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Table S1. The amount of Zn in NC before and after acid leaching treatment. 

Element in sample Amount (wt.%)

Zn in NC before leaching 3.5

Zn in NC after leaching 0.2

Table S2. Structural parameters and phase abundance for VN/Co-NC, VN-NC, Co-NC, 

VN/Co-NC-4, and VN/Co-NC-8 samples refined from the experimental XRD profiles.

Lattice parameters (Å)
Sample Phase Space group

a b c

Abundance 

(wt.%)

VN Fm-3m 4.1390(7) 4.1390(7) 4.1390(7) 47VN/Co-NC

Co Fm-3m 3.5483(6) 3.5483(6) 3.5483(6) 53

VN-NC VN Fm-3m 4.1842(3) 4.1842(3) 4.1842(3) 100

Co-NC Co Fm-3m 3.5425(5) 3.5425(5) 3.5425(5) 100

VN Fm-3m 4.1446(9) 4.1446(9) 4.1446(9) 71VN/Co-NC-4

Co Fm-3m 3.5512(5) 3.5512(5) 3.5512(5) 29

VN Fm-3m 4.1463(7) 4.1463(7) 4.1463(7) 87VN/Co-NC-8

Co Fm-3m 3.5602(6) 3.5602(6) 3.5602(6) 13

Note: phase abundance means the relative phase amount between VN and Co. 

Table S3. Structural parameters from nonlinear least-squares fits to the first peak of the Fourier 

transform at the Co K-edge EXAFS of VN/Co-NC and Co-NC.

Samples Path r (Å) σ2 (×103 Å2) E (eV) N R

VN/Co-NC Co-Co 2.511 ± 0.011 0.407 ± 0.101 –1.32 ± 1 12 ± 0.1 0.041

Co-NC Co-Co 2.497 ± 0.013 0.348 ± 0.105 –1.06 ± 1 12 ± 0.1 0.012
Note: r: bond length; σ2: Debye-Waller factor (disorder); E: inner shell potential shift 
R: R-factor; N: coordination number to the Co center

Table S4. The comparison of HER activity of VN/Co-NC with those of recently reported TM-
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NC catalysts in alkaline solution.

Material Electrolyte η10 (mV) Tafel slope 
(mV dec-1) Ref.

Co/N,S,Co-G 1.0 M KOH 247 86 S1

Co/CoN/Co2P-NPC 1.0 M KOH 99 51 S2

Co-NC/GD 1.0 M KOH 284 115 S3

Co@N-CS/N-HCP@CC 1.0 M KOH 66 65 S4

Ni/NC 1.0 M KOH 219 101 S5

Co@BCN 1.0 M KOH 183 73.2 S6

Co@NG-acid 1.0 M KOH 220 112 S7

Ni0.5Co0.5/NC 1.0 M KOH 176 132.1 S8

Co-PNCNF 1.0 M KOH 249 92 S9

Co-NCNT/CC 1.0 M KOH 180 193 S10

Mo/Co@NC 1.0 M KOH 157 148 S11

VN-Co/CC* 1.0 M KOH 195 97 S12

Ni@NC 1.0 M KOH 205 160 S23

FeCo@NGC 1.0 M KOH 211 77 S14

Co/NBC 1.0 M KOH 117 146 S15

Co-NC/CNT 1.0 M KOH 203 125 S16

Co@N-CNTs@rGO 1.0 M KOH 108 55 S17

VN/Co-NC 1.0 M KOH 44 51 This work

Table S5. The comparison of HER activity of VN/Co-NC with those of recently reported TM-
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NC catalysts in acidic solution.

Material Electrolyte η10 (mV) Tafel slope 
(mV dec-1) Ref.

CoNC/GD 0.5 M H2SO4 160 207 S3

Co@BCN 0.5 M H2SO4 96 63.7 S6

Co@NG 0.5 M H2SO4 183 100 S7

Co-NCNT/CC 0.5 M H2SO4 78 74 S10

Co-NC/NRGO 0.5 M H2SO4 229 126 S18

CoNi@NC 0.5 M H2SO4 142 104 S19

Mo/Co@NC 0.5 M H2SO4 187 82 S11

Co/N,O-C 0.5 M H2SO4 69 46 S20

Co-NRCNT 0.5 M H2SO4 260 69 S21

Co/CoN-NC 0.5 M H2SO4 190 65 S22

 CuCo@NC 0.5 M H2SO4 145 79 S23

FeCo@NGC 0.5 M H2SO4 262 174 S14

Co-SAC 0.5 M H2SO4 260 84 S24

Co@N-CNTs@rGO 0.5 M H2SO4 87 52 S17

Co@NC-G-700 0.5 M H2SO4 140 62 S25

VN/Co-NC 0.5 M H2SO4 22 31 This work
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Table S6. Comparison of electrocatalytic HER activity of VN/Co-NC with recently reported 

transition metal-carbon-based catalysts in acidic media.

