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Developing robust and highly efficient electrocatalysts for oxygen evolution reaction (OER) is
critical for renewable, secure and emission-free energy technologies. Perovskite oxide
Bao5Sro5C00.8Fe0.203.5 (BSCF) has emerged as a promising OER electrocatalyst with desirable
intrinsic activity. Inspired by the factor that substituting heteroatom into transition-metal
sublattice of perovskite can further optimize the OER activity, herein, we adopt nickel-
substituted BSCF, i.e. Bao.sSro.5C00.8-xFeo2NixOs-5 (x = 0.05, 0.1, 0.2, denoted as BSCFNX, x =

5, 10, 20, respectively), as efficient and stable OER catalysts in alkaline solution. The phase

structure, microchemistry, oxygen vacancy, and electrochemical activity of such samples are



well-investigated. The characterization results indicate that, endowed with a low overpotential
of only 278 mV required for 10 mA cm and a small Tafel slope of merely 47.98 mV dec,
BSCFN20 exhibits the optimum OER activity among this system, yielding a mass activity of
218.6 mA mg* and a specific activity of 1.68 mA cm at 320 mV overpotential. When using
BSCFN20 as an anode and Pt/C as a cathode to catalyze overall water splitting in 1 M KOH,
the two-electrode configuration cell (BSCFN20||Pt/C) only requires a voltage of 1.63 V to
achieve catalytic current density of 50 mA cm2, and the BSCFN20||Pt/C remains stable at 10
mA cm2 for a duration of 80 h, which are superior to the state-of-the-art RuO2||Pt/C counterpart.
This work provides a feasible strategy for designing stable and highly active perovskite

electrocatalysts for future electrochemical energy storage and conversion.

One of the main impediments for facilitating water splitting, metal-air batteries and regenerative
fuel cell technologies lies in the kinetically sluggish oxygen evolution reaction (OER) process,
which not only demands four sequential proton-coupled electron transfers, but also undergoes
a transition of the spin states.!*®1 To improve the sluggish kinetics and motivate the reaction, a
great many materials have been exploited as effective and efficient OER electrocatalysts. Metal
oxides,*® hydroxides,’8 metal chalcogenides,/! organometallics,’® and carbon-based
materialst®% are recently identified as the most promising candidates. In particular, as one of
the metal oxide electrocatalysts, functional perovskites (ABO3) have received great attention
due to their outstanding intrinsic activity, cost-effective character, large-scale implementation
capability and environmentally friendly nature.['2 For instance, Shao-Horn’s group proposed
a volcano-shape diagram with eq occupancy of surface transition metal in perovskite against
OER activity.[*®! The volcano curve manifests that BaosSrosCoosFeo20s-5 (BSCF) exhibits an
optimal OER electroactivity in regards to precious metal-based IrO, benchmark approximately

one order of magnitude higher, standing out from other perovskites as well as many advanced



materials. Since then, significant efforts have been dedicated to further optimizing the intrinsic
activity of BSCF electrocatalyst for OER regarding its tremendous potential in energy storage

