
 

S1 

Electronic Supplementary Information (ESI) 

Understanding the preparative chemistry of atomically dispersed nickel 

catalysts for achieving high-efficiency H2O2 electrosynthesis  

June Sung Lim,a Jinwoo Woo,b Geunsu Bae,c Suhwan Yoo,a Jinjong Kim,a Jae Hyung 

Kim,d Jong Hoon Lee,e Young Jin Sa,f Ji-Wook Jang,g Yun Jeong Hwang,a Chang 

Hyuck Choi,*ch  and Sang Hoon Joo*a 

aDepartment of Chemistry, Seoul National University, Seoul 08826, Republic of Korea. 

bLotte Chemical Institute of Technology (LCIT), Daejeon 34110, Republic of Korea.  

cDepartment of Chemistry, Pohang University of Science and Technology (POSTECH), 

Pohang 37673, Republic of Korea. 

dClean Fuel Research Laboratory, Korea Institute of Energy Research (KIER), Daejeon, 

34129, Republic of Korea. 

eUNIST Central Research Facilities, Ulsan National Institute of Science and Technology 

(UNIST), Ulsan 44919, Republic of Korea. 

fDepartment of Chemistry, Kwangwoon University, Seoul 01897, Republic of Korea. 

gSchool of Energy and Chemical Engineering, Ulsan National Institute of Science and 

Technology (UNIST), Ulsan 44919, Republic of Korea. 

hInstitute for Convergence Research and Education in Advanced Technology (I-CREATE), 

Yonsei University, Seoul 03722, Republic of Korea. 

 

Corresponding Author 

*E-mail: chchoi@postech.ac.kr (C.H.C.), shjoo1@snu.ac.kr (S.H.J.) 

 

 

Supplementary Information (SI) for Chemical Science.
This journal is © The Royal Society of Chemistry 2024



 

S2 

Table of contents 

1. Supplementary figures and tables S3 

Fig. S1 Structural characterization of SBA-15. S3 

Fig. S2 BR-STEM images of Ni–N/C_3_X catalysts. S4 

Fig. S3 N2 physisorption analyses of Ni–N/C_3_X catalysts. S5 

Table S1 Textural properties of SBA-15 and Ni–N/C_3_X catalysts. S6 

Table S2 ICP–OES and EA results of Ni–N/C_3_X catalysts. S7 

Fig. S4 HPR polarization curves of Ni–N/C_3_X catalysts. S8 

Fig. S5 High-magnification BR-STEM image of Ni–N/C_3_Dry catalyst. S9 

Fig. S6 Nyquist plots of Ni–N/C_3_X catalysts. S10 

Fig. S7 BR-STEM images of Ni–N/C_Y_H2O Catalysts. S11 

Fig. S8 Nyquist plots of Ni–N/C_Y_H2O catalysts. S12 

Fig. S9 N2 physisorption analyses of Ni–N/C_Y_H2O catalysts. S13 

Table S3 Textural properties of SBA-15 and Ni–N/C_Y_H2O catalysts. S14 

Table S4 ICP–OES and EA results of Ni–N/C_Y_H2O catalysts.  S15 

Fig. S10 Ni 2p XPS spectra of Ni–N/C_2_H2O and Ni–N/C_3_H2O catalysts.  S16 

Fig. S11 N 1s XPS spectra of Ni–N/C_2_H2O and Ni–N/C_3_H2O catalysts.  S17 

Fig. S12 EXAFS fitting spectra of Ni–N/C_2_H2O and Ni–N/C_3_H2O catalysts.  S18 

Fig. S13 Model structure for EXAFS fitting of Ni–N/C_2_H2O and Ni–

N/C_3_H2O catalysts.  
S19 

Table S5 EXAFS fitting parameters of Ni–N/C_2_H2O catalyst and Ni–

N/C_3_H2O catalyst, and Ni foil. 
S20 

Fig. S14 HPR polarization curves of Ni–N/C_Y_H2O catalysts. S21 

Table S6 H2O2 production performance comparison between Ni–N/C_3_H2O 

catalyst and previously reported nonprecious metal ADCs and carbon-based 

catalysts. 

S22 

Fig. S15 FT-IR spectrum of Ni–N/C_3_H2O catalyst. S23 

Fig. S16 In-situ ATR-SEIRAS spectra of Ni–N/C_3_H2O catalyst in Ar-saturated 

0.1 M KOH. 
S24 

Fig. S17 CV curve of Ni Ni–N/C_3_H2O catalyst in Ar-saturated 0.1 M KOH. S25 

Fig. S18 ORR polarization curves of Ni–N/C_3_H2O catalyst before and after 

CN− poisoning. 
S26 

Fig. S19 The non-faradaic current, HPR current, and H2O2 production current 

responses of eight-day-tested Ni–N/C_3_H2O-coated electrode.  
S27 

Fig. S20 EXAFS fitting spectra of Ni foil in R space. S28 

Fig. S21 Collection efficiency of Ni–N/C_3_X and Ni–N/C_Y_H2O catalysts in 

0.1 M KOH. 
S29 

  

