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1.1 Synthesis of the catalysts

The all catalysts were synthesized using a modified Pechini method. Taking the synthesis of
PrSrCoqg¢Fep 404 as a representative example: 1 mmol of Pr(NO;);-6H,0 (AR, SCRC), 1 mmol
Sr(NO;3); (AR, SCRC), 0.6 mmol Co(NO3), 6H,0 (AR, SCRC) and 0.4 mmol Fe(NO3),-9H,0 (AR,
SCRC) were dissolved in 50 ml deionized water. Subsequently, 4.5 mmol of citric acid (CA)
(analytical reagent, SCRC) and 3 mmol of ethylenediamineteraacetic acid (EDTA, AR, SCRC) was
added as complexing agents to promote uniform dispersion of the metal ions. The pH value was
then adjusted to 7-8 by the addition of NH;-H,O (25%, SCRC). The resulting solution underwent
spontaneous combustion upon heating in an evaporating dish, resulting in a black ash. This ash was
thoroughly ground using a mortar and subsequently transferred to an Al,O; crucible, where it was
subjected to calcination in a muffle furnace at 1150°C for 10 hours to obtain the desired
PrSrCoq ¢Feg 404 product. For the synthesis of PrSrCog¢Fe 4..Ni,O4, Ni(NOs),-6H,0 (AR, SCRC)
was used to partially replace Fe(NO3),-9H,0 in appropriate proportions, while keeping the total
molar amount of Fe and Ni constant at 0.4 mmol. In the case of noble-metal substitution (Ir or Ru),
the PrSrCoq¢Feg4xMxO4 (M = Ir, Ru) catalysts were synthesized by substituting a portion of the
Fe(NOs3),-9H,0 with pre-dissolved IrCl;-nH,O or RuCl;-nH,0. The remaining synthesis steps were

consistent with those used for PrSrCog ¢Feg 404.
1.2 Characterization

The synthesized compounds underwent characterization through X-ray diffraction (XRD)
analysis conducted using a Rigaku SmartLab SE diffractometer, utilizing Cu Ko radiation (A =
1.5418 A) at 40 KV and 40 mA. XRD patterns were collected at room temperature within the 20
range of 10-80°, with an interval of 0.02°. Detailed structural information was then refined using
the Rietveld method within the GSAS-II software. Comprehensive evaluations of morphology and
composition were conducted utilizing a range of techniques. Scanning electron microscopy (SEM)
was performed employing a JEOLJSM-6700F instrument. X-ray photoelectron spectroscopy (XPS)
investigations were carried out using an ESCALAB250Xi spectroscope. And the field emission
high-resolution transmission electron microscopy (HRTEM) equipped with energy-dispersive X-
ray spectroscopy (EDX) was employed, utilizing a Talos F200X instrument. Additionally, specific
surface areas were determined utilizing the Brunauer-Emmett-Teller (BET) technique, employing a
Micromeritics ASAP 2460 instrument. Furthermore, magnetization characteristics were assessed
using a SQUID magnetometer (MPMS3, Quantum Design).

1.3 Electrochemical Measurements

The electrochemical performance of the catalyst was assessed using a standard three-electrode
system in a 1M KOH electrolyte at room temperature, employing the CHI760E electrochemical
workstation. To prepare the working electrode, 5 mg of the catalyst and 1 mg of conductive carbon
black were dispersed in 800 pL of ethanol. Subsequently, 40 pL of Nafion was added, and the
resulting mixture underwent ultrasonication for approximately 1 hour to achieve a homogeneous
ink. A 5 pL aliquot of the ink was then deposited onto a glassy carbon electrode (diameter = 3 mm)
and dried at room temperature, resulting in a catalyst loading of 0.421 mg cm2. The Pt wire and 1M



KOH Hg/HgO were employed as the counter electrode and reference electrode, respectively.

The perovskite electrocatalysts underwent activation through 20 cycles of cyclic voltammetry
(CV) scans conducted between 0.1-0.9 V vs. Hg/HgO at a scan rate of 100 mV s~!. Following
activation, polarization curves were generated using linear sweep voltammetry (LSV) at a scan rate
of 5 mV s7!. These polarization curves were then reanalyzed by plotting overpotential (n) against
the logarithm of current density (log |j|) to derive Tafel plots. The linear segments of the Tafel plots
were subsequently fitted to the Tafel equation (n = b log |j| + a) to determine the Tafel slope.
Furthermore, electrochemical impedance spectroscopy (EIS) was conducted at 1.57 V vs. RHE over
a frequency range spanning 100 kHz to 0.1 Hz, applying an AC voltage of 5 mV. The
electrochemical double-layer capacitance (Cg4;) was obtained from CV results recorded between 0.1
V and 0.2 V vs. Hg/HgO at scan rates of 20, 40, 60, 80, 100, 120, 140, and 160 mV s'!. The
calculation of mass activity (MA, A g') is determined using the following equation:

MA = |J}/m (1-1)
where, J represents the current density (mA cm?), and m is the mass loading of the catalyst,
approximately 0.425 mg cm™2,

The turnover frequency (TOF) for all the catalysts has been calculated using the following relation:
TOF = J}/(nFC) (1-2)

where, the symbols represent the following parameters:

J: Measured current density value (mA cm?) at a specific overpotential.