Materials Electrolyte ƞ@10 
mA cm-2 
(mV)

Tafel 
slope 
(mV dec-

1)

Durability
(Time or Cycle 
times/Retention)

Reference

MoP/C HCSs 0.5 M 
H2SO4

150 67 24 h/~100%  S26

MoP/NPG 0.5 M 
H2SO4

148 49 60 h/~61%  S27

WS2@Graphene 0.5 M 
H2SO4

117 56 10000 cycles/~75%  S28

Fe2N/C 0.5 M 
H2SO4

110 41.2 50 h/~100%  S29

V-MoS2/VG 0.5 M 
H2SO4

98 49 32 h/~95%  S30

Co9S8/MoS2/C 0.5 M 
H2SO4

97 71 10 h/~95% S31 

Co@N-
CNTs@rGO

0.5 M 
H2SO4

87 52 100 h/~100%  S17

Ru-RuO2/CNT 0.5 M 
H2SO4

63 31 1500 cycles/~75%  S32

CoP/NiCoP/NC 0.5 M 
H2SO4

60 58 80 h/~67%  S33

FeP/C 0.5 M 
H2SO4

51.1 41.7 40 h/~100%  S34

VN-Co/NC 0.5 M 
H2SO4

22 31.0 72 h/~100% This work
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Table S7. Comparison of electrocatalytic HER activity of VN/Co-NC with recently reported 

transition metal-carbon-based catalysts in alkaline media.

Materials Electrolyte
ƞ@10 
mA cm-2 
(mV)

Tafel slope 
(mV dec-1)

Durability
(Time or Cycle 
times/Retention)

Reference

Mo2C/CF 1.0 M KOH 161 82 10 h/~80% S35

CoP@NPCP 1.0 M KOH 150 20 15 h/~75% S36

MoP/NPG 1.0 M KOH 126 56 12 h/~61% S27

MoC-
Mo2C/PNCDs

1.0 M KOH 121 60 20 h/~58% S37

Mo1.33W0.67C@
NC

1.0 M KOH 108 55.4 20 h/~90% S38

Co@N-
CNTs@rGO

1.0 M KOH 108 55 100 h/~98% S17

WC-
W2C/PNCDs

1.0 M KOH 101 90 20 h/~58% S37

MoP@NCHs 1.0 M KOH 92 62 40000 s/~100% S39

CoP2@NPC 1.0 M KOH 90 54 10 h/~90% S40

CoP/NiCoP/NC 1.0 M KOH 75 64 3000 cycles/~67% S33

VN-Co/NC 1.0 M KOH 44 51.0 72 h/~100% This work

mailto:Mo1.33W0.67C@nc
mailto:Mo1.33W0.67C@nc
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Table S8. Comparison of electrocatalytic HER activity of VN/Co-NC with recently reported 

transition metal-carbon-based catalysts in neutral media.

Materials Electrolyte ƞ@10 mA 
cm-2 (mV)

Tafel slope 
(mV dec-1)

Durability
(Time and cycles) Reference

Mo2C@N-
CANs

0.1 M PBS 350 94.7 24 h/~83% S41

NiSe@NC 1.0 M PBS 300 66.2 12 h/~100% S42

P-Fe3O4@3DG 1.0 M PBS 295.4 234.6 50 h/~100% S43

Co9S8/NC@Mo
S2

1.0 M PBS 261 126.1 12 h/~50% S44

Mo-WC@NCS 1.0 M PBS 221 95 12 h/~80% S45

MoP NA/CC 1.0 M PBS 187 94 46 h/~100% S46

Ni0.85Se@NC 1.0 M PBS 183 - 10 h/99.1% S47

Ni/β-Mo2C@PC 1.0 M PBS 179 106 24 h/~99% S48

MoS2@CoO/CC 1.0 M PBS 176 - 10 h/~67% S49

CoP/C 1.0 M PBS 161 81 70000 s/~67% S50

VN-Co/NC 1.0 M PBS 163 117 72h/~100% This work
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Table S9. Comparison of electrocatalytic HER activity of VN/Co-NC with recently reported 

carbon free transition metal-based catalysts in neutral media.