2. References S30 

  



 

S3 

1. Supplementary figures and tables 
 

 
 

Fig. S1 (a) Small-angle XRD pattern, (b) N2 adsorption-desorption isotherm, (c) BJH pore size 

distribution curve obtained from the adsorption branch of the corresponding isotherm, and (d) 

BF-STEM image of SBA-15. 
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Fig. S2 BR-STEM images of (a) Ni–N/C_3_Dry, (b) Ni–N/C_3_Acetone, (c) Ni–N/C_3_EtOH, 

and (d) Ni–N/C_3_H2O catalysts. 
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Fig. S3 (a) N2 adsorption-desorption isotherms and (b) BJH pore size distribution curves 

obtained from the adsorption branch of the corresponding isotherms of Ni–N/C_3_X catalysts. 

The isotherms of Ni–N/C_3_Acetone, Ni–N/C_3_EtOH, and Ni–N/C_3_H2O were offset by 

400, 800, and 1200 cm3 g−1, respectively, for clarity. 
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Table S1 Textural properties of SBA-15 and the Ni–N/C_3_X catalysts 

 

 

Material 

Mean pore diametera 

(nm) 

BET surface areab 

(m2 g−1) 

Total pore volumec  

(cm3 g−1) 

SBA-15 12.7 408 1.18 

Ni–N/C_3_Dry 5.1 739 1.21 

Ni–N/C_3_Acetone 5.1 719 1.13 

Ni–N/C_3_EtOH 5.1 710 1.16 

Ni–N/C_3_H
2
O 5.1 730 1.10 

a Determined at the maximum point in the pore size distribution curve. b Calculated in the relative 

pressure range of 0.05–0.2. c Calculated at the relative pressure of 0.98–0.99.  
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Table S2 ICP−OES and EA results of Ni–N/C_3_X catalysts in wt% 

 

Material Nia Cb Hb Nb Ob 

Ni–N/C_3_Dry 1.68 77.09 1.75 9.58 9.86 

Ni–N/C_3_Acetone 1.62 76.83 2.03 9.15 9.64 

Ni–N/C_3_EtOH 1.53 76.27 1.94 9.43 9.28 

Ni–N/C_3_H
2
O 1.73 75.81 1.88 10.39 9.54 

a Determined by ICP-OES analysis. b Determined by EA.  
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Fig. S4 HPR polarization curves of Ni–N/C_3_X catalysts measured in N2-saturated 0.1 M 

KOH containing 10 mM H2O2. 
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Fig. S5 High-magnification BR-STEM image of Ni–N/C_3_Dry catalyst. 
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Fig. S6 Nyquist plots of Ni–N/C_3_X catalysts. 
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Fig. S7 BR-STEM images of (a) Ni–N/C_1_ H2O, (b) Ni–N/C_2_ H2O, and (c) Ni–N/C_3_ 

H2O catalysts. 
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Fig. S8 Nyquist plots of Ni–N/C_Y_H2O catalysts. 
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Fig. S9 (a) N2 adsorption-desorption isotherms and (b) BJH pore size distribution curves 

obtained from the adsorption branch of the corresponding isotherms of Ni–N/C_Y_H2O 

catalysts. The isotherms of Ni–N/C_2_H2O and Ni–N/C_3_H2O were offset by 600 and 1200 

cm3 g−1, respectively, for clarity. 
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Table S3 Textural properties of SBA-15 and Ni–N/C_Y_H2O catalysts 

 

a Determined at the maximum point in the pore size distribution curve. b Calculated in the relative 

pressure range of 0.05–0.2. c Calculated at the relative pressure of 0.98–0.99.  

 

Material 

Mean pore diametera 

(nm) 

BET surface areab 

(m2 g−1) 

Total pore volumec 

(cm3 g−1) 

SBA-15 12.7 408 1.18 

Ni–N/C_1_H
2
O 5.1 741 1.17 

Ni–N/C_2_H
2
O 5.1 773 1.11 

Ni–N/C_3_H
2
O 5.1 730 1.10 
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Table S4 ICP-OES and EA results of Ni–N/C_Y_H2O catalysts in wt% 

 

Material Nia Cb Hb Nb Ob 

Ni–N/C_1_H
2
O 1.68 76.68 2.07 8.13 10.08 

Ni–N/C_2_H
2
O 1.53 76.95 1.93 8.77 9.42 

Ni–N/C_3_H
2
O 1.73 75.81 1.88 10.39 9.54 

a Determined by ICP-OES analysis. b Determined by EA.  
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Fig. S10 Ni 2p XPS spectra of Ni–N/C_2_H2O and Ni–N/C_3_H2O catalysts.   
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Fig. S11 N 1s XPS spectra of Ni–N/C_2_H2O and Ni–N/C_3_H2O catalysts.   
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Fig. S12 EXAFS fitting spectra of the (a) Ni–N/C_2_H2O and (b) Ni–N/C_3_H2O catalysts in 