and conversion applications. 1416l

In general, combining several functional materials could provide a prospective approach to
synergistically optimize the OER electroactivity. For example, it was reported that
CoNi/BSCF/N-doped-C composite demands for only a low overpotential of 320 mV to reach a
specific current density of 10 mA cm?, outperforming pristine BSCF (470 mV) and other
predominant electrocatalysts.'”1 Meanwhile, the OER performance was found to be closely
associated with the morphology of the transition-metal oxides. Chen et al. successfully
fabricated an amorphous BSCF nanofilm and achieved the two orders of magnitude
enhancement in OER activity relative to its crystalline counterpart.[*®! Thermal treatment in
special atmosphere has also emerged as a desirable avenue to improve the electroactivity of
BSCF. It was revealed that exposing BSCF to CO2 atmosphere during heating could induce the
in-situ formation of decorative carbonate layer on the surface, providing enhanced OER
performance.*® Recently, oxygen vacancies have been proven to profoundly enhance the
electrocatalytic activity and durability of OER,[?%-??1 since oxygen vacancies can not only
enhance the electrical conductivity of the catalyst, but also tailor the surface electronic structure
and number of active sites for electrochemical reactions.[?®l Furthermore, substituting
heteroatoms into perovskites is quite facile to generate the favorable oxygen vacancies, thereby
enhancing the electrochemical properties. Following this, F substituted BSCF (F-BSCF),[?4]
Lax(BaosSros)1-xC00sFe0203-5 (LBSCF),[?® and Bio.1(BaosSros)o.9C0osFeo2035 (BBSCF)2!
were spotlighted as highly effective OER catalysts based on the doping engineering. Although
these A-site and O-site doping strategies effectively enhance the OER performance of BSCF,
B-site coordinated with O anions in perovskites generally stands as the active sites for oxygen-

related reaction intermediates. Accordingly, substituting elements into B-site of BSCF



perovskite framework is supposed to more efficiently improve the OER electrocatalytic activity.
Among the various B-site dopants, Ni cations are considered to be promising substitution

candidates for benefiting the catalytic process of oxygen-related reaction.?”-2°]

Herein, for the first time, we apply a series of B-site Ni-doped BSCF to oxygen evolution
electrocatalysis in alkaline condition. BSCF specimens doped with different contents of Ni,
namely Bao sSro5C00.8xF€0.2NixO3-5 (x = 0.05, 0.1, 0.2, denoted as BSCFNX, x =5, 10, 20), were
synthesized by a simple sol-gel method and characterized in terms of crystal structure, valence
state of metal ions, oxygen non-stoichiometry, and electrochemical nature. The incorporation
of Ni promotes the formation of oxygen vacancies, and the concentration of oxygen vacancies
increases with the increment of Ni content without compromising the crystal structure. As we
demonstrate, the optimum BSCFN20 catalyst only requires a low overpotential of 278 mV to
deliver a current density of 10 mA cm™ for OER, surpassing those of BSCF matrix and
commercial RuO. benchmark. Together, this catalyst displays favorable OER performance with
a mass activity of 218.6 mA mg? and a specific activity of 1.68 mA cm? at 320 mV
overpotential. To push forward the practical application of the developed perovskite, a two-
electrode electrolyzer with BSCFN20 as an anode and Pt/C as a cathode presents a cell voltage
of only 1.63 V at 50 mA c¢cm?, much lower than that of commercial RuO2||Pt/C couple. In
addition, the BSCFN20||Pt/C electrolyzer also exhibits remarkable long-term durability over 80

h of electrolytic water oxidation.

Substituting nickel into BSCF, despite the variation of the doping concentration, is capable
of maintaining the typical perovskite structure as evidenced by XRD profiles in Figure 1a.
Rietveld refinements (Figure S1, Supporting Information and Figure 1b) conducted on the XRD
data to acquire structural information reveals that the three specimens crystallize in the cubic-
symmetry structure with a space group of Pm3m. The close agreement between the

experimental data and calculating results demonstrates the proper selection of the structural
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model. Detailed refinement information is summarized in Table S1 (Supporting Information).
Figure 1c shows a typical HR-TEM image of BSCFN20, which clearly reveals well-visible
lattice fringes with the interplanar d-spacing of 0.282 nm, agreeing well with the (110)
crystalline plane. The inset in Figure 1c is the corresponding fast Fourier transformed (FFT)
showing the angle of ~35° between the sets of lattice planes, indicative of a cubic lattice viewed
along [110] zoon axis, which is consistent with the XRD refinement analysis. Similar results
are also observed for BSCFN5 and BSCFN10 (Figure S2, Supporting Information). EDX
mappings (Figure 1d) confirm the concurrent existence of Ba, Sr, Co, Fe, and Ni and the
homogeneous distribution of the elements in BSCFN20 sample. As noted above, the BSCFNx
samples adopt a cubic crystal structure with the highest symmetry in the perovskite system,
maximizing the transport and diffusion property of oxygen and electron, and thereby the OER

activity.