Materials Electrolyte ƞ@10 mA 
cm-2 (mV)

Tafel slope 
(mV dec-1)

Durability
(Time/Retention)

Reference

CoFeO@BP 1.0 M KOH 88 51 24 h/~90% S51

Ni17W3–W 
hybrid 1.0 M KOH 59 52 24 h/~90% S52

Ni2P/NiTe2 1.0 M KOH 62 80 20 h /~80% S53

Ni3Se4/Ni3S2/N
F 1.0 M KOH 89 61 11 h/~99% S54

O-CoP 1.0 M KOH 116 59 19 h/~80% S55

1T-MoS2/CoS2 1.0 M KOH 71 60 72 h/~90% S56

Ni5P4 1.0 M NaOH 49 98 16 h/－ S57

3D-NiCoP 1.0 M KOH 105 79 16 h/~90% S58

FeP/Ti 1.0 M KOH 95 － 10 h/~50% S59

VN-Co/NC 1.0 M KOH 44 51.0 72 h/~100% This work

Ni5P4 1.0 M H2SO4 23 33 16 h/－ S57

3D-NiCoP 0.5 M H2SO4 80 37 16 h/~99% S58

FeP/Ti 0.5 M H2SO4 79 － 10 h/~88% S59

Co0.97Ti0.03SP 0.5 M H2SO4 44 51 12 h/~91% S60

RuRh2 0.5 M H2SO4 34 17 30000 cycles 
/~99% S61

Cr0.4Mo0.6B2 0.5 M H2SO4 193 60.1 25 h/~93% S62

MoO2/MoS2|P 0.5 M H2SO4 85 49.7 2000 cycles 
/~95% S63

FeP/Ti 0.5 M H2SO4 50 － 16 h/~71% S64

Ni2P 0.5 M H2SO4 ~120 46 500 cycles/－ S65

Co2P/Ti 0.5 M H2SO4 95 45 24 h/－ S66

Ni2P 0.5 M H2SO4 ~160 75 500 cycles/－ S67

VN-Co/NC 0.5 M H2SO4 22 31.0 72 h/~100% This work

FeP/Ti 1.0 M PBS 102 － 16 h/~83% S64

Ni3Se4/Ni 
foam 1.0 M PBS 160 －

1000 cycles 
/~100% S68

RhCu 1.0 M PBS 57 95 12 h/~99% S69
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nanotubes

NiCu-P 1.0 M PBS 250 96 1000 cycles S70

MoS2@CoO 1.0 M PBS 176 － 10 h/－ S71

Ni−Co−S film 1.0 M PBS 280 93 6.5 h/~82% S72

CoO/Co4N/NF 1.0 M PBS 145 80 50 h/~80% S73

NiFe2O4/NF 1.0 M PBS 197 81.3 －/－ S74

MoP700 1.0 M PBS 196 79 2 h/~86% S75

VN-Co/NC 1.0 M PBS 163 117 72 h/~100% This work

Table S10. Comparison of stability of Co-amount after HER cycling for Co-NC electrocatalysts 
prepared by one-pot treatment and multiple-step treatment.

Co-NC
Total amount 
of catalyst for 
cycling

Co-amount 
in catalyst

Co-amount in electrolyte 
after 1000 LSV cycles

Dissolution 
ratio of Co

One-pot 0.06 mg 72 wt.% 0.0028 mg 6.5%

Multiple-step 0.06 mg 45 wt.% 0.0019 mg 7.0%
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Table S11. Comparison of TOF values of VN/Co-NC with Co-NC, V-NC, NC and Pt@C in 

0.5 M H2SO4, 1.0 M KOH and 1.0 M PBS solution, respectively.

Catalysts Electrolytes Cdl ECSA 
(cm2)

Constant in 
formula

TOF@100 
mV

VN-Co/NC 0.5 M H2SO4 36.6 915 0.0740 7.07

1.0 M KOH 38.6 965 0.0701 4.9

1.0 M PBS 27.0 675 0.1003 0.24

Co/NC 0.5 M H2SO4 28.8 720 0.0940 0.19

1.0 M KOH 30.6 765 0.0885 0.13

1.0 M PBS 22.9 572.5 0.1182 0.05

VN/NC 0.5 M H2SO4 21 525 0.1289 0.02

1.0 M KOH 11.2 280 0.2417 0.03

1.0 M PBS 49.4 1235 0.0548 0.13

NC 0.5 M H2SO4 16.9 422.5 0.1602 0.018

1.0 M KOH 9.8 245 0.2762 0.094

1.0 M PBS 24.2 605 0.1119 0.048

Pt@C 0.5 M H2SO4 35.3 882.5 0.0022 0.127

1.0 M KOH 23.3 582.5 0.0033 0.113

1.0 M PBS 46.8 1170 0.0016 0.102



11

Table S12. Comparison of TOF values of VN/Co-NC with recently reported metal-based 

catalysts.

