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Fig. S1 (a) HR-TEM image of synthesized C60-NSG nanoparticles, (b-f) STEM elemental 
mapping images of synthesized C60-NSG nanoparticles (orange to C, blue to N, green to O, and 
pink to S.

Fig. S2 Core-level XPS spectra of C60-NSG nanoparticles; (a) C 1s, (b) N 1s, and (c) S 2p, 
respectively.



Fig. S3 The surface SEM images of photocathodes with a configuration of (a) 
CZTSSe/CdS and (b) CZTSSe/CdS/C60-NSG. The C60-NSG hybrid layer was 
deposited by spin coating for 1 cycle.

Fig. S4 STEM image and elemental mapping including C, O, Cu, Zn, Se, Cd, Sn and 
Pt of CZTSSe/CdS/C60-NSG/Pt photocathodes before stability test. Au coating is for 
conductivity improvement while STEM mapping.
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Fig. S5 The absorption spectra of CZTSSe/CdS/NSG, CZTSSe/CdS/C60, and 
CZTSSe/CdS/C60-NSG, respectively



Fig. S6 XPS spectra of (a) CZTSSe/CdS/C60 (b) CZTSSe/CdS/ NSG (c) 
CZTSSe/CdS/C60-NSG photocathode; C 1s, N 1s, S 2p, and Pt 4f, respectively.



Fig. S7 (a) Raman spectra of the CZTSSe/CdS/C60-NSG and CZTSSe/CdS 
photocathode. (b) The fitted Raman spectrum of CZTSSe/CdS/C60-NSG in the Raman 
shift range from 800 to 2000 cm-1. (c) Raman spectrum of the CZTSSe/CdS/C60 and 
CZTSSe/CdS photocathode. (d) Raman spectrum of CZTSSe/CdS/C60 in the Raman 
shift range from 800 to 2000 cm-1.



Fig. S8 Photograph of the CZTSSe/CdS/C60-NSG/Pt photocathode during operation

 

Fig. S9 (a) Linear sweep voltammetry of CZTSSe/CdS/Pt without and with C60-NSG 
under dark. (b) Linear sweep voltammetry of CZTSSe/CdS/Pt with C60, NSG and 
without C60-NSG under AM 1.5G illumination.



Fig. S10 (a) Structural model of fullerene (C60), and (b) a 2 x 2 periodic slab model of 
Pt (111) containing four layers used in our DFT calculations.
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Fig. S11 The stability of CZTSSe/CdS- structured photocathodes under AM 1.5G 
illumination in a 0.5 M H2SO4 electrolyte (pH ~ 0.3) at 0 VRHE condition.



Table S1 PEC performance of the typical emerging photocathodes. CZTS: Cu2ZnSnS4; 
CZTSe: Cu2ZnSnSe4; ACZTS: (Ag,Cu)2ZnSnSe4; CZCTS: Cu2(Zn,Cd)SnS4; CZTGS: 
Cu2Zn(Sn,Ge)S4; CBTS: Cu2BaSnS4; CBTSSe: Cu2BaSn(S,Se)4; CBiS: Cu3BiS3.

Photocathode Electrolyte pH Jsc 

(mA/cm2)

Onset 

potential 

(VRHE)

Stability

This work: 

CZTSSe/CdS/C60-NSG-Pt

0.5 M H2SO4 0.3 24.5 0.51 96% of 

initial PEC 

after 1.3 h

and

80% of 

initial PEC 

after 10 h

CZTSe/CdS/ZnO/ITO/ALD 

TiO2-Pt10

0.5 M H2SO4 0.3 27.0 0.60 91% of 

initial PEC 

after 1.3 h

CZTS/CdS/sputtered TiO2-Pt1 0.1 M Na2SO4 9.5 9.0 0.60 -

CZTS/CdS/solution In2S3-Pt2 0.2 M 

Na2HPO4/NaH2PO4

6.5 9.3 0.63 -

CZTS/CdS/ALD TiO2-Pt3 Phosphate buffered 

solution

6.8 12.5 0.85 75% of 

initial PEC 

after 1 h

CZTS/CdS/AZO/ALD TiO2-

Pt4

0.5 M Phosphate 

buffered solution

7 1.0 0.2 55% of 

initial PEC 

after 900 s

CZTS/CdS/TiO2-NB-Ptnp
5 0.2 M 

Na2HPO4/NaH2PO4

6.8 14.6 0.7 80% of 

initial PEC 

after 3 h

CZTS/CdS/ZnO/drop cast 

GO/ALD Al2O3
6

0.5 M Na2SO4 6.5 8.0 0.7 100% of 

initial PEC 

after 16 h

CZTS/CdS/ALD HfO2-Pt7 0.2 M 

Na2HPO4/NaH2PO4

6.5 11.9 0.7 100% of 

initial PEC 

after 10 h

CZTS/ALD HfO2/CdS/ALD 

HfO2-Pt8

0.2 M 

Na2HPO4/NaH2PO4

6.5 14.6 0.72 100% of 

initial PEC 

after 24 h



CZTS/CdS/solution ZnS-Pt9 0.2 M 

Na2HPO4/NaH2PO4

6.5 8.0 0.63 100% of 

initial PEC 

after 2 h

ACZTS/CdS-Pt11 0.2 M Na2HPO4 10.0 3.7 0.33 30% of 

initial PEC 

after 7 h

ACZTS/CdS-Pt12 1 M 

K2HPO4/KH2PO4

7.0 17.7