XPS technique was taken to probe the chemical states of surface composition in studied
samples. The XPS spectra of BSCFNx are presented in Figure 2 and S3 (Supporting
Information). Typically, simultaneous deconvolution for Co 2p and Ba 3d spectra is required
in (Ba, Co)-containing perovskites due to the overlap of Co 2p and Ba 3d peaks.*" Regarding
Figure 2a, the peaks near 780 eV corresponds to Co 2ps; and Ba 3ds/2, while the binging energy
at around 795 eV is ascribed to Co 2pi2 and Ba 3ds. Although it is challenging to clearly
distinguish the valence state of Co due to the overlapped spectra, the weak satellite peaks at
around 788 eV manifest the dominance of Co®" on the surfaces of all BSCFNx samples, which
is of great significance to the OER in alkaline condition.[***!] Besides, the shift toward the high
binding energy is detected for Co 2ps2 and 2p12 with increasing Ni content. Such shift can be
attributed to the increase in Co?* ion content.!®? As for Sr 3d spectra in Figure S3a (Supporting
Information), the peaks at ~133.5 and ~135.3 eV are ascribed respectively to the Sr 3ds, and

3dzp. The Fe 2p spectra display a doublet at ~711 and ~724 eV, as can be assigned to Fe 2pas.



and 2pi signals, respectively (Figure S3b, Supporting Information). In contrast to Co, no
distinct variation in the surface Fe state is observed. As shown in Figure 2b, the spectra for
dopant Ni consist of two main peaks and a satellite peak. The peaks located at binding energies
of ~857 and ~874 eV arise from Ni 2ps2 and 2p1/, respectively, together with the satellite peak
located at ~862 eV. The Ni-rich surface can benefit the facile formation of NiOOH as the redox-

active sites, thereby facilitating the OER catalytic reaction.[3334

Notably, as shown in Figure 2c, the O 1s spectra are featured by four subordinate peaks
located at 529.1 eV (lattice oxygen 0%), 530.5 eV (highly oxidative oxygen 05/0°), 531.5 eV
(hydroxyl groups or surface-adsorbed oxygen OH/0.), and 532.4 eV (adsorbed molecular
water H,0). Both highly oxidative oxygen O%/O" and hydroxyl groups OH" are closely
associated with the oxygen defect.® The existence of oxygen defect could potentially facilitate
oxygen incorporation and transport, thus enabling highly efficient OER electrocatalysis.
Although the concentration of highly oxidative oxygen O%/O" of BSCFN20 is inferior to those
of BSCFN5 and BSCFN10, its hydroxyl groups OH" significantly exceed the other two,

signifying the possible existence of large amount of oxygen vacancies.

To quantificationally compare the concentration of oxygen deficiency for all studied samples,
iodometric titration method was employed. According to the determination results, the oxygen
non-stoichiometry (8) increases with increasing Ni dopant content. The corresponding values
for BSCFN5, BSCFN10, and BSCFN20 are 0.3, 0.35, and 0.44, respectively, much higher than
those of BSCF matrix and other cobalt-based perovskites.¢-381 Such a significantly high & value
of BSCFN20 is expected to be beneficial for the occurrence of oxygen absorption and release,

subsequently promoting the oxygen electrocatalytic activity.

