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Experimental Section

Materials and reagents

The following chemicals were used as received without any further purification 

treatment. RuCl3·xH2O (35.0~42.0% Ru basis), ammonium chloride（NH4Cl, 99.5% 

), dicyandiamide (DCDA, 99%), hexachlorocyclophosphazene (HCCP, 98%), 4,4'-

sulfonyldiphenol (BPS, 99%), triethylamine (TEA, 99%)，thiourea (CH4N2S, 99%) 

and potassium hydroxide (KOH, 85%) were purchased from Aladdin. Ethanol 

(99.99%), and methanol (MeOH, 99.99%) were purchased from Sinopharm Chemical 

Reagent Co. Ltd. Perfluorosulfonic acid−poly(tetrafluoroethylene) copolymer (Nafion, 

5% w/w in water) was purchased from Sigma-Aldrich. Deionized water was from the 

Mill Q HX 7040 Purified Water system.

Electrochemical measurements

The electrochemical measurements were carried out using a computer-controlled 

electrochemical workstation (Autolab, PGSTAT 302N) with a standard three-electrode 

system, in which a catalyst-modified glassy carbon electrode (GCE, 3 mm in diameter) 

was used as the working electrode, a graphite rod as the counter electrode, and Hg/HgO 

(filled with 1.0 M KOH solution) electrode as the reference electrode. The preparation 

for the working electrode was as follows: solid catalyst (3 mg) was dispersed in 484 µL 

of water, 120 µL of ethanol, and 31 µL of 5 wt% Nafion solution. After ultrasonicating 

the mixture for about 30 min, the homogeneous catalyst ink was obtained. Next, 3 µL 

of catalyst ink was loaded onto the GCE (loading amount about 0.2 mg cm−2 for all the 

samples). Finally, the electrode was dried at room temperature overnight.
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In this work, before all the experiments, the electrolyte solution (1.0 M KOH) was 

purged with N2 for 30 min, the electrochemical measurements were carried out at least 

on four working electrodes to check the reproducibility and their average was taken into 

account. All the current densities were normalized to the geometrical area of the GCE, 

and all the measured potentials vs. Hg/HgO (1.0 M KOH) were converted to a reversible 

hydrogen electrode (RHE) scale according to the Nernst equation: E (RHE) = E (Hg/HgO) + 

0.098 + 0.0591 × pH. 

Before the electrochemical catalytic measurement, all the working electrodes were 

conducted by a continuous cyclic voltammogram (CV) scan from 0 to - 0.5 V (vs. RHE) 

for several times at a scan rate of 20 mV s−1 until the signals were relatively stabilized. 

Linear sweep voltammetry (LSV) from 0 to - 0.5 V (vs. RHE) was recorded with a scan 

rate of 2 mV s−1 to obtain the polarization curves. All the polarization curves were 

corrected with 95% iR-compensation.

Electrochemical impedance spectroscopy (EIS) was performed with frequency 

from 0.1 to 105 Hz with an amplitude voltage of 5 mV, and the measured potential was 

set at - 0.053V vs. RHE for all the samples. 

The long-term stability test was performed by chronopotentiometric (CP) 

measurement in 1.0 M KOH electrolyte. For the above CP measurement, the RuP2-

RuS2/NPS-C catalyst-modified GCE was used as the working electrode, and the current 

density was set at 10 mA cm−2. On the other hand, to collect enough amount of catalyst 

for XRD characterization, the catalyst was also loaded on the carbon cloth to proceed 

the CP test.
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Materials characterization

The morphologies and structures of the samples were investigated by Scanning Electron 

Microscopy (SEM, Zeiss Sigma 500 electron microscope) with an energy-dispersive 

X-ray (EDX) analyzer and Transmission Electron Microscopy (TEM, JEOL JEM-

2100F, 200 kV). The elemental composition of the materials was studied via inductively 

coupled plasma-optical emission spectrometer (ICP-OES) (Avio 500). X-ray 

photoelectron spectroscopy (XPS) was undertaken using a Thermo ESCALAB 250 X-

ray photoelectron spectrometer. The binding energy of the C 1s peak (284.8 eV, C-C 

bond) was used as the internal standard. The crystal phase analysis was conducted using 

Bruker D8 Advance system X-ray diffractometer (XRD) with Cu Kα radiation. Fourier 

transform infrared (FT-IR) spectra were performed on Nicolet iS50 spectrometer 

(Thermo Fisher, USA). 