C: The density of catalytically active metal sites (mol cm™2).

n: Number of electron transfers, where n = 4 for OER and n = 2 for HER.

F: Faraday constant, with a numerical value of 96,485 C mol™".

For HER measurements, the counter electrode was replaced with a graphite rod, and the tests
were conducted within a potential range of -0.9 to -1.5 V vs. Hg/HgO. EIS was performed at -0.32
V vs. RHE, while the C4 was measured in the potential window of -0.7 to -0.8 V vs. Hg/HgO. All
other testing procedures were consistent with those used for OER measurements.
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Fig. S1 Electrocatalytic performance of PrSrCo;.,Fe,O4: (a) LSV curves for OER; (b) LSV curves
for HER.
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Fig. S2 XRD npatterns of (a) PrSrCogg¢Feg,lrg,04 and (b) PrSrCog¢FegsRug,04 at different

calcination temperatures.



Fig. S3 (a-c) XRD patterns of Ir0.1 catalysts at different calcination temperatures, (d) XRD patterns
of Ir0.1 catalysts with different calcination times, and corresponding (e) OER and (f) HER. The
LSV data for Ir0.1 (1150°C-10h) used here are reproduced from Fig. 4a and Fig. Sa.
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Fig. S4. Electrocatalytic performance of PrSrCog¢Feg4.,Ni,O4: (a) LSV curves for OER; (b) LSV
curves for HER.
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Fig. S6 The N, adsorption-desorption isotherms (a) and the corresponding BJH pore size
distribution plots (b) in Fe0.4, Ni0.2, Ir0.1 and Ru0.1.
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Fig. S7 EDX spectrum of Ir0.1.



Fig. S8 CV curves of Fe0.4, Ni0.2, Ir0.1 and Ru0.1 under OER test at scan rates of 20, 40, 60, 80,
100, 120, 140, 160 mV s™! under 0.1-0.2 V vs. Hg/HgO.



Fig. S9 (a) MA, (b) TOF, (c) Chronopotentiometry test of Fe0.4, Ni0.2, Ir0.1 and Ru0.1 under OER
test at 10 mA cm2.



Fig. S10 CV curves of Fe0.4, Ni0.2, Ir0.1 and Ru0.1 under HER test at scan rates of 20, 40, 60, 80,
100, 120, 140, 160 mV s*! under -0.7—0.8 V vs. Hg/HgO.



Fig. S11 (a) MA, (b) TOF, (c¢) Chronopotentiometry test of Fe0.4, Ni0.2, Ir0.1 and Ru0.1 under
HER test at 10 mA cm™.



Fig. S12 (a), (c) OER and HER polarization curves normalized by geometric area; (b), (d) The
corresponding curves normalized by ECSA. The LSV data for Fe0.4, Ni0.2, Ir0.1 and Ru0.1 used
here are reproduced from Fig. 4a and Fig. 5a.



Fig. S13 XPS spectra of (a) Full spectral, (b) Fe 2p, (¢) Ni 2p in Ni0.2, (d) Ir 4f in Ir0.1, and (e) Ru
3p in Ru0.1.
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Fig. S14 XPS spectra of Co 2p.
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Fig. S15 valance-band spectra of Fe0.4, Ni0.2, Ir0.1 and Ru0.1.
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Fig. S16 Relationship between g4 and electrocatalytic activity: (a) OER; (b) HER.
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Fig. S17 Relationship between Co-O bond length and electrocatalytic activity: (a) OER; (b) HER.
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Fig. S18 (a) XRD and (b) Raman results of Ir0.1 before the electrochemical reaction and after long-

term stability tests.
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Fig. S19 HRTEM images of the Ir0.1 catalyst: (a) pristine sample before electrocatalysis, and after
long-term stability tests for (b) OER and (c) HER.



Fig. S20 XPS results of Ir0.1 before the electrochemical reaction and after long-term stability tests.
(a) Co 2p, (b) Fe 2p, (c) Ir4fand (d) O 1s.



Table S1. Lattice parameters and reliability factors from Rietveld refinements.

