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Exsolution is an ingenious strategy for the in situ construction of metal- or alloy-decorated oxides and, due
to its promising energy related catalysis applications, has advanced from use in perovskites to use in spinels.
Despite its great importance for designing target composites, the ability to identify whether active metal
ions at octahedral or tetrahedral sites will preferentially exsolve in a spinel remains unexplored. Here, an
inverse spinel NiFe,O4 (NFO) was employed as a prototype and FeNi/NFO composites were successfully
constructed via exsolution. The preferential breaking of octahedral metal-oxygen bonds in the spinel
oxide was directly observed using Mdssbauer and X-ray absorption spectroscopy. This was further
verified from the negative segregation energies calculated based on density-functional theory. One
exsolved FeNi/NFO composite exhibits enhanced electrochemical activity with an overpotential of
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Accepted 7th July 2022 283 mV at 10 mA cm™“ and a long stability time for the oxygen evolution reaction. This work offers
a unique insight into spinel exsolution based on the preferential breaking of chemical bonds and may be
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Introduction

Decorating the surface of an oxide support with active metal
nanoparticles is an effective strategy to design functional
materials that utilizes exceptional synergistic effects and has
been widely applied in energy conversion and catalysis appli-
cations."* Exogenous loading methods such as physical mixing,
wet chemical impregnation, physical or chemical vapor depo-
sition techniques, etc. are commonly used to prepare such
functional composites.*®* However, the irregular growth,
agglomeration, and weak adhesion of the nanoparticles, all of
which seriously affect the stability of catalysts, are inevitable
problems that these methods suffer from. Over the past decade,
the in situ growth of metal or alloy nanoparticles from pre-
fabricated oxides under a reducing atmosphere, known as
“exsolution”, has proved to be an ingenious scheme that
addresses the above mentioned shortcomings.”® Spontaneously
exsolved nanoparticles distribute uniformly on the surface of
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deliberately introduced to octahedral and/or tetrahedral sites.

parent oxides, resulting in a great lifetime enhancement during
the catalytic process.” Furthermore, a strong interaction
between the deeply anchored nanoparticles and supported
oxides also has the benefit of access to higher catalytic
reactivity.>°

Exsolved nanoparticles of transition metals/alloys, noble
metals and simple oxides that cooperate with the parent oxides,
such as perovskites, spinels etc., have been extensively con-
structed to exploit their higher electrocatalytic performance.”**
In our previous work, the second phase of Ru,** Co,' and a CoFe
alloy™® were exsolved from perovskite-type oxides and presented
excellent activity and stability in the oxygen evolution reaction/
oxygen reduction reaction (OER/ORR). This activity originates
from the embedded configuration of the materials and from
optimized charge transfer. Until now, compared with research
on the structure-activity relationships of exsolved composites,
there has been relatively little work focused on the exsolution
process. Generally, the key to exsolution is to re-establish the
thermodynamic equilibrium of the reducible species from the
ionic state of the parent oxide lattice to the metallic state on the
surface. The exsolution process can be described as four
consecutive chemically driven steps, including diffusion,
reduction, nucleation, and growth."”*® A variety of standpoints
have been proposed for exploring the fundamentals of exsolu-
tion, which is extremely important for achieving the desired
composite architecture. The Gibbs free energy change (AG < 0)
from the ionic state to the metallic state has been known as the
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main driving force for the exsolution, for example, Fe is non-
reducible due to its positive Gibbs free energy change at low
temperature.”” Kwon et al. investigated the reducibility of
several transition metals in perovskites, and revealed that the
co-segregation energy of B-site dopants and oxygen vacancies
can be used as a central descriptor of the exsolution reaction.
However, the co-segregation energy of Fe is too positive for it to
exsolve favorably towards the surface.”® Even so, Fe ion can also
be exsolved into forms of alloy by introducing Co and Ni into the
perovskite, which can be largely attributed to the decrease of the
stability of the lattice and the corresponding segregation
energy.">?>** Moreover, exsolution has always been found to
occur preferentially at rough surfaces, grain boundaries, and
corner/edge sites due to their higher free energies and
geometrical suitability for nucleation.”*** Recently, the exsolu-
tion of CoFe alloy nanoparticles has also been pursued in spinel
oxides due to their promising catalytic properties. Wang et al.
reported that exsolved CoFe nanoparticles can be prepared by
annealing the parent oxide CoFe,O, in H,.*® Xiao et al. found
that an active phase CoFe alloy could be embedded on the
spinel support CoFeAlO, by controlling the exsolution atmo-
sphere.”® In contrast to the structures of perovskite-type oxides,
transition metal ions can be located at the centers of octahedra
and tetrahedra simultaneously in spinel oxides. In other words,
octahedral and tetrahedral Fe-O coordinate bonds are both
present in the two abovementioned spinels.”” However, it is
hard to identify from which site the exsolved Fe comes. Thus,
having a fundamental understanding of whether octahedral or
tetrahedral transition ions preferentially exsolve is of great
importance for constructing functional composites based on
spinel oxides.