Computational method

Density functional theory (DFT) calculations were performed with the Vienna ab initio 

Simulation Package (VASP).1, 2 The projector-augmented wave (PAW) method and 

Perdew-Burke-Ernzerhof (PBE) functional exchange-correlation within a generalized 

gradient approximation (GGA) were adopted.3 The van der Waals (vdW) interaction 

was considered with the DFT-D3 force-field approach proposed by Grimme.4 A cutoff 

energy of 400 eV was used for the plane-wave basis set. The convergence thresholds 

for energy and force were set as 1 × 10-4 eV and 0.03 eV Å-1, respectively. RuP2 with 

the (110) facet exposure and RuS2 with the (200) facet exposure were modeled in the 
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calculation. The composite of RuS2/RuP2 and RuP2/RuS2 model were constructed by 

adjusting the arrangement among the interface to minimize the lattice mismatch (less 

than 5%). A vacuum space of at least 15 Å was employed to avoid the interaction 

between periodic units. 

The Gibbs free energies of hydrogen adsorption were calculated by the following 

equations:

ΔGH* =ΔEH* + ΔZPE – TΔS = EH* – E* – 1/2EH2 + ΔZPE – TΔS

where ΔEH*, EH*, E*, and EH2 are the hydrogen binding energy, the total energy of the 

H-slab system, the energy of the slab, and the energy of H2 in gas phase, respectively. 

ΔZPE is the zero point energy difference between the adsorbed and the gas phase 

hydrogen, and ΔS is the corresponding entropy change between these two states. 

According to the previous reports, 0.24 eV value was used to represent the correction 

of zero point energy and entropy of the hydrogen state.5, 6 
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Figure S1. (a,b) SEM images and (c) XRD pattern of the RuP2/NPS-C.
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Figure S2. (a) SEM image and (b) XRD pattern of the NPS-C.
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Figure S3. (a,b) SEM images and (c) XRD pattern of the RuPx.
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Figure S4. (a,b) SEM images and (c) XRD pattern of the RuS2.
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Figure S5. FTIR spectra of the Ru-g-C3N4 and RuP2-RuS2/NPS-C nanocomposite.
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Figure S6. (a-d) TEM images of the RuP2-RuS2/NPS-C in different magnifications.
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Figure S7. The XPS spectra of the RuP2/NPS-C nanocomposite: (a) survey spectrum, 

(b) Ru 3p, and (c) P 2p. The XPS spectra of the RuP2-RuS2/NPS-C nanocomposite are 

also provided for better comparison.

Notes: As demonstrated in Figure S7a, the elements of Ru, P, S, N, and C are 

present in the XPS survey spectrum, confirming the chemical composition of the 

RuP2/NPS-C. Regarding the Ru 3p spectrum shown in Figure S7b, the peaks at 461.5 

and 483.7 eV are corresponded to Ru-P species in RuP2, and the peaks at 464.4 and 

488.7 eV can be assigned to Ru-O species. Of note, relative to those of RuP2/NPS-C, 

the peaks for Ru-P species in the Ru 3p spectrum of the RuP2-RuS2/NPS-C shift to 

higher binding energy. For the P 2p spectrum shown in Figure S7c, four peaks can be 



S13

deconvoluted, the peaks centered at 129.8 and 130.7 eV could be ascribed to P 2p3/2 

and P 2p1/2 of P−Ru bond, and the peaks at 132.8 and 134.1 eV are consistent with P-C 

and P-O species, respectively. As depicted, the peaks for P−Ru species in the P 2p 

spectrum of the RuP2-RuS2/NPS-C shift to lower binding energy in comparison with 

those of RuP2/NPS-C. The above XPS peak shifts in Ru 3p and P 2p spectra imply that 

to couple RuS2 with RuP2 could lead to the obvious charge redistribution in the form of 

electron transfer from the Ru atom to P atom, thus electron-deficient Ru sites and 

electron-rich P sites can be achieved.

