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Experimental section
1. Catalyst preparation

1.1.1 Chemicals and products

All the chemicals were used as received. Ni(NO3)2∙6H2O and polyvinyl pyrrolidone 

(PVP, Mr = 40,000 g mol-1) were purchased from Sigma Chemical Company, 

Melamine was purchased from Sigma-Aldrich. KHCO3 and HCl were purchased from 

Acros Organics. Ethanol was purchased from VWR International, LLC.

1.2.1 Synthesis of bulk g-C3N4 precursor. 

The g-C3N4 was synthesized according to the previous report by a thermal 

polymerization strategy.1, 2 In detail, the 10 g melamine was heated from room 

temperature to 550 °C at the ramping rate of 2.3 °C min−1 in a muffle furnace and then 

maintained at that temperature under air atmosphere for 4 h. Finally, the light-yellow 

bulk g-C3N4 was obtained when it cooled down to room temperature naturally. The 

powder g-C3N4 was obtained by grounding bulk g-C3N4 in a mortar.

1.2.2 Preparation of Ni@NCNT/Gr-T

In this research, a series of Ni@NCNT/Gr-T were synthesized by varying the 

carbonization temperature (T = 700 °C, 800 °C, 900 °C). Taking Ni@NCNT/Gr-800 as 

an example, firstly, 0.2 g of g-C3N4 was dispersed in 30 mL ethanol by stirring. Then, 

0.2 g PVP and 0.2 g Ni(NO3)2∙6H2O were dissolved in the above g-C3N4 suspension 

solution. After keep stirring for 4 h at room temperature, the mixed suspension solution 

was kept in an oven overnight to remove the solvent at 80 °C. Next, the dried greenish-
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yellow powder was grinded with pestle mortar. Then, the precursor was obtained by 

carbonizing the grinded powder at 800 °C for 2 h under Ar at the ramping rate of 2 °C 

min−1. Finally, the Ni@NCNT/Gr-800 catalyst was obtained by leaching the precursor 

in 0.5 M HCl solution at 80 °C for 24 h followed by water washing and drying in an 

oven. The Ni@NCNT/Gr-700 and Ni@NCNT/Gr-900 catalysts were prepared 

following the same procedure but with varied carbonization temperatures. 

Ni@NCNT/Gr-800-48h was prepared using the same route but the acid washing was 

extended to 48 h.

1.2.3 Preparation of Ni@NCNT/Gr-xPVP 

A series of Ni@NCNT/Gr-xPVP catalyst (x = 1, 2, 3) were synthesized by following 

the same process as the synthesis of Ni@NCNT/Gr-800 catalyst with different amounts 

of PVP (0.1 g, 0.2 g, 0.4 g).

1.2.4 Preparation of Ni@NCNT/Gr-R catalyst

To further optimize the electrochemical CO2 reduction performances, a Ni@NCNT/Gr-

R catalyst with less Ni content was prepared by following the same process of 

Ni@NCNT/Gr-800 but with only 0.15 g Ni(NO3)2∙6H2O. The final product was defined 

as Ni@NCNT/Gr-R.

2. Materials characterizations

Powder X-ray diffraction patterns (XRD) were acquired at the step length of 0.04° on 

Bruker D8 equipped with Cu Kα radiation (λ = 1.54 Å). Raman spectra were collected 

on XploRa (HORIBA) with a laser length of 532 nm. The transmission electron 
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microscopy (TEM) and high-resolution TEM images equipped with EDX were taken 

on FEI (Talos F200X G2) at the accelerate voltage of 300 kV. Nitrogen adsorption-

desorption isotherm measurements were carried out by QUADRASORB SI 

(Quantachrome) at 77 K. X-ray photoelectron spectroscopy (XPS) measurement was 

conducted by Thermo Scientific K-Alpha using monochromatized Al Kα (hv = 1486.7 

eV) as the excitation source. The binding energy was calibrated using the C 1s of 

graphene oxide nanosheet located at 284.8 eV as the reference. The spectrum 

deconvolution was conducted using the XPS Peak41 program with Gaussian functions 

after subtraction of Shirley background.