Herein, NiFe,0, (NFO) with an inverse spinel structure was
employed as a prototype, in which each half of the Fe®* is
distributed equally to tetrahedral and octahedral sites, and all
the Ni** fills octahedral sites.?® NiFe alloy nanoparticles were
successfully exsolved from NFO by varying the reduction
temperature. We observed, using Mdssbauer spectroscopy and
synchrotron radiation measurements, that metal-oxygen (M-O)
bonds located at the octahedral coordination environment of
the spinel structure were preferentially broken during the in situ
exsolution process. This finding is also consistent with the
results of the segregation energy calculations. The obtained
FeNi/NFO composite exhibits an enhanced electrochemical
activity with an overpotential of 283 mV at 10 mA cm 2 and
remains stable for a long time during the oxygen evolution
reaction (OER). Our work offers a unique insight into spinel
exsolution based on the preferential breaking of chemical
bonds and may be an effective guide for the targeted design of
composite catalysts via exsolution.

Experimental
Preparation of catalysts

NFO was prepared by a hydrothermal method. First, nickel
chloride and ferric nitrate were dissolved in a certain amount of
water in a stoichiometric ratio of 1 to 2 under magnetic stirring.
Then, 18 mL of 2 mol L' of KOH (mineralizing agent) was
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added. After stirring for 0.5 h, the homogeneous solution was
transferred into a sealed Teflon-lined autoclave (80 mL) and
kept at 160 °C for 10 h. The precipitate was washed with
distilled water and centrifuged several times. Eventually, the
sample was freeze-dried for 5 h. The obtained powder was
heated at different temperatures (400 °C, 500 °C, 600 °C) for 3 h
under 5% H,/Ar with a heating rate of 2 °C min~* (denoted as
NFO-400H, NFO-500H, and NFO-600H, respectively). The
sample named as NFO + NF was prepared by mechanically
grinding NFO and FeNi with a sample at a ratio of 2 : 1.

Materials and methods

X-ray diffraction (XRD) characterization was recorded on a D/
Max 2550 V/PC diffractometer from Rigaku. The crystal struc-
ture of the material was scanned over a range from 10° to 80° at
a 4°/min scan rate. Scanning electron microscopy (SEM)
measurements were used to observe the morphology of the
samples, utilizing a Helios NanoLab 600i DualBeam System of
FEI Corporation. The morphologies of the materials were also
observed using transmission electron microscopy (TEM) using
a Tecnai G2 F20. X-ray photoelectron spectroscopy (XPS) is an
effective tool and was used to characterize the surface element
states and chemical compositions of the materials. XPS was
conducted on an ESCALAB 250Xi electron energy spectrometer
from the Thermo corporation using Al Ko. (1486.6 eV) radiation.
Raman spectroscopy was conducted using an inVia (Renishaw
Company) instrument with irradiation at 532 nm. Fourier-
transform infrared spectroscopy (FT-IR) was carried out on
a VERTEX 80V (Brucker Company) instrument. X-ray absorption
near-edge spectroscopy (XANES) of the Fe L-edge, Ni L-edge, and
O K-edge was undertaken at the BL12B-a beamline of the
National Synchrotron Radiation Laboratory (NSRL) at the
University of Science and Technology using the total electron
yield mode under a vacuum better than 5 x 10~® Pa. X-ray
absorption spectroscopy (XAS) of the Fe K-edge and Ni K-edge
was conducted at beamline BL11b of Shanghai Synchrotron
Radiation Facility (SSRF). The spectra were collected under
transmission mode and a Si(111) channel-cut monochromator
was utilized for monochromatizating.

