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Electrochemical Measurements.
In order to calculate the geometric current density (j,c,), the current was normalized by the geometric area of GCE
according to the Equation 1:
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where i (A) is the current compensated by 95% iR-drop, and S is the geometric area of GCE (0.19625 cm?).
In order to calculate the ruthenium mass activity (jry), the current was normalized by the mass of ruthenium

according to  the Equation 2:
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where i (A) is the current compensated by 95% iR-drop, S is the geometric area of GCE (0.19625 cm?), Wy is
weight percent of Ru(wt.%) in the catalyst, and myeading is the loading of catalyst on GCE (0.2 mg cm™2).
ECSA was caculated by the cyclic voltammetry curves with different scanning rates (10, 20, 30, 40, and 50 mV
s, respectively). The non-Faradaic current measured was plotted as a function of scan rate to obtain the capacitances

(Cdl). Then, the ECSA was caculated according to the Equation 3:
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where Cg is the capacitance for each samples, S is the geometric area of GCE (0.19625 ¢cm?), the value of specific
capacitance (Cs) is 0.035 mF/cm? in this work and Cdl/Cs is the roughness factor (RF).
Finally, the OER polarization curves was normalized by ECSA according to the Equation 4:
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where i (A) is the current compensated by 95% iR-drop, and ECSA is the electrochemical active surface area (cm?)

calculated according to the Equation (3).

Polarization curves normalized by BET area (jggr) was obtained according to the Equation (5):
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agr = S x BETarea X my,qqing (mA/cm?)  (5)

where i (A) is the current compensated by 95% iR-drop, S is the geometric area of GCE (0.19625 cm?), BETarea
is calculated by the Nitrogen absorption-desorption isotherms, and myguging is the loading of catalyst on GCE (0.2 mg
cm?).

In order to calculate the turnover frequencies (TOFs), we make the following settings. Firstly, assuming each
ruthenium atoms in the catalysts formed one active center. The numbers of Ru atoms number in catalysts were
calculated from the weight percent of Ru and the mass loading on the glass carbon electrode according to the equation

(6):

mloading X5 X WRu < N
A
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where Myeading 1S loading of catalyst (0.2 mg cm™), S is the geometric area of GCE (0.19625 cm?), Wiy is weight
percent of Ru (wt.%) in the catalyst, = Ru is the molar mass of Ru, and "4 is the Avogadro constant (6.02 X 102
mol ). N, /s
The number of total O, turnovers per second ( 02 ) was calculated from the current density (jg,) according to
the Equation (7):
j geo X S
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where joe (mA/cm?) is the current density mormalized by geometric area, S is the geometric area of GCE (0.19625
cm?), the number of 4 means 4 electrons transfer in OER, and ¢ is the charge of electron (1.6 X 101 C).

Thus, the TOF value underestimated was calculated according to the equation (8), assuming the Faraday efficiency
of the reation process is 100%.
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where j,, (mA/cm?) is the current density mormalized by geometric area, Mp, is the molar mass of Ru, myq,ging is
the loading of catalyst on GCE (0.2 mg cm2), " Ru is weight percent of Ru (wt.%) in the catalyst, the number of 4
means 4 electrons transfer in OER, and F is Faraday constant (96485 C mol").

Fig. S1. Transmission electron microscopy (TEM) images of YRO.
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Fig. S2. Transmission electron microscopy with energy dispersive X-Ray

spectroscopy (TEM-EDX) image of HRO.
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Fig. S3. (a) the wide XPS spectra for HRO and YRO; (b) the XPS spectra of Ho 4d
for HRO; (c) the XPS spectra of Y 3d for YRO.
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Fig. S4. (a) X-ray diffraction (XRD) and (b) Scanning electron microscope (SEM)
images of RuO,.
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Fig. SS. (a-c) CV scanning curves in 0.1 M HCIO, electrolyte at different scan rates in

non-Faradaic potential region for HRO, YRO and RuQO,, respectively; (d) Double-

layer capacitances of various catalysts.
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Fig. S6. LSV polarization curves normalized by ECSA.
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Fig. S7. Nitrogen absorption-desorption isotherms with the corresponding Brunauer-
Emmett-Teller (BET) surface area for (a) HRO and (b) YRO; (c¢) the comparison of
BET area for HRO and YRO; (d) polarization curves normalized by BET area.