Figure S8. The extrapolated Tafel plots of the RuP2-RuS2/NPS-C, RuP2/NPS-C, RuPx, 

RuS2 and commercial Pt/C catalysts.
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Figure S9. (a,b) TEM images of the used RuP2-RuS2/NPS-C nanocomposite after CP 

stability test.
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Figure S10. XRD pattern of the used RuP2-RuS2/NPS-C nanocomposite after CP 

stability test.
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Figure S11. The optimized geometric models for DFT calculations. (a) The side view 

and (b) top view of the RuP2 model surface. (c) The side view and (d) top view of the 

RuS2 model surface.
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Figure S12. The optimized geometric models for DFT calculations. (a) The side view 

and (b) top view of the RuP2/RuS2 model surface. (c) The side view and (d) top view of 

the RuS2/RuP2 model surface.
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Figure S13. The side view of the optimized structures of the H adsorption on the model 

surfaces of (a) RuP2, (b) RuS2, (c) RuP2/RuS2, and (d) RuS2/RuP2. The cyan, yellow, 

pink, and red balls refer to the Ru, S, P, and H atoms, respectively.
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Table S1. Comparison of the HER catalytic performance of our RuP2-RuS2/NPS-C 

nanocomposite with other recently reported high-performance HER electrocatalysts in 

alkaline solution.

Catalyst
Mass 

loading 
(mg cm-2)

Electrolyte η@10 mA 
cm-2 (mV)

Tafel slope 
(mV dec-1) Ref.

RuP2-RuS2/NPS-C 0.2 1.0 M KOH 53 48.1 this 
work

RuPx@NPC 0.2 1.0 M KOH 74 70 7

Ni5P4-Ru/CC N/A 1.0 M KOH 54 52 8

RuP2@NPC 1.0 1.0 M KOH 52 69 9

R-TiO2/Ru 0.4 1.0 M KOH 82 97 10

Ru/C N/A 1.0 M KOH 116 48 11

Ru-Ru2P 0.38 1.0 M KOH 64 36.7
Ru 0.38 1.0 M KOH 72 40.1

12

Ru@C2N N/A 1.0 M KOH 17 N/A 13

RuP2 NPs 1 1.0 M KOH 90 73 14

RuP2-550 0.345 1.0 M KOH 76 74 15

RuCoP 0.3 1.0 M KOH 23 43 16

RuPx/NPC 0.12 1.0 M KOH 74 70 17

CoRu@NC-2 0.27 1.0 M KOH 45 N/A 18

Ru2P 0.06 1.0 M KOH 57 43
RuP 0.06 1.0 M KOH 74 49

19

Ni/V2O3 N/A 1.0 M KOH 140 112 20

NiCo2Px/CF 5.9 1.0 M KOH 58 34.3 21

Re0.94Mo0.06Se2 N/A 1.0 M KOH 174 112 22

Ni-ReSe2 N/A 1.0 M KOH 109 81 23

NiSe/NF 2.8 1.0 M KOH 96 120 24

CoS2/SnO2@MoS2 0.28 1.0 M KOH 196 69 25

WP2 NPs/W N/A 0.5 M KOH
1.0 M KOH

143
214

66
92

26

Ultrathin Ni 
nanosheets 0.53 1.0 M KOH 80 70 27

Ni-P/CP N/A 0.5 M KOH
1.0 M KOH

98
117

59
85

28

MoS2-G-NiO@Ni N/A 1.0 M KOH 150 80 29

MoP2 NPs/Mo N/A 0.5 M KOH
1.0 M KOH

143
194

57
80

30

MoxW2-xC/N, P-co 
doped CNTs 0.70 1.0 M KOH 145 73 31



S20

CoP/NC N/A 0.5 M KOH
1.0 M KOH

78
129

48
58

32

Pd−Pt N/A 1.0 M KOH 71 N/A 33
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