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1. Experimental materials and methods

Materials: Analytical grade cobalt nitrate hexahydrate (Co(NO3)2·6H2O), zinc 

nitrate hexahydrate (Zn(NO3)2·6H2O), ascorbic acid, methanol, ethanol, 2-

methylimidazole and chloroplatinic acid (H2PtCl6·6H2O)was obtained from Aladdin 

Reagents Ltd. The commercial Pt/C (20%) catalyst was purchased from Tanaka, Japan. 

Nafion was acquired from Sigma-Aldrich. All of the chemicals used in this experiment 

were analytical grade and used without further purification.

Preparation of ZIF67@ZIF8, and ZIF8: The synthesis of ZIF67@ZIF8 was 

realized according to the previous reported method with minor modification. Typically, 

2-methylimidazole (9.852 g, 120 mmol) dissolved in a mixed solution was added to 

100 mL a mixed solution of methanol and 100 mL ethanol containing Co(NO3)2·6H2O 

(1.455 g, 5.00 mmol) and Zn(NO3)2·6H2O (7.437 g, 25.00 mmol) under stirring for 15 

s. The mixture was kept at room temperature for 20 h. The precipitate was collected by 

centrifugation, washed, and dried under vacuum at 60 oC overnight. ZIF8 were 

synthesized by a similar procedure by substituting Co(NO3)2-6H2O with Zn(NO3)2-

6H2O was replaced with for ZIF8. 

Preparation of Co-NC and NC: The precursors of ZIF67@ZIF8, and ZIF8 were 

heated at 900 °C with a heating rate of 5 °C min-1 for 2 h under Ar atmosphere and 

naturally cooled to room temperature to obtain Co-NC and NC.

Preparation of PtCo-NC and Pt-NC: 50 mg of Co-NC were ultrasonically 

dispersed in 35 mL of deionized water, then 440 μL of aqueous chloroplatinic acid 

solution (60 mg mL-1) was added, followed by addition of 1.2 mL of aqueous ascorbic 



acid solution (0.1 M) and kept for 4 h at 65 °C. Then, the products were c centrifugated, 

washed, and freeze-dried at 60 °C under vacuum to yield PtCo- NC. Similarly, Pt-NC 

was synthesized according to the same method by using NC as the raw materials.

2. Structural and surface characterization 

X-ray diffraction (XRD) measurements were performance on a DX-2700BH X-

ray diffractometer using Cu K radiation. The morphology and structure of the 

electrocatalyst were characterized using a HITACHI SU 8010 scanning electron 

microscopy (SEM) and a FEI Tecnai G2 F20 transmission electron microscopy (TEM). 

The samples were dispersed in ethanol and sonicated for 30 min and the suspension 

were casted onto TEM grids for TEM measurement. X-ray photoelectron spectroscopy 

(XPS) measurements were performed by using a K-ALPHA with Al K radiation. All 

the XPS spectra were calibrated by shifting the detected C 1s peak to 284.4 eV.

3. Electrochemical measurements 

5 mg of the electrocatalyst and 20 μL Nafion solution (5 wt%) were dispersed in 

500 μL isopropanol and 500 μL water for sonication to form a slurry. Then, 5 μL of the 

slurry was loaded onto the surface of a glassy carbon electrode (GCE, 3 mm in 

diameter), and the GCE was dried at room temperature. The electrochemical HER 

measurements were performed by a conventional three-electrode system on a CHI 760E 

electrochemical workstation (Chenhua Co., Ltd., Shanghai, China), using catalyst-

covered glassy carbon (GC) electrode as the working electrode, Ag/AgCl (3 M KCl) as 

the reference electrode and graphite rod as the counter electrode, respectively. The 

electrocatalytic activity of the electrocatalyst towards HER was examined by obtaining 



polarization curves using linear sweep voltammetry (LSV) at room temperature in 1 M 

KOH and 0.5 M H2SO4 solution at a scan rate of 5 mV s-1. All the electrochemical data 

are presented without iR compensation. All the potentials reported in our work are 

estimated based on the following equation, which is relative to those of the reversible 

hydrogen electrode (RHE). ERHE=EAg/AgCl+0.059 pH + 0.197.

4. Density functional theory calculation 

By employing the Vienna Ab-initio Simulation Package (VASP), free energies 

were computed through density functional theory (DFT). The generalized gradient 

approximation of Perdew, Burke and Ernzerhof (PBE) was selected for exchange-

correlation potential. The kinetic energy cut-off was set at 500 eV, the total energies 

were converged to 1  10-5 eV, the convergence criterion for the residual forces on the 

atoms was set to 0.05 eV Å-1 during the relaxation. A 5  5  1 k-mesh was employed 

for the Brillouin zone integrations. All calculations were performed on a slab model 

with 2 × 2 surface cell containing five (111) atomic layers and a vacuum layer of 20 

Å thickness to avoid artificial interaction between periodic images. The top layers were 

allowed to relax, while the bottom three layers were fixed. Hydrogen adsorption 

energies were calculated relative to H2 (g) as 

           (1)
∆E =  E(slab +  H) -  E(slab) -  

1
2
E(H2)

The associated hydrogen free energy is  

                 (2)∆G =  ∆E +  ∆ZPE -  T∆S

ΔZPE being the difference in zero-point energy and ΔS the difference in entropy 

between the adsorbed state and gas phase. 





Figure S1. SEM images of ZIF67@ZIF8 and size distributions



Figure S2. SEM images of Co-NC (a), Pt-NC (b) and PtCo-NC (c).



