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The oxygen evolution reaction (OER) has slow chemical dynamics in the electrochemical decomposition
of water. Herein, we demonstrate that B-site substitution engineering on ABF3 is an efficient strategy to
boost the OER activity due to the modified electronic structure. A series of perovskite fluorides with the
formula NaCo,_,.Fe,NisFz were fabricated via a simple hydrothermal process, in which Co was partially
substituted by both Fe and Ni. The optimized perovskite fluoride exhibited a low overpotential of 265 mV
at a current density of 10 mA cm™2 and outstanding electrochemical stability after 100 h continuous elec-
trocatalysis for the OER. These results are superior to the state-of-the-art perovskite-based OER catalysts.
The X-ray photoelectron spectroscopy (XPS) and X-ray absorption fine structure (XAFS) results showed
that the dual-substitution of Fe and Ni atoms not only produced higher valence Co®* ions but also gener-
ated the more active species Fe**. In addition, the produced metal oxyhydroxides (MOOH, M = Co, Fe, Ni)
on the catalyst surface during OER activation could contribute both excellent catalytic activity and ultra-
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1. Introduction

Oxygen evolution reaction (OER) is a critical half-cell reaction
in rechargeable metal-air batteries and water splitting. Due to
the OER involving a four-electron transfer path, it suffers from
sluggish kinetics, resulting in a high overpotential in practice.
Thus, electrocatalysts with high activity are desired to enhance
the overall efficiency of these energy-conversion devices.'™®
Although noble metal oxides (e.g. IrO, and RuO,) are con-
sidered as high-activity catalysts, their typical high cost and
severe scarcity have restricted their large-scale application.”
Therefore, there is a crucial need to develop advanced OER cat-
alysts with high-activity, low cost, and high stability.

For this purpose, numerous research efforts have focused
on catalysts based on the first-row transition metals as viable
alternatives for the OER,*° including their transition-metal
sulfides,"* nitrides,"”” oxides,"*'* and (oxy)-hydroxides.'®
Among these electrocatalysts, perovskite oxides (ABO;) with an
ordered atomic arrangement and highly flexible electronic
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structure’® ™ have attracted tremendous attention, where A is
an alkali metal and B is a transition metal (Ti, Mn, Fe, Co, Ni,
etc.). The B-sites of perovskites can be easily substituted by
atoms with similar atomic radii for structural and electronic
regulation, which can easily modulate the catalytic properties
of perovskites.?® For example, Sun et al.** replaced Co in the
B-site of LaCoO; perovskite with Mn, which could modulate
the e, electron filling and O 2p-Co 3d covalency, thereby
improving the overall catalytic activity for the OER. Similarly,
Duan et al.** found that an overlap between the O 2p and Co
3d states occurred in LaCo, oFeq 103, which led to an optimal
e, conformation and enhanced covalency, and improved cata-
lytic activity for the OER. Ede et al>* optimized the OER
activity of Sr-Co-Fe-O by changing the Co/Fe ratio, which
proved that the excellent activity could be attributed to its
layered anoxic structure and the increased Co 3d and O 2p
covalence. Liu et al.®* designed mixed valences of Co*'/Co*"
and Mn**/Mn*" and abundant oxygen vacancies in LaMnO;
perovskites by replacing Mn in part with Co to achieve a
higher bi-functional activity. These results revealed that the
partial substitution of the B-site cation in the perovskite by
highly reactive metal elements can tune many properties of
perovskites, such as changing the oxygen vacancies, electronic
structure, bond strength, and synergistic interactions.

Due to the strongest electronegativity of the fluorine (F)
anion, F is an ideal n-type dopant, which enables the for-
mation of weak M-F bonds and strong ionicity. Thus, perovs-
kite fluorides are promising candidates to achieve enhanced
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OER activity compared with ABO;.>>*® Chandrappa et al. first
reported the fluoride perovskite series KNi,Co,_,F3 as promis-
ing OER catalysts.”® However, to the best of our knowledge, the
bimetallic substitution and the effects of B-site substitution
for perovskite fluorides on the OER activity have not been sys-
tematically explored up to now.

