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We present an unusual, yet facile, strategy towards formation
of physically mixed Ni—Fe(O,H,) oxygen evolution electrocatalysts.
We use in situ X-ray absorption and UV-vis spectroscopy, and high-
resolution imaging to demonstrate that physical contact between
two inferior Ni(OH), and Fe(OOH) catalysts self-assemble into atomi-
cally intermixed Ni—Fe catalysts with unexpectedly high activity.

The emerging global energy challenge requires development of
renewable energy technologies.'” One way to harvest energy is
to oxidize substrate water using photovoltaic and electrolyzer
devices,”® which allow further conversion into H, or higher
carbon fuels using the released electrons and protons in
electroreduction processes.””® The oxygen evolution reaction
(OER) is the most demanding electrochemical half-cell reaction
in water splitting, predicted to proceed via coupled four proton—-
electron transfer steps involving scaling relations between surface
adsorbed intermediates (OH*, O*, OOH*).° While Ru and Ir oxides
are preferred catalysts in acidic media,'®'* non-noble metal
oxides show outstanding activities under near neutral'® to
alkaline conditions,"® "> where the state-of-the-art catalyst is
currently bimetallic combinations of Ni-Fe."®™*° Boettcher and
co-workers presented evidence using XPS in combination with
a new purification method, that Fe impurities from the electrolyte
are readily incorporated into the Ni(OH), lattice.'® Investigations
using X-ray absorption spectroscopy (XAS) have provided further
insight into the active site of Ni-Fe catalysts. The metal redox
states are however subjected to debate. The metals reside as Ni**
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and Fe*" at resting potential. During OER, the Ni-site is oxidized
from Ni** to Ni*"/**, whereas Fe has mostly been observed to partly
change population towards low-valent Ni*;**?° however, it
has also been seen to promote Ni'*.”® Fe usually passivates
(Fe*");?9%3*%%7 however, some studies have observed oxidized
Fe*"?73% and Fe®".*' The first DFT+U study by Friebel et al.*
presented evidence that Fe is the active site due to optimal
overpotential. Ahn et al.** observed the presence of “fast” and
“slow” sites in the Ni-Fe catalysts using scanning electrochemical
microscopy - where the fast sites matched the Fe-content. A recent
computational study by Goddard and coworkers instead showed
that O-O coupling is more likely to occur at Ni-sites; however,
it requires the synergy from the mixed Ni-Fe site.>® Burke Stevens
et al.*® reported the formation of Ni-O-Fe sites at the “surface” of
NiOOH upon cycling in an electrolyte intentionally spiked with
Fe*', and proposed that surface sites are more reactive than bulk
sites. Similar studies showing formation of bimetallic Ni-Fe
catalysts were presented by Yin et al.** using Ni-foam and by
Wang et al.*® using NiOOH, also in the Fe®" spiked electrolyte.

In this contribution, we provide new insights on a facile
preparation procedure of Ni-Fe catalysts, formed by “physically
mixing” two chemically distinct Ni(OH), and Fe(OOH) materials,
with an unexpectedly high OER activity. We provide detailed
electrochemical, spectroscopic and microscopic investigations
(XAS, UV-vis, HAADF-STEM, and EDX elemental mapping) to
pin down the origin of the catalytic site.

The parental Ni(OH), and FeOOH oxide catalysts were
synthesized according to a reported solvothermal method.>
Two ink formulations of the individual parental oxides were
mixed by brief sonication (see ESIt for details). Scanning
electron microscopy (SEM) confirmed that both Ni(OH), and
Fe(OOH) were particle-like in the size range of ~200-500 nm,
whereas the Ni, o(OH), catalyst was composed of typical randomly
stacked hydroxide sheets (Fig. S1a and b, ESI{).***” The physical
mixture (“p.m.”) appeared as a composite of the two, and the
SEM-EDX elemental mappings indicated that Ni and Fe were
more or less well distributed (Fig. Sic and d, ESIf). The local
mixing will be further investigated below. The activities were
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Fig. 1 (a) The OER activity (CVs at 10 mV s~ of physically mixed (p.m.)

