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Figure S1. The photograph of blank carbon paper (left) and the electrode of Ni1Ru1/C 

(right).

The milky white tape was to ensure the loading area of the catalyst.

Figure S2. SEM images of (a) Ni1Ru0/C, (b) Ni0Ru1/C, (c) Ni1Ru2/C and 

(d) Ni2Ru1/C.
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Figure S3. TEM image of Ni1Ru1/C. (a) Large image of the fringe spacings of NiO. 

(b) Large image of the fringe spacings of Ni1Ru1.

Figure S4. TEM image of Ni1Ru1/C. (a), (b) Large image of the fringe spacings of 

Ni1Ru1. (c) Large image of the fringe spacings of RuO2.
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Figure S5. SAED image of Ni1Ru1/C.

Figure S6. (a) XRD pattern of NixRuy/C. (b) XRD pattern and corresponding PDF 

cards of Ni1Ru1/C. (c) XRD pattern and corresponding PDF cards of Ni1Ru0/C. (d) 

XRD pattern and corresponding PDF cards of Ni0Ru1/C.
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In addition, Ni1Ru0/C was mainly composed of Ni and NiO and Ni0Ru1/C is mainly 

composed of Ru and RuO2, both of which were multi-component materials.

Figure S7. Cyclic voltammograms of (a) Ni1Ru0/C, (b) Ni0Ru1/C, (c) Ni1Ru2/C and 

(d) Ni2Ru1/C at scan rates from 10 to 70 mV s-1.
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Figure S8. SEM images of (a, b, c) carbon paper, (d, e, f) the electrode of Ni1Ru1/C, 

and (g, h, i) the electrode of Ni1Ru1/C after 80h of chronoamperometry test.

Compared with (d, e, f) and (g, h, i), it was obvious that the morphology of the electrode 

surface was not significantly damaged. In detail, there was no obvious aggregation of 

carbon black on the carbon paper fibers after the test, and the nanoparticles supported 

on the carbon black basically remained uniformly dispersed.
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Figure S9. XRD pattern of the electrode of Ni1Ru1/C, Ni1Ru1/C after LSV test, and 

Ni1Ru1/C after 80h of chronoamperometry test.

Figure S10. XRD pattern of the electrode of NixRuy/C after LSV test.
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Figure S11. Static water droplets contact angle at the electrode of (a) XC-72R, (b) 

Ni1Ru1/C, and (c) Ni1Ru1/C after 80h of chronoamperometry test.

Static water droplets contact angle at the electrode of XC-72R, Ni1Ru1/C, and 

Ni1Ru1/C after 80h of chronoamperometry test was 131.5°, 131.6°, 134.7°, 

respectively. It was obvious that the electrode of Ni1Ru1/C was hydrophobic and the 

hydrophobicity was mainly due to the presence of carbon black.

Figure S12. Static water droplets contact angle at electrode of (a) Ni1Ru0/C, (b) 

Ni0Ru1/C, (c) Ni1Ru2/C and (d) Ni2Ru1/C.

Static water droplets contact angle at the electrode of Ni1Ru0/C, Ni0Ru1/C, Ni1Ru2/C 

and Ni2Ru1/C was 130.6°, 134.7°, 135.6°, 140.6°, respectively.



S-9

Figure S13. XPS pattern of the electrode of Ni1Ru1/C, Ni1Ru1/C after LSV test, and 

Ni1Ru1/C after 30 min of chronoamperometry test at -400 mA cm-2.

Figure S14 LSV curve obtained by mass current density for NixRuy/C.
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Table S1. Comparison of HER activity for NixRuy/C and other reported NiRu 
electrocatalysts in 1 M KOH.
Electrodes η10 

(mV)
η100 

(mV)
η500 

(mV)
Tafel slope 
(mV dec-1)

ECSA
(mF cm-2)