Figure S3. TEM image of Co-NC



Figure S4. Magnifying HRTEM image of Co-NC



Figure S5. EDX line-scan analysis result for the selected PtCo-NC in the direction 

of the orange arrow



Table S1. The atomic percentage of PtCo-NC determined by EDX elemental mapping

Element
Atomic 
number

Mass
[%]

Normalized 
mass[%]

Atomic
[%]

Abs. error
[%](1 sigma)

Rel. error
[%](1 sigma)

Carbon 6 93.85 93.85 98.78 2.95 3.14
Nitrogen 7 0.81 0.81 0.73 0.05 6.61
Cobalt 27 0.57 0.57 0.12 0.08 8.11
Zinc 30 0.00 0.00 0.00 0.00 0.00

Platinum 78 4.36 4.36 0.37 0.55 12.58
Total: 100.00 100.00 100.00



Table S2. The content of Pt, Co, and Zn in the PtCo-NC electrocatalysts determined by 

ICP-OES

Samples Pt(wt%) Co(wt%) Zn(wt%)

PtCo-NC 16.21 1.63 -



Figure S6. Magnifying HRTEM image of PtCo-NC



Figure S7. EDX element mapping of PtCo-NC



 Figure S8. X-ray diffraction patterns of ZIF67@ZIF8 and ZIF8



Figure S9. XPS survey of PtCo-NC, Pt-NC and Co-NC



Figure S10. N2 adsorption–desorption isotherms of PtCo-NC



Figure S11. Pore size distributions of PtCo-NC



Figure S12. Raman spectra of PtCo-NC, Co-NC and NC



Figure S13. Corresponding overpotentials (j = 10/100 mA cm-2) in 0.5 M H2SO4 of 

PtCo-NC, Pt-NC and Pt/C



Table S3. The HER performance of the as-prepared catalyst and reported precious metal-based HER electrocatalysts in acidic electrolyte.

Catalysts
η10,100

(mV)
Tafel slope 
(mV dec-1)

Mass Activity
(@10 mA cm-2)

Specific Activity
(@10 mA cm-2)

TOF
(s−1@100 mV)

Reference

PtCo-NC 39, 105 28 0.15 A mgPt
−1 1.60 mA cm−2 mgPt

−1 1.40 This Work

Pt/C 40, 108 31 0.12 A mgPt
−1 5.38 mA cm−2 mgPt

−1 1.08 Commercial

PtCo@NC-900 46, / 23 4.31 A mgPt
−1 21.98 mA cm−2 mgPt

−1 - [S1]

Pt3Co@NCNT 42, 70 27 - - 1.95 [S2]

Pt/MoO2 47, / 33 7.43 A mgPt
-1 - - [S3]

PtCoFe@CN 45, / 32 - - - [S4]

Ru-HPC 67, / 67 7.80 A mgRu
−1 - 9.20 [S5]

PtRu/RFCS 22, 46 47 - - 4.00 [S6]

Pt3Ni4 NWs/C 40, / N.A. - - - [S7]

Pt@CIAC-121 48, / 58 - - - [S8]



Figure S14. CV curves for PtCo-NC, Pt-NC and Pt/C in 0.5 M H2SO4 within the 

potential range of 0.10-0.20 V (V vs. RHE)



Figure S15. Polarization curves of PtCo-NC, Pt-NC and Pt/C in 0.5 M H2SO4 after 24 

h of operation.



Figure S16. Magnified TEM image of PtCo-NC after stability measurement
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Figure S17. Magnified TEM image of Pt-NC after stability measurement



Figure S18. Corresponding overpotentials (j = 10/100 mA cm-2) in 1 M KOH of PtCo-

NC, Pt-NC and Pt/C



Table S4. The HER performance of the as-prepared catalyst and reported precious metal-based HER electrocatalysts in alkaline electrolyte.

Catalysts
η10,100

(mV)

Tafel 
slope (mV 

dec-1)

Mass Activity
(@10 mA cm-2)

Specific Activity
(@10 mA cm-2)

TOF
(s−1@100 mV)

Reference

PtCo-NC 25, 134 39 0.15 A mgPt
−1 1.49 mA cm−2 mgPt

−1 1.03 This Work

Pt/C 30, 181 45 0.12 A mgPt
−1 2.20 mA cm−2 mgPt

−1 0.70 Commercial

CoPt-PtSA/NDPCF 31, 199300 44 19.30 A mgPt
−1 - - [S9]

Pt3Co@NCNT 36, 100 35 - - 0.94 [S2]

Pt3Fe/NMCS-A 29, / 50 0.32 A mgPt
−1 - 1.32 [S10]

C-ZIF-CuPt 46, / 45 0.54 A mgPt
−1 - - [S11]

SA-Ru/Ru NPs/PC 33, / 32 4.20 A mgRu
−1 - - [S12]

A-CoPt-NC 50, / 48 6.43 A mgPt
−1 - - [S13]

PtNi/C 42, / 86 7.23 A mgPt
−1 14.80 mA cm−2 mgPt

−1 - [S14]



PtRu NCs/BP 64, / 43 - - - [S15]



Figure S19. CV curves for PtCo-NC, Pt-NC and Pt/C in 1 M KOH within the 

potential range of 0.10-0.20 V (V vs. RHE)



Figure S20. Polarization curves of PtCo-NC, Pt-NC and Pt/C in 1 M KOH after 24 h 

of operation



Figure S21. Co (111) slab model



Figure S22. Free-energy of hydrogen adsorption for Co (111)



Figure S23. Free-energy of H2O adsorption for Co (111)
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