Ni + Fe catalysts and a co-synthesized (co-s.) Ni—Fe catalyst. (b) TOFy;.re per

total metal ion at y = 300 MV at a total metal loading of ~25 pgni+re CM ™2

(c) CVs of the Nigs + Fess p.m. and co-s. NigsFess catalysts in as-received
KOH. The position of the redox peaks and activity at 1.53 V is indicated with
dotted lines. (d) /n situ UV—-vis absorption at 4 = 500 nm (average between
400-600 nm) during potential staircase-wise steps. The physically mixed
catalysts were measured in Fe-free KOH'® and the Fe;qo(OOH) catalyst in
as-received KOH unless stated otherwise.

evaluated using a rotating disk electrode (RDE) setup (see details
in ESIt). A composition-controlled activity was evident in our
physically mixed catalysts, where in fact the activity of some of the
Ni + Fe p.m. catalysts exceeded the activity of the co-s. catalysts
(Fig. 1a). The turnover frequency per total metal ion (TOFyj.ze) at
n = 300 mV was highest around 30-35% Fe-content. Compared to
the co-synthesized catalysts, the activity maximum was shifted to
higher Ni-content in the physically mixed catalysts (Fig. 1b). The
Nigs + Fezs p.m. catalyst had a highest turnover frequency of
0.1 s, and exhibited an overpotential of 298 mV at 10 mA cm >
and a Tafel slope of 37 mV dec™ ' (Fig. S2a, b, eqn (S1)-(S2) and
Table S1, ESIt). The faradaic efficiency (FEo) was estimated
to be 92% for a Nis, + Feso p.m. catalyst (Fig. S2c¢, d and
eqn (S3)-(S5), ESIt). We conclude that our physically mixed
catalysts exhibit intrinsic turnover rates competitive to other
Ni-Fe catalysts (see Table S2 for literature comparison, ESIt).*®
The only study known to us including physical mixtures of
oxides was reported by Gong et al,'® wherein the resulting
B-Ni(OH),NP + FeO,NP in contrast showed inferior activity to
the co-synthesized catalyst. This is surprising since several
studies have shown that active Ni-Fe catalysts can be obtained
by exposing Ni electrodes to an electrolyte containing Fe®*
impurities.**>*° In our Ni + Fe catalysts, the Ni** — Ni**
redox peaks were positioned at strikingly high cathodic poten-
tials (by ~50 mV) compared to that of the co-s. Ni-Fe catalysts,
and the integrated area (redox charge) was relatively higher
(Fig. 1c and Fig. S3, ESIt). A similar difference in peak position
was reported by Burke Stevens et al.®>’ of an electrodeposited
Ni(OOH) cycled in an Fe** spiked electrolyte and a co-deposited
Ni-Fe catalyst, which was explained by a smaller number of
Fe ions substituting “bulk” lattice sites. At a given nominal
composition, it is hence likely that our Ni + Fe p.m. catalysts
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have an average lower number of mixed Ni-Fe sites. In situ
UV-vis showed that the absorption perfectly matched the redox
peaks in our Ni + Fe catalysts, which coincided with an increase
in the absorption around ~500 nm assigned to the oxidized
Ni**** species (Fig. 1d and Fig. S4, S5, ESIt).?° The Ni, oo
catalyst underwent a concomitant coloration from transparent
to dark; however, increasing the Fe-content gradually prevented
this color change in the Ni + Fe catalysts (Fig. S5a, ESI), in
agreement with our earlier studies of the co-s. Ni-Fe catalysts.>”
Total reflection X-ray fluorescence (TXRF) spectroscopy revealed
a significant loss of Fe after the OER characterization protocol (see
Fig. 2). Dissolution of Fe has been reported before in Ni-Fe
catalysts; however, not to this extent.>*! Despite this, we noticed
a steady increase in activity during the characterization along with
an anodic peak shift (Fig. S6, ESIt). A less significant shift was seen
for the Ni;oo(OH), catalyst, suggesting that Fe-impurities were not
the main cause of this “activation”. A similar activation was seen
for the co-s. Ni-Fe catalysts, but less pronounced than for the
Ni + Fe catalysts (Fig. S7, ESIT). This suggests that the activation
may partly be due to other processes such as hydration in addition
to possible compositional changes. The OER activities after correc-
tion for the dissolution of metals are shown in Fig. S2e (ESIY).