Materials Electrolyte Overpotential 
(mV) TOF (s-1) References

Ni5P4 0.5 M H2SO4 100 3.5 S57

Ni2P 0.5 M H2SO4 100 0.015 S65

Co2P 0.5 M H2SO4 100 0.272 S76

CC@N-CoP 0.5 M H2SO4 50 0.0199 S77

np-(Co0.52Fe0.48)2P 0.5 M H2SO4 50 0.1 S78

WC nanocrystalline 0.5 M H2SO4 181 1 S79

WC nanowall 0.5 M H2SO4 126 1 S79

MoP@NC 0.5 M H2SO4 100 0.28 S80

WP@NC 0.5 M H2SO4         100  0.05 S80

MoP 0.5 M H2SO4 100 0.024 S81

W/BrN 0.5 M H2SO4 200 1 S82

MoS2 0.5 M H2SO4 200 0.29 S83

P-Fe3O4@3DG 0.5 M H2SO4 100 0.0048 S43

Nv-Fe2N/C 0.5 M H2SO4 100 0.064 S29

PtRu@RFCS 0.5 M H2SO4 100 4.03 S84

Co-NG 0.5 M H2SO4 100 0.101 S85

VN-Co/NC 0.5 M H2SO4 100 7.07 This work

Ni5P4 1.0 M KOH 100 0.79 S57

Pt/C 1.0 M KOH 50 0.27 S86

Au-Ru 1.0 M KOH 50 0.31 S86
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3.0% S-CoO NRs 1.0 M KOH 100 0.41 S87

Ni-doped MoS2 1.0 M KOH 100 0.08 S88

Ni5P4 catalysts 1.0 M KOH 100 0.05 S89

Ru@C2N 1.0 M KOH 25 0.67 S90

P-Fe3O4@3DG 1.0 M KOH 100 0.0017 S83

Ni-P/Ni/NF 1.0 M KOH 230 5.36 S91

P-MoP/Mo2N 1.0 M KOH 100 0.06 S92

NiMoOx/NiMoS 1.0 M KOH 100 1.97 S93

PtSn4 1.0 M KOH 100 1.54 S86

VN-Co/NC 1.0 M KOH 100 4.9 This work

NiCoN|NixP|NiCoN 1.0 M PBS 300 0.771 S94

P-MoP/Mo2N 1.0 M PBS 100 0.049 S92
NiCo2Te4 1.0 M PBS 100 6.5 S95

Ni/Ni(OH)2 1.0 M PBS 110 4.99 S96

CoS2@MoS2/CP 1.0 M PBS 200 4.2 S97

CoMoS4 NS/CC 1.0 M PBS 200 0.2 S98

Pt/np-Co0.85Se 1.0 M PBS 100 3.93 S99

VN-Co/NC 1.0 M PBS 100 0.24 This work
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S1 Estimation for the TOF

Take calculating TOF of VN-Co/NC in acidic media as an example. According to literature 

procedures, the following steps were performed to calculate TOFs. First, electrochemically 

active surface area (ECSA) was calculated as below.

𝐴𝐸𝐶𝑆𝐴 =
𝑇ℎ𝑒 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑜𝑢𝑏𝑙𝑒 𝑙𝑎𝑦𝑒𝑟 𝐶𝑑𝑙

𝑇ℎ𝑒 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑎𝑛𝑐𝑒 𝑜𝑓 𝑝𝑒𝑟 𝑟𝑒𝑎𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎

In general, the specific capacitance for a flat surface is found to be in the range of 20-60 

μF/cm2.We adopt the medium value of 40 μF/cm2 to calculate the turnover frequency (TOF) of 

heterostructures of VN and Co embedded in N-doped carbon electrocatalysts (VN-Co/NC). In 

0.5 M H2SO4, the measured Cdl of VN-Co/NC is 36.6 mF cm-2, so the ECSA of VN-Co/NC 

was calculated as 915 cm2.