The electrocatalytic performances of BSCFNx (x = 5, 10, 20) toward OER in 0.1 M KOH
solution were evaluated by LSVs at 1600 rpm in a typical three-electrode system. All potentials

given are referenced to RHE using the calibration equation emerged in the experimental section.
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To distinguish the superiority of Ni-doped catalysts, the benchmark BSCF and RuO. were also
performed with the similar measurements for comparison. The polarization curves in Figure
3a demonstrate that BSCFN20 electrode displays the optimal OER catalytic activity among all
studied samples, delivering a low overpotential of 278 mV at 10 mA cm. The overpotentials
of BSCF and RuO> are 38 and 31 mV higher than that of BSCFN20, indicative of the significant
effectiveness of Ni doping. In addition, the electrocatalytic activity improves as the doping ratio
of Ni increases, manifested by the higher overpotentials of BSCFN5 (304 mV) and BSCFN10
(297 mV). With the hope of further enhancing electrocatalytic OER performance, attempts to
introduce a greater level of Ni doping (x = 0.3) results in a failure to obtain a single-phase
perovskite structure (Figure S4, Supporting Information), demonstrating the optimal doping
ratio of x = 0.2. More convincingly, the comparison of overpotentials of BSCFN20 and other
advanced perovskite electrocatalysts for OER at the current density of 10 mA cm? is
summarized in Table 1. The satisfactory catalytic activity of BSCFN20 can be attributed to the
much higher content of oxygen vacancies existing in the lattice. The intrinsic OER activity of
BSCFN20 remains prominent even considering the experimental uncertainty, with a much
higher current density than RuO; under the same voltage as shown in Figure 3b. Each data point
displayed in the diagram is averaged from three independent measurements, and the errors bars

indicate the standard deviation of the mean.

As an inherent parameter to assess the OER reaction kinetics of catalysts, the Tafel slope is
derived from LSV polarization curves by plotting iR-corrected potential against logarithm of
current density (Figure 3c). As expected, the Tafel slope for BSCFN20 is calculated to be 47.98
mV dec?, clearly smaller than those of other species (51-64 mV dec™?), further evidencing the
fast OER Kinetics. Moreover, Figure 3d in the form of bar graph illustrates the mass activity
(MA, mA mg?) and specific activity (SA, mA cm2) of BSCFNx catalysts, normalized by the

oxide mass loading and BET surface area (Figure S5, Supporting Information) at =320 mV,



specifically. It is apparent that both MA and SA can considerably improve with an increase in
doping concentration of Ni. Particularly, the BSCFN20 catalyst achieve a factor of more than
2 enhancement in both MA (218.6 mA mg™*) and SA (1.68 mA cm) for OER relative to pristine
BSCF and other BSCFNXx counterparts, implying its potential practical applications (credited to

higher MA) and remarkably superior intrinsic activity (ascribed to higher SA).

Inspired by the bright prospect of BSCFN20 for OER performance, an electrocatalysis cell
with commercial Pt/C as a cathode and BSCFN20 electrocatalyst as an anode (denoted as
BSCFN20||Pt/C) was assembled for overall water splitting in 1 M KOH electrolyte. RuO,||Pt/C
cell was also prepared for comparison and the mass loading for all studied electrodes was 3 mg
cm. The corresponding linear volt-ampere curves shown in Figure 4a well prove the
prominent practicability of BSCFN20 catalyst. At room temperature, BSCFN20||Pt/C affords a
superior activity for overall water splitting with a cell voltage of only 1.63 V to support a current
density of 50 mA cm?, evidently outperforming the references RuO||Pt/C couple (1.70 V) and
SrCoo.9RU0.103-5||Pt/C couple (~1.72 V).8 From a representative snapshot of the operating
BSCFN20||Pt/C cell, given as the inset of Figure 4a, the clearly visible oxygen and hydrogen
bubbles are continuously generated from the respective electrodes at 10 mA cm. In addition
to the catalytic activity, the stability of the cells is also critical for the commercial application.
The long-term durability of the two-electrode cells was assessed by chronopotentiometry test.
As seen in Figure 4b, notably, BSCFN20||Pt/C yields an almost steady potential during
continuous oxygen and hydrogen production at a constant current density of 10 mA cm2for 80
h, whereas an obvious degradation of potential is observed for RuO,||Pt/C after 80 h testing,
demonstrating excellent electrocatalytic durability of two-electrode system BSCFN20||Pt/C for
overall water splitting. The above outcome reveals that BSCFN20 holds significant promise in
the field of energy conversion and storage, including electrochemical water splitting, fuel cells,

and rechargeable metal-air batteries, etc.



