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Experimental Section

Chemicals

SrC05(99.99%) was purchased from Tianjin Guangfu Fine Chemical Research Institute. Fe,Os
(99.90%), NiO (99.99%), and C0,053 (99.99%) were purchased from Shandong West Asia Chemical

Industry Co., Ltd. KOH (99.99%), Nafion (5%wt) and C3HgO (=99.7%) were purchased from

Sigma-Aldrich.

Synthesis of perovskite oxides

The perovskite oxides were synthesized by a solid-state method. To prepare Co and Ni codoped
strontium ferrite, stoichiometric amounts of SrCOj3, Fe,03, NiO, and Co,0; were mixed in a mortar

and thoroughly ground for 2 h. The mixture was dried in an oven at 343 k overnight, calcined at
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1273 K in a box furnace for 12 h, and then cooled to 573 K with rate of 4 k min™!, which was then

cooled naturally to room temperature.

Characterization

Powder X-ray diffraction (XRD) patterns were collected on a Bruker D8 Advance X-ray
diffractometer with a Cu Ka radiation source (A = 1.5418 A). The transmission electron microscope
(TEM) images and high-resolution transmission electron microscopy (HRTEM) images were
obtained with a JEM-F200 microscope equipped with a field emission gun operating at 200 kV. The
high-angle annular dark-field scanning transmission electron microscope (HAADF-STEM) and
EDS elemental mapping were recorded on the FEI Titan Themis apparatus with an X-FEG electron
gun and a DCOR aberration corrector operating at 300 kV. Scanning electron microscopy (SEM)
images were studied on a JSM 7001F electron microscope at 10 kV. Energy dispersive X-ray
analysis (EDS) was obtained by SEM was performed using the EDS system on JSM-7610F. X-ray
photoelectron spectroscopy (XPS) was performed on thermo Fischer, ESCALAB Xi+ spectrometer.
The contents of the metals were determined by inductively coupled plasma atomic emission

spectroscopy (ICP-AES, 7800, Agilent).

Electrochemical measurements

The electrochemical measurements were carried out in a three-electrode system containing 1 M
KOH with the glassy carbon electrode (GCE, 5 mm in diameter) as the working electrode. The
Hg/HgO was the reference electrode (1 M KOH) and the carbon rod was the counter electrode. To
prepare the catalyst ink, the catalyst (10 mg) was mixed with carbon VXC-72, 5 mg) in isopropanol

by sonication and then centrifuged to obtain the powder. The powder was dried in an oven overnight.
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The dried powder (4 mg), isopropanol (370 pL), and 5 wt% Nafion solution (30 pL) were

ultrasonicated to prepare the ink, and 70 pL of the ink was dropped onto the GCE surface to prepare

the working electrode. The polarization curves were recorded at a scanning at a scanning rate of 5

mV s with 85% iR-drop compensation. Electrochemical impedance spectroscopy EIS

measurements are performed at 0.65 V (vs. Hg/HgO) with frequencies ranging from 100 kHz to 0.1

Hz. The durabilities of the samples were studied by comparing the LSV change before and after a

given number of consecutive CV scans (scan rate 100 mV s') and chronopotentiometric

measurements. The chronopotentiometric measurements were carried out at a current density of 10

mA cm? without iR-correction with 70 pL of the ink dropped onto the GCE. To conveniently

characterize the structure of the sample after a durable test, the ink was dropped onto carbon paper

(0.25 cm?) with the same catalyst loading on GCE.