Electrochemical measurements of OER activities

Electrochemical measurements were investigated using a CHI
660E analyzer (Shanghai Chenhua Apparatus, China) with
a three-electrode system, including a rotating disk working
electrode, counter electrode, and reference electrode. The
working electrode was made of glassy carbon. The counter
electrode and the reference electrode were a Pt ring and Hg/HgO
electrode, respectively. Prior to the electrochemical measure-
ments, the glassy carbon electrode was polished using a 50 nm
Al O; slurries. All the potentials measured were calibrated to
the reversible hydrogen electrode (RHE) using the equation:
Erue = E vs. Hg/HgO + 0.059 x pH + 0.098. The as-prepared
catalysts (4.5 mg) and vulcan carbon black (1.5 mg) were
dispersed in 1 mL of 1:1 (isopropanol : water) with 15 pL of
binder to form a homogeneous ink, which was then sonicated
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for 0.5 h. 10 pL of the catalyst ink was dropped onto the glassy
carbon disk with a diameter of 5 mm and was naturally dried.
The electrolyte was a 1 M KOH solution. The electrode was
activated vig running cyclic voltammetry (CV). The OER
polarization curve was scanned from 0.2 to 0.9 V at a scan rate of
5 mV s~ at 1600 rpm. Tafel plots were fitted to the potentio-
static response: the steady-state polarization curves were con-
structed by sampling the OER current density at the 150th
second of the chronoamperometry responses acquired at
various overpotentials in the catalytic turnover region with
a regular interval of 0.01 V. The time to reach steady state at
different potentials was 5 min. The electrochemically active
surface area (ECSA) was evaluated based on the double layer
capacitance (Cqj) in nonaqueous media. Specifically, double
layer capacitive measurements were performed by recording CV
cycles over a narrow range (£50 mV) centered on the open
circuit potential in 0.15 M LiClO, and a CH;CN electrolyte. CV
cycling was repeated at scan rates from 20 to 100 mV s~ . The
ECSA was calculated using the formula: ECSA = S. x Cq/Cs,
where S, is the geometric area of the GC electrode and Cs
denotes the specific electrochemical double-layer capacitance of
the smooth surface substrate. Electrochemical linear sweep
voltammetry (LSV) curves were normalized according to the
ECSA. The stability of NFO-500H was evaluated via a chro-
noamperometric curve at 1.54 V (vs. RHE).

Results and discussion
Crystal structure and microscopy

The FeNi/NFO composites were constructed by in situ exsolution
of NiFe,O, at 500 °C under a reducing atmosphere. M-O bonds
located at the octahedral coordination environment of the
spinel structure were preferentially broken during this process,
and a schematic illustration is shown in Fig. 1a. The crystal
structure of all the samples were examined using XRD (Fig. 1b).
The diffraction pattern of the parent NFO can be well indexed to
cubic spinel NiFe,0, (JCPDS card no. 10-0325). The NFO-400H
sample shows no change with respect to NFO except that the
(311) peak of the spinel phase is shifted to a higher angle, as
shown in an enlargement of the region of 34°-38°. The shift
signifies the shrinkage of the lattice caused by thermal reduc-
tion. For the sample treated at a temperature of 500 °C,
a diffraction peak arises at 43.6°, corresponding to the FeNi
alloy exsolved from the host spinel oxide (JCPDS card
no. 47-1405). When the temperature increases to 600 °C, only
the peaks of the FeNi alloy can be found in the resulting
composite, which reveals that the structure of spinel collapsed
completely. For comparison, we prepared a composite by
physically mixing NFO and FeNi alloy, named as NFO + NF,
which possesses a similar elemental composition and XRD
pattern to NFO-500H. The metallic stoichiometry in NFO and
the NFO samples annealed at different temperatures was
determined by inductively coupled plasma-optical emission
spectrometry, revealing that the Fe : Ni ratio in all samples is
close to the original proportions of NFO (Table S1t). The SEM
images of NFO, NFO-400H, NFO-500H, and NFO-600H are
shown in Fig. S1a-c and S2.} The NFO particles crystallized with
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Fig.1 (a) Schematic showing the breaking of octahedral M—-O bonds
in NFO-500H. (b) XRD patterns of NFO, NFO-400H, NFO-500H, NFO-
600H, and NFO + NF. (c) HAADF-STEM image of NFO-500H and the
corresponding EDX elemental mapping. (d) HRTEM image of NFO-
500H. (e and f) HAADF-STEM image of NFO-500H and the corre-
sponding compositional line profiles.