Based on the above consideration, B-site substitution engin-
eering via using bimetals on ABF; was investigated and conse-
quently a series of NaCo, _,,Fe,Ni,F; catalysts were successfully
synthesized for the first time. The prepared NaCo, 4Feq 3Nig 3F3
(NCFNF(433)) delivered a small overpotential of 265 mV at
10 mA cm™? current density, a low Tafel slope of 49 mV dec ™",
and excellent electrochemical stability during 100 h of con-
tinuous electrocatalysis. The experimental results showed that
the active centres in NCFNF(433) were Co and Fe species, and
Ni acted as an acceptor of electrons from Co and Fe. The cata-
lytic performance was further improved by changing the
charge distribution of Co and Fe to produce highly active
species. These results strongly showed that NCFNF(433) is a
durable, efficient, and economical OER electrocatalyst. This
work provides new insights into the potential of substitution
engineering design for developing advanced perovskite-based
catalysts for use in the energy-conversion field.

2. Experimental section
2.1 Preparation of NaCo,_,,Fe,Ni,F; perovskite materials

All the chemical reagents were used without further purifi-
cation. The NaCo,;_,,Fe,Ni,F; powders were prepared via a
facile modified solvothermal process. The typical synthetic
process was as follows: first, 0.1993 g of Co(OAc),-4H,0,
0.2353 g of Fe(NH,),(S0,),-6H,0, 0.1493 g of Ni(OAc),-4H,0,
0.1558 g of sodium citrate dihydrate, and 0.3182 g of NH,F were
added to a mixed solvent of water and ethylene glycol (CH,OH),
(1 mL:16 mL) and magnetically stirred to give a homogeneous
solution, and then the solution was further processed in an
ultrasonic bath. Next, the resulting solution was heated at
200 °C for 12 h in a 20 mL Teflon autoclave. After the autoclave
had cooled to room temperature (25 °C), the resulting precipi-
tates were collected by centrifugation at 8000 rpm for 3 min and
washed with distilled water and absolute ethanol 3 times.
Finally, the product was dried at 70 °C overnight to obtain the
final samples. The synthetic method for NaCo;_,,Fe,Ni,F; (x =
0/0.1/0.2/0.3) was the same as for NCFNF(433), except for the
ratio of Co, Fe, and Ni slats and the products were denoted as
NCF, NCFNF(811), NCFNF(622), and NCFNF(433). Additionally,
NaCo, ;Niy 3F; and NaCo, ,Fe,;F; were denoted as NCNF(73)
and NCFF(73), respectively.

2.2 Material characterization

Powder X-ray diffraction (XRD) pattern of NaCo,_,,Fe,Ni,F; was
collected using a Bruker D8 Advance X-ray diffractometer (Cu Ko
radiation) at a scanning rate of 0.05° s*. The morphology and
structure of the NaCo,_,,Fe,NiF; perovskite sample were ana-
lyzed by scanning electron microscopy (SEM, SU-8010) and trans-
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mission electron microscopy (FEI, Talos-200). EDS mapping was
used to measure the element distribution and composition of
NaCo,_,,Fe,Ni,F;. The surface elemental distribution and chemi-
cal states were determined by X-ray photoelectron spectroscopy
(XPS, Thermo Scientific, ESCALAB Xi') with an Al Ka X-ray
source. Raman spectroscopy was performed with a confocal
Raman microspectroscope (Jobin Yvon Co., France, HR800) in
the range of 200-3000 cm ™" using a 532 nm laser. The chemical
bonds of the samples were investigated by Fourier transform
infrared spectroscopy (FI-IR) (Nicolet 6700, Thermo Fisher). The
source for obtaining the X-ray absorption near-edge spectra data
was the Beijing Synchrotron Radiation Facility.

2.3 Electrochemical measurements

The electrochemical performance of the OER was evaluated
using a three-electrode system on the CHI760E electrochemical
station, with Hg/HgO (1 M KOH) used as the reference elec-
trode, while the counter and the working electrodes were Pt
foil and the glass carbon RDE (3 mm in diameter; area:
0.0707 cm?), respectively. All the measured potentials vs. Hg/
HgO were converted to the reversible hydrogen electrode
(RHE). In 1 M KOH, Egyg = 0.0977 V + 0.059 X pH + Eggugo
The working electrode was prepared as follows: first, 5 mg of
catalysts, 1 mg of carbon black, and 50 pL of Nafion (5 wt%)
were evenly dispersed in the mixture solution together with
950 pL ethanol. Then, 5 pL of the liquid obtained in the pre-
vious step was added to a glassy carbon electrode with a
surface area of 0.0707 cm?, and the electrode was dried at
room temperature. The catalyst load on the electrode was
about 0.35 mg cm > A commercial RuO, catalyst obtained
from Aladdin was used for comparison. The activation of the
working electrodes and OER performance were tested by cyclic
voltammetry (CV) and linear sweep voltammetry (LSV) (scan
rates of 50 and 5 mV s~ respectively). The electrochemical
impedance spectrum (EIS) of the catalyst was tested at a poten-
tial of 1.524 V vs. RHE (amplitude 5 mV) in 1 M KOH solution
over a frequency range of 100 mHz to 100 kHz. The turnover
frequency (TOF) was calculated by the following equation:

