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Physical characterizations

Scanning electron microscopy (SEM) images was collected by a Field Emission
Scanning Electron microscope (FESEM Zeiss Ultra-55) at an acceleration voltage of
10 kV. Transmission electron microscopy (TEM) and energy dispersive X-ray
spectroscopy (EDS) images were recorded on a JEM 2100F at an acceleration voltage
of 200 kV. X-ray diffraction (XRD) patterns were recorded by a Bruker D8 Advance
A25 XRD diffractometer with Cu Ko radiation (A = 1.5405 A) at a scan rate of 5° min’!
in the 20 range of 10° ~ 80°. X-ray photoelectron spectroscopy (XPS) analysis was
conducted on a Thermo Scientific Escalab250Xi spectroscope with Al-Ka radiation.
The collected XPS spectra was calibrated by referencing the binding energy of C 1s to
284.80 e¢V. Raman spectra were collected on a Renishaw inVia confocal Raman
microscope under an excitation of 532 nm laser with the power of 4.0 mW. Electron
paramagnetic resonance (EPR) was measured on a Bruker A300 spectrometer. The
mass loading of materials was measured by an Agilent 730 inductively coupled plasma
optical emission spectrometry (ICP-OES). The leaching rates of metal ions were
determined using an Agilent 7850 inductively coupled plasma mass spectrometer (ICP-

MS) for quantitative analysis.



Electrochemical tests

Three-electrode system on a CHI 760e electrochemical workstation (Chenhua,
Shanghai) in a 0.5 M H,SO, solution at ambient temperature. The catalysts self-
supported on CC (1 cm x 1 cm), a Pt sheet (1 cm x 1 cm) and a saturated Hg/Hg,SO,
electrode were used as the working, counter, and reference electrodes, respectively.
Before tests, the potential of the Hg/Hg,SO, reference electrode was calibrated in H,-
saturated 0.5 M H,SOy solution using Pt mesh as both working and counter electrode.!
As shown in Figure S5, The CV curve were recorded at a scan rate of 1 mV/s. The
potential achieved at the zero current is the thermodynamic potential for H,
evolution/oxidation. The zero current was achieved at -0.708 V vs. Hg/Hg,SO,, and
therefore Erpyp = Engmgsos T 0.708 V. CV tests at 50 mV s! were then conducted to
remove impurities from the electrode surface. The LSV curves were then recorded at a
scan rate of 2 mV s! in 0.5 M H,SO, All the potentials reported in this work were
corrected by ohmic loss according to the following equation.

Eipfree = Evaw - IR

where Eig_fice, Eraw, I and Ry represent the corrected potential, raw potential, current and
solution resistance, respectively.

Tafel plots were transferred from LSV curves according to the following equation.
n=a+b*logj

where 7 denotes the overpotential, j is the current density and b is the Tafel slope.

The OER kinetics was investigated using EIS at a potential of 1.43 V vs. RHE, within
the frequency range of 0.01-100 kHz and an amplitude of 5 mV. Long-term
chronopotentiometry measurements were conducted at a benchmark current density of
10 mA cm2and 100 mA cm. The Cq4 was obtained by applying a linear fit to plots of
current density difference versus sweep rate, where the slope represents the Cy; value.
The ECSA of the measured electrocatalysts was calculated using a conventional CV
method, in which the current density was recorded upon a voltage increase from 2 to
10 mV with a sweep rate of 2 mV s-! within a voltage window of 1.07 - 1.17 V vs. RHE
and in the absence of Faradaic processes.

In situ EIS measurements



In situ EIS measurements were performed over a frequency range from 10-2 to 10° Hz
with AC amplitude of 5 mV.

In situ SRIR measurements

In situ SRIR measurements were conducted at the infrared beamline BLO1B of NSRL
using a homemade top-plate cell reflection IR setup with a ZnSe crystal as the infrared
transmission window. The catalyst electrode was pressed tightly against the ZnSe
crystal window with a micron-scale gap to minimize the loss of infrared light. To ensure
high-quality SRIR spectra, the apparatus utilized a reflection mode with a vertical
incidence of infrared light. The infrared spectrum was obtained by averaging 128 scans
at a resolution of 4 cm™!. Prior to each systemic OER measurement, the background
spectrum of the catalyst electrode was obtained at an open-circuit voltage. The test
potential range of RuO,/Gd-Co;04 was measured from 1.2 V to 1.8 V vs. RHE, with a
measurement interval of 0.1 V. For Co;0,, the range was from 1.5 V to 2.1 V, and for
Gd-Co30y,, it was from 1.5 V to 2.0 V. The infrared data was processed and smoothed

using OPUS software.
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Figure S1. XRD pattern of the CC substrate.

Figure S2. SEM images of (a, b) Gd-Co3;0,4 and (c, d) RuO,/Gd-Co50,.