a well-defined octahedral morphology with an average size of
about 100 nm and showed more agglomeration with increasing
synthesis temperature (Fig. Sla-ct). The morphologies of NFO
and the reduced NFO samples with different annealing
temperatures were further studied using TEM. As shown in
Fig. S1e,} pristine NFO is very smooth and angular. When NFO
is reduced at 400 °C, the edges and corners of the octahedron
seem to be obviously passivated (Fig. Siff). For the sample
treated at 500 °C, the exsolved nanoparticles, approximately 20—
30 nm in size, that were decorated in situ on the surface of the
octahedra can be observed in Fig. S2.7 The HRTEM of NFO-
500H shows two interplanar spacings of 0.482 nm and
0.207 nm, which could be indexed to the (111) plane of the
NiFe,O, and the (111) plane of the FeNi alloy, respectively
(Fig. 1d). The embedded configuration guarantees a strong
interfacial interaction between the FeNi alloy and the parent
NFO, which will be beneficial for charge transfer during the
electrochemical reaction.*® To further confirm the composition
of the exsolved nanoparticles, high-angle annular dark-field
imaging scanning transmission electron microscopy (HAADF-
STEM) images of NFO-500H, with energy-dispersive X-ray
spectrometry (EDX) elemental mapping, were recorded. As
shown in Fig. 1c, the EDX mapping images show enrichment of
the Fe and Ni signals in the exsolved nanoparticles and
a homogeneous distribution of the Fe, Ni, O elements in octa-
hedral region, indicating that the nanoparticles consist of Fe

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and Ni. Moreover, the line-scanning results show two intense
peaks for Fe and Ni located at the center of the profile (Fig. 1e
and f). Similarly, the line-scanning results were supported by
the spot-scanning data (Fig. S3T). NFO-600H shows an aggre-
gated morphology of accumulated irregular nanoparticles
(Fig. S1c and gt), where the interplane distance of 0.207 nm
corresponds with the (111) plane of the FeNi alloy (Fig. S1kf¥).
The clear interface between the FeNi alloy and NFO in NFO-
500H indicates that the FeNi alloy nanoparticles were
anchored in situ at the surface of the NFO parent phase. In
contrast, there is a weak connection between the FeNi alloy and
NFO in NFO + NF (Fig. S1h and If).

Surface electronic structure

XPS measurements were performed to determine the nature of
the NFO exsolution. Peaks at 711 eV and 724 eV can be assigned
to Fe 2p;, and Fe 2p,, (Fig. 2a). The binding energies at
~707.3,~710.3, ~712.3, and ~718.3 eV can be attributed to Fe®,
Fe*", Fe**, and the satellite peaks, respectively. Table S2+ shows
that increasing the reduction temperature induces an increase
in the peak area ratio of Fe**/Fe*". Compared to NFO, the peak
position of NFO-600H moves 0.1 eV towards a lower binding
energy, which means that a lower valence state is present due to
the exsolution of Fe® metal. Typical Ni** 2p;/, and Ni*" 2p;,,
peaks and a satellite are obtained at 856.5, 854.9, and 861.5 eV,
respectively (Fig. 2b). A weak peak at 852.5 eV is assigned to
metallic Ni 2p;/,.>*° On the contrary, most nickel takes the form
of Ni** and only a small fraction in NFO-500H is reduced to Ni°
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metal. The Ni® peak area ratio in NFO-600H was visibly higher
than that of NFO-500H, as shown in Table S2.7 In the Ni 2p and
Fe 2p XPS spectra of NFO + NF (Fig. S471), the typical peaks are
very similar to those of NFO, the Ni’ peak appears at a lower
binding energy and this can be attributed to the NiFe alloy. The
trends for Fe and Ni are consistent with the reduction process,
and some slight differences can be ascribed to the inevitable
surface oxidation in the air and the limited depth with which
the XPS method probes. The O 1s spectra of all samples are
shown in Fig. 2¢ and can be deconvoluted into two peaks, the
lattice oxygen (O, ~529.9 eV) and defect oxygen (Oy;, ~531.5 €V)
peaks, respectively.>>*'*> The Oy/(O; + Oy) ratio follows the
trend NFO-600H (32.43%) > NFO-500H (20.63%) > NFO-400H
(16.66%) > NFO (11.50%). Obviously, the peak area ratio grad-
ually increases as the reduction temperature increases and this
will have a strong influence on the performance of the material
in the OER.” XAS is an effective spectroscopic tool and was
performed to further characterize the atomic electronic struc-
ture. The O K-edge X-ray absorption near-edge spectra (Fig. 2d)
probe unoccupied states with O 2p symmetry, due to dipole
selection rules, which are mainly generated by hybridizing the
3d state in the transition metal and the 2p state in oxygen.****
Specifically, peak A and peak B correspond to the t,, states and
e, states. The intensity ratios of peaks B/A for all the reduced
NFO samples are obviously smaller than that of pristine NFO,
which reveals that the electron transition probability from the O
1s to the t,, orbitals is increased after annealing (Table S37).*
Peak A and peak B are blurred in the all annealed NFO samples,
which is mainly due to the mismatch in the origin crystal
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Fig.2 XPS spectra of (a) Fe 2p, (b) Ni 2p, and (c) O 1s for NFO, NFO-400H, NFO-500H, and NFO-600H. XAS spectra for (d) O K-edge XANES, (e)
Fe L-edge XANES, and (f) Ni L-edge XANES for NFO, NFO-400H, NFO-500H, and NFO-600H.
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symmetry caused by thermal exsolution.** Fig. 2e shows the Fe
L-edge XANES spectra and was normalized from 704 to 734 eV.
Peak A is assigned to the Fe t,, orbitals and peak B is regarded
as the 3d e, orbitals.*® The peak gap between A and B was
calibrated to study the electronic structure. As shown in Table
S3, we observe the smallest peak gap (1.19 eV) in NFO-500H,
which can be attributed to the distortion of the structure
between the FeNi alloy and host NFO oxide.*” Peak A and peak B
of NFO-600H shift to lower energies compared to other samples,
which means that the lower valence state of Fe is caused by the
reducing atmosphere. Ni L-edge XANES spectra normalized
from 850 to 890 eV show trends similar to those of Fe (Fig. 2f),
where the Ni L-edge of NFO-600H shifts to a lower energy,
indicating that its valence state is lower than in other samples.