𝐴𝐸𝐶𝑆𝐴(𝑉𝑁 ‒ 𝐶𝑜/𝑁𝐶) =
36.6 𝑚𝐹 𝑐𝑚 ‒ 2

40 𝜇𝐹 𝑐𝑚 ‒ 2
= 915 𝑐𝑚2

For HER, TOF refers to the number of H2 turnover per active site, which could be calculated 

using the following formula.

𝑇𝑂𝐹 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝐻2 𝑡𝑢𝑟𝑛𝑜𝑣𝑒𝑟 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠 𝑔𝑒𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑎𝑟𝑒𝑎

With a ~100% Faraday efficiency, the number of total H2 turnover (nH2) at different current 

density (j) can be calculated as follows.

𝑛𝐻2 = (𝑗
𝑚𝐴

𝑐𝑚2)( 1 𝐶𝑠 ‒ 1

1000 𝑚𝐴)( 1 𝑚𝑜𝑙 𝑒 ‒

96485.3 𝐶)(1 𝑚𝑜𝑙 𝐻2

2 𝑚𝑜𝑙 𝑒 ‒ )(6.022 × 1023 𝐻2

1 𝑚𝑜𝑙 𝐻2 )
𝑛𝐻2 = 3.12 × 1015

𝐻2 𝑠

𝑐𝑚2
𝑝𝑒𝑟

𝑚𝐴

𝑐𝑚2

In this work, the poison tests and in-situ Raman spectra confirmed the active site of VN-Co/NC 

should be carbon. In graphite, the hexagonal layered structure with bond lengths of 1.42 Å for 

six-membered ring and layer spacing of 3.40 Å shows a volume of 17.8 Å3. Moreover, it is 

noted that each C atom is shared by 6 cells, thus the number of C atoms per unit cell is regarded 

as 2. Thus, the area density of carbon atoms (ncarbon atoms) could be calculated. 

𝑛𝑐𝑎𝑟𝑏𝑜𝑛 𝑎𝑡𝑜𝑚𝑠 = (2 𝑎𝑡𝑜𝑚𝑠 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙

17.8 Å3 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑐𝑒𝑙𝑙 )2/3 = 2.33 × 1015𝑎𝑡𝑜𝑚𝑠 𝑝𝑒𝑟 𝑐𝑚2 

Since the real active site is the carbon atom near to the N atom, the exact number of “active” 

carbon sites could then be calculated according to the dopant’s concentrationS100 and active 

species in dopant as:
𝑛𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠 = 𝑛𝑐𝑎𝑟𝑏𝑜𝑛 𝑎𝑡𝑜𝑚𝑠 × 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑁

𝑛𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠 = 2.33 × 1015 × 1.98% = 4.61 × 1013 𝑎𝑡𝑜𝑚𝑠 𝑝𝑒𝑟 𝑐𝑚2
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Crystal structure and cell parameters of 3D graphite.

Therefore, the LSV curve of VN-Co/NC was converted to a curve of TOF and potential 

according to the following calculation.

𝑇𝑂𝐹𝑉𝑁 ‒ 𝐶𝑂 𝑁𝐶 =
(3.12 × 1015

𝐻2 𝑠

𝑐𝑚2
𝑝𝑒𝑟

𝑚𝐴

𝑐𝑚2) × |𝑗|

𝑛𝑎𝑐𝑡𝑖𝑣𝑒 𝑠𝑖𝑡𝑒𝑠 × 𝐴𝐸𝐶𝑆𝐴

𝑇𝑂𝐹𝑉𝑁 ‒ 𝐶𝑂 𝑁𝐶 =
(3.12 × 1015

𝐻2 𝑠

𝑐𝑚2
𝑝𝑒𝑟

𝑚𝐴

𝑐𝑚2) × |𝑗|

(4.61 × 1013𝑎𝑡𝑜𝑚𝑠 𝑝𝑒𝑟 𝑐𝑚2) × 915 𝑐𝑚2
= 0.0740 × |𝑗|

For reference samples (i.e., VN-NC, Co-NC and NC), carbon atoms near to the N were also 

assumed as active sites to calculate corresponding TOFs. Eventually, in 0.5 M H2SO4, the 

current densities of VN-NC, Co-NC and NC were converted into TOF plots as below.
𝑇𝑂𝐹𝐶𝑂 𝑁𝐶 = 0.0940 × |𝑗|