In summary, we have demonstrated that substituting nickel into BSCF perovskite is a feasible
and efficient approach to enhance the OER intrinsic activity. A series of doped BSCF
perovskites BaosSrosCoos-xFeo2NixOs.5 (x = 0.05, 0.1, 0.2), labeled as BSCFNXx (x = 5, 10, 20),
are investigated in detail. The boosted OER electrocatalytic activity of BSCFNXx is achieved
with increasing doping level of Ni. As a result, the most active electrocatalyst BSCFN20
provides exceptional electrocatalytic performance with a low overpotential of 278 mV at 10
mA cm2 and a small Tafel slope of 47.98 mV dec?, superior to those of the pristine BSCF and
benchmark precious-metal-based RuO>. Relative to the pristine BSCF, the BSCFN20 catalyst
exhibits a factor of more than 4 and 7 increase in mass activity and specific activity for OER,
respectively. The promising electroactivity can be ascribed to the increased oxygen vacancies
resulted from the nickel substitution. Moreover, a two-electrode electrolyzer composed of
BSCFN20 anode and Pt/C cathode in 1 M KOH electrolyte requires a voltage of only 1.63 V
to drive a current density of 50 mA cm and exhibits impressive durability at constant 10 mA
cm current density for a duration of 80 h, which are more competitive than that of the precious
RuO,||Pt/C catalytic couple for overall water splitting. The distinguished OER activity and
durability demonstrate the tremendous potential of BSCFN20 perovskite in electrocatalysis and

other sustainable energy technologies.
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b) Rietveld-refined XRD profile of BSCFN20, ¢) HR-TEM image and corresponding FFT

pattern (inset) of BSCFN20, d) EDX mappings of BSCFN20 sample.
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Figure 2. a) Co 2p and Ba 3d, b) Ni 2p, c) O 1s core-level XPS spectra of BSCFNx. Asterisks

() indicate satellite peaks.
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comparison of the intrinsic activity (current density) of BSCFN20 and RuO: on a logarithmic

scale against potential, error bars represent standard deviation of the mean for at least three

independent tests, ¢) Tafel plots toward OER of different catalysts, d) mass and specific activity
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Figure 4. a) Polarization curves and b) chronopotentiometric curves of a two-electrode
electrolyzer with Pt/C as a HER catalyst and BSCFN20 or RuO; as an OER catalyst for overall

water splitting in 1 M KOH without iR compensation.
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Table 1. Overpotential comparison of various perovskite electrocatalysts for OER at a current

density of 10 mA cm™.

Catalyst Electrolyte ~ RE @ CEY fr)r\lf\e/rpotential Ref.
BisCoTi3015/BiCo0O3 - Ag/AgCl Pt 387 2
PrBag 5Sr0.5Co1.5Fe0.505+5 1 M KOH Ag/AgCl Pt ~390 22
Bio.1(BaosSro.5)0.9Co08Fe02035 0.1 M KOH Hg/Hg,Cl, Pt 370 26
SrCo1,,S1,035 0.l MKOH Ag/AgCl Pt 417 39
Lao2SrosFeOs-s 0.l MKOH Ag/AgCl Pt 370 40
St(Coo.5Fe02)0.7B0303.5 0.l MKOH Ag/AgCl Pt 340 41
Nd; sBa; sCoFeMnOy.s/N-rGO 1 M KOH Hg/HgO graphite 357 42
LaFeo2Nios03 1 M KOH SCE Pt 302 43
Sr2ColrYOg 0.1 MHCIO4 Ag/AgCl Pt 330 44
SrCo0:2 85-5F0.15 0.l MKOH Ag/AgCl Pt 380 45
Lao.45Sr0.4sMnooFeo.103.5/FesC/C  0.IM KOH  Ag/AgCl Pt 340 46
Bag.9Sro.1Coo.8Fe0.11r0.1035 1.0OMKOH Ag/AgCl Pt 300 47
BSCFN20 0.1 M KOH Ag/AgCl Pt 278 This work