Spinel exsolution mechanism

The Fe chemical environment was characterized using *’Fe
Mdssbauer spectroscopy at room temperature.*® The Mossbauer
spectra of NFO and the annealed NFO samples show
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asymmetric six-line spectra with broad lines where the outmost
lines are obviously discernable as double sextets for NFO, NFO-
400H, and NFO-600H, while the outmost lines in NFO-500H fit
well into four sextets (Figure 3a). The hyperfine parameters of
all samples are listed in Table S4.f The isomer shift (IS) is
related to the difference in s-electron density between the
studied sample and the source and gives information such as
oxidation state. An IS value relative to a-Fe larger than 0.15 mm
s~ ' is consistent with those reported for high spin Fe®*.*
Usually, an IS value can reach above 0.65 mm s~ ' and can be
attributed to Fe>".* IS in the range of very small or negative
values can be attributed to Fe®.** As shown in Table S4,t the
presence of double sextets in NFO illustrates that Fe has two
different coordination environments. We assigned component I
(red line) and component II (blue line) to the Fe ions in the
octahedral and tetrahedral sites, respectively. In addition, the
area ratios of the sextets give information about the occupancy
of the Fe ions in different positions, because the integral area of
each sextet is in proportion to the number of Fe ions at different
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Fig. 3 Chemical state and coordination state, electronic states and bonding structures of the samples. (a) Mdssbauer spectra of NFO, NFO-
400H, NFO-500H, and NFO-600H. (b) Histogram showing the proportions of tetrahedral Fe®* (blue), octahedral Fe** (red), Fe?* (light blue), and
Fe® (orange) based on the values given in Table S1.1 (c) Raman spectra of NFO, NFO-400H, NFO-500H, and NFO-600H. (d) Fe K-edge XANES
spectrum and (e) R-space Fourier-transformed FT (k*x(k)) of Fe K-edge EXAFS for NFO and NFO-500H. (f) Ni K-edge XANES spectrum and (g) R-
space Fourier-transformed FT (k*x(k)) of Ni K-edge EXAFS for NFO and NFO-500H.
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sites. From Table S47 it can be seen that there is nearly equal Fe
ion occupancy at the octahedral sites and tetrahedral sites in
both NFO and NFO-400H, consistent with the structure of the
inverse spinel. The Md&ssbauer spectrum of NFO-500H exhibits
four sextets, corresponding to four different Fe ion coordination
environments, including Fe** in the octahedral sites, Fe®" in the
tetrahedral sites and Fe®" (component III) and Fe’ (component
1V), respectively. Obviously, Fe ion occupancy ratio at the octa-
hedral sites in NFO-500H is much lower than in NFO. Reduced
Fe”* and Fe® species were also observed in NFO-500 (Fig. 3b).
More importantly, the Fe ion occupancy ratio at octahedral sites
evidently decreased (from 49.87% to 17.59%) when compared
with the tetrahedral sites (from 50.13% to 43.17%). This implies
that the Fe atoms in the FeNi alloy originate preferentially from
the Fe ions located at the octahedral sites and further indicates
that the octahedrally coordinated iron-oxygen bonds were
preferentially broken during the spinel exsolution process.
Notably, all Fe ions in NFO were reduced to Fe® when annealed
at 600 °C, which is in agreement with the XRD results for NFO-
600H. In addition, the NFO + NF sample was characterized
using Mossbauer spectroscopy, and iron in three different
environments could be fitted from the spectrum. It was
observed that Fe** occupies an almost equal area ratio between
the octahedral and tetrahedral sites (Table S4t). Fe® species are
also observed in the NFO + NF Mossbauer spectrum (Fig. S57). It
is worth noting that the Fe*" in the NFO-500H composite reveals
a more complicated electronic structure or interaction between
the two phases than in the physical NFO + NF mixture where
Fe”" is absent.*?