𝑇𝑂𝐹𝑉𝑁 𝑁𝐶 = 0.129 × |𝑗|

𝑇𝑂𝐹𝑁𝐶 = 0.160 × |𝑗|

As comparison, the ECSA of Pt@C in 0.5 M H2SO4 was measured to be 888 cm2 using double 

layer capacitance. For Pt@C, 4-surface Pt atoms in unit cell with a volume of 60 Å3 are regarded 

as active sites, so the area density of active sites was calculated as . 1.644 × 1015 𝑎𝑡𝑜𝑚𝑠 𝑝𝑒𝑟 𝑐𝑚2

Furthermore, we could use the following equation to calculate the TOF of Pt@C:
𝑇𝑂𝐹𝑃𝑡@𝐶 = 0.0021 × |𝑗|
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Fig. S1 Charge density redistribution of the heterostructure constructed by joining N-terminated 

(011) slab of VN and Co-terminated (1-10) slab of Co, showing 22 atoms under the interface, 

resulting in 0.92 e₋ transfer from Co to VN. 
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Fig. S2 (a) Charge density redistribution of the heterostructure constructed by joining N-

terminated (111) slab of VN and Co-terminated (111) slab of Co, showing 61 atoms under the 

interface, resulting in 8.7 e₋ transfer from Co to VN; (b) the correlation of transferred electron 

number from Co to VN with the number of interfacial atoms.
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Fig. S3 XRD pattern or VN-Co/NC with the insertion of PDF card and corresponding crystal 

facets.
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Fig. S4 XRD pattern of as-prepared ZIF-8 precursor.
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Fig. S5 Rietveld refinement of XRD patterns for (a) VN-NC and (b) Co-NC composites.
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Fig. S6 XRD pattern for the pyrolyzed ZIF-8 precursor under 960 ºC.



21

Fig. S7 Raman spectra of VN/Co-NC, VN-NC, Co-NC and NC composites.
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Fig. S8 High-resolution N 1s XPS spectra of Co-NC composite.
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Fig. S9 Comparison of signal showed in EXAFS region corresponding to Co-N bond between 

VN/Co-NC and Co-NC.
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Fig. S10 FESEM images of (a, b) ZIF-8, (c, d) NC, and (e, f) VN/Co-NC composites.
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Fig. S11 N2 ad-/desorption isotherm curves of VN/Co-NC composite under 77 K. The inset: 

the pore size distribution of VN/Co-NC composite.
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Fig. S12 High-resolution C 1s spectra of (a) NC and (b) VN/Co-NC composites.
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Fig. S13 VN/Co-NC composite with larger particle size: (a) N2 ad-/desorption isotherm curves 

under 77 K (the inset: the pore size distribution); (b) XRD pattern; (c) and (d) SEM images; (e) 

BET surface area normalized LSV curves and (f) pore volume normalized LSV curves. 

The VN/Co-NC with larger particle size shows BET surface area of 310 m2 g−1 and pore volume 

0.19 cm3 g−1. In this experiment, the mass loading of catalyst on GC electrode (~0.8 mg cm−2), 

BET surface areas and pore volumes of catalyst are used for normalizing the LSV curves.
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Fig. S14 EIS spectra of VN/Co-NC, Co-NC, VN-NC, and NC composites in 1.0 M KOH 

solution. The inset: the equivalent circuit modeled from the EIS spectra.
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Fig. S15 Fitted results for EIS spectra of VN/Co-NC, Co-NC, NC, and VN-NC composites in 

1.0 M KOH solution.
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Fig. S16 CV curves at scan rates from 20, 40, 60, 80, to 100 mV s−1 for (a) VN/Co-NC, (b) Co-

NC, (c) VN-NC, and (d) NC composites within potential ranges from 0.01 to 0.06 V.
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Fig. S17 Cdl values for VN/Co-NC, Co-NC, VN-NC, and NC composites in 1.0 M KOH 

electrolyte.
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Fig. S18 EIS spectra of VN/Co-NC, Co-NC, VN-NC, and NC composites in 0.5 M H2SO4 

electrolyte. The inset: the equivalent circuit modeled from the EIS spectra.
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Fig. S19 Fitted results for EIS spectra of VN/Co-NC, Co-NC, VN-NC, and NC composites in 

0.5 M H2SO4 electrolyte.



34

Fig. S20 CV curves at scan rates from 20, 40, 60, 80, to 100 mV s−1 for (a) VN/Co-NC, (b) Co-

