe
hydroxides often results in materials contaminated with metallic
Fe and Ni, ¢ and we observed similar complications in our
initial studies using metal sulfate precursors (Figure S,
Supporting Information). To overcome these synthetic
limitations, we developed a protocol that enabled the
preparation of Ni, Fe, and NiFe hydroxides directly on
conductive carbon paper substrates.'’ Carbon paper provides
a high surface area for oxide growth and has minimal
contribution to any background signal during MGJssbauer
measurements. The catalyst synthesis was carried out anaerobi-
cally by heating hydrates of Ni(NO,), and/or FeSO, at 100 °C
with hydrophilic carbon paper (<0.5 mm thick) in glass vials
(see Supporting Information). The use of an Fe** salt under
anaerobic condition was crucial to ensure controlled precip-
itation of Fe(OH),, which has a K, more compatible with
Ni(OH), than Fe*" salts. Triethanolamine and urea were
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employed as an Fe-chelating agent and an in situ source of
ammonia, respectively. For the catalyst-coated electrodes (cf.
Figure 1, inset), powder X-ray diffraction (PXRD) patterns
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Figure 1. CVs of Ni (red), 3:1 Ni:Fe (blue), and Fe (green)
oxyhydroxide catalysts; carbon paper (CP) background scan in gray.
CVs were taken at a scan rate of 10 mV/s. Inset: SEM image of the 3:1
Ni:Fe LDH on the CP electrode.

revealed the presence of (003) and (006) basal plane peaks and
confirmed the layered structure of the NiFe hydroxide catalyst
(Figure S4a), while elemental mapping showed a homogeneous
distribution of Fe throughout the material (Figure S6). No
diffraction pattern was observed for the Fe oxide catalyst coated
electrode, suggesting either a lack of sufficient material or that it
is amorphous (Figure S4b).

Cyclic voltammograms (CVs) were obtained to compare the
Ni, Fe, and 3:1 Ni:Fe catalysts (Figure 1). The NiFe catalyst
has an onset potential for OER below 1.5 V, while the onset
potentials for the Ni and Fe catalysts are 100—150 mV higher.
The Ni catalyst exhibits a quasireversible Ni**/>* redox feature
at E;, & 1.35 V. Introduction of Fe into the Ni oxide material
results in a positive shift of this feature, as expected from
previous reports.”*”* The anodic wave of the 3:1 NiFe catalyst
is nearly merged with the catalytic wave; however, a distinct
cathodic feature is evident. The Fe catalyst exhibits the highest
onset potential, and no redox features other than the catalytic
wave were observed."'

An electrochemical cell for operando Mossbauer measure-
ments was constructed using Delrin, an inexpensive, easily
machined material with minimal y-ray absorption (Figure 2).
Thin windows (~0.6 mm thick, 8 mm diameter) were carved
into both walls of the anode compartment to align with the y-
ray source and detector. The width of the anode compartment
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Figure 2. (a) Top view photograph of the operando Mdssbauer-
electrochemical cell. (b) Side-view cross section schematic of the cell.
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was restricted to S mm to avoid excess attenuation of the y-rays
(50% transmittance with 5 mm of water). This width allowed
the use of two electrodes to enhance the Mdssbauer signal
during operando measurements. A pump was used for
continuous circulation of 95 mL of 0.1 M KOH electrolyte
during data acquisition.

S7Fe-enriched NiFe and Fe catalysts were prepared on carbon
paper electrodes according to the protocol described above (see
Supporting Information for details), and CVs were recorded in
the operando cell prior to recording Méssbauer spectroscopic
data (Figure 3a). Although the higher catalyst loading and
current densities resulted in poor iR compensation relative to
the traditional cell, the onset potentials observed for the NiFe-
and Fe-based catalysts match those in Figure 1. An initial
Mossbauer spectrum of the NiFe catalyst under open-circuit
conditions (Figure 3b) reveals a doublet with an isomer shift
(8) of 0.34 mm/s and quadrupole splitting (A) of 0.46 mm/s.
No change in the spectrum was observed upon applying a
potential of 1.49 V (Figure 3c), which is at the foot of the
anodic Ni**/3* feature and just below the onset of the catalytic
activity (cf. Figure 1). When a spectrum was recorded in a
region of significant catalytic OER (1.62 V applied potential), a
shoulder appeared at 6 = —0.27 mm/s, and the intensity
reflected oxidation of approximately 12% of the Fe sites in the
material (Figure 3d). Increasing the potential further to 1.76 V
resulted in a growth of this oxidized Fe peak, accounting for
approximately 21% of the total Fe (Figure 3e). When the
potential was returned to 1.49 V, the current dropped to the
baseline level observed previously at 1.49 V, but the oxidized Fe
peak was still evident in the Mossbauer spectrum (~20% of
total Fe, Figure 3f). After the sample was maintained for 48 h in
the absence of applied potential, the oxidized Fe peak was no
longer present (Figure 3g).

A similar set of experiments was performed with *'Fe-labeled
hydrous Fe oxide as the electrocatalyst. In this case, the
Mossbauer spectrum remained the same under all conditions,
ranging from open-circuit to applied potentials of 1.62 and 1.76
V (Figure 3h—j). In each case, the spectrum revealed a doublet
(6 = 0.36—0.37 mm/s, A = 0.64—0.67 mm/s) together with a
broad baseline peak centered in the same region of the
spectrum.12

The doublets in the spectra of the NiFe and Fe catalysts have
very similar isomer shifts. The values of § = 0.34—0.37 mm/s
are consistent with high-spin, Jahn—Teller-distorted Fe®"
species, similar to those reported previously in related
materials.”’” The larger quadrupole splitting evident in the
Fe-only catalyst suggests the Fe sites in this catalyst have a
more-distorted geometry.