Refs

Ni1Ru1/C 13 46 132 33 23.9 This work

Ni2Ru1/C 15 68 171 56 20.2 This work

Ni1Ru2/C 16 62 156 44 11.8 This work

Cu@NiRu 22 - - 29.6 32.7 3

NiRu/Ni(OH)2 18 142 - 43.3 - 4

Ni2P-Ru2P 22 - - 57 - 5

NiRu@NC 19 37 - 37 13.9 6

Ru/MXene 37 113 219 60 29 7

Ru/RuO2-MoO2 18 201 - 50 58.9 8

RuNi1Co1@CMT 78 - - 77 56.9 9

Ni–Ru–P 57 - - 27.8 7.05 10

Ni-

Ru@Fe/C@CNT

32 110 - 54 0.715 11

e-Ni0.6Ru0.4@C 33 83 - 30 26.2 12

NiRu-MOF/NF - 156 - 90 1.77 13

R-NiRu 16 - - 40 58 14

NiRu@MWCNTs 14 - - 32 - 15

Pt/NiRu-OH 38 - - 39 - 16

NiRu2@NC-600 53 38 7.28 17

Ni@Ru/CNS-10% 20.1 87.3 0.05 18

S-2(NiRu@N–C) 32 64 - 19
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Table S2. Summary of the adding amounts of the precursors for the preparation of 
various NixRuy/C samples.
Samples Adding amount 

of Ni(acac)2 

(mg)

Adding amount 
of RuCl3·3H2O
(mg)

Adding amount 
of Carbon Black
(mg)

Ni0Ru1/C - 522.94 500.0

Ni1Ru2/C 256.9 522.94 500.0

Ni1Ru1/C 512.3 522.94 500.0

Ni2Ru1/C 512.3 261.47 500.0

Ni1Ru0/C 512.3 - 500.0

Table S3. Details of main reagents and instruments.
Reagent/Instruments Manufacturer Purity/Type

Ni(acac)2 Adamas 98%

RuCl3·3H2O Adamas 98%+

Carbon black Cabot XC-72R

Carbon paper Toray TGP-H-060

Nafion Dupont D520 (5% wt)

Ethylene glycol SCRC AR

KOH Macklin GR, 95%
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Table S4. Details of DFT calculation models and results.
Computational 
model

Schematic 
diagram

∆GH* (eV) Adsorption site

NiRu-H-1 -0.422 Ni-Ru bridge

NiRu-H-2 -0.473 Ru-Ru bridge

RuO2/NiRu-1 -0.407 Ru

RuO2/NiRu-2 -0.240 Ni-Ru bridge

RuO2/NiRu-3 -0.314 Ni-Ru bridge

Ru/NiRu-1 -0.483 Ni-Ru bridge

Ru/NiRu-2 -0.510 Ru-Ru bridge

Ru/NiRu-3 0.654 Ni-Ru bridge

Table S5. Details of area ratio of Ru4+ to Ru0 in XPS pattern (Figure S13).
sample Area ratio (Ru4+ to Ru0)

Ni1Ru1/C 2.125 (17:8)

Ni1Ru1/C after LSV test 2.333(14:6)

Ni1Ru1/C after CP test 2.143(15:7)
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Table S6. Details of mass current activity (Figure S14).
sample Quality for ICP 

(mg)
*cRu

(ppm)
mnoble-metal

(% wt)

Ni2Ru1/C 3.58 0.602 3.363

Ni1Ru1/C

Ni1Ru2/C

Ni0Ru1/C

Pt/C

3.90

3.60

3.91

-

1.286

1.086

0.731

-

6.595

6.033

3.739

40.00

(*) Tested by ICP-OES. Before ICP-OES test, all the samples were dissolved in aqua 
regia at 150 °C for 24 h (Science Bulletin 67 (2022) 2103–2111), and then diluted to 
200 mL with DI.

The mass current density was calculated by the equation below:

                                 
Jmass current density =

Japperent current density

mcatalyst × mmoble metal%

(Eq S1.1)
Where Japperent current density is from the data of Figure 3a, mcatalyst is 2 mg (the amount of 
catalyst taken when preparing the NixRuy/C electrode), mmetal% is obtained from the 
Table S6.

Table S7. Details of mass current activity (Figure S14).
sample Current density

(A mg-1) at η10 mV

Current density
(A mg-1) at η50 mV 

Current density
(A mg-1) at η100 mV

Ni1Ru1/C 0.17 0.88 2.41

Ni2Ru1/C 0.0075 0.089 0.30

Ni1Ru2/C 0.0091 0.61 1.78

Ni0Ru1/C 0.0075 0.014 0.045

Pt/C 0.012 0.16 0.43
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