NC, (c) VN-NC, and (d) NC composites within potential ranges from 0.10 to 0.25 V.
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Fig. S21 Cdl values for VN/Co-NC, Co-NC, VN-NC, and NC composites in 0.5 M H2SO4 

electrolyte.
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Fig. S22 Comparison of LSV curves of VN/Co-NC composite before and after 1000 cycles in 

(a) 0.5 M H2SO4 and (b) 1.0 M KOH electrolyte.
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Fig. S23 Comparison of cycling performance of VN/Co-NC and Pt@C in (a) 0.5 M H2SO4, (b) 

1.0 M KOH, and (c) 1.0 M PBS, respectively.
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Fig. S24 Faraday efficiency of VN/Co-NC during HER in both 1.0 M KOH and 0.5 M H2SO4.
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Fig. S25 VN/Co-NC electrocatalyst after 1000 cycles in 0.5 M H2SO4: (a) XRD patterns; high-

resolution (b) Co 2p and (c) V 2p XPS spectra; (d‒f) FESEM images; (g, h) TEM images and 

(i) HRTEM image. Inset in (h): the particle size distribution.



40

Fig. S26 VN/Co-NC electrocatalyst after 1000 cycles in 0.5 M H2SO4: (a) XRD patterns; high-

resolution (b) Co 2p and (c) V 2p XPS spectra; (d‒f) FESEM images; (g, h) TEM images and 

(i) HRTEM image. Inset in (h): the particle size distribution.
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Fig. S27 VN/Co-NC electrocatalyst after 1000 cycles in 1.0 M PBS: (a) XRD patterns; (b, c) 

FESEM images; (d, e) TEM images and (f) HRTEM image. Inset in (e): the particle size 

distribution.
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Fig. S28. The schematic illustration for the synthesis of MOF-derived porous carbon-
encapsulated metal nanoparticles nanohybrid by (a) one-pot calcination and (b) multiple-step 
treatment.

MOFs have been demonstrated as an ideal platform to derive the nanohybrids consisting 
of transition metal (TM) nanoparticles encapsulated by nitrogen-doped porous carbon 
(TM@NC).[S101-S103] Generally, two ways were reported to construct above nanohybrids.

Taking Zn/Co-based zeolite imidazolate framework (ZIF) as an example, the first way is 
to directly pyrolyze Co-based ZIF (ZIF-67) under an inert atmosphere, during which the Co 
species liberated from ZIF-67 were reduced and migrated to form Co nanoparticles while the 
ligands were in-situ converted to N-doped porous carbon, generating the final hybrid structure 
constructed by encapsulating nanoparticles within the N-doped porous carbon (Fig. S28a). 

The second way is to adopt a multiple-step treatment (Fig. S28). Firstly, the N-doped 
porous carbon framework was achieved by calcinating the Zn-ZIF (ZIF-8) at high temperature 
(usually over 800 oC) under an inert atmosphere, during which the nano-sized Zn species were 
thermally evaporated while the ligands were in-situ converted to the N-doped porous 
carbon.[S103, S104] As an alternative, the N-doped porous carbon framework could also be 
obtained by acid leaching of ZIF-67-derived Co@NC in the high-concentration acid solution 
(e.g. 3.0 M H2SO4).[S105, S106] This result indicated that the NC has an open porous structure and 
the encapsulated Co nanoparticles are easily corroded by a high-concentration acid solution. 
After that, the as-obtained N-doped porous carbon skeleton was deliberately selected as the host 
to isolate metal sources guest within pores usually by a dual-solvent method. Finally, upon 
further annealing towards the metal species-adsorbed porous carbon skeleton at high 
temperature, the metal nanoparticles were in-situ formed by a thermal reduction accompanied 
with atomic short diffusion, and most of them were uniformly encapsulated within the 
interconnected carbon pores.[S107]

In our case, after the first calcination towards ZIF-8, the achieved average carbon pore size 
was around 2 nm. However, after the adsorption of Co/V-ions followed by the second 
calcination, the average particle size was around 8 nm, implying the concurrent enlargement of 
the pore size. This may be due to the catalytic effect of Co species towards carbon matrix. 
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Specifically, the presence of Co may cleave and dissociate the C-N/C-C bonds, and thus 
promote the graphitization of ZIF-8-derived carbon by atomic reconstruction,[S109, S111] resulting 
in the intimate coupling between the carbon shell and nanoparticle.  