To better resolve the mixing and local atomic composition in
the physically mixed catalysts, we used high-angle annular dark
field imaging - scanning transmission electron microscopy
(HAADF-STEM) and elemental mapping. Investigations of the
as-prepared Nis, + Fes, p.m. catalyst showed that the parental
Ni(OH), and Fe(OOH) particles did not form a complete uniformly
mixed phase (Fig. 3a, b and Fig. S8a-e, ESIt). EDX elemental
mappings showed that only a small fraction of the particles formed
a direct contact area (mixed Ni-Fe sites) and other areas were not in
contact at all. The largest mixing occurred in the direct contact
areas, and further away from this area Ni-rich and Fe-rich phases
were clearly visible. In these half mixed Ni(OH), and Fe(OOH)
phases, there were about 1-2% of Fe and Ni impurities homo-
genously distributed over the entire particles, respectively. The
mixing in the direct contact area is not well defined, and depends
on the size and the thickness of the particles. After exposure to
catalytic potential (1.63 V, 30 min in purified 0.1 M KOH), the
impurities of both Ni and Fe increased in the respective phase
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Fig. 2 TXRF analysis of p.m. Ni + Fe catalysts in 0.1 M KOH. Shown are the
as-prepared (a.s) catalysts before the OER (left, solid bars) and after the
OER characterization of ~2 h (right, hatched bars). Each bar is split into Ni
content (green) and Fe content (black). The electrolyte was stripped of
Fe-impurities, except for the Fe;oo(OOH) catalyst.
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Fig. 3 The HAADF-STEM (upper panel) and EDX mapping overlays of Ni
and Fe (lower panel) of a physically mixed (p.m.) Nisg + Feso catalyst
showing direct contact areas of mixed Ni(OH), and Fe(OOH) particles
(a) and (b) as-prepared Nisg + Fesg p.m. catalyst and (c) Nisg + Fesg p.m. after
OER. Ni-rich areas are shown in green and Fe-rich in red. The samples were
conditioned at 1.63 V for 30 min in Fe-free 0.1 M KOH.

segregated Ni-rich and Fe-rich areas of the Nis, + Fes, p.m. catalyst.
The Ni(OH), particles after OER contained ~4-13% of Fe impu-
rities, and the Fe(OOH) particles ~4-8% of Ni impurities (Fig. 3c
and Fig. S8f-j, ESIf). On average, the levels of impurities are in
accordance with the limitation of ~25-30% solubility of Fe in the
Ni(OH),/OOH phase.””** We note that all catalyst particles had an
oxide contribution of ~75%, which was present in both the Ni and
Fe phases. Investigations of the as-prepared Ni,y,(OH), and Fe(OOH)
materials showed that both contained a very low amount of
impurities (<0.1%), see Fig. S9 (ESIt). Therefore, the elevated
impurities in the mixed Ni + Fe catalysts are likely a result of
the mixing. After OER, a small increase in Fe impurities in the
Ni;0o(OH), catalyst was observed despite that the electrolyte had
been purified (~ 1%), showing the difficulty to remove all sources of
impurities. The more significant increase of impurities in the Nis, +
Feso p.m. catalyst during the OER may therefore be regarded to
compositional changes, likely facilitated by the observed dissolution.
For comparison, we investigated a co-synthesized NiyoFeq, catalyst,
which we confirmed was composed of a uniformly mixed Ni-Fe
phase in contrast to the physically mixed catalyst (Fig. S10, ESIT).
Our results therefore confirm that at any given nominal composi-
tion, the number of mixed Ni-Fe sites in our physically mixed
Ni + Fe catalysts is smaller, and also smaller compared to the
co-synthesized Ni-Fe catalysts at the actual composition. The
intrinsic turnover rates in our Ni + Fe p.m. catalysts are there-
fore likely to be highly underestimated, assuming that a mixed
Ni-Fe site is required for efficient catalysis, as proposed by
Xio et al.>® based on DFT calculations.