TOF (s 1) =j x A/(4F x n)

where j (A cm™) is the current density at an overpotential of
300 mV, A is the surface area of the glassy carbon electrode, F
is the Faraday constant (96 500 C mol™"), and n (mol) is the
number of moles of catalyst loaded onto the working
electrode.

The electrochemically active surface area (ECSA) was deter-
mined by measuring the CV scan rate dependence with respect
to the capacitive current associated with the double-layer char-
ging. The potential window of CV was set to be 1.34-1.44 V vs.
RHE and the scan rates were 10, 30, 50, 70, 90, and 110 mV
s~'. The double-layer capacitance (Cq) was tested by plotting
Aj = (j+ — j_)/2 at 1.39 V vs. RHE against the scan rate. The
ECSA was evaluated by the following equation:

ECSA = C4;/0.04 mF cm ™2 per cm?.
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For long-term stability testing, the catalyst was dropped
onto carbon paper (area: 1 x 1 cm? mass loading: 0.35 mg
cm™?). The loading mass of the RuO, on carbon cloth was
about 0.35 mg cm %, which was similar to our
NaCo, _,,Fe,Ni,F; electrocatalysts.

3. Results and discussion

The typical perovskite fluorides were synthesized by a facile
one-step hydrothermal method. The Fe and Ni metal ions were
chosen as metal sources for the B-site engineering on ABF;
because of their high catalytic activity and similar ionic radius.
Fig. S1f displays the crystallographic unit cell of the
NaCo, _,,Fe,Ni,F; perovskite fluorides, in which the transition
metal ions (Co/Fe/Ni) on the B-sites reside in corner-sharing
octahedra of F anions, while the A-site cations (Na) have 8-fold
coordination with F.>”*® X-ray powder diffraction (XRD) pat-
terns suggested that the as-synthesized NaCo;_,,Fe,Ni,F;
exhibited a pure perovskite phase without other impurities.
Taking NCFNF(433) as a representative, all the diffraction
peaks matches were in good agreement with the standard
ICDD card no. 04-008-3556. The detected peaks at 22.78°,
32.46°, 46.53°, 52.43°, and 57.57° were assigned to the (101),
(121), (112), (202), (222), and (240) planes, respectively

View Article Online
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(Fig. 1a). As the content of Fe and Ni in NaCo;_,,Fe,Ni,F;
increased from 0 to 0.3, the main diffraction peak (101)
showed a gradual shift to the right (large angles) (Fig. 1b).
This change showed there was a regular change in the lattice
of NaCo,_,,Fe,Ni,F; due to the partial introduction of Fe and
Ni, a typically solid solution characteristic of the perovskite
structure. Compared to NCF, the diffraction peaks of NCFNF
(433) shifted from 22.78° to 22.96°, which provided direct evi-
dence for the successful substitution.**** The morphology and
size of the perovskite fluorides NaCo,_,.Fe,Ni,F; were
observed by scanning electron microscopy (SEM). The SEM
images of NaCo, _,,Fe,Ni,F; revealed a stacked nanocrystalline
morphology (Fig. S2-S51). Both the degree of agglomeration
and the sizes of the particles decreased with the substitution
of Fe and Ni.

High-resolution  transmission  electron  microscopy
(HRTEM) images and corresponding selected area electron
diffraction (SAED) further confirmed the obtained structure
(Fig. 1c and d). The HRTEM images in Fig. 1c and Fig. S6a—ct
displayed clear lattice stripes, which were assigned to the (101)
diffraction planes of NaCo;_,.Fe,Ni,F;, showing lattice spa-
cings of 3.89, 3.84, 3.81, and 3.78 A, respectively. The
decreased lattice distance for NaCo,_,.Fe,Ni,F; was also in
agreement with the crystal structural disorder and lattice
shrinking in XRD, which was due to introducing Fe and Ni in
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Fig. 1 (a and b) XRD patterns of NaCo;_p.Fe,NixF3; (c) TEM image of NCFNF(433); (d) SAED pattern of NCFNF(433); (e) EDX elemental mapping for