The exsolution phenomenon was resolved using Raman
spectra. Modes at 326, 480, 565, and 693 cm ™' could be ascribed
to the E,, Tye (2), T2g (3), and A;; modes, respectively, which
could be assigned to the vibrations of the symmetric, asym-
metric bending, and asymmetric stretching of the oxygen atom
in the Fe-O bond at the octahedral void, respectively
(Fig. 3c).*** The Raman band at 693 cm ' corresponds to
symmetric stretching of the oxygen atom along the Fe-O bond
at the tetrahedral void. As for the other three Raman bands of
the NFO-500H octahedral voids, the relative intensity was
decreased, which implies that the metal-oxygen bond of the
octahedra broke first. The Raman band belonging to the tetra-
hedral voids exhibited a redshift caused by structure symmetry
after annealing. Comparatively, all modes for NFO-600H dis-
appeared, indicating that the spinel structure was completely
destroyed. A similar change is also observed in the IR spectra, as
shown in Fig. S6.7 The broad bands centered at 3430 cm™ " and
1630 cm ™' were assigned to the stretching modes and H-O-H
bending vibration of free or absorbed water. The characteristic
absorptions for NFO were located at 613 cm ™' and 417 cm™ .44
The broad high-intensity band at 613 cm ' was due to the
stretching of the Fe-O bond of the tetrahedra, while the band at
417 em™ ' was assigned to the stretching of the Fe-O bond of the
octahedra. These peaks show a redshift when annealed at
500 °C, which is consistent with the Raman results.

To further prove the conclusion that the octahedral bond was
broken preferentially, the Fe K-edge and Ni K-edge absorption
spectra of NFO and NFO-500H were measured to study the fine

© 2022 The Author(s). Published by the Royal Society of Chemistry
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electronic structure and bulk valences of the samples. As shown
in Fig. 3d, compared to NFO, the Fe K-edge absorption peak
position of NFO-500H was shifted to a lower energy, indicating
that the valence of Fe in NFO-500H was lower than in NFO.” In
addition, the Fe valence follows the order NFO > NFO-500H > Fe
foil. The phenomenon can be attributed to the exsolution of the
FeNi alloy which influences the valence state of Fe. To clarify the
local bonding structure of the Fe atom in the spinel oxides, the Fe
K-edge extended X-ray absorption fine spectra (EXAFS) of two
samples were transformed via R-space Fourier-transformed FT
(k*x(k)), as shown in Fig. 3e. Peak A at R’ ~ 1.5 A and corresponds
to the Fe-O coordination peak. In the radial structure functions
of the Fe K-edge spectrum, the spinel has two main peaks caused
by Fe cations occupying octahedral (Oh) and tetrahedral (Td)
positions. Peak C at R’ ~ 2.5 A and relates to Feon-Feon/Nion
bond bridging Feop. Peak D at R ~ 3.0 A can be assigned to Ferq—
Nipn/Feon, bond bridging Ferq.*®* NFO-500H shows some
significant changes in the R-space function. Firstly, compared to
NFO, NFO-500H exhibits a new peak B at ~2.2 A, which is
a typical scattering feature of Fe-Fe bonds, further indicating the
presence of metallic Fe.*® Secondly, the intensity of peak A,
associated with Fe-O coordination, becomes less intense, which
is indicative of part of the Fe-O bond being broken and the Fe-O
coordination number decreasing. Thirdly, peak C disappeared,
however, the intensity of peak D was obviously decreased, which
demonstrates that the disorder of the NiFe,O, and Feg,-Feon/
Nion bond bridging Fegy, was broken preferentially in the process
of exsolution. As shown in Fig. 3f, the Ni K-edge spectrum shows
a similar edge shift toward lower energy, indicating that the
valence of Ni was reduced in NFO-500H. Obvious changes can
also be observed in the Ni FT-EXAFS spectra (Fig. 3g). Peak E at
~1.6 A corresponds to the Ni-O coordination peak.* Peak F at R
= ~2.2 A is related to the Ni-Ni bond of metallic Ni, Ni foil was
also used for comparison. Peaks G and H at R ~ 2.5 and ~3.0 A
originate from the Niop—Nion/Ferq bonds and Nipp—Ferq bridging
Nion in the NiOg octahedra, respectively. Compared to NFO,
peaks E, G, and H in NFO-500H almost disappear and this can be
attributed to the breaking of the NiOg octahedral bonds. Mean-
while, NFO-500H showed a strong Ni-Ni coordination peak at
~2.2 A, indicating the formation of metallic Ni. Combined with
the Mossbauer spectra and the analysis of the Raman spectra, we
can conclude that the octahedral Fe-O and Ni-O bonds were
broken preferentially and that Fe** was reduced to Fe** or Fe°,
subsequently forming a FeNi alloy anchored on the surface of the
host spinel oxide.