The potential of the reference electrode was calibrated to reversible hydrogen electrode (RHE)

by the following method: First, two Pt electrodes that act as working electrode and counter electrode

were cleaned by cycling in 1 M H,;SO, between -2 and 2 V for 2 h and washed with water. Before

the calibration, the electrolyte (1 M KOH) was saturated with H, by continuously bubbling H, for

half an hour. During the calibration, hydrogen was bubbled over the working electrode. A series of

controlled-potential chronoamperometric curves were measured for 300 s to get the current between

the hydrogen oxidation and hydrogen evolution. The resulting potential is the potential of zero net

current. In this work, the potential of zero net current was found at -0.940 V versus the Hg/HgO

electrode in 1 M KOH (Fig. S7). Thus, the potentials, measured against Hg/HgO, were converted

into the potentials versus RHE by using the equation as follows:
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E(RHE) = E(Hg/HgO) + 0.940 V (1)

To calculate the effective electrochemical active surface area (ECSA), the CV curves were
measured in a non-faradaic potential range at the scan rates of 10, 20, 40, 60, 80, and 100 mV s!.
The geometric double layer capacitance (Cy) was obtained by plotting the difference of current
density AJ = (Janodic — Jcathodic) / 2 at 1.15 V vs. RHE against the scan rates, and the slope of the

linear trend was Cg4. The ECSA was estimated according to the equation:

ECSA=Cy/Cs )

Where the Cs is estimated to be 0.06 mF cm™. The TOF values of samples were calculated based

on the number of active sites using the following equation:

TOF=J*A / (4*F*n) 3)

Where j and A are the current density (A cm?) and the area of the electrode (0.196 cm?). F is the
Faraday constant (96485 C mol!) and n is the molar number of metallic atoms at the B-site in a

perovskite oxide that dropped on the electrode.

Computational method

In this work, the calculations were performed by density functional theory (DFT)
based on the Vienna Ab initio Simulation Package (VASP).! The GGA and PBE
functions were applied to describe the exchange-correlation function.? The ion-electron
interaction is described by using the projector augmented wave (PAW) method.> A

vacuum space of at least 15 A was included in the unit cell to minimize the interactions
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between the system and its replicas resulting from the periodic boundary condition.*>.
A cut-off energy of 400 eV was set and the Brillouin Zone was chosen as 3x3x1 grid,
and the convergence criteria of energy and force were set as 107* eV per atom and 0.02
eV/A, respectively.®

The standard hydrogen electrode model is adopted to calculate the Gibbs free

energy’:

AG
= AE + AE,p; - TAS

Where AE, AEzpg, and AS are the adsorption energy, changes in zero-point energy and
entropy, respectively. AEzpr and AS are calculated by vibration frequency. T is
temperature (298.15 K). The AE, AEzpg, and AS were calculated through the equation:

AE = AEtota]'ESurface'EgaS (5)

1
Ezpp= EZ hv;
i (6)

1
hvi

hv,
STS=KpT Y Inf 1 -e—t- Y hv,
: KgT .
1 1
e_
KT
(7)
Where Egal, Equrfaces and Egys are the total energies for different adsorption sites,
substrate slab, and adsorbent, respectively. The h and v are the Planck constant and
vibrational frequency. There are only adsorbate vibrational modes were calculated
explicitly, while the catalyst sheet is fixed. K is the Boltzmann constant.

To ensure the accuracy of the calculations, we further performed free energy and

density of states (DOS) calculations using the spin-orbit coupling (SOC) method and
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the GGA+U method for comparison with the GGA approach. The U=4 eV, 3.3 eV,
and 6.4 eV were used to the strongly localized 3d orbitals of Fe, Co, and Ni,
respectively. [Chem. Phy., 2021, 545, 111160]. The energy barriers of transition states
were calculated by a climbing image nudged elastic band method (CINEB) (Chem.