2.1 ICP-MS measurements

The mass content of Ni in the composite was evaluated by ICP-MS (Aligent 7500 

Series). First, 20 mg as-obtained catalyst was dissolved in 150 μL HNO3 and 350 μL 

HCl mixed solution at 70 °C. Then the mixed solution was diluted to a total volume of 

10 mL. After that, 100 μL destructed solution was then further diluted to 10 mL after 

adding 150 μL HNO3 and 100 μL of 10 ppm Y. A final dilution was made containing 

100 μL dilution, 100 μL of 10 ppm Y (internal standard), 150 μL HNO3 and diluted to 

10 mL. 1 ppm standards were made by diluting a 1000 ppm Stock (Alfa Aesar) with 

HNO3 and Y.3

2.2 Electrochemical measurements

All the electrochemical measurements were performed on an Autolab PGSTAT101. A 

gas-tight H-cell that was separated by a cation exchange membrane (Nafion 117) was 
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used as reactor. A platinum electrode (1 cm2) was used as the counter electrode. All the 

potentials reported in this work were converted to vs RHE from vs Ag/AgCl (3 M KCl) 

according to the following equation.

VRHE = VAg/AgCl + 0.21 + 0.0592*pH (1)

The pH value of the CO2 saturated 0.5 M KHCO3 is determined to be 7.2. The linear 

cyclic voltammetry (LSV) was conducted at the scan rate of 10 mV s−1 after cyclic 

voltammetry activation for 20 cycles. The electrochemical active surface area (ECSA) 

of the obtained catalysts were acquired by measuring their double layer capacitance at 

various scan rates (v) in a potential range of 0.1 ~ 0.2 V vs Ag/AgCl. Roughness factor 

(RF) was calculated according to the ratio of the ECSA on the electrode to the geometric 

area of the carbon paper electrode based on the equation (2).

ECSA = Cdl/Cs (2)

where Cdl corresponds to the slope of the double-layer charging current versus the scan 

rate (ν) plot, we used a specific capacitance (Cs) value of 20 μF cm−2. Electrochemical 

impedance spectroscopy (EIS) measurements were carried out by applying an AC 

voltage with 10 mV amplitude in a frequency range of 100 kHz ~ 10 mHz. All data are 

reported in this work without iR compensation.

The liquid product was analyzed by 1H nuclear magnetic resonance (NMR) with a 

Bruker Avance Ⅲ 400 MHz spectrometer. The gas products were determined by gas 

chromatography (GC, Thermal-Fisher 1310) equipped with a flame ionization detector 

(FID) and thermal conductivity detector (TCD). Faradaic efficiency (FE) of CO was 

obtained by equation 3.
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(3)× × × ×FE= × × ×60,000
i i o

o

Z V G F P
I R T

Where Zi indicates the number of electrons required to produce an i molecule, here, i = 

2 for CO and H2; Vi is the volume ratio of product i in the GC sampling loop; G suggests 

the flow rate of CO2 during the test; F is the Faradaic constant (96485 C mol−1); Po 

represents the atmospheric pressure (1.013  105 Pa); I represents the average current 

in a period (t) of electrocatalysis; R is the ideal gas constant (8.314 J mol−1 K−1); T0 is 

the reaction temperature (298 K).

3 Theoretical Calculations 

Density functional theory (DFT) was performed to calculate the atomic model 

parameter and investigate the Gibbs free energies of the CO2 reduction reaction on 

various N doped NC@Ni models, which was implemented in CASTEP package in the 

Materials Studio3, 4. A vacuum space of 10 Å was applied to avoid the periodic 

interactions between adjacent layers. Exchange-correlation functions are described by 

generalized gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) 

pseudopotentials. A cutoff energy of 400 eV was adopted for these computations. For 

geometry optimization of the developed models, the following convergent tolerances 

were set: the maximum force, the changes of energy and the maximum displacement 

were 0.05 eV Å−1, 2 × 10−5 eV atom−1, and 0.002 Å, respectively.

