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1. Experimental Section
1.1 Materials

Nickel(II) acetate tetrahydrate (Ni(CH3COO)2·4H2O, ≥99%), 1,10-

Phenanthroline monohydrate (C12H8N2·H2O, ≥98%), melamine (C3H6N6, ≥99%), 

cyanuric acid (C3H3N3O3, ≥98%), potassium bicarbonate (KHCO3, ≥99.5%), were all 

purchased from Aladdin Chemistry Co. Ltd. Dimethyl sulfoxide (C2H6SO, ≥99%) and 

isopropyl alcohol (C3H8O, ≥99.5%) were all purchased from Tianjin Fuyu Fine 

Chemical Co. Ltd.

1.2. Synthesis of Catalysts.

A typical catalyst synthesis process is shown in Figure 1a. Melamine (1.00 g) and 

cyanuric acid (0.80 g) were dissolved in 50 mL of DMSO, respectively. Phenanthroline 

(0.3171 g) and nickel (Ⅱ) acetate tetrahydrate (0.0995 g) were added into the cyanuric 

acid solution and stirred for 10 minutes. Then, the mixed solution was added to the 

melamine solution continuously stirring for 30 minutes and left undisturbed at room 

temperature for 2 h.  The precipitate was centrifugated, washed with ethanol 3 times, 

and dried at 60°C overnight. Finally, the precipitate was pyrolyzed at the desired 

temperature for 2 h with a heating rate of 3°C·min-1 in a tube furnace under N2 flow 

(100 sccm). The obtained sample was denoted as Ni@NC-T, where T represents the 

pyrolysis temperature.
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1.3. Characterizations

The crystal structure of the as-prepared electrocatalysts were verified by XRD 

(Bruker-D8, Cu Kα radiation). The morphologies and particle sizes of the catalysts were 

characterized by scanning electron microscopy (SEM, Hitachi S-4800) and 

transmission electron microscope (TEM, FEI talos F200S). The chemical state of the 

electrocatalysts was examined by X-ray photoelectron spectroscopy (XPS, KRATOS 

AXIS Ultra DLD) and the spectra were calibrated using C1s peak at 284.6 eV. N2 

adsorption–desorption was conducted at 77 K using the ASAP 2020 instrument with 

degassing samples (200 ℃ for 2 h for the porous structure and surface area 

characterization. Contact angle measurements were performed on a Biolin Scientific 

contact angle analyzer.

1.4. Electrochemical measurements

Electrochemical evaluations were performed with an electrochemical workstation 

(CHI660E). CO2RR test was carried out in H-type cells with a Nafion-117 proton 

exchange membrane (gaossunion) to separate the anode and cathode, each chamber 

contained 30 mL of electrolyte (0.5 M KHCO3 solution) and 20 ml headspace. The KCl 

solution saturated Ag/AgCl and graphite rod served as reference electrodes and counter 

electrodes, respectively. Before the electrochemistry test, the KHCO3 solution was 

purged with 20 mL·min-1 CO2 (> 99.999%) for 30 min. To prepare the working 

electrode, 5 mg catalysts and 20 μL Nafion solution (5 wt. %) were dispersed into 980 

μL of isopropanol solution and sonicated for at least 30 min to generate a well-dispersed 

catalysts ink. 10 µl ink was loaded onto an L-type glassy carbon electrode with a 5 mm 

diameter, giving a catalyst loading of 0.25 mg·cm-2. Linear sweep voltammetry (LSV) 

with 20 mV·s−1 was performed in Ar and CO2-saturated electrolyte stirred at 1000 rpm. 

The electrochemical impedance spectroscopies (EIS) were recorded at -0.8 V in CO2-

saturated 0.5 M KHCO3 electrolyte under static conditions, with a perturbation 

amplitude of 5 mV, and a frequency range from 100 KHz to 100 mHz. Cyclic 

voltammograms (CV) curves were tested in the potential window of 0–0.1 V vs. RHE 

with different scan rates to obtain double-layer capacitance (Cdl). Chronoamperometry 

measurements were performed from -0.5 to -1.1 V for 30 min at an interval of 0.1 V. 
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The gas products were analyzed by an online gas chromatography (GC) system 

(SCION, 456C) using high-purity Ar (99.999%) as the carrier gas. The liquid products 

(500 μL electrolyte mixed with 100 μL D2O and 100 μL dimethyl sulfoxide solution (6 

mmol L-1)) were analyzed by Bruker AV400 NMR spectrometer.

The Faradaic efficiency (FE) of the products was calculated as follows:

𝐹𝐸=
𝑄𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑄𝑡𝑜𝑡𝑎𝑙
= 𝑁𝑍𝐹 𝑄𝑡𝑜𝑎𝑡𝑙

where N is the moles of product. Z stands for the number of transfer electrons, which 

was 2 for H2 and CO, respectively. F is the Faradaic constant (96485 C·mol-1); Qtotal 

represents the total quantity of electric charge during the whole CO2 reduction process.