Mater. 2024, 36, 6205-6218).
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Supplementary Figures
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Fig. S1. XRD patterns of (a) SrFe;.\Ni,O3.5 (x =0, 0.1, 0.2, 0.3), (b) SrFe;.;,Co,03.5 (y =0, 0.1, 0.2,
0.3, 0.4), and (c) SrFegg.yCoyNip,03.5 (y = 0.2, 0.3, 0.4) and SrFeOs.;. (d) Enlarged XRD patterns
of SI'FCo_5C00.3Ni0.203_5, SrFe()_gNio.zO}g, SI'FC()_7C00.303_5, and SI'FBO3_5.
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Fig. S2. (a) EDS, (b) SEM image, (c) high-magnification image, (d) HRTEM image, (¢) HAADF-
STEM image, and (e) the corresponding EDS elemental mapping images of SrFeOs_s. The inset in
¢ is a low-magnification image of SrFeOs;.
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Fig. S3. (a) EDS, (b) SEM image, (c) enlarged SEM image, (d) HAADF-STEM image, and (e) the
corresponding EDS elemental mapping images of SrFeg gNig,05.s.
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Fig. S4. SEM images and size distributions of (a

(e, f) SrFeOs.;.
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Fig. S5. SEM images of (a) SI’FCO.gNi()A]O}s, (b) SI'Feo_7Ni().303_5, (C) STF€0.6C00_2Ni0_203_5 and (d)
SrFeg 4 Cog4Nig,03.5.
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Fig. S6. (a) Survey XPS spectra, high-resolution (b) Sr 3d and
SrFey5Cog3Nip205.5, SrFepgNig203.5, SrFeg7C00305.5, and SrFeO;.s
XPS spectra of SrFesCog3Nig20s55, and SrFep;Co003055. (€)
SrFep5Co3Nig203.5 and  SrFeggNip,035. (f) High-resolution
SrFe 5Cog3Nip-05.5, SrFepgNig,03.5 and SrFeOs.s.
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(c) Fe 2p XPS spectra of
. (d) High-resolution Co 2p
Ni 2p XPS spectra of
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Fig. S7. The current-potential curve for the calibration of the Hg/HgO

electrode to RHE in the H»-

saturated 1.0 M KOH aqueous solution by using a Pt plate as the working electrode
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Fig. S8. (a) Polarization curves, overpotentials, and current densities at a potential of 1.6 V (vs.
RHE), (c) Tafel slopes, and (d) Nyquist plots of SrFe; (Ni,O5;5 (x =0, 0.1, 0.2, 0.3).
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Fig. S9. (a) Polarization curves, overpotentials, and current densities at a potential of 1.6 V (vs.
RHE), (c) Tafel slopes, and (d) Nyquist plots of SrFe;.;Co,03.5 (y =0, 0.1, 0.2, 0.3, 0.4).
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potential of 1.6 V (vs. RHE), (c) Tafel slopes, and (d) Nyquist plots of SrFegz.,CoyNig,03.5 (y =
0.2, 0.3, 0.4) and SrFeOs._s.

)

]—SrFe0,, + NiO

-2

geo
— — —
o N b

Current density (mA cm

0 T T T T
12 13 14 15 16 1.7
Potential (V vs. RHE)

Fig. S11. Polarization curves of SrFeO;_s, and a mixture of SrFeO;_s and NiO.
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Fig. S12. (a) Mass activities and (b) histogram of mass activities at the potential of 1.6 V (vs. RHE)
for SrFeo‘5C00_3Nio_203_5, SI'FCO'gNio_203_5, SI'FGO3_5, and II‘Oz.
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Fig. S13. (a-c) CV curves of SrFeOs, SrFeqgNig,0;.5, and SrFey sCog3Nig,0;.5 at different scan
rates. The capacitive currents were measured at 1.14 V vs. RHE.
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in the electrolyte after durable test.
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Fig. S20. Schematic diagram of structures of adsorbates on SrFeOs.
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codoped of SrFeOj; calculated by (a) SOC and (b) GGA+U method.
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Fig. S25. DOS of (a) SrFeO3, (b) Ni-doped SrFeOs, and Co, Ni codoped SrFeO; calculated by GGA,

SOC, and GGA+U method.

Table S1. ICP-MS results of SrFe( 5C0¢3Nig203.5, StFey sNig,0s.5, and SrFeO; s before OER.