The binding energies (E) with H were calculated according to the following equation.4, 

5

E = Etotal - (Ecatalyst + EH) (4)

where Etotal, Ecatalyst, and EH denote the calculated total energies of the total bound 
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systems, H, and the developed models (G, Ni, Pyrrolic N-Gr, graphitic N-Gr/Ni, 

pyridinic N-Gr/Ni and Pyrrolic N-Gr/Ni), respectively.
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Supplementary Figures

Figure S1. Percentage of various deconvoluted D and G bands from Raman spectra.
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Figure S2. a) N2 adsorption-desorption isotherms, and b) Porosity distribution of the 
Ni@NCNT/Gr-T (T = 700, 800, 900 °C) catalysts.
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Figure S3. XPS survey spectra of Ni@NCNT/Gr-T (T = 700, 800, 900 °C) catalysts 
obtained at various temperatures.
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Figure S4. Percentages of pyridinic N, pyrrolic N, graphitic N, and oxidized N of the 
obtained Ni@NCNT/Gr-T (T = 700, 800, 900 °C) catalysts (based on XPS results).
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Figure S5. 1H NMR spectra of the 0.5 M KHCO3 electrolyte after electrolysis for 24 h.
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Figure S6. LSV curves of Ni@NCNT/Gr-800 and NC at the scan rate of 10 mV s−1.
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Figure S7. a) LSV curves of Ni@NCNT/Gr-800 and Ni@NCNT/Gr-800-48h at the 
scan rate of 10 mV s−1; b) CO FE of Ni@NCNT/Gr-800 and Ni@NCNT/Gr-800-48h.
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Figure S8. H2 FE of the as-prepared catalysts Ni@NCNT/Gr-T (T = 700, 800, 900 °C)  
obtained at various temperatures.
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Figure S9. Cyclic voltammetry measurements for Ni@NCNT/Gr-T (T = 700, 800, 900 
°C)  at scan rates varying from 10 to 100 mV s−1.
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Figure S10. a) XRD pattern, b) Raman spectra, c) N2 adsorption-desorption isotherms, 
and d) Porosity distribution of the Ni@NCNT/Gr-xPVP (x = 1, 2, 3) catalysts obtained 
with different amounts of PVP (0.1 g, 0.2 g, 0.4 g).
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Figure S11. ECO2RR performances of the Ni@NCNT/Gr-xPVP (x = 1, 2, 3) catalysts. 
a) LSV curves of the Ni@NCNT/Gr-xPVP catalysts in CO2 saturated 0.5 M KHCO3 at 
a scan rate of 10 mV s−1, b) and c) CO FEs and jCO at various potentials (Vs. RHE), d) 
Charging current density differences plotted against scan rates, roughness factor (RF) 
of Ni@NCNT/Gr-1PVP, Ni@NCNT/Gr-2PVP, Ni@NCNT/Gr-3PVP electrodes are 
560, 805, and 605, respectively.
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Figure S12. Cyclic voltammetry measurements for Ni@NCNT/Gr-xPVP (x = 1, 2, 3) 
at scan rates varying from 10 to 100 mV s−1.
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Figure S13. a) and b) TEM and HRTEM image, c) SAED pattern, d) Particle size 
distribution, e) and f) elemental mapping of the as-prepared Ni@NCNT/Gr-R catalyst. 
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Figure S14. a) XRD pattern, b) Raman spectra, c) High resolution N 1s XPS spectra, 
d) High resolution Ni 2p XPS spectra of the Ni@NCNT/Gr-R catalyst.
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Figure S15. a) TEM image, b) SAED pattern, d) HAADF image and d) Elemental 
mapping of Ni@NCNT/Gr-R after electrolysis at −0.71 V for 24 h.
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Figure S16. Optimized calculation models of pyrrolic N-Gr/Ni, pyridinic N-Gr/Ni, and 
Graphitic N-Gr/Ni with different absorbates. 