NCFNF(433).
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to the perovskite fluorides. Therefore, the physicochemical
properties, crystal disorder, and structure of the local atomic
environment of the BFy octahedral could be effectively tuned
by substituting perovskite fluorides at the B-site. The energy
dispersive X-ray spectroscopy (EDS) results showed that Fe and
Ni elements were present in the samples, which proved the
successful substitution of both Fe and Ni into the NCF perovs-
kites (Fig. 1e and Fig. S6a-ct). The proportions of metal ions
in NaCo, _,,Fe,Ni,F; were determined by EDS and are listed in
Table S1.}

X-ray photoelectron spectroscopy (XPS) was employed to
study the chemical composition and electronic states of the
perovskite fluoride NaCo,_,,Fe,Ni,F;. As shown in Fig. 2a, the
Co 2p peak was shifted towards higher binding energies and
Co lost electrons with increasing the Fe and Ni contents,
implying the oxidation of Co>" to a higher valence state of Co**
cations after substitution. Similarly, Fe also underwent similar
changes, and a large number of Fe** cations were oxidized to
Fe*" cations (Fig. 2b).>'** Noticeably, with increasing the Fe
content, the proportion of Fe*" relative to Fe’" increased. In
addition, the high-resolution Ni 2p spectrum of NCFNF(433)
showed that a part of the Ni** was completely
converted into Ni** with the increase in Fe and Ni contents,
which indicated that Ni could accept electrons from Fe and
Co (Fig. 2c).** As reported earlier, Ni could cause a partial
charge transfer between Co and Fe to change the electronic
properties of the elements and to further form multivalent
elements.?’
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Moreover, the charge transfer between the transition
elements could be further illustrated by comparing the XPS
results of NCF substituted with Fe or Ni only. As shown in
Fig. S7a,t it was observed that the Co 2p peak of NCFF(73)
with only Fe substitution was shifted to a lower binding energy
compared to NCFNF(433), which showed that the electronic
structure of Co was changed. Meanwhile, the results of the Fe
2p peak of NCFF(73) indicated the production of partial Fe**
(Fig. S7b1).** The binding energy shift phenomenon in Co, Fe
compounds has been reported in earlier studies. For example,
recent reports®>*® found that the Co 2p spectrum could be
effectively tuned by introducing Fe to transfer higher charge,
which was attributed to the transfer of electrons from Co to Fe.
It is noteworthy that the Co 2p peak of the Ni-substituted
NCNF(73) was not significantly shifted compared to the pure
NCF (Fig. S7ct), as could be seen in Fig. S7c.f Because NCNF
(73) was also present with a large amount of Ni**, this indi-
cated that there was no significant charge transfer between Co
and Ni.

Generally, it is considered that Co®* and Fe®" are highly
active species for the OER and can be rapidly adsorbed and
reacted with active molecules during the OER, which is ben-
eficial for the OER kinetics.*® As a result, the electronegativity
of the element changes periodically with the increase in
atomic number. The order of the electronegativity of Fe, Co,
and Ni was: Ni > Co > Fe.*"** The electronegativity of the
metal element becomes larger when the metal element is
more active, and therefore possesses a stronger capability to
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attract electrons. This leads to electron transfer from Co and
Fe to part of Ni, thereby increasing the electron density around
NaCo;_,,Fe,Ni,F;, resulting in the production of Ni?*
species.”®!

To further illustrate the effect of Fe and Ni cations on the
charge state and chemical bonding of the NCFNF(433)
samples, synchrotron radiation X-ray absorption fine structure
(XAFS) characterizations was performed. The Co K-edge oscil-
lation curves of both Fe and Ni partially substituted NCFNF
(433) were significantly different from that of the Co(OH), pre-
cursor, but exhibited almost the same curves as CoF; for the
counterparts (Fig. S8at).>®*” At the same time, the Co K-edge
X-ray absorption near-edge spectra (XANES) of NCFNF(433) are
shown in Fig. 3a and Fig. S8b.T After the introduction of Fe
and Ni in the NCFNF(433) systems, the valence state of Co was
mainly present as Co®", which was consistent with the XPS
results and was confirmed by the XANES result being almost
the same as CoF; (Fig. 3a and Fig. S8bt). In addition, the
Fourier transforms (FTs) of the NCFNF(433) samples presented
main peaks at about 1.53 A, corresponding to the Co-F coordi-
nation (Fig. 3b).%®