The most noteworthy feature is the oxidized Fe peak that
appears in the spectrum of the NiFe catalyst upon applying a
potential capable of promoting water oxidation (>1.5 V). The
new peak may be fit as a singlet (§ = —0.27 mm/s), as shown in
Figure 3, or as a doublet (§ = 0.0 and A = 0.58, cf. Figure S7),
with similar goodness-of-fits (Table S2). Either set of
parameters is consistent with the assignment of this “oxidized
Fe” species as Fe*.''® These data provide the first direct
evidence for the formation of Fe*' in NiFe oxide catalysts
during OER and contrast the recent conclusions drawn from
XAS studies implicating Fe®* as the highest relevant oxidation
state.”" The persistence of the Fe** species in this catalyst upon
lowering the potential (cf. Figure 3f), however, suggests that
these Fe** sites are not directly responsible for the observed
catalytic activity (see further discussion below).
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Figure 3. (a) CVs of NiFe layered oxyhydroxide (blue) and hydrous Fe oxide (green) electrocatalysts used for the operando experiments with
M@ssbauer spectra collected at open circuit (gray), at 1.49 V (purple), 1.62 V (yellow), and 1.76 V (red). CV data were recorded in the Mdssbauer-
electrochemical cell with a scan rate of 25 mV/s prior to Mdssbauer measurements.

That no Fe*" is detected in the Fe-only catalyst, even at
potentials that promote catalytic OER, possibly reflects the
influence of the second—coordination—séphere metal ions in the
NiFe and Fe oxyhydroxide lattices.' Ni** ions have more
electrons in 7z-symmetry (t,,) d-orbitals relative to Fe*". This
property will increase the electron-donating ability of the 7-
symmetry lone pairs of the bridging oxygen atoms and will
make the NiOOH lattice a more stable environment for high-
valent metal ions, such as Fe** (Figure 4a). A complementary
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Figure 4. (a) Electronic effects that could rationalize the observation
of Fe*' in NiFe but not Fe oxide catalysts. (b) Schematic
representation of a layered NiOOH lattice containing Fe ions in
different sites (orange-brown).

rationale explains the increase in the Ni**/** redox potential

when Fe®" ions are incorporated into Ni-LDH materials (cf.
Figure 1 and previous studies™”>°*). Specifically, the presence
of Fe®* ions in the second coordination sphere will make
bridging oxide and/or hydroxide ligands less electron-donating
and thereby destabilize Ni** species in the NiOOH lattice.

It has long been assumed that Ni is the reactive site for water
oxidation in NiFe oxide electrocatalysts on the basis of the high
activity of Ni oxide electrocatalysts, i.0¢7208917 However, most
of these conclusions were drawn before the recent demon-
stration by Boettcher and co-workers that Ni oxide electro-
catalysts often contain Fe contaminants,”**® and the recent

spectroscopic and computational studies of Friebel, Bell,
Norskov, and co-workers attributed the catalytic activity to
reactive Fe®* sites.” While our data demonstrate that the Fe**
oxidation state is accessible in these catalysts, they do not
distinguish Ni or Fe as the site of water oxidation. The
observation of Fe*' under OER conditions, however, has
important mechanistic implications. We speculate that the Fe**
species detected by Mossbauer spectroscopy arise from
comparatively stable sites within the NiOOH lattice, such as
those fully surrounded by second-coordination-sphere Ni ions
(Figure 4b). If Fe sites are responsible for water oxidation
activity,” these interior high-valent Fe ions could be kinetically
slow toward reaction with water, even if they have sufficiently
high reduction potential to promote water oxidation (i.e., >1.5
V). On the other hand, Fe*" species generated at an edge, a
corner, or a related “defect” site (cf. Figure 4b) could be much
more active kinetically and lead to rapid water oxidation. For
example, proton-coupled electron-transfer from an Fe**—OH
species could generate a highly reactive terminal Fe**=0O
species. Such sites are not expected to have sufficient steady-
state concentration or lifetime to be detected by operando
Mbossbauer spectroscopy. According to this “Fe active site”
mechanism, the lower overpotential of NiFe catalysts relative to
Fe-only catalysts arises from the lower Fe>*/* redox potential
of Fe ions at the periphery or in defect sites of the NiIOOH
lattice relative to similar sites in an FeOOH lattice.

A “Ni active site” mechanism also seems consistent with the
data. Incorporation of Fe into a NiOOH lattice will raise the
Ni**/* redox potential similar to the manner in which it raises
the Ni**/>* potential (cf. Figure 1). The active Ni species are
likely those at corner and/or edge sites, which will have
terminal hydroxo and oxo ligands in their coordination sphere.
Ni*'—oxo/oxyl species with second-coordination-sphere Fe
ions should be more reactive toward water oxidation relative to
species entirely surrounded by Ni ions.
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In conclusion, operando Mossbauer spectroscopic studies
have provided the first direct evidence for the formation of Fe*"
in NiFe oxide catalysts during steady-state catalytic turnover.
Observation of Fe*" in NiFe, but not Fe-only, catalysts is
attributed to the stabilizing effect of the NiOOH lattice.
Although the Fe*' species detected here are not directly
responsible for the observed catalytic activity, future mecha-
nistic proposals should account for the accessibility of the +4
oxidation state of iron in these catalysts. On the basis of the
analysis presented above, we favor a mechanism in which water
oxidation occurs at reactive (unobserved) Fe** species
generated at edge, corner, or defect sites within Fe-doped
NiOOH lattice.
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