Theoretical calculations

To explore the reason for the preferential breaking of the octa-
hedral coordinated metal-oxygen bonds, density-functional
theory (DFT) calculations were performed. Firstly, the unit cell
of NiFe,0, was employed as a model and the bond energies of
three typical structures, the Fe-O bond of tetrahedral FeO,, the
Ni-O bond of octahedral NiOg, and the Fe-O bond of octahedral
FeOs, were calculated. From Fig. 4d, we can clearly see that the
bond energies of the M-O bonds at the octahedral positions are
less than that at the tetrahedral position, indicating that M-O

Chem. Sci., 2022, 13, 9440-9449 | 9445
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bonds at the octahedral sites will break preferentially. Secondly,
we constructed a (110) slab model of NiFe,O, to calculate the
segregation energy of the transition metal (Fig. S7t). The initial
positions of the metal atoms are indicated with blue circles. The
atomic structure model after exsolution is shown in Fig. 4a—c
and demonstrate the exsolution of Fe in Fe-O tetrahedra (Fe-
Tetra), the exsolution of Fe in Fe-O octahedra (Fe-Octa), and
the exsolution of Ni in Ni-O octahedra (Ni-Octa), respectively. As
we can see, the exsolved metal from the octahedral structures
has negative segregation energies (—2.65 eV, —0.63 eV), indi-
cating that the system energy is lower and more stable than in
pristine NFO. However, the segregation of tetrahedral Fe will
lead to an increase in the energy of the system, indicating that
tetrahedral Fe is not easily exsolved (Fig. 4e). Moreover, we
constructed a model of the FeNi/NFO composite to investigate
the electronic structure and the charge differences (Fig. 4f). It
was found that there is a charge transfer at the interface
between the FeNi alloy and the parent spinel, indicating that the
composite material has strong interactions which are mainly
responsible for the in electrochemical
performance.

improvement

Electrocatalytic oxygen evolution reaction

The OER activities of NiFe,0, and the NFO samples reduced at
different annealing temperatures were examined using
a rotating disk electrochemical (RDE) testing device in 1.0 M
KOH electrolyte. For comparison, commercial IrO, was also
examined under the same conditions. The overpotential at
a current density of 10 mA cm ™2 is considered a primary indi-
cator to evaluate the OER activity.” As shown in Fig. 5a, linear
sweep voltammetry (LSV) curves reveal that the optimized NFO-
500H catalyst has excellent catalytic activity with an onset

9446 | Chem. Sci,, 2022, 13, 9440-9449

potential (~1.46 V) and an overpotential of 283 mV at 10 mA
cm > Remarkably, of all the samples, NFO-500H shows the
lowest overpotential, 137 mV lower than that of NFO and 57 mV
lower than that of IrO,. Compared to NFO, a lower overpotential
(335 mV) was observed for NFO-400H at 10 mA cm ™, which can
probably be ascribed to the formation of defect oxygen in the
reducing environment. Control experiments for NFO + NF were
conducted to evaluate the catalytic activity of the chemical and
physical composites in the OER. NFO + NF exhibited a poorer
performance, which is mainly attributed to the interaction
between the NFO and FeNi alloy, which is not as strong as that
obtained from NFO-500H via exsolution.”® It is worth
mentioning that the overpotential of NFO-500H is also lower
than that of many previously reported spinel-based materials
(Table S51). Moreover, a steady-state polarization curve was
constructed to obtain the corresponding Tafel plots, which
could be used to evaluate the kinetics of the OER* (Fig. 5b and
S87). The Tafel slope for NFO-500H was fitted to 46.5 mV dec ™",
and is superior to those of NFO (104.2 mV dec™ '), NFO-400H
(64.6 mV dec™ '), NFO-600H (50.4 mV dec™ '), and NFO + NF
(52.2 mV dec'). This suggests that the NFO-500H sample
possesses fast reaction kinetics for the OER. We evaluated the
charge-transfer resistances of the prepared samples using
electrochemical impedance spectroscopy (EIS) measurements
(Fig. 5¢). NFO-500H has the smallest charge-transfer resistance,
demonstrating its faster reaction kinetics during the OER. In
fact, each curve in the Nyquist diagram includes two semi-
circles, as shown in the enlarged view. The diameter of the
smaller arc in the high frequency region is almost unchanged
and mainly corresponds to the resistance of the catalyst itself
and related factors.* The electrochemically active surface area
of the samples was calculated using double layer capacitive

