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Characterization

The sample morphology was characterized using Scanning Electron Microscopy (SEM,
JEOL) and Transmission Electron Microscopy (TEM, Talos F200S). The crystal structure
characterization is performed using an X-ray diffractometer (XRD) with Cu Ka radiation. Surface
chemical state analysis is performed using an X-ray photoelectron spectroscopy instrument (XPS,
Thermo Fisher K-Alpha) with a high-performance monochromatic Al Ka (hv=1486.8 eV)
radiation source. The metal content in the catalyst powder was analyzed using an Inductively
Coupled Plasma Optical Emission Spectrometer (ICP-OES, Agilent 5100). Use the CHI660e
electrochemical workstation from Chenhua for three-electrode system electrochemical testing. The
oxygen vacancy uses an electron spin resonance spectrometer (EPR, Bruker A300). Electrolytic

cell performance test using Guangzhou Qunyi Energy Co., Ltd. test bench.
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where D is the grain size, K is a constant, A is the X-ray wavelength, B is the half-height
width or integral height width of the peak, 0 is the diffraction angle. In general, K is 0.89 when 3
is half-height width.

Electrochemical measurements

All electrochemical tests were conducted using carbon paper with an active area of 1 cm? as
the working electrode. Prepare a homogeneous ink containing 5 mg of catalyst, 500 puL of
ultrapure water, 500 puL of anhydrous ethanol, and 5 pL of Nafion. Take 100 puL of the
homogeneous ink and evenly drop it onto both sides of a carbon paper measuring 1x1 cm?. After
drying, it can be utilized with a catalyst loading of 0.25 mg/cm?. An Ag/AgCl electrode (with a
standard hydrogen potential of 0.198 V, Gaoss Union 1060) was selected as the reference
electrode (RE), and a Pt sheet electrode (measuring 1.5%1.5 cm?, Gaoss Union) was utilized as the
counter electrode (CE). The electrolyte is 0.5 M H,SO,. The linear sweep voltammetry (LSV)
polarization curve test range spans from 0 to 2 V vs. RHE, with a scan rate of 100 mV/s. The
polarization curve graph was plotted without IR compensation. Electrochemical impedance
spectroscopy (EIS) was conducted at a voltage of 1.5 V vs. RHE, covering a frequency range from
10000 to 1 Hz. All test potentials are converted to hydrogen reference potential using equation (2),
and the overpotential (1) is calculated using equation (3). The double-layer capacitance (Cgy)

corresponding to the electrochemical active surface area (ECSA) is determined by analyzing



cyclic voltammetry (CV) curves obtained at testing potentials ranging from 0.7 V to 0.8 V vs.
RHE and scan rates of 20, 40, 60, 80, and 100 mV/s. The difference between the upper and lower
halves of the curve at a potential of 0.75 V vs. RHE is calculated, plotted against scan rate. The
slope obtained from linear fitting of the scatter plot represents the Cy value. The Tafel slope is
determined by fitting a segment of the linear sweep voltammetry (LSV) curve at the initial section

of the oxygen evolution reaction (OER).
E(vs RHE) =E(vs Ag / AgCl) + 0.198 + 0.0591 X pH ------ 2

n(mV) = (E(vs RHE) - 1.23) X 1000----- 3)

PEM electrolyser measurement

The membrane electrode assembly (MEA) was prepared by ultrasonic spraying method,
using Chemus Nafion 115 proton exchange membrane without any treatment before spraying. The
anode and cathode catalyst inks were composed of a quantitative catalyst powder, a water-alcohol
mixture with a ratio of 3:7 of deionized water and isopropyl alcohol, and 10% Nafion solution (5
wt%). The content of iridium on the anode side was 1 mg/cm?, and the content of Pt (Pt/C, 40
wtp%0) on the cathode side was 0.4 mg/cm?. Among them, the anode catalyst content of RuO,
MEA is 6 mg/cm?. The experiment was carried out utilizing a PEM electrolyzer featuring an
active surface area of 25 cm?. Both anode and cathode side porous transport layer are composed of
a 25 cm? platinum-coated titanium felt. The test temperature is 50 and 80 °C. Each test point was
stabilized for a duration of 60 s, and the average value of the last 30 s was considered as the data

used for plotting the polarization curve. The stability test was carried out at 50°C.

