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Supplementary Figures and Tables

Table S1. Gibbs free energies of *H and *OH binding on different single-atom catalysts
(SACs) and diatomic site catalysts (DASCs) from BEEF-vdW calculations.

SACs AGy AG+oH DASCs AG+y AG+oH
Ir -0.23 0.94 Ir-Ni -0.53 0.45
Rh —-0.06 0.92 Ir-Pd -0.67 0.13
Ru -0.32 0.02 Ir-Pt —-0.65 0.23
Ni 1.79 1.99 Rh-Ni -0.31 0.51
Pd 1.96 2.29 Rh-Pd —-0.45 0.32
Pt 1.63 2.39 Rh-Pt -0.61 0.32
Ru-Ni -0.23 -0.01
Ru-Pd —0.38 —0.38

Ru-Pt —0.47 —0.45
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Fig. S1. Additional characterizations of RuNi/NC. (A) SEM image. (B) Nitrogen adsorption-
desorption isotherm and (C) pore size distribution of RuNi/NC. The specific area was measured
to be 320.68 m? gt. (D) XRD pattern. (E) Statistical interatomic distances of the observed
diatomic pairs in atomic-resolution HAADF-STEM images of RuNi/NC.
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Fig. S2. Fitting of Ni K-edge XANES and EXAFS spectra for RuNi/NC. (A) Comparison
between the experimental Ni K-edge XANES spectrum of RuNi/NC and the theoretical ones
calculated based on the models of RuNsNiNas/graphene and NiNa4/graphene, which were generated
after energy optimization. (B) Ni-K edge FT-EXAFS spectra of Ni foil, RuNi/NC, and the fit with
the RuN3NiNa/graphene model.



Table S2. Structural parameters extracted from the EXAFS fittings for the RuNi/NC sample.

R_
factor

AEo

(&V) Se?

Element Structure Bonding | R (A) g CN

Ru-Ni | 2.3240.20 | 0.013 | 1.0240.182

Ru NiNsRUNS; 0.938 | 0.863 | 0.05
Ru-N | 1.9340.10 | 0.002 | 2.8746.35

i NINGRUN Ni-Ru | 2.3240.10 | 0.006 | 0.96+0.66

: INsRUNS3 ~1.91 |0.849 | 0.039
Ni-N | 1.8940.04 | 0.019 | 2.46+0.72

Ru RU(CHNsNiN; | Ru-Cl | 2.3040.06 | 0.0071 | 0.04540.4 | —0.98 | 0.865 | 0.043

Ru Ru(CI)NzNi(CI)Ns | Ru-Cl | 2.2840.07 | 0.0068 | 0.09#0.6 | —0.49 | 0.842 | 0.044

Note: R, the distance between absorber and backscatter atoms; 2, Debye—Waller factor; AEo edge-
energy shifts; S¢?, amplitude reduction factor; R-factor represents the goodness of fit. The
pretreatment of data was performed using Athena and the oscillation in the k range from 2.5 ~ 8
A was selected for further EXAFS fitting. The EXAFS fittings of the Ru and Ni K-edge spectra
were performed using Artemis software.



m

Intensity (a.u.)

20 40 60 80
26 (degree)

Fig. S3. Structural characterizations of Ru/NC. (A-C) HAADF-STEM image and
corresponding STEM-EDS elemental maps of N and Ru. (D) Atomic-resolution HAADF-STEM
image. (E) XRD pattern.
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Fig. S4. Structural characterizations of Ni/NC. (A-C) HAADF-STEM image and

corresponding STEM-EDS elemental maps of N and Ni. (D) Atomic-resolution HAADF-STEM
image. (E) XRD pattern.
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Fig. S5. N 2p XPS spectra of RuNi/NC, Ru/NC, and Ni/NC. P-N, Py-N, and G-N denote
pyridinic N, pyrrolic N, and graphitic N, respectively. The nitrogen-doped carbon support contains
pyridinic N, pyrrolic N, and graphitic N. Their content for each type of nitrogen in RuNi/NC,
Ru/NC, and Ni/NC catalysts is similar to each other (table S3).



Table S3. Content of pyridinic N, pyrrolic N, and graphitic N in RuNi/NC, Ru/NC, and
Ni/NC catalysts obtained from XPS measurements.