No matter the first way or the second way, the surface feature of ZIF-derived N-doped 
porous carbon skeleton is quite similar. Many hierarchical pores with open feature were created 
and interconnected in both N-doped carbon skeleton.[S108-S111] This feature could also be 
supported by the following comparative study.

Herein, two kinds of ZIF-67-derived Co@NC by one-pot calcination and multiple 
treatment mentioned above were synthesized, respectively. XRD characterization indicated that 
the obtained products have a similar phase composition (Fig. S29). Then, the as-synthesized 
Co@NC composites were evaluated as HER electrocatalyst. After the cycled LSV for 1000 
times in 0.5 M H2SO4 solution, the ICP results indicated that ~6.5 wt% and ~7.0 wt% of Co 
were dissolved in solution for the one-pot- and multiple-step-prepared Co@NC composites, 
respectively (Table S10). The slight dissolution of Co as well as the quite closed dissolution 
values for these two kinds of Co@NC strongly illustrated the open features of porous carbon 
and their similar HER behavior. Note that because the most nanoparticles were protected by the 
carbon shell and chemically bonded with N at the hetero-interface, the chemical stability of Co 
was significantly improved, and thus showing promising as one advanced HER electrocatalyst 
and being extensively studied.

Fig. S29. XRD patterns of Co-NC composites prepared by one-pot treatment and multiple-step 

treatment.

Based on the above analysis and the experimental results, we may conclude that the carbon 
skeletons derived from the first and the second way have a similar structure and property and 
thus they exhibited a similar HER behavior. We also would like to clarify the structure and 
composition of the hybrid catalyst as following: (i) the porous within the carbon skeleton were 
open and interconnected; (ii) the nanoparticle and carbon shell was intimately coupled. 

According to the structure features of the carbon skeleton, two parts are believed to be 
accessible to the electrolyte for the ZIF-derived VN/Co@NC. One is the nanoparticle-coupled 
carbon shells, where the electrolyte can penetrate to the channels or chinks between the pores, 
and then contact with the nanoparticle-coupled carbon shells. The other is the small parts of Co 
located at the open position of the carbon shells (Fig. S28). With regarding to these two possible 
active sites, previous theoretical calculations confirmed that the active site during HER was the 
metal nanoparticle-coupled carbon shells rather than the naked Co.[S112- S115]
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Fig. S30 (a) LSV curves and (b) Tafel slopes of VN/Co-NC, Co-NC, VN-NC, NC and Pt@C 

composites in 1.0 M PBS solution. (c) cycle durability of VN/Co-NC at around 10 mA cm−2 in 

1.0 M PBS solution.
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Fig. S31 CV curves at scan rates from 20, 40, 60, 80, to 100 mV s−1 for (a) VN/Co-NC, (b) Co-

NC, (c) VN-NC, and (d) NC composites within potential ranges from 0.10 to 0.25 V in 1.0 M 

PBS.
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Fig. S32 Cdl values for VN/Co-NC, Co-NC, VN-NC, and NC composites in 1.0 M PBS 

electrolyte.
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Fig. S33 CV curves at scan rates from 20, 40, 60, 80, to 100 mV s−1 for Pt@C from 0.10 to 0.25 

V in (a) 0.5 M H2SO4, (b) 1.0 M PBS and (c) 1.0 M KOH, respectively; (d) Cdl values for Pt@C 

different electrolytes. 
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Fig. S34 Poison test: comparison of LSV curves of VN-Co/NC electrocatalyst in 1.0 M KOH 

solution with and without the addition of 0.2 M KSCN.
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Fig. S35 Variation of ∆GH* value along with the lattice strain of (a) Co@NC, (b) Co, (c) VN 

and (d) VN@NC models; Inset in (a): difference charge density distributions between the 

substrate and H for Co@NC‒H system under the lattice strain of ‒2% and +2%. 
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Fig. S36 Rietveld refinement for the XRD pattern of VN/Co-NC-4 composite.
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Fig. S37 Rietveld refinement for the XRD pattern of VN/Co-NC-8 composite.
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Fig. S38 LSV curves of VN/Co-NC-4 and VN/Co-NC-8 composites in (a) 1.0 M KOH, (b) 0.5 

M H2SO4 and (c) 1.0 M PBS electrolyte. (d) Comparison of overpotentials at 10 mA cm−2 for 

VN-NC, VN/Co-NC-8, VN/Co-NC-4, VN/Co-NC, and Co-NC composites in 1.0 M PBS 

solution.
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