R space. 
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Fig. S13 Model structure for EXAFS fitting of the Ni–N/C_2_H2O and Ni–N/C_3_H2O 

catalysts. 
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Table S5 Summary of EXAFS fitting parameters for Ni–N/C_2_H2O, Ni–N/C_3_H2O, and Ni 

foil 

 

Material 
k range 
(Å −1) 

R range 
(Å ) Scattering CN

a
 

Rb  
(Å )

 
 

 c

(10−3Å −2) 
∆E0 
(eV) 

R factor 
(%) 

Ni–N/C_2_H
2
O 2.5–

11.7 
1.0–2.0 Ni–N

1
 4.1 

± 0.3 
1.88 
± 0.02 

8.3 
± 3.6 

4.5 
± 2.7 

1.6 

Ni–N/C_3_H
2
O 2.5–

11.7 
1.0–2.0 Ni–N

1
 3.9 

± 0.2 
1.82 
± 0.04 

7.7 
± 2.5 

7.9 
± 1.1 

0.9 

Ni Foil 2.5–

12.5 
1.7–4.25 Ni–Ni

1
 12 2.492 

±0.01 
8.2 
± 1.5 

5.9 
± 1.1 

1.1 

   Ni–Ni
2
 6 3.524 

±0.01    

   Ni–Ni
3
 24 4.317 

±0.01    

   Ni–Ni
1
–Ni

1
 48 3.739 

± 0.01    

   Ni–Ni
1
–Ni

2
 48 4.255 

± 0.01    

aCoordination number. bInteratomic distance. cDebye–Waller factor. dAll Ni foil CN values 

were fixed to a theoretical values for fcc Ni to obtain the passive electron reduction factor (S0
2) 

which was determined to be 0.87. 
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Fig. S14 HPR polarization curves of Ni–N/C_Y_H2O catalysts measured in N2-saturated 0.1 M 

KOH containing 10 mM H2O2.  

  

0.3 0.4 0.5 0.6 0.7 0.8 0.9

-2

-1

0

1

2

E − iR (V vs. RHE)

j
(m

A
 c

m
-2

)

Ni–N/C_Y_H2O

0.1 M KOH + 10 mM H2O2



 

S22 

Table S6 Benchmarking electrochemical H2O2 production performance of Ni–N/C_3_H2O 

catalyst with those of previously reported nonprecious metal ADCs and carbon-based catalysts 

in terms of mass activity and maximum H2O2 selectivity in 0.1 M KOH (or NaOH)  

 

 

Sample 

Mass activity @ 

0.70 V (A g−1) 

Max. H2O2 selectivity 

by RRDE (%) 

 

References 

Ni–N/C_3_H2O 490.9 92 This work 

Co-N/C 35.7 65 S1 

Fe-CNT 25.1 95 S2 

Co1-NG(O) 392.9 80 S3 

Ni SA/G-O 9.9 94 S4 

O-C (Al) 270.4 95 S5 

Mo1/OSG-H 34.0 95 S6 

meso-Ni–N/C 61.4 82 S7 

F-mrGO(600) 110.8 100 S8 

O-CNT 29.9 90 S9 

BN-C1 8.9 90 S10 

NCMK3IL 19.1 86 S11 

MesoC 1.3 80 S12 

o-GOMC-1 73.1 93 S13 

Oxo-G/NH3∙H2O 1.9 82 S14 

N-MFLG-8 3.0 95 S15 

GNPC=O,1 38.9 98 S16 

NF-Cs 24.0 82 S17 

OCB-120+CTAB 30.2 92 S18 

OCNS900 191.0 90 S19 

HCB+0.5 KCl 201.3 87 S20 

O-GOMC-5.5 120.6 92 S21 

B-C 32.3 90 S22 
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Fig. S15 FT-IR spectrum of Ni–N/C_3_H2O catalyst.  
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Fig. S16 In-situ ATR-SEIRAS spectra of Ni–N/C_3_H2O catalyst collected in the (a) O2-

saturated and (b) Ar-saturated 0.1 M KOH electrolyte with 0.1 V intervals from 0.9 V to 0.2 V. 

The * symbol denotes catalyst surface. 
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Fig. S17 (a) Full and (b) carbonyl reduction part enlarged CV curves of Ni–N/C_3_H2O catalyst 

collected in Ar-saturated 0.1 M KOH at a scan rate of 20 mV s−1. 
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Fig. S18 ORR polarization curves of Ni–N/C_3_H2O catalyst before and after CN− poisoning.  
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Fig. S19 The non-faradaic current, HPR current, and H2O2 production current responses of the 

eight-day-tested Ni–N/C_3_H2O-coated electrode at 0.6 V (vs. RHE). The non-faradaic current 

and H2O2 production current responses of the fresh Ni–N/C_3_H2O-coated electrode at 0.6 V 

(vs. RHE) were used as references. 
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Fig. S20 EXAFS fitting spectra of Ni foil in the R space.  
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Fig. S21 Collection efficiency of (a) Ni–N/C_3_X and (b) Ni–N/C_Y_H2O catalysts in 0.1 M 

KOH. 
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