Catalysts Pyridinic N at.% Pyrrolic N at.% Graphitic N at.%

RuNi/NC 4.54 1.69 3.92
Ru/NC 4.30 1.99 4.24
Ni/NC 4.12 1.86 4.17




Table S4. Comparison between electrocatalysts for alkaline HOR in prior studies and our

work.
Electrocatalysts ( Jg@&oil\é) ( VJ:_@&?:VE) ({/“;"kgoﬁé) m Ajgm‘Z) Stability Reference

. 2.33mA -
Ni/N-CNT - 2 9.3 mA mg,| - - (23)

. 0.0024 mA -
NiNPs - om-2 0.28 mA mgNli - - (23)

. 0.018 mA .
Ni/CNT - om-2 1.9 mA mgNli — — (23)

, 0.075 mA .
Ni/N-CNT - om2 9.3 mA mg} — — (23)
np-NisN 1.7 mA cm2 4.(7:?n[2A 29.8 mA mg ! -~ = 12’000 (54)
C00.17Nis.46M01 - %%":iorhqg - 0.015 (55)
CeO,(-Ni/C-1 - - 12.28 mA mg;alt' — — (54)
Ni/NiO/C-700 - oo mA 5.0 mA mg! - 12h (56)
Ni-H2-2% - - 50.4 mA mg;;t_ - - (57)
V-NisN/Ni 1.54 mA cm2 - - - - (58)
Ni/MoO, - - 38.5 mA mgy - - (59)

. 0.0830.00 -
Ni-NiOx/XC-72 - Tmaome | 21E8mAmg) 005600010 - (60)
NisN/C - 30 mA 24.38 mA mg, - 5,000 CV (61)
Ni/XC-72 - - 5.89+0.71 mA mg;  0.01640.002 - (62)
CeOy-Ni/XC-72 - - 1.2840.27 mA mgy|  0.0380.0022 - (62)
CeOzy-Ni/C-1 - LS mA 1228 mA mgj] - 1,000 CV (62)
1.04 mA cm™

Ru NP/PC @002V - - 1,000 CV (63)
Ru/C (3.1 nm) - - - 0.063 - (64)
PCU NWSs 100 A - 2.1 - (65)
Ir/C-800C - A mA - - - (66)
IrNi@1r/C - - 1.12 mA mg! - 1,000 CV (15)
Ni@C-500C - - - 0.032 120 h (67)
0.38CeOx-Pd/C - - - 0.118 24 h (68)
55%Ni/SC - - 11 mA mg;lli - - (69)
Ni/SC - - 8.6 mA mg;;t_ — — (69)
Ir/CeO2-C - - 73.5 mA mg; ! - 2,000 CV (70)
Pd/Cu NWs - - 1.01 - (71)
Ruslr2/C - - - 0.85 - (72)
Pd-Ce0,/C - - - 0.13 3,000 CV (73)
Pd-CNy - - - 0.037 - (74)
Pd/C-CeO, - - - 0.0545 - (75)
Pd/C 0.084 mA cm2 - - - - (76)
Rug.goPto.20 0.472 mA cm™2 — — - - (76)



1.9340.08 mA  5.6920.17 132.6+3.3 mA mgg| . 2.6940.06 5 0%%%\/

RuNi/NC om 2 MA cm 2
1.7140.02mA  3.6320.08 - 3 .
Ru/NC om-2 mA -2 62.4+2.5 mA mg, 1.6940.03 This Work
. 0.99#0.03mA  1.62#0.04 - 3
Ni/NC J mA cm 2 38.5£1.3 mA mg,, 0.9540.04

jo@o.0s v: Current per cm? (with respect to the geometric area of the electrode) obtained at 0.05 V.
jk@o.0s v: Kinetics current per cm? (with respect to the geometric area of the electrode) obtained at

0.05V.
Jmk@o.0sv: Kinetics current per mg of metal obtained at 0.05 V.

jo: Exchange current per cm? (with respect to the geometric area of the electrode).
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Fig. S6. HOR polarization curves of (A) RuNi/NC, (B) Ru/NC and (C) Ni/NC at various rotating
speeds. (D) Koutecky—Levich plots at an overpotential of 50 mV.
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Fig. S7. Polarization curves of RUNi/NC in H2/10 ppm CO-saturated 0.1 M KOH solution at
a scan rate of 1 mV s* and rotating speed of 1,600 rpm. The current density decreases slightly by
3.1% after 5,000 cycles, suggesting good stability of the RuNi/NC catalyst.
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Fig. S8. Current density dependent on applied potential in CO-saturated 0.1 M KOH for
RuNi/NC, Ru/NC, Ni/NC, and NC catalysts. We performed the electrochemical experiments on
NC support, Ni/NC, Ru/NC, and RuNi/NC in CO-saturated 0.1 M KOH to explore the impacts of
the factors on the CO poisoning resistance (77). Clearly, RuNi/NC has much better CO poisoning
resistance than that of NC support, Ni/NC and Ru/NC, suggesting that the unique structure of Ru-
Ni diatomic sites (their model is RuN3NiNz3) plays a key role in anti-poisoning towards CO.
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Fig. S9. DFT determined *CO adsorption energy on Pt(111) and Ru-Ni DASC without and
with the presence of reaction intermediates of HOR.

