
1

Supporting Information

Size effect of nickel from nanoparticles to clusters to single 

atoms for electrochemical CO2 reduction 

 
Qin Pan,a Yang Chen,a,b* Hui Li,c Guanghuan Ma,a Shuoshuo Jiang,a Xin Cui,a Lei 

Zhang,c Yuxin Bao,a Tianyi Mac,*

a Institute of Clean Energy Chemistry, Key Laboratory for Green Synthesis and 

Preparative Chemistry of Advanced Materials of Liaoning Province, College of 

Chemistry, Liaoning University, Shenyang, 110036, China 

b CAS Key Laboratory of Science and Technology on Applied Catalysis, Dalian 

Institute of Chemical Physics, Chinese Academy of Sciences, Dalian, 116023, China 

c School of Science, RMIT University, Melbourne, VIC 3000, Australia 

Electronic Supplementary Material (ESI) for Journal of Materials Chemistry A.
This journal is © The Royal Society of Chemistry 2024



2

1. Experimental section

1.1 Materials

Ni(NO3)2·6H2O (98%, Tianjin beilian reagents), Zn(NO3)2·6H2O (99%, AHX), 2- 

methylimidazole (98%, Macklin), Nickel(II) acetate tetrahydrate (99%, Aladdin), 

1,4,7,10-tetraazacyclododecane (>97%, Aladdin), methanol (99.5%, Macklin), hexane 

(≥99.0%, Fuyu chemical reagents), carbon paper (MAYA-CR-9247), Nafion solution 

(5 wt.%, D520), ethanol (≥99.4%, Shanghai chemical reagents) were used without 

purification.

1.2 Electrochemical measurements

Linear scanning voltammograms (LSV) tests were performed in 0.5 M KHCO3 

solution with a scan rate of 10 mV/s. The electrochemical surface area (ECSA) is 

proportional to the value of the double-layer capacitance (Cdl), which can be obtained 

from cyclic voltammetry (CV) curves at diverse scan rates. Electrochemical impedance 

spectroscopy (EIS) measurements were conducted at an open-circuit voltage (OCP) 

with an amplitude of 5 mV over the frequency of 0.1~100000 Hz. 
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Fig. S1. SEM images of (a) Ni SAC, (b) Ni cluster, (c) Ni NP, and (d) N-C.
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Fig. S2. (a-c) TEM and AC-HAADF-STEM images of Ni SAC, (d-f) TEM and 

HAADF-STEM images of Ni cluster, (g-i) TEM and HAADF-STEM images of Ni NP. 
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Fig. S3. LSV curves of different catalysts in the Ar-saturated (dotted line) and CO2-

saturated (solid line) 0.5 M KHCO3 electrolyte at a scan rate of 10 mV s-1 of (a) Ni 

cluster, (b) Ni NP, and (c) N-C. 
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Fig. S4. 1H NMR spectrum of the electrolyte after CO2RR over Ni SAC, Ni cluster, and 

Ni NP for 1 h at an applied potential of -0.8 V vs. RHE. 
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Fig. S5. FEH2 in CO2-saturated 0.5 M KHCO3 at different applied potentials of (a) Ni 

SAC, (b) Ni cluster, (c) Ni NP, and (d) N-C, respectively. 
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Fig. S6. CV measurements with scan ranging from 1 to 5 mV s-1 with an interval of 1 

mV s-1 at the potential range of 0.45 V to 0.55 V vs. RHE for (a) Ni SAC, (b) Ni cluster, 

(c) Ni NP, and (d) N-C, respectively. 
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Table S1. Physiochemical properties of the prepared Ni SAC, Ni cluster, Ni NP, and 

N-C catalysts. 

Catalysts Ni loading 
(wt.%)

BET surface 
area（m2/g）

Pore volume
(cm3/g)

Pore size
(nm)

Ni SAC 1.68 901 0.57 2.53
Ni 

cluster 1.66 1406 0.94 2.67

Ni NP 1.85 898 0.56 2.49

N-C - 841 0.49 2.32
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Table S2. Comparison of the electrochemical performance of metal-N-C catalysts for 

CO2RR. 

Catalyst Size
(nm)

Metal 
loading
(wt.%)

E
(V vs. 
RHE)

FECO 
(%)

JCO
(mA 
cm-2)

TOF
(h-1) Ref.

Ni SAC - 1.68 -0.8 85 12 3554.5 This work

Ni cluster 1.1 1.66 -0.8 68 8.2 1773.7 This work

Ni NP 15.3 1.85 -0.8 59 4.0 1249.5 This work

NiPc/CNT - 0.17 -0.79 97 8 4000 1

Ni-NC@Ni 0.2 1 -0.78 87.4 24 ~1752 2

Ni-SNC - 2.2 -0.8 95 11 ~109.5 3

Ni@N-C 7 3.9 -0.8 90 17 ~795.4 4

Fe-N-C - 1.5 -0.6 91 7.5 ~520.9 5

Fe/NG - 1.25 -0.6 80 1.75 ~72.9 6

Fe-CNPs 40 0.24 -0.58 98.8 5.4 ~234.4 7

Fe-N-G - 0.36 -0.58 94 2.3 1630 8

FeNPs-NC 20 - -0.6 93 2.5 - 9

Fe2C-Cs 1.07 1.37 -0.7 97.1 8 - 10

Co-N3 - 8.01 -0.66 42 7 69.4 11

CoPc - 0.46 -0.8 90 28 ~3346 12

Zn NPs 6.8 0.2 -1.1 70 2.8 - 13
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