XANES and extended X-ray absorption fine structure
(EXAFS) measurements were performed to further investigate

P ——— NCFNF(433)
) CoF, CoF;

—_ Co(OH),
=121
Gl
N’
=
2
R
£0.8 1
(=}
wn
=
«

0.4 4

0.0 T T T

7700 7720 7740 7760 7780
Energy (eV)
c 2.0
——NCFNF(433)
FeF, FeF;

-~ 1.5 4
=
s
N’
g
= 1.0 4
2
)
=
wn
=
<

b
th

0.0 4 T T T
7100 7120 7140 7160 7180

Energy (eV)

Fig. 3
of NCFNF(433), FeF,, FeFz; (d) Fourier transforms curves of the NCFNF(433)

808 | /norg. Chem. Front., 2023, 10, 804-814

View Article Online

Inorganic Chemistry Frontiers

the valence state and the coordination environment of the Fe
species. As revealed by the XANES spectra at the Fe K-edge
(Fig. 3c), the absorption edge of NCFNF(433) was located
between FeF, and FeF;, indicating the positive valence of Fe in
NCFNF(433) was in the range of +2 to +3, which was in agree-
ment with the tested XPS results.*®*° The obtained results con-
firmed that Fe and Ni were successfully introduced to substi-
tute partial Co in the lattice of NCF, and the valences of these
metal ions were correspondingly changed, which is promising
for achieving superior electrocatalytic activity.

The OER performance tests of our prepared perovskite flu-
orides were conducted on a glassy carbon electrode in 1 M
KOH solution. For comparison, the electrocatalytic properties
of commercial RuO, were tested under the same conditions.
As shown in Fig. 4a, the OER polarization curves demonstrated
that NCFNF(433) possessed the optimal catalytic activity
among all the catalysts tested. The overpotential at a 10 mA
em™? current density for NCFNF(433) was 265 mV, which was
much lower than that of NCFNF(622) (278 mV), NCFNF(811)
(298 mV), NCF (343 mV), and commercial RuO, (310 mV). In
addition, in order to further reveal the intrinsic catalytic
activity, the calculated turnover frequency (TOF) was investi-
gated, and the calculated TOF values are shown in Fig. 4b.

b —— NCFNF(433)
Co-F
-~
=
s
N’
2
R
e
et
=
0 2 4 6 8
d Distance (&)
—— NCFNF(433)
Fe-F
-~
=
S
N’
=
B
&
=
=
0 2 4 6 8
Distance (&)
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samples.

This journal is © the Partner Organisations 2023


https://doi.org/10.1039/d2qi02275c

Published on 01 December 2022. Downloaded on 4/4/2026 5:45:54 AM.

Inorganic Chemistry Frontiers

a 120
e NCFNF (433)
".'E 100 { =—NCFNF(622)
) NCFNF(811)
E 801 ———NCF
> ——Ru0,
£ 60+
=
<
= 40
=
5
E
= 204
Q
0 ) T T
14 1.5 1.6 1.7
Potential/vs. RHE
C 14 14
e NCFNF(433) 110 mF cm2
12 { ———NCFNF(622) r12
& 10 NCFNF(811) L 10
£ e NCF 99 mF cm?
<
< 81—==—Ruo0, 4
E m
= 61 6
% 44 59 mF em™? | 4
3 2. F2
-~ —
0- — 11mFem? [
-2 T T T T T -2
0 20 40 60 80 100 120
Scan rate (mV s™)
e 100 Rs CPE
Ret 15
80 10
<N
‘E 60' /l:f.ﬁ 20 25 3
=2
N 40- —=— NCFNF(433)
—e— NCFNF(622)
204 —A—NCFNF(811)
—v—NCF
—4—RuO,
0+ T T
40 80 120 160

Z'/ohm

View Article Online

Research Article

b 400 18

- Overpotential —HE—TOF

Overpotential (mV)