Simple Sr (106 mol) Fe (10 mol) Co (10°% mol) Ni (106 mol)
SrFe(5C003Nip203.5 6.587 3.389 2.015 1.339
SrFegsNig203.5 7.059 5.752 1.320
SrFeO; .5 48.348 49.717

Table S2. The relative ratio of fitted Fe species in SrFeq sCog3Nig 035, StFeggNig,05.5, and
SrFeOs.5.

Samples Fe? (%) Fe3' (%) Fe*t (%) Sat.

SrFey 5sC0¢3Nig203.5 2.36 34.15 45.52 17.97
SrFeg gNip,0s.5 17.47 43.22 26.26 13.05
SrFeOs.5 18.21 33.37 24.82 23.60

Table S3. The relative ratio of fitted Ni species in SrFeq sCog3Nig0;.5, and SrFeq gNip,03.5.
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Samples Niz* Ni3* Sat.

SrFe0A5C00A3Ni0A203_5 18.48 30.54 50.98

SI‘FCO.gNio_QO}_a 15.19 32.80 52.01

Table S4. The relative ratio of fitted oxygen species in SrFe(5Cog3Nig,03.5, StFeg gNig 055, and
SrFeOs.s.

Samples 0% (%) 0.2/0" (%) OH/0, (%) H,0 (%)
SrFeysCoo3Nig205.5 5.26 22.40 54.01 18.33
SrFeqsNip20s.5 14.64 20.50 36.87 27.99
SrFeOs5 18.41 16.54 5321 11.84

Table S5. Comparison of OER activities of perovskite oxides.

Overpotential @ Tafel slope
Catalyst Electrolyte Ref.
10 mA cm2 (mV) (mV dec)

SrFesCoy3Nip20;.5 1 M KOH 334 55 3:::(
Lag 5Sr) sCoO;_s&MoSe, 1 M KOH 360 77 8
Lag sBag25S1925C00,.95F0 1 1 M KOH 390 113 9
PrBag 5Sry sCo; sFep sOs.5 NT-V-20 min 1 M KOH 319 60 10
PrBag 5Srg sCo; sFeg 5055 NT80-V-20 min 1 M KOH 313 80 10
Lag 7Sry3Cog25Mng 7503-NPs-800 1 M KOH 340 111 11
LaNig sFep,03 s-NR 1 M KOH 302 50 12
PrBaCo,0s 75 1 M KOH 360 70 13
Lag s(Bag4Sro4Cag2)o.5Coo sFeg203 1 M KOH 350 96 14
Lag 5(Bag.4Sr94Cag2)0.5Cop sFep2,03/rGO 1 M KOH 338 80 14
SrNby 1Cog 7Fe9 2055 1 M KOH 370 48 15
NdBaMn,0s 5 1 M KOH 370 75 16
La,NiMnOg 1 M KOH 370 58 17
(PrBag $Cag2)0.95(Co1 5F€0.5)0.95C00.0505+5 1 M KOH 380 99 18
Sro.95Ceo.05F€0 oNi0.103.5 1 M KOH 340 51 19
Sr(Cog sFeo2)0.7B0303.5 1 M KOH 240 58 20
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La0458r1,5Ni0.7FeO,304+5 0.1 M KOH 360 44 21

Si-SCO 0.1 M KOH 417 66 22

Ba4SI'4(COOVgFe()42)4O 15 0.1 M KOH 340 47 23

Table S6. Gibbs free energy of each step for SrFeOs, Ni-doped SrFeOs, and Co, Ni codoped

SrFeOs.
Gibbs free energy (eV)
Sample
* *H,O *OH *O *OOH *00
SrFeOs 0 -0.05 -0.77 -0.28 -1.92 0.95
Ni-doped SrFeOs 0 -0.35 -0.25 0.2 -2.49 0.71
Co, Ni codoped 0 -0.17 -0.05 0.4 -1.26 0.29
SrFeO;
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