Fe0.4 Ni0.2 Ir0.1 Ru0.1
Space group 14/mmm 14/mmm 14/mmm 14/mmm
a/b/A 3.80468 3.79543 3.81633 3.80197
c/A 12.41263 12.41820 12.40114 12.39066
V/A3 179.680 178.887 180.615 179.107
o/Ply (deg) a=P=y=90°
R, (%) 3.17 3.42 3.32 3.66
Ryp (%) 4.76 5.07 4.72 4.97
1* (%) 3.87 4.40 3.65 2.63




Table S2. Summary of recently reported perovskite oxide electrocatalysts for OER. 0 represent
the overpotential at 10 mA cm™.

Catalyst Electrolyte N10 (MV) Reference
S1,1rO4 modified SrIrO; 0.1 M HCIO,4 245 1
Our
Ix0.1 1 M KOH 277
work
SrIrO; 1 M KOH 290 2
PI'SI'3C01'5F61'5010_5 0.1 M KOH 294 3
SI‘COO'4F€0.2W0'403_5 1 M KOH 300 4
LaFesNi; ,O; 1 M KOH 302 5
NdFe; ,Ni O; 1 M KOH 310 6
La; Pry,CoOs3 1 M KOH 312 7
. Our
Ni0.2 1 M KOH 332
work
SI'3(C00.8F€()'1Nb0'1)207_5 0.1 M KOH 334 8
LaSI'3C01.5F€1'5010_5 0.1 M KOH 341 3
Our
Fe0.4 1 M KOH 355
work
Our
Ru0.1 1 M KOH 359
work
PrBaC0205.75 1 M KOH 360 9
PrSrCoOy4 1 M KOH 375 10
NdSr3C01_5Fel<5010_5 0.1 M KOH 375 3
Lag9Co0s5 0.1 M KOH 380 11
Lao‘7SI'(),3COO3_5 0.1 M KOH 390 12
PrBaC0205,5 1 M KOH 420 9
Sr.95C00 sNbg 1Nig 1035 1 M KOH 438 13
PI'()_5B&0_5COO3_§ 0.1 M KOH 440 14
LaCoOs3 1 M KOH 470 15




Table S3. Summary of recently reported perovskite oxide electrocatalysts for HER. i represent

the overpotential at 10 mA cm.

Catalyst Electrolyte N10 (MV) Reference
(Gdo'5Lao_5)BaC0205_5+g 1 M KOH 210 16
PrBaCo,0s ¢ 1 M KOH 240 17
PrBaCo,0s5,5-1100 0.1 M KOH 245 18
SrNb0‘1COO'7F60'2O375 0.1 M KOH 262 19
Our
Ir0.1 1 M KOH 279
work
NdBaMn,Os s 1 M KOH 290 20
SI’OA95Nb0.1C00A7Ni0.203_§ 1 M KOH 299 21
Lao_96C60'04COO3_5 1 M KOH 305 22
SFC00‘7F60.25M00‘0503_5 1 M KOH 323 23
Ba0,5Sr0_5C00,8Feo,203,5 1 M KOH 342 24
Our
Fe0.4 1 M KOH 346
work
. Our
Ni0.2 1 M KOH 355
work
PrSrCoO;4 1 M KOH 361 10
Our
Ru0.1 1 M KOH 384
work
LaF€0'8C00'203_5 1 M KOH 400 25
Lag 5S195C005.5 1 M KOH 420 26
Lao,gSro_zCro_@Niog103_5 0.1 M KOH 447 27




Table S4. The peak area of Co*" and Co?" in Co2p XPS

Co*"2p3) Co**2pi, Co?*2p3 Co?2pi,
Electrocatalysts
(Area) (Area) (Area) (Area)
Fe0.4 18348.86 9174.43 6816.84 3408.42
Ni0.2 22709.58 11354.79 8580.06 4290.03
Ir0.1 17244.52 8622.26 6401.12 3200.56

Ru0.1 16958.42 8479.21 6173.32 3086.66




Table S5. The relative concentration of different oxygen species in Ols XPS

Electrocatalysts lattice O% (%) 0,% /07 (%) OH- or O, (%) H,0 (%)
Fe0.4 16.81% 15.12% 60.50% 7.57%
Ni0.2 16.61% 18.05% 60.65% 4.69%
Ir0.1 15.76% 20.60% 58.27% 5.37%
Ru0.1 18.14% 14.73% 61.57% 5.56%




Table S6. Weiss temperature (0) and effective magnetic moment (L)

Fe0.4 Ni0.2 1r0.1 Ru0.1

0/K -103.64 -88.75 -109.04 -85.46
Herr/Hp 5.03 4.98 5.20 5.17
tetr (Co)/p 3.15 3.66 3.93 3.78
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