3 RE: reference electrode: ® CE: counter electrode.
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Nickel-substituted perovskites BaosSrosCoo.sxFeo2NixO3z5 (BSCFNX) are designed and
developed as highly active and durable electrocatalysts for boosting oxygen evolution reaction
(OER). With the Ni doping ratio increasing up to 20%, BSCFN20 exhibits the optimum OER
activity, and alkaline electrolytic cell with BSCFNZ20 as an anode achieves remarkable activity
and durability for water oxidation. The gradually increased oxygen vacancies resulting from
the Ni substitution enables promising OER electroactivity, contributing to the advancement of
water splitting.

Feifei Dong, Lu Li, Zigi Kong, Xiaomin Xu, Yaping Zhang, Zhenghui Gao, Yangbiaokui Dong,
Meng Ni, Quanbing Liu*, and Zhan Lin*

Materials Engineering in Perovskite for Optimized Oxygen Evolution Electrocatalysis in
Alkaline Condition

@ Ba/Sr @ Co/Fe/lNi @ O
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I. Experimental Section

Catalysts preparation: The perovskite catalysts including BSCF and BSCFNx were
synthesized using a combined EDTA-citrate complexing sol-gel method as described
previously.!! After subjected to various high temperatures to form the desired phases, the
resulting catalysts were ball-milled (Fritsch, Pulverisette 6) with ethanol as a solvent medium
at 450 rpm for 10 h, followed by drying and grinding processes. The benchmark precious metal
catalyst RuO2 was purchased from Premetek company.

Catalysts characterization: Room-temperature X-ray diffraction pattern (XRD) of the
synthesized perovskite powders were carried out on an X-ray diffractometer (Rigaku
MiniFlex600, Cu Ka radiation, A = 1.54059 A) to determine the phase structure and purity.
Detailed structural information, based on profile fitting of the XRD patterns, was obtained by
GSAS-EXPGUI package.[? High-resolution transmission electron microscopy (HR-TEM)
images were conducted by Talos F200S. To evaluate the specific surface areas of the ball-

milled catalysts, a Brunauer-Emmett-Teller (BET) analysis system (BELSORP-mini II') with a

N2 adsorptive medium was performed. The surface valence of elements was acquired from X-
ray photoelectron spectra (XPS, Thermo Fisher Escalab 250Xi). Binding energy of C 1s, located
at 284.8 eV, was taken as the reference standard. The XPSPEAKA41 software was employed for
the peak fitting procedure. lodometric titration method was applied to determine the oxygen
non-stoichiometry (8) of perovskite oxides at room temperature. The detailed experimental
process can be available in our previous work.E!

