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Characterization

X-ray Powder Diffraction (XRD) data was collected on a Bruker D8 Advance X-

ray Polycrystalline Diffractometer at 40 kV/40 mA with Cu Ka radiation (k = 

1.541874 Å) in the angular range of 5–80° for the 2h angle. The transmission electron 

microscope images were taken on a HRTEM JEOL 2100F. X-ray photoelectron 

spectroscopy (XPS) analysis was carried out on a Thermo ESCALAB 250Xi using an 

aluminum monochromatic X-ray source (hv = 1486.6 eV, power = 150 W).

DFT calculation methods

DFT calculation were performed using the Vienna ab initio simulation package 

(VASP). The exchange-correlation interaction was described by the generalized 

gradient approximation (GGA) with the revised Perdew–Burke–Ernzerhof (PBE) 
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functional. The kinetic cutoff energy of 450 eV and Gamma-centered k-points of 3 × 

3 × 1 were used. Besides, all atoms were fully relaxed until the energies and residual 

forces on each atom converged to 1 × 10-5 eV and 0.02 eV·Å-1. For construction of 

the surface models, a vacuum of 15 Å was used to eliminate interactions between 

periodic structures.

ΔGH* was defined as ΔGH* = ΔEH* + ΔEZPE – TΔSH. ΔEH* is the hydrogen 

chemisorption energy expressed by the following equation: ΔEH* = E(Slab-H*) – E(Slab) – 

½EH2
1. E(Slab-H*) and E(Slab) are the energies of the active sites with and without H* 

absorption, respectively. ΔEZPE is the zero-point energy difference between the 

adsorbed and gas phases. ΔSH is the entropy change between the adsorbed H and gas-

phase H2 at 1 atm and T is 298.15 K. The sum of them, which could be regarded as 

thermal correction to Gibbs free energy, could be obtained via vibrational frequency 

calculations. In this work, we defined the ΔGH* values as ΔEH* + 0.24eV for all 

catalysts. VASPKIT2 was used to directly read the value from OUTCAR file.



Fig. S1 HER performance of NCS-Co

Fig. S2 Cyclic voltammograms in 0.5 M H2SO4 at the scan of 20-100 mV/s in non-

faradaic region for (a) NCS-CoPt, (b) NCS-CoPt-H, (c) NCS-Co, respectively.



Fig. S3 Nyquist plot of (a) NCS-CoPt, (b) NCS-CoPt-H, (c) NCS-Co

Fig. S4 Stability test of NCS-CoPt at the current density of 50 mA cm-2 in 

0.5 M H2SO4. 



Fig. S5 XRD of NCS-CoPt after stability test

Fig. S6 SEM image of NCS-CoPt after stability test



Fig. S7 (a) LSV cruves of NCS-CoPt, NCS-CoPt-H in 1 M KOH. (b-c) Cyclic 

voltammograms in 1 M KOH at the scan of 20-100 mV/s in non-faradaic region for 

NCS-CoPt, NCS-CoPt-H. (d) ECSA measurement of NCS-CoPt, NCS-CoPt-H. (e-f) 

Nyquist plot of NCS-CoPt, NCS-CoPt-H.

The HER activities of the catalysts were carried out in alkaline environment following 

the same test method to that in acidic media, except that the reference electrode was 

replaced with an Hg/HgO electrode. The overpotential required for NCS-CoPt and 

NCS-CoPt-H at a current density of 10 mA cm-2 were 31.4 mV and 47.8 mV in 1.0 M 

KOH (Fig S7a, ESI†), which were close to the results at 0.5 M H2SO4. However, the 

overpotentials required for the two catalysts were 98.9 mV, 130.0 mV (NCS-CoPt) 

and 141.0 mV, 185.3 mV (NCS-CoPt-H) at current densities of 50 mA cm-2 and 100 

mA cm-2, respectively, indicating a relatively lower catalytic activity in alkaline 

environments. The result of double-layer capacitance (Cdl) of two catalysts can be 

seen from Fig. S7 b-d (ESI†) that Cdl of NCS-CoPt (28.8 mF cm-2) was larger to 

NCS-CoPt-H (24.8 mF cm-2). Finally, the smaller Rct value of NCS-CoPt (905 Ω) 

compared to that of NCS-CoPt-H (1370 Ω) demonstrated its better charge transfer 

capability (Fig. S7e-f, ESI†).



Fig. S8 High resolution of NCS-CoPt (a) and NCS-CoPt-H (b)

Fig. S9 TEM image and mapping of NCS-CoPt



Fig. S10 TEM image and mapping of NCS-CoPt-H

Fig. S11 SEM image of NCB-CoPt



Fig. S12 XRD of NCS-CoPt and NCB-CoPt

Fig. S13 Nyquist plot of NCB-CoPt and NCS-CoPt



Fig. S14 (a) Cyclic voltammograms in 0.5 M H2SO4 at the scan of 20-100 mV s-1 in 

non-faradaic region for NCB-CoPt. (b) ECSA measurement of NCB-CoPt

Fig. S15 XPS full survey spectrum of NCB-CoPt



Fig. S16 High resolution of C 1s (a), Co 2p (b), and Pt 4f (c) spectra of NCB-CoPt



Table S1: Comparison of HER activities of different Carbon materials in 0.5 M 

H2SO4 

Entry Catalyst Substrate

Overpotential 

for 10 mA cm-

2 (mV)

Reference

1 NCS-CoPt carbon paper 41 This work

2 NCS-CoPt-H carbon paper 52 This work

3 Pt GDY2 glassy carbon 65 3

4 Pt@PCM glassy carbon 105 4

5 5%Ru-MoS2/CNT glassy carbon 50 5

6 Ir@Co/NC glassy carbon 60 6

7 Pt@FeNC glassy carbon 60 7

8 PtNx/TiO2 glassy carbon 67 8

9 Pt SA/m-WO3−x glassy carbon 47 9

10 Pt-Ru dimer glassy carbon 50 10

11 Pd NPs-Bis-24h carbon paper 59.6 11

12 Pt-GT-1 glassy carbon 66 12
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