Note: We performed DFT calculations to determine the *CO adsorption energy on Ru-Ni DASC
for RuNi/NC and Pt(111) for Pt/C. If we do not consider the presence of reaction intermediates in
HOR, the *CO adsorption on Ru-Ni DASC is stronger than that of Pt(111) (—2.46 vs. —1.64 eV),
which suggests *CO is more readily adsorbed on the bridge site of Ru-Ni; in contrast, *CO adsorbs
on the hollow site of Pt(111). However, when competing with different reaction intermediates of
H20, *H+*OH, or *H+OH"™ (Fig. 5A), we found that the *CO adsorption is much weakened on
Ru-Ni DASC, can be more than 2 eV, due to the strong adsorbate-adsorbate interaction. On Ru-
Ni DASC, all these reaction intermediates can be adsorbed on Ru and Ni atoms simultaneously,
and during the HOR process, adsorbed *CO will easily desorb from these sites and avoid CO
poisoning. On the other hand, *CO adsorption energy remains intact on Pt(111) since it offers
different active sites for *CO adsorption and HOR. We expect the *CO will continuously adsorb
on Pt(111) surface and increase the local *CO coverages and thus affect the thermodynamics and
kinetics of HOR, and eventually, results in some CO poisoning effect. Thus, RuNi/NC has a higher
resistance to CO poisoning than Pt/C. This is consistent with the electrochemical results in Fig. 3f
and Fig. S8.
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Fig. S10. HOR polarization curves of RUNi/NC before and after the 30-h stability test.
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Fig. S11. Activity retention of the current relative to the initial current vs. electrolysis time
for RuNi/NC and Pt/C.
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Fig. S12. Fuel cell measurements. (A) AEMFC cell performances of RuNi/NC, Ru/C, and Ni/NC.
(B) Voltage degradation vs. time of RuNi/NC at current density of 0.5 A cm™,
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Fig. S13. SECM approach curve recorded at the tip electrode in 0.1 M PB (pH = 10). Substrate
unbiased, Etip=—1.2V vs. Ag/AgCl.
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Fig. S14. Mapping topography and HOR activity of RuNi/NC and NC catalysts on the ITO
surface with SECM. Schematic representation of imaging topography/conductivity (A) and
electrocatalytic activity for HOR (B) by feedback mode SECM experiments. Feedback mode
SECM images in Fc (C, E) and H2SO4 (D, F) of RuNi/NC (C, D) and NC (E, F) samples. Solution
contains (C, E) 1 mM Fc and 0.1 M KCI, Er = +0.4 V vs. Ag/AgCl, the substrate is unbiased. (D,
F) 10 mM H2SOg4, and 0.2 M K2SO4, Er=-0.7 V vs. Ag/AgCl, Es = +0.4 V vs. Ag/AgCI.
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Fig. S15. HOR mechanism on Ru and Ni SACs. Free energy diagram of HOR on (A) Ru and
(B) Ni SACs obtained from DFT calculations.

Note: Our DFT results suggest that the H> dissociation on Ru-Ni DASC can be achieved in both
Tafel and Heyrovsky steps. The kinetics of H.O formation is much faster than on Ru and Ni SACs
since the Tafel pathway only involves the desorption of reaction intermediates. In contrast, the
Tafel step of H2 dissociation on Ru SAC is more energetically unfavorable due to a relatively large
AG for the potential-determining step (fig. S15A), which suggests a decrease in the reaction rate
of HOR. Speaking of Ni SAC, the H> dissociation can only happen with the help of OH™ and
simultaneously transform one of the H atoms into H2O (Heyrovsky step) with an even larger AG,
and only one H in H2 molecules undergoes the HOR to produce H.O, which indicates more
sluggish kinetics of HOR.
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