The flow-cell measurements were conducted on a three-compartment electrochemical 

cell. The cathodic and anodic chambers were separated by an anion exchange 

membrane (Fuma, FAA-3-PK-130). To prepare the working electrode, 100 μL catalyst 

ink was dispersed on a 2×0.5 cm2 gas diffusion layer (SGL,29BC) with a 0.5 mg·cm-2 

catalyst loading. The as-obtained GDE was used as the cathode electrode and a piece 

of oxidized Ni foam was used as the anode. CO2 gas flow with the rate of 20 sccm was 

delivered into the gas chamber. A 1.0 M KOH was circulated to the anode at a flow rate 

of 5 mL·min-1 and cathode electrolytes were circulated by a gas-liquid mixed flow 

pump. For the stability test, chronopotentiometry at the current density of 100 mA·cm-2 

was applied.

1.5 Zn-CO2 battery measurement

The Zn-CO2 battery was constructed by the flow-cell and the two compartments were 

separated by a bipolar membrane. The cathodic and anodic electrolytes were 1 M 

KHCO3 saturated with CO2 and 6 M KOH solution, respectively. A zinc plate with a 

geometric area of 6.15 cm2 was applied as an anode, and the GDL in the flow cell was 

directly served as a cathode. CO2 gas flow with the rate of 20 sccm was delivered into 

the gas chamber and the anode electrolyte was circulated at a flow rate of 1 mL·min-1. 

For the mechanically rechargeable Zn-CO2 battery, A zinc foil with a geometric area of 

1 cm2 was applied as an anode and fixed with a woodworking clamp.
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Figure S1. FE-SEM images of chelate-supermolecule complex.

Figure S2. FE-SEM images of Ni@NC-800.

Figure S3. FE-SEM images of Ni@NC-900.
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Figure S4. FE-SEM images of Ni@NC-1000.

Figure S5. (a) TEM and (b) HRTEM images of Ni@NC-800, and (c) Corresponding 

EDS mapping of Ni@NC-800 showing the dispersion of C (red), N (green), O (blue), 

and Ni (yellow).



6

Figure S6. (a) TEM and (b) HRTEM images of Ni@NC-900, and (c) Corresponding 

EDS mapping of Ni@NC-900 showing the dispersion of C (red), N (green), O (blue), 

and Ni (yellow).
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Figure S7. (a) TEM and (b) HRTEM images of Ni@NC-1000, and (c) Corresponding 

EDS mapping of Ni@NC-1000 showing the dispersion of C (red), N (green), O (blue), 

and Ni (yellow).
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Figure S8. C 1s XPS spectra of four Ni@NC-T samples.

Figure S9. Ni 2p XPS spectra of four Ni@NC-T samples.
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Figure S10. N2 adsorption-desorption isotherms and the corresponding pore size 

distribution curve of four Ni@NC-T samples, (a) Ni@NC-800; (b) Ni@NC-900; (c) 

Ni@NC-950; (d) Ni@NC-1000
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Figure S11. Schematic illustration of traditional H-Cell.

Figure S12. Gas chromatography (GC) analysis of gas products ( (a) H2; (b) CO) 

released by the Ni@NC-950 sample at -0.8 V.
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Figure S13. 1H-NMR spectrum of four Ni@NC-T samples for liquid products of

accumulated electrolyte at -0.8 V.

Figure S14. The FEH2 of Ni@N-T corresponding to Fig. 2c.
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Figure S15. Comparison of a) FECO and b) JCO when glass carbon electrodes and carbon 

paper are used as working electrodes in an H-type cell. (The effective working area of 

carbon paper is 2*1*1 cm2 with a mass loading of 0. 5 mg·cm−2. Other test conditions 

are consistent with those of the glass carbon electrode. )

Figure S16. Comparisons of a) FECO and b) jCO of our synthesized Ni@NC-950 with those of 

reported typical Ni-based electrocatalysts. To compare the performance of our synthesized catalyst 

more objectively. We collected the specific journals published over the last 5 years (From 2017 to 

2023 years). The blue circle represents the works published in Angewandte Chemie International 

Edition; The green circle represents the works published in the Journal of the American Chemical 

Society; The purple triangle represents those published in Advanced Materials and the red star 

represents our work.
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Figure S17. Contact angle tests of (a) Ni@NC-800, (b) Ni@NC-900, (c) Ni@NC-950, 

and (d) Ni@NC-1000 samples.
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Figure S18. CV curves of (a) Ni@NC-800, (b) Ni@NC-900, (c) Ni@NC-950, and (d) 

Ni@NC-1000 samples at different scan rates (10, 20, 30, 40, and 50 mV·s-1) in a non-

Faradaic region from 0 to 0.1 V in the CO2-saturated 0.5 M KHCO3.