. @) w62 w3
NCF  (CFNE NC&{\\‘\" _\'(‘\“\‘\ ruO2

SrNby,Coy;Fe,0; ;0

LaNiO,

B =
'3 701 S0 BaCo, Fe, Sny,0, om [ 708
< VG e
> NCF @
g NaFe, sNi sF; = 'g
2 601 6o @
8_ NaCoo'ng,_,Ni(,_,Fj 5
= @ K, 4Na, ,(MgMnFeCoFeNi)F, <
<  |NCFNF(622) =
‘[‘550- @ * NCFNF(811) 50 %,
NCFNF(433) =
40 T T T T 40
240 280 320 360 400 440
Overpotential at 10 mA cm2 (mV)
f 1.8 1.8
—=— NCFNF(433)
——RuO
g 1.74 2 1.7
¢ 1.6 L 1.6
>
<
= 1.5 -1.5
S
=
[
°
& 1.44 L 1.4
1.3 T T T T 1.3
0 20 40 60 80 100

Time (h)

Fig. 4 Electrochemical OER performance: (a) OER polarization curves of the fluoride perovskite series samples and RuO,; (b) comparison of the
overpotentials for the catalysts at 10 mA cm™2 in alkaline media and the TOF at an overpotential of 300 mV; (c) charging current density differences
(j = (j: —j)/2) at 1.39 V vs. RHE plotted against scan rates for the fluoride perovskite series samples and RuO,, respectively; (d) Tafel plots for
NaCo;_».FesNi,F3 and the recently reported OER catalysts; (e) Nyquist plots of the catalysts in 1 M KOH at 1.524 V (vs. RHE) and the corresponding
equivalent circuit; (f) chronopotentiometric measurements of NCFNF(433) and the commercial RuO, at 10 mA cm™2.

NCFNF(433) displayed the highest TOF value, which was four
times higher than that of RuO,, indicating its high intrinsic
electrocatalytic activity.’® Furthermore, by normalizing the
current density to the mass of the catalyst, the mass activity of
NCFNF(433) was significantly increased compared with that of
RuO, (Fig. S97). These results indicated that the simultaneous
substitution of Fe and Ni atoms could contribute to the excel-
lent OER performance. To support this viewpoint, OER activity
tests of the samples with only Fe substitution or Ni substi-
tution were conducted (Fig. S101). The results showed that
NCFNF(433) possessed a more optimal OER activity than that
of both NCFF(73) and NCNF(73) and commercial RuO,, imply-

This journal is © the Partner Organisations 2023

ing the specific synergistic effects of Fe and Ni dual-
substitution.?”*%*!

To evidence the origin of the activity for the prepared cata-
lyst, the ECSA was determined by measuring the capacitive
current associated with double-layer charging from the scan-
rate dependence of the CVs (Fig. $11-S171).**** The capaci-
tance currents shown in Fig. 4c were obtained from the corres-
ponding CV curves. The double-layer capacitance (Cq) of
NCFNF(433) was calculated to be 110 mF cm™?, which was
about 10 times higher than that of RuO, (11 mF ¢cm™>). An
analogous feature was also found in the specific activities nor-
malized by the ECSA (Table S2t). This means that NCFNF(433)
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has more electrocatalytically active sites for efficient OER.*®
The Tafel slopes were further calculated (Fig. 4d). The lowest
Tafel slope was obtained for NCFNF(433) (49 mV dec™ "), while
the other catalysts showed significantly higher values, verifying
the fast OER catalytic kinetics of NCFNF(433).** Moreover, the
value of 49 mV dec™" for NCFNF(433) was also superior to that
of most reported perovskites, including SrNb, ;Coq.7Feq205_5
nanorods (61 mV dec™),*® LaNiO;_; (69 mV dec™),*
BaCog sFeq4Sng10;5_s catalyst (69 mV  dec™),"” and
Ko.sNay ,(MgMnFeCoNi)F; (55 mV dec ').*® These results
revealed that the bimetallic substitution played a crucial role
in improving the OER kinetics and the inner activity. This was
also verified by electrochemical impedance spectroscopy (EIS)
results in Fig. 4e and Fig. S18,f in which NCFNF(433) dis-
played a smaller resistance and excellent charge-transfer capa-
bility compared to the other catalysts.