DFT calculation

All first-principles calculations are performed using the plane-wave projector-augmented wave
method, as implemented in the Vienna ab initio simulation package (VASP) 2. The
Perdew—Burke—Erzerhof (PBE) form of generalized gradient approximation (GGA) is chosen as
the exchange—correlation potential 3. The strong correlation effect of transition metal is addressed
with the Hubbard U correction to density functional theory (DFT) (GGA+U). The Hubbard U
value for Ru and Ir are 3.8 eV and 4.2eV. The energy cutoff of 520 eV was used for structural
relaxation. k-Spacing was set to 0.4 for all structures to allow the smallest spacing between k-

points in the unit of 0.4 A-!. The conjugated gradient method is utilized to optimize the geometry



with the convergence threshold of 105 eV in energy and 0.02 eV/A in force, respectively.
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Figure S2 Mapping spectra of RulrO,
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Figure S3 Mapping spectra of stack RulrO,
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Figure S4 Mapping spectra of stack RulrTaO,
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Figure S5 XRD pattern of RulrTaOy
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Figure S6 Grain size and XRD peak fitting spectra of RulrOy (a and ¢) and RulrTaO, (b

and d)
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Figure S7 (a) XPS full spectrum of RulrO, and RulrTaQy; (b) Peak fitting results of Ta 4f

and O 1s high-resolution spectra
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Figure S8 CV curves of (a) RulrTaOy, (b) RulrOy, (c)RuOy and (d) IrO, at different sweep
speeds (20-100 mV/s)
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Figure S9 Fitting parameter diagram of current value at 0.75V vs. RHE potential in CV

curve at 20-100 mV/s sweep speed
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Figure S10 Fitting parameter diagram of Tafel slope

Figure S11 TEM and Mapping images after PEMWE stability test of RulrTaOy
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Figure S12 I-V curves of RulrTaO,, RulrQO,, RuO, and IrO, MEA tested in PEMWE at 50
°C



Table S1 Comparison between RulrTaO, and current Ir-based catalysts

PEMWE
N@10 mA/cm? | Tafel slope | Mass activity@n=300 mV B
Sample Electrolyte stability Ref.
mV mV dec! Algpm
h
773.29 500 This
RulrTaO, 0.5 M H,SO,4 237 72.8 Wor
(1482.6 @350 mV) @1000 mA/em? |
90
Wo,lrg 30, 0.1 M HCIO, 278 45.99 714.1 4
@500 mA/cm?
/
IrO4_NaCl 0.5 M H,SO4 350 42 / 3
/
500
IrNiOy 0.5 M H,SO, 320 / / 6
@1000 mA/cm?
300
Ir/MnOy 0.1 M HCIO4 238 42.5 / 7
@1000 mA/cm?
350
Ir-IrOsH,Se, 0.5 M H,SO, 308 79.54 282.6 8
@1000 mA/cm?
Ir@RuO; I0/Ti felt- 250
0.5 M H,SO4 204 72.8 / o
300 @1000 mA/cm?
500
IrRu NWs 0.5 M H,SO4 243 52.5 / 10
@1000 mA/cm?
500
T-0.24Ni/IrO, 0.1 M HCIO4 190 58.6 1110.5 @350 mV 1
@500 mA/cm?
40
IrO,/Ir-WOs5 0.5 M H,SO4 239 75.2 1600 12
@30 mA/cm?
180
Ir;Ni NCs 0.2 M HCIO4 282 44.9 3720 @350 mV 13
@100 mA/cm?
/
ZnNiColrMn 0.1 M HCIO4 237 46 610.8 @270 mV 14
/
Ir-doped CoMn,04 0.5 M H,SO, 232 54.5 3562 400 15




@1000 mA/cm?

IrO, NRs/Sb-SnO, 0.1 M HCIO4 / 42 1512 16
/
2000
H-IrO, FPs 0.1 M HCIO, 262 42 / 17
>1000 mA/cm?
100
40%-1r/B4C 0.1 M HCIO4 285 39 1139.7 @310 mV 18
@2000 mA/cm?
/
Ir/1-TiO, 0.5 M H,SO, 288 54.4 240.13 @270 mV 19
/
350
1rO,/Ti0,-1 0.5 M H,SO, 247 53.6 / 20
@1000 mA/cm?
24
IrO,@CM-100 0.5 M H,SO,4 264 / 120.2 @264 mV 21
@1000 mA/cm?
100
IIﬁx@AU()vzsIr()jst 0.5M HzSO4 235 56.1 248 @370 mV 2
@500 mA/cm?
220
IrO,/TiO4 0.5 M H,SO,4 233 55.1 730.8 3
@1000 mA/cm?
250
[rO/Nb,N;s 0.5 M H,SO, 247 53.2 / 24
@1000 mA/cm?
1200
Ir-3 MA 0.1 M HCIO,4 270 43 740 2
@500 mA/cm?
48
Ir/Ta,05 0.1 M HCIO,4 288.2 44.1 876.1 @320 mV 26
@1000 mA/cm?
100
40-Ir,Ni/TiN 0.5 M H,SO4 267 52 1070 @320 mV 2
@500 mA/cm?
100
J-I'NT 0.1 M HCIO, 391 71 1340 @370 mV 28
@200 mA/cm?
50
1rO,/Zr,ON, 0.5 M H,SO, 255 48 849 @320 mV 2

@1000 mA/cm?




Table S2 The metal content in different catalysts measured by ICP-OES

Catalysts Ru (wt%) Ir (Wt%) Ta (wt%)

RulrOy 11.46 16.65 -

RulrTaOy 6.00 16.17 27.13
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