1200

——HRO
{ — YRO
~ 900 -
[«
20
=
=
S 6001
2
2
= 300
0
1.3 1.4 1.5 1.6

E-iR (V vs. RHE)

Fig. S8. LSV polarization curves normalized by the mass of ruthenium in catalyst.
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Fig. S9. LSV curves measured before and after 1000 CV cycles for HRO and YRO.

geo

~
o

——HRO
— — HRO after 1k cycles
30{ — YRO
—-=YRO after 1k cycles /
l,.
20+ g
104
0 ~
13 1.4 15 16

E-iR (V vs. RHE)




—_
[
At

(b)

—— HRO after stability test

Jo_ o

PDF#25-0426:Ho,Ru,0,

Intensity (a.u.)

: II‘ I I I‘ L I| 1
10 20 30 40 50 60 70
20 (degree)

80,000 100nm WD 8.0mm

0.530111m /i 0,
(222) // "

Fig. S10. Physical characterization for HRO after stability test. (a) XRD pattern; (b)
SEM image; (c) TEM image; (d) HRTEM image.
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Fig. S11. The OER mechanism on the HRO (111) and YRO (111) surfaces.



Fig. S12. The configurations of Ho,Ru,0; and Y,Ru,05, and the potential O vacancy
positions in bulk structures for the formation energy of oxygen vacancy calculation.



Table S1. Detailed comparison information of electronegativity and radii for trivalent
Ho and Y cations.!-?

Electronegativity Crystal Radius Ionic Radius
CN HRO YRO HRO YRO HRO YRO
6 1.433 1.340 1.041 1.040 0.901 0.900
7 1.403 1.314 -- 1.100 -- 0.960
8 1.377 1.291 1.155 1.159 1.015 1.019
9 1.353 1.272 1.216 1.215 1.072 1.175
10 1.334 -- 1.260 -- 1.120 --

Table S2. ICP analysis for HRO.

Element Sample amount Conversion content Wt.%

Ho 9.5 mg 200526.3 mg/kg 20.05%

Ru 9.5 mg 111842.1 mg/kg 11.18%




Table S3. The ratio of all peaks in O 1s spectrum

OL Osur OV Oadv OV/OL
area 690761 32539.1 35486.6 229443
HRO _ 0.51
ratio  43.2% 20.3% 22.2% 14.3%
arca  83072.5  36823.6 632984 21949.9
YRO | o 40.5% 17.9% 30.9% 10.7% 0.76

Table S4. ICP analysis of Ru?* for HRO and YRO after stability test.

Sample YRO HRO

Concentration (mg/L) 1.05 0.91

Table S5. The O vacancy formation energy (Bader charge analysis)

a2 d-band bd-band Band Magnetic

Eoveancay/eV center/eV center/eV gap/eV moment/p
YRO 1.58 -3.33 -4.37 0.648 1.682
-3.35 -4.42 0.645 1.684

HRO 4.18

*Bandgap and magnetic moments on Ru in bulk YRO and HRO.
aBulk, ® Surface of YRO and HRO



Table S6. Comparison of OER performance for pyrochlore oxides in acidic media.

Overpotential

Tafel slope
Electrocatalyst  Supporter Electrolyte (mV) @ 10 Stability Reference
(mV/dec)
mA/cm?
GCE! 280 36.86 60h @1 mA cm™  This work
2
Ho,Ru,0, 0.1 M HCI1O,4
TFP? 215 -—-- 10 h @ 10 mA
cm??
2h @10 mA cm~  This work
Y,Ru,0, GCE 0.1 M HCI1O,4 312 42.91 R
[3]
Yl,gSZn0‘15Ru207,5 AB3 0.5M HzSO4 291 36.90 8h @ 1 mA cm™?
(4]
Nd,Ru,04 GCE 0.1 M HCIO4 310 58.48 8h@ 1 AF!
(4]
Sm,Ru,0; GCE 0.1 M HCIO4 345 58.98 -
(5]
Pr,Ir,0, GCE 0.1 M HCI1O4 295 - 3h @ 10 mA cm?
(6]
Y],g5BaO<15RuZO7 GCE 0.5M HzSO4 287 40.80 5h @ 10 mA c¢cm?
(7]
Y,[Ruy6Y04]075 GCE 0.1 M HCIO4 245 37.00 -—--
(8]
Nd,Ru,04 GCE 0.1 M HCIO4 342 41.00 1 h @ 10 mA cm?
(8]
Gd,Ru,04 GCE 0.1 M HCIO4 349 47.00 1 h @ 10 mA cm?
28 h @ 10 mA ]
Y 7519 3Ru,04 GCE 0.5 M H,S0,4 264 44.8 5
cmr
300mV @ 5 8h@ 1 mA (10]
Y2RU20775 GCE 0.1 M HC104 46
mA/cm? cm?

IGCE = glass carbon electrode, *TFP = Ti fiber paper, AB = Acetylene black.
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