© 2022 The Author(s). Published by the Royal Society of Chemistry
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measurements in nonaqueous media (Fig. S91).°® The ECSA-
normalized electrochemical LSV curves, shown in Fig. S10,f
show similar trends to those normalized to the geometric area
for the OER, indicating the intrinsically high electrocatalytic
activity of the NFO-500H. The OER stability of NFO-500H was
investigated via its chronoamperometric curve and a 1000 CV
cycles. As displayed in Fig. 5d, NFO-500H exhibits excellent
stability and maintains its activity for about 24 h. In addition,
the OER activities of NFO-500H, NFO-600H, and NFO + NF after
1000 cycles were tested and it was found that NFO-500H has the
least decrease in activity compared with NFO-600H and NFO +
NF, indicating NFO-500H has good stability (Fig. S117). The
structure of NFO-500H before and after the 24 h stability test
was characterized using XRD and HRTEM. The XRD results
showed that after the electrochemical stability test, the phase of
NFO-500H remained (Fig. S121). An HRTEM image revealed
that the morphology of NFO-500H was well preserved after the
LSV measurements (Fig. S131). These results clearly and
consistently indicate that exsolution remarkably enhances the
OER activity and stability in our system.
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A look to the future of spinel exsolution

Composites of oxide-supported nanoparticles are extensively
applied in a wide range of chemical and energy applications due
to their excellent catalytic performance.” Exsolution provides
an efficient pathway to produce a second phase by separating
active ions from the lattice and then uniformly anchoring them
on the surface of a matrix oxides.* In typical spinel oxides, the
octahedral and tetrahedral interstices can be filled with
different catalytically active ions. However, it was previously not
possible to explain from which site an ion would be more easily
exsolved. Combined with existing knowledge on spinel
synthesis and structural regulation,®*® we propose that these
findings may be an effective guide for the design of new
composite catalysts via exsolution. For example, cations with
high reactivity could be pre-set in octahedral sites in the spinel
for constructing high performance composite catalyst via
exsolution. The radii of the ions, their ratios, valence states, and
tolerance factors,®® even after treatment, should be taken into
consideration to ensure their desired distributions before the
chemical synthesis of parent compounds. Of course, the
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Fig. 5 Electrochemical performance of NFO and the samples reduced at different temperatures. (a) LSV curves for the OER on an RDE testing
device for NFO, NFO-400H, NFO-500H, NFO-600H, NFO + NF, and IrO, catalysts. (b) Tafel plots of the corresponding catalysts. (c) Nyquist
diagrams for all samples. (d) Chronoamperometric curve at 1.54 V (vs. RHE) for NFO-500H.
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exsolution procedure must also be followed taking into account
other existing factors such as the Gibbs free energy,"” co-
segregation energy,* and so on.

Conclusions

In summary, we exploited a range of analytical tools to under-
stand the entire procedure of spinel exsolution from the
perspective of the breaking of chemical bonds. Mdssbauer
spectra reveal that the occupancy percentage of Fe*" at octahe-
dral sites decreases preferentially as the annealing temperature
increases. They also reveal direct evidence that Fegy, and Nigp,
collapse much more easily than Ferq, which is also reflected in
the X-ray absorption and Raman spectra. Those results are
further corroborated by density-functional theory calculations.
We conclude that the octahedral metal-oxygen bonds in the
spinel oxide preferentially break over those bonds in the tetra-
hedral coordination environment. The FeNi/NiFe,O, composite
prepared by in situ exsolution shows a great enhancement in the
electrochemical water oxidation reaction as it has better charge
transfer between its two phases. Our result not only enriches the
fundamental knowledge of exsolution, but also provides new
guidance for the design and preparation of desired functional
composites whereby pre-exsolved metal ions can be deliberately
introduced at octahedral sites.
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