The local atomic structure was further investigated using in situ
X-ray absorption spectroscopy (XAS) at the metal K-edges. The
as-prepared Nigs + Fezs p.m. catalyst exhibited octahedral coordina-
tion with metal centers in Ni*" and Fe®" oxidation states, in
agreement with the co-s. NigsFess catalyst and the parental
Ni(OH), and Fe(OOH) catalysts (Fig. 4 and Fig. S11, S12, ESI}).*°
The 2nd FT-EXAFS amplitude representing the Fe-M coordination
shell of the as-prepared Nigs + Fe;s p.m. catalyst was a bit higher
than the parental Fe;o(OOH), which may indicate a small
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modulation of the Fe phase. The amplitudes were on the other
hand lower than in the co-s. NigsFe;5 catalyst showing that the bulk
was not modified to the same extent, in agreement with the other
data. Surprisingly, application of a catalytic potential of 1.63 V did
not result in a Ni K-edge shift of the Nigs + Fess p.m. catalyst, as
expected for the Ni** — Ni*"*" oxidation. Therefore, all metal centers
remained as low-valent Ni*", The parental Ni;o(OH), on the other
hand exhibited an edge shift of +2.6 eV as expected for “complete
oxidation” to Ni*”*.** None of the investigated catalysts exhibited
potential-induced changes at the Fe K-edge and therefore are
compatible with Fe** throughout the reaction cycle.>’ This concludes
that Fe sites in our Ni + Fe p.m. catalyst are more similar to the sites
in the parental Fe,y,(OOH) - in contrast to the Ni sites - which are
more similar to the sites in the co-s. NigsFess catalyst. Operando XAS
of a Ni5, + Feso p.m. catalyst also confirmed the absence of oxidation
state changes, in accordance with the quasi-in situ XAS (Fig. S13,
ESIt). It should be kept in mind that changes below ~10% may be
difficult to observe since XAS is a bulk method. Simulated fit
parameters are listed in Tables S3 and S4, ESL ¥

It is somewhat unexpected that a relatively small amount of Fe
contaminations in the Ni(OH), phase is sufficient to suppress
nearly the entire visible population of oxidized Ni***, This is in
agreement with our observations in the co-s. Ni-Fe catalysts that
~10% is sufficient to shift the equilibrium to the Ni** state during
OER,* also supported by other studies.>***** An interesting similar
effect of Fe was reported by Klaus et al.,” where a sputtered Fe
top-layer on a sublayer of Ni inhibited the electrochemical conver-
sion of metallic Ni to Ni(OH),/NiOOH, and hence Fe was proposed
to act as a “capping” layer. It is therefore possible that the Fe(OOH)
not incorporated into the Ni(OH), phase may introduce similar
unwanted effects.

To summarize, our XAS data is compatible with formation of
new “interfacial” Ni-Fe sites in our physically mixed catalysts. This
includes formation of a new atomically intermixed phase with
bridging (physio-chemical) Ni-O-Fe motifs, which according
to HAADF-STEM and mappings are restricted to some local spots
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Fig. 4 (a) Ni K-edge k*-weighted FT-EXAFS of pristine catalysts (before
the OER) in the quasi-in situ setup at 20 K. (b) Fe K-edge of as-prepared
catalysts. (c) Ni K-edge at 1.63 V. (d) Fe K edge at 1.63 V. The measurements
were carried out in 0.1 M KOH.
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Fig. 5 Schematic active-site model in the physically mixed Ni + Fe(O,H,) OER
electrocatalysts. The parental Nijgo(OH), (green) and Fe(OOH) (black) mixes to
form a “new" intermixed phase with Ni—(O)—-Fe motifs, promoted in the direct
contact area where highest mixing occurs. Some additional contaminations
(~4-13%) are uniformly dispersed over the rest of the catalyst particles.

on the particles that form a direct contact area (depicted in Fig. 5).
At a given composition, the number of mixed sites in the Ni + Fe
p-m. catalysts is smaller in comparison to the co-synthesized
catalysts. It is therefore remarkable that similar current densities
are achieved with a different number of active sites. In recent
discussions “surface”, “edge” or “defect” sites were proposed as
more reactive towards the OER than “bulk” sites.**** In line with
these discussions - the presence of two types of sites (or location)
with distinct O, turnover rates would offer a feasible explanation
for the unexpectedly high activity in our physically mixed Ni-Fe
catalysts. We speculate whether these highly active sites are more
“exposed” sites such as surface or edge sites.

We have shown that highly active OER catalysts can be
prepared by facile mixing of distinct Ni(OH), and Fe(OOH)
phases, where a fraction self-assemble into mixed Ni-Fe sites,
responsible for the activity.
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