Figure S3. (a) TEM image, (b) HRTEM image, (c) IFFT graphs of the Gd-Co;04
(below), (d) STEM image and corresponding element mapping images of Gd-Co30,.
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Figure S4. EDS patterns of (a) Gd-Co3;0, and (b) RuO,/Gd-Co;0;,.
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Figure S5. Hg/Hg,SO, reference electrode calibration in H,-saturated 0.5 M H,SO4

solution.
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Figure S6. ECSA determination. CV plots of (a) Co3;04, (b) Gd-Co304, (c) RuO,/

C0304, (d) RUOZ/Gd5%—CO304, (C) RUOZ/Gd—CO304, (f) RUOZ/GdZO%—CO304 and (d)

Com. RuO,, respectively, at different scan rates.



a 1500 Ru0,/Gd-Co,0, b 04 Ru0,/Gd-Co,0,
+ 1200 0.3
< o
> 900+ 0
2 w 0.21
§ 600 P
@ 0.1
< 300;
0 ' r 0.0 T x
1.2 1.4 1.6 1.8 12 1.4 1.6 1.8
Potential (V vs. RHE) Potential (V vs. RHE)

Figure S7. (a) Turnover frequency (TOF) and (b) mass activity of RuO,/Gd-Co30,.
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Figure S8. Faradaic efficiency of the RuO,/Gd-Co;0, catalyst during the OER.
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Figure S9. (a) LSV curves, (b) Tafel plots, (c) EIS and (d) C4 measurements for

Ru0,/Gd-Co30, with varying Gd concentrations.
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Figure S10. (a) XRD patterns and (b) partial magnification of RuO,/Gd-Cos;0,4 before

and after the chronopotentiometry test.
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Figure S11. Raman patterns of the RuO,/Gd-Co;0, before and after the

chronopotentiometry test.
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Figure S12. Chronoamperometric stability tests of RuO,/Gd-Co;04 and Com. RuO, at
100 mA cm™.
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Figure S13. Cumulative leaching of Gd ions from RuO,/Gd-Co;0, measured at a

constant current density of 10 mA ¢cm2 over varying electrolysis durations.
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Figure S14. The Ols XPS spectra of RuO,/Gd-Co;0, before and after the

chronopotentiometry test.
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Figure S15. The corresponding phase peak angles of Gd-Co;04 and RuO,/Gd-Co;04
from 1.20 to 1.50 V vs. RHE.
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Figure S16. The current differences of the polarization curves of Co;04, Gd-Co30,4 and

Ru0O,/Gd-Co304 in 0.5 M H,SO;, solution with and without 1.0 M methanol.
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Figure S17. Original SRIR spectra for Co;04, Gd-Co304, and RuO,/Gd-Co;30,.

Supplementary Table

Table S1. EIS fitting results of the Co30,4, Gd-Co3;0,, RuO,/Gd-Co;0,4 with varying Gd

concentrations and Com. RuQO,.

Electrode Rs (Q) CPE (F cm™) Rct (Q)
Co304 2.629 0.181 136.6
Gd-Co;0,4 2.642 0.124 121.6
Ru0,/Co0304 2.672 0.282 8.056
Ru0O,/Gds,-C0304 2.753 0.400 7.504
Ru0,/Gd-Co304 2.605 0.629 3.783
Ru0,/Gdype,-C0304 2.634 0.346 6.149
Com. RuO, 2.681 0.00935 557

Table S2. Comparison of OER activities, stabilities, and mass activities of various
electrocatalysts in acidic conditions.

Catalysts Electrolyte ~ Overpotential ~ Stability Mass Ref.
(M10: mV) (Mio: h)  activity
(A gRu
@V vs.

RHE)




Ru0O,/Gd-Co;04 0.5 M H,SO4 193 72 585.774  This
@1.53  work

Mn-Ru@RuO, 0.5 M H,S04 220 220 1370 2
@1.53

RuCo@C/CC 0.5 M H,S04 200 25 200 3
@1.48

Mn-RuO,/CeO, 0.1 M HCI1O4 227 300 - 4

6% Sm-RuO, 0.1 M HCI1O4 218.5 130 - 3

RuO,/Ru 0.1 M HCI1O4 245 100 - 6

Cr,03/Ru0O, 0.5 M H,S04 220 100 - 7

AC-Sm-RuO, 0.5 M H,S04 200 300 - 8

Ir-RuO,@WO; 0.1 M H,SO4 148 12 - ?

Ru@La/Co3;04-20 0.5 M H,SO4 244 30 - 10

C-Ru-Co0304 0.5 M H,SO4 252 30 - 1

Ruy 2(Ir,Fe,Co, 0.1 M HCI1O4 237 24 92@]1.53 12

Ni)o.g0

Ru-NiFe-BDC/NF 0.5 M H,SO4 247 20 66.6 13
@l.5

Ru/Ru0,-Co30, 0.1 M HCIO4 226 19 - 14

C0304/Ru0O, 0.5 M H,S04 257 100 - 15

Ru-Co0304 0.5 M H,SO4 365 16 - 16

Ru,/Ru0O, 0.5 M H,S04 176.7 20 - 17

Ru/RuO,/NC 0.5 M H,SO4 211 100 - 18

RU().6M0()_2CI‘0_2OX 0.5M HzSO4 204 60 577.8 19
@l.5

RuO,Se,-800 0.5 M H,SO4 211 18 239.1 20
@1.53

Si0,/RuCoO, NPs 0.5 M H,SO4 217 12 - 21

RuO,/D-C030,/CC 0.5 M H,SO,4 181 120 - 2
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