Electrochemical characterization: The electrochemical performance was measured by the
combination of a CHI 760 electrochemical workstation and an RDE system (Pine Research
Instruments). The working electrode, i.e. glassy carbon (GC) electrode, was pre-polished and
rinsed before each test. A Pt wire and Ag/AgCl (saturated KCI) electrode acted as the counter
and reference electrode, respectively. The saturated Ag/AgCl electrode was calibrated by the
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reversible hydrogen electrode (RHE), resulting in the conversion equation: Erve = Eagiager +
0.993 V. For preparation of catalyst-modified electrodes, 10 mg of perovskite oxides, 10 mg of
carbon black (Super P Li), 100 pL of 5 wt. % Nafion solution, and 1 mL of ethanol were mixed
and ultrasonically dispersed to generate a homogeneous suspension. Next, 5 uL of the resulting
ink was drop-casted onto the surface of polished GC electrode (5 mm in diameter) followed by
a natural drying process, yielding a catalyst mass loading of ~0.232 mgca: cm™. The precious
metal oxides RuO> catalyst was adopted as the reference with loading amount of ~0.116 mgcat
cm2. The 0.1 M KOH electrolyte was prepared by dissolving KOH pellets (99.99% weight,
Aladdin) into a certain amount of ultrapure water (18 MQ cm). The electrolyte was saturated
by O for at least 30 min before measurement and maintained O saturation throughout OER
test. Linear sweep voltammograms (LSVs) were detected on RDE under a rotating speed of
1600 rpm at a scan rate of 5 mV s from 0.2 to 1.0 V (versus Ag/AgCl). To eliminate the effect
of the solution resistance, all potential values reported here are iR-corrected using the following
equation: Eircorrected = E - IR, where i is the measured current, while R represents ohmic
resistance of electrolyte. For the determination of R value, electrochemical impedance
spectroscopy (EIS) was conducted at 0.67 V with frequencies ranging from 100 kHz to 0.1 Hz
under an AC voltage amplitude of 5 mV. Overall water splitting was carried out in a two-
electrode system using BSCFN20 as an anode and commercial Pt/C as a cathode in 1.0 M KOH
electrolyte. For comparison, the electrochemical behavior of commercial Pt/C||RuO2 two-
electrode configuration was also measured. Chronopotentiometry test was performed at a

constant current density of 10 mA cm to measure the durability of overall water splitting.
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Il. Supplementary Results
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Figure S1. Rietveld-refined XRD profiles of a) BSCFN5 and b) BSCFN10.
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Figure S2. a) HR-TEM image and b) corresponding FFT pattern of BSCFN5, ¢) HR-TEM

image and d) corresponding FFT pattern of BSCFN10.
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Figure S3. a) Sr 3d and b) Fe 2p core-level XPS spectra of BSCFNx. Asterisks (%) indicate

satellite peaks.
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Figure S4. XRD patterns of BSCFN30 powder calcined at various temperatures.
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Table S1. Rietveld refinement results of XRD patterns of BSCFNx perovskites.

Perovskite BSCFNS5 BSCFN10 BSCFN20
atom X oy z occupancy @ x Yy z occupancy X Yy z  occupancy

Ba 0.0 0.0 0.0 0.5083 0.0 0.0 0.0 0.5161 0.0 0.0 0.0 0.5074
Sr 0.0 0.0 0.0 04986 0.0 0.0 0.0 04992 00 0.0 0.0 0.5039
Co 05 0.5 05 0.7011 0.5 05 05 0.6932 0.5 0.5 0.5 0.6000
Fe 0.5 0.5 05 0.2000 0.5 0.5 0.5 0.1997 0.5 0.5 0.5 0.1997
Ni 0.5 0.5 05 0.099 0.5 05 05 0.1007 0.5 0.5 0.5 0.1990
O 0.5 0.5 0.0 0.8851 05 05 00 09517 05 0.5 0.0 0.8499

Pm3m a=3.9833(7) A a=3.9856(2) A a=3.9832(5) A

Ryp (%) 6.55 6.15 6.59

R, (%) 5.00 4.82 4.99
21 1.064 1.101 0.905

Supplementary References

[1] L. Li, H. Yang, Z. Gao, Y. Zhang, F. Dong, G. Yang, M. Ni, Z. Lin, J. Mater. Chem. A

2019, 7, 12343.

[2] B. H. Toby, J. Appl. Crystallogr. 2001, 34, 210.

[3] F.Dong, M. Ni, Y. Chen, D. Chen, M. O. Tadé, Z. Shao, J. Mater. Chem. A 2014, 2, 20520.

28