23

Figure S17. Optimized calculation models of pyrrolic N-Gr, Ni (111), and Graphitic 
N-Gr with different absorbates.
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Figure S18. Optimized calculation models with absorbed *H.



25

Figure S19. a) The calculated free energy diagrams for ECO2RR to CO on graphene, 
pyrrolic N-doped graphene, and bare Ni. b) The calculated free energy diagrams for 
HER to H2 on graphene, pyrrolic N-doped graphene, and bare Ni.
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Figure S20. Liming potential difference for ECO2RR and HER on Pyrrolic N-Gr/Ni, 
Pyridinic N-Gr/Ni, and Graphitic N-Gr/Ni.
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Table S1. Comparison of ECO2RR performances with recently reported advanced 
catalysts in H-type cell.

Catalyst
Potential (V vs. 

RHE)
FECO (%) jCO (mA cm−2) Tafel (mV dec-1)

potential range 

over 90% (V)
Ref.

−0.71 91.5 16.9 −0.71 ~ −0.91
Ni@NCNT/Gr-R

−0.91 92.1 37.4
147.4 

−0.71 ~ −0.91

Ni@NCNT/Gr-800 −0.81 87.8 27.9 147.7 /

This work

NiNG −0.80 97 40.3@−0.9 V 61.2 −0.7 ~ −0.80 6

Ni(NC)-1 −0.75 > 99 < 17 199 −0.65 ~ −0.90 7

FeNPs-NC −0.60 93 7.1 122 −0.6 ~ −0.80 8

Fe-N/O-C (MZ) −0.57 96 5.6 / −0.52 ~ −0.62 9

Ni@N-C −0.77 90 < 9.4 128.2 −0.77 10

Ni@N-C −0.80 90 21.8@−1.0 V 95.09 −0.80 11

Fe2NPC −0.60 96 2.9 60 −0.6 ~ −0.7 12

NiSA-NGA-900 −0.80 90.2 < 7 125 −0.80 13

Ni-CNC-1000 −0.80 96.6 < 10 124.6 −0.7 ~ −0.95 14

Ni SAs −0.80 97 < 8 /  −0.7 ~ −1.0 15

I-Ni SA/NHCRs −0.80 94.91 15.35 155±5 −0.7 ~ −0.9 16

FeN/Fe3N −0.40 98 21@−0.9 V / −0.5 ~ −0.9 17

Ni-N-C −0.65 97 < 10 / −0.5 ~ −0.9 18

H-NiFe/NG −0.80 94 < 8 83 −0.8 ~ −1.0 19

 Ni/N-CNTs-10 −0.65 98 5.3 / −0.65 ~ −0.75 20

Ni4N/Ni3ZnC0.7-0.2 −0.80 92.3 14.6 123 −0.75 ~ −0.80 21

FeN4-O −0.50 95 < 5 29 −0.45 ~ −0.55 22

as-PorCo −0.60 93 < 8 161 −0.5 ~ −0.70 23

Cu-In-NC −0.70 96 5.8@−0.8 V 121.6 −0.7 ~ −0.80 24

NiSA-N-CNTs −0.70 91.3 23.5 / −0.70 25

CNT-SMX-250 −0.76 91.5 14 / −0.7 ~ −0.90 26

Fe-N-PC −0.49 ∼90 11.44 / −0.49 27

NiSA-Nx-C −0.80 ~98 ~ −5 208 −0.8 28

Ni-N-C −0.67 94 −3.9 119 −0.67 ~ −0.87 29

mailto:Ni@n-c
mailto:Ni@n-c
mailto:Ni@n-c
mailto:21@-0.9
mailto:5.8@-0.8
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