To test the electrochemical stability of NCFNF(433) in the
OER, long-term chronopotentiometry was performed at a
current density of 10 mA cm™2. Herein, RuO, was used for
comparison. As shown in Fig. 4f, RuO, almost lost its activity
after continuous 18 h OER operation. In contrast, the overpo-
tential for NCFNF(433) just marginally increased from 265 to
296 mV after 100 h continuous testing. In order to confirm the
structural change of the metal active centres during the OER
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process, the NCFNF(433) samples during electrochemical cata-
lysis were tested and analyzed via XPS, IR, and Raman charac-
terization, as shown in Fig. 5 and Fig. S19.f By comparing the
XPS spectra of NCFNF(433) before and after the OER reaction,
the Co 2p, Fe 2p, and Ni 2p spectra of the initial NCFNF(433)
showed two peaks. After electrochemical catalysis, the peaks of
Co 2p, Fe 2p, and Ni 2p were shifted to lower binding energies
compared to the initial NCFNF(433) (Fig. 5a-c). The spin
energy differences between the two bimodal peaks after
electrochemical catalysis were 14.80, 11.80, and 17.40 eV,
respectively, indicating the generation of MOOH (M = Co, Fe,
Ni).?® To further verify this case, infrared spectroscopy was per-
formed, as shown in Fig. 5d, in which narrow water peaks were
observed only at 3250 cm™" before the electrochemical reac-
tion, which could be caused by the water absorption of the
sample, while the -OH peaks could be observed at
3000-3600 cm™' and the characteristic peak of M-0*  at
580 cm™' after the electrochemical reaction, which further
indicated the formation of MOOH (M = Co, Fe, Ni).>”*®
Furthermore, the presence of a strongly polarized metal-F
bond in the fluoride perovskite would lead to the dissociation
of the M-F bond to produce a metal hydroxide phase (M-OH),
which can be oxidized to a higher valence metal hydroxyl
oxide (MOOH) at the catalyst surface. This conclusion could

a b
Co2p Fe2p
After electrolysis After electrolysis

Gy

> =

3 s

< 2

4 =

- @

= 2

= <

2 =
-

- 15.62 eV—
Before electrolysis

T T T T T T
810 805 800 795 790 785 780 775 770
Binding Energy (eV)

(g}

Ni2p

After electrolysis

Intensity(a.u.)

Before electrolysis

—12.03 e Vi
Before electrolysis

T T T T
735 730 725 720 715 710 705
Binding Energy (eV)

d == Before OER electrolysis
H,0
Q)
x
<
@
<
=
g
= = After OER electrolysis
£
@»n
=
<
-
==
28
M-O
-OH

T T T T T T T
885 880 875 870 865 860 855 850 845
Binding energy (eV)

T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber(cm™)

Fig. 5 (a—c) XPS results and (d) FTIR spectra of NCFNF(433) before and after the OER testing.
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also be confirmed by the Raman spectra (Fig. $19%).>7%%7!
The hydroxide and hydroxyl oxide catalysts attached to the
surface played a significant role in improving the OER
performance.”>>> Moreover, the more electronegative F could
effectively reduce the electron density around the centre of
the electrochemically active metal, which in turn promoted
the OER activity. The weaker M-F bonds were more ionic,
which further enhanced the OER activity.>>**?° It was note-
worthy that surface self-reconfiguration during electro-
catalytic activation has been identified in recently reported
CoS,,>* NiFe-OH-F,® and KNi,Co,_,F;.>® In particular, Fan
et al. reported the step-by-step oxidation and irreversible
transformation of the amorphous electrocatalyst CoS, to the
crystalline CoOOH in the OER, and further confirmed that
CoOOH is the real active species.®® These research processes
showed that the metal oxyhydroxide (MOOH) produced by
surface self-reconfiguration not only contributed to the high
OER catalytic activity but also to maintaining ultralong stabi-
lity in the OER.

4. Conclusions

In summary, a kind of bimetallic Fe-Ni co-substituted perovs-
kite fluoride as an advanced OER catalyst was successfully pro-
duced via a facile reaction process. The optimized NCFNF(433)
catalyst exhibited a low overpotential of 265 mV at 10 mA
em~>, a low Tafel slope of 49 mV dec™, and excellent dura-
bility for continuous 100 h operation in the OER. The
improved OER performance of the NCFNF(433) catalyst was
attributed to the partial substitution of Co by B-site metal
species (Fe and/or Ni), resulting in a change in the electronic
valence state of the B-site metal elements. The change in the
electron distribution of the metal elements at the B-site pro-
duced higher valence states of Co®" and Fe**, which are highly
active for the OER. In addition, the part formation of amor-
phous MOOH (M = Co, Fe and Ni) species on the catalyst
surface that act as specific active centres could obviously
enhance their OER activity and cycling stability. Generally, our
interesting findings provide a feasible strategy for the design
of advanced perovskite-based catalysts for clean energy
utilization.
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