Electrochemical double-layer capacitance (EDLC) measurement was performed on 

these Ni@NC-T electrodes. Cyclic voltammetry (CV) was performed in the same 

electrochemical cell during which no Faradaic processes occurred. CV curves were then 

taken between 0 and 0.1 V vs RHE (Saturated KCl) at various scan rates (mV/s) while 

keeping the solution still. Then, currents were extracted at 0.05 V vs RHE (Saturated 

KCl) as a function of the scan rate, leading to a slope for each sample before and after 

electrolysis. The slope of the plot equals the capacitance of measured the samples.
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Figure S19. The jCO of Ni@N-T normalized by ECSA.

Figure S20. XRD pattern of Ni@NC-950 after CO2RR. Initial means the fresh catalyst 

before doing CO2RR; After means the catalyst was run the CO2RR for 12 hrs.
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Figure S21. SEM images of Ni@NC-950 before (a, b) and after (c, d) eCO2RR.

Figure S22. Schematic illustration of the typical flow cell. Step-by-step assembly 

diagram of the flow cell.
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Figure S23. LSV curves of anodic Zn oxidation of Zn plate in 6 M KOH solution (Scan 
rate: 10 mV/s).

500 μm 20 μm

500 μm 20 μm

a b

c d

Figure S24.SEM images of Zn plate before (a, b) and after (c, d) discharging 2 hours 
at 5 mA/cm2.
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Table S1. Summary of the CO Faradic efficiency and CO partial current density for 

CO2 reduction on reported catalysts.

Catalysts Electrolyte
Electrode/Loading 

(mg/cm2)

FECO

(E/V vs. 

RHE)

jCO / mA·cm-2 

(E/V vs. 

RHE)

Refs.

Ni@NC-950
0.5 M 

KHCO3

Glassy carbon 

(0.25)
97.8 (-0.8) 23.8 (-0.8) This work

NiSA-N2-C
0.5 M 

KHCO3

Carbon paper 

(0.6）
98 (-0.8) / [1]

Ni-CNT-CC
0.5 M 

KHCO3

carbon cloth (0.5) 99 (-0.7) 32.3 (-0.7) [2]

Ni/Fe-N-C
0.5 M 

KHCO3

Glassy carbon (0.5) 98 (-0.7) 7.4 (-0.7) [3]

Ni SAs
0.5 M 

KHCO3

/ 98 (-0.8) 10 (-1) [4]

Ni-N4-O/C
0.5 M 

KHCO3

Carbon paper (1) 99.2 (-0.9) 23 (-0.9) [5]

Ni2-N4-C2

0.5 M 

KHCO3

Carbon paper (0.5) 96.6 (-0.8) 17.9 (-0.9) [6]

NiNG-S
0.5 M 

KHCO3

Carbon paper (1) 97 (-0.8) 40.3 (-0.9) [7]

Ni-N3-C
0.5 M 

KHCO3

Carbon paper (0.6) 95.6 (-0.65) 6.64 (-0.65) [8]

InNi DS/NC
0.5 M 

KHCO3

Glass carbon sheets 

(0.8± 0.1)
96.7 (-0.7) 23.5 (-1) [9]

Ni-NC(HPU)
0.5 M 

KHCO3

Carbon paper (0.35) 91 (-0.8) 24.7 (-0.8) [10]

CBNNiGd-700
0.5 M 

KHCO3

Carbon paper (1) 97 (-1) 97 (-1) [11]
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Ni-N3-V
0.5 M 

KHCO3

Self-supported 94 (-0.8) 48 (-0.8) [12]

NiPc-TFPN COF
0.5 M 

KHCO3

Carbon paper (1) 99.8 (-0.9) 14.1 (-0.9) [13]

Ni(I)-NCNT@Ni9Cu
0.5 M 

KHCO3

Self-supported 97 (-0.73) 32.87 (-0.73) [14]

Ni-Nx
0.5 M 

KHCO3

Carbon paper (1) 97.6 (-0.9) 13.5 (-1) [15]

NiPc-NiO4

0.5 M 

KHCO3

Carbon paper (0.2) 98.4 (-0.85) 34.5 (-1.2) [16]

Ni2-N3C4

0.5 M 

KHCO3

carbon cloth (1) 98.9 (-0.88) 23.46 (-0.88) [17]

Ni1-N/CNT
0.1 M 

KHCO3

Carbon paper (0.2) 99 (-0.75) 12 (-0.75) [18]

Ni1-N-C
0.5 M 

KHCO3

Carbon paper (0.3) 96.8 (-0.8) / [19]

NiPACN-low
0.1 M 

KHCO3

Carbon paper (1) 99 (-0.8) ~20 (-0.8) [20]

Ni-N4

0.5 M 

KHCO3

Glass carbon sheets 

(0.2)
99 (-0.81) 28.6 (-0.81) [21]

Fe1-Ni1-N-C
0.5 M 

KHCO3

Carbon paper (0.3) 96.2 (-0.5) 2.4 (-0.5) [22]

Ni/Cu−N−C
0.5 M 

KHCO3

glassy carbon disk 

electrode (0.255)
97.7 (-0.7) 13.7 (-0.7) [23]

Ni SAs/N-C
0.5 M 

KHCO3

Carbon paper (0.2) 72 (-0.9) 10 (-0.9) [24]

Ni(−Cl)−N3O−TPP
0.5 M 

KHCO3

glassy carbon disk 

(/)
80 (-0.65) / [25]
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NiSA-N-CNTs
0.5 M 

KHCO3

Carbon paper (1) 91.3 (-0.7) 23 (-0.7) [26]

Ni2+@N-doped 

graphene

0.5 M 

KHCO3

glassy carbon disk 

(0.3)
92 (-0.68) 9.38 (-0.68) [27]

Ni-NC(AHP)
0.5 M 

KHCO3

Carbon paper (0.1) ~100 (-0.9) 14.5 (-0.9) [28]

NiZn–N6–C
0.5 M 

KHCO3

Carbon paper (1) 99 (-0.8) 20.23 (-0.9) [29]

Table S2. Summary of reported aqueous rechargeable Zn–CO2 batteries.

Catalysts Catholyte Anolyte

Power density

(mW·cm-2)

(j/mA·cm-2 )

Product Ref.

Ni@NC-950
1 M 

KHCO3

6.0 M KOH 2.36 (10.97) CO This work

NOMC
0.8 M 

KHCO3

6.0 M KOH with 

0.2 M 

Zn(CH3COO)2

0.71 (3) CO [30]

CoPc@NHCS 
0.8 M 

KHCO3

6.0 M KOH with 

0.2 M 

Zn(CH3COO)2

1.02 (3) CO [31]

Ni–N4 sites
0.5 M 

KHCO3

6.0 M KOH with 

0.2 M 

Zn(CH3COO)2

1.4 (5.3) CO [32]

NiFe-DASC 2 M KCl

2.0 M KOH with 

0.2 M 

Zn(CH3COO)2

1.36 (8.5) CO [33]

Fe1NC/S1-1000
0.8 M 

KHCO3

0.8 M KOH with 

0.02 M 

Zn(CH3COO)2

0.526 (/) CO [34]

mailto:Ni2+@N-doped%20graphene
mailto:Ni2+@N-doped%20graphene
mailto:Ni@nc-950
mailto:CoPc@nhcs
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Cu–N2/GN
0.5 M 

KHCO3

6.0 M KOH with 

0.2 M 

Zn(CH3COO)2

0.62 (1.06) CO [35]

I-Ni SA/NHCRs 1 M KHCO3

6.0 M KOH with 

0.02 M 

Zn(CH3COO)2

2.54 (7.27) CO [36]

Fe-N4O-C/Gr
0.5 M 

KHCO3

6.0 M KOH with 

0.2 M 

Zn(CH3COO)2

0.96 (4) CO [37]

Bi-D

2 M KHCO3 

with

0.02 HCOO-

2.0 M KOH with 

0.02 M 

Zn(CH3COO)2

1.16 (/) HCOOH [38]

Pd1-O-CB
0.5 M 

KHCO3

6.0 M KOH with 

0.02 M 

Zn(CH3COO)2

1.72 (7.5) HCOOH [39]

SnO2/MXene
0.1 M 

KHCO3

1.0 M KOH with 

0.02 M 

Zn(CH3COO)2

4.28 (13.57) HCOOH [40]

PNCB

2 M KHCO3 

with

0.02 HCOO-

2.0 M KOH with 

0.02 M 

Zn(CH3COO)2

1.43 (2) HCOOH [41]

BiC/HCS
0.8 M 

KHCO3

6.0 M KOH with 

0.2 M 

Zn(CH3COO)2

7.2 ± 0.5 (19.4) HCOOH [42]

ZnTe/ZnO@C
0.8 M 

KHCO3

0.8 M KOH with 

0.02 M 

Zn(CH3COO)2

0.93 (3) HCOOH [43]

Table S3. The Ni-loading in Ni@NC-T was obtained from ICP and EDX 
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measurements.

Sample Ni (wt%)-ICP Ni (wt%)-EDX

Ni@NC-800 0.1082 0.09

Ni@NC-900 0.1038 0.12

Ni@NC-950 0.0987 0.08

Ni@NC-1000 0.0825 0.07

Both EDX and ICP measurements indicate that our samples contain a very limited 
amount of Ni species, making it challenging to accurately measure its values. Further 
studies are needed to obtain reliable results in terms of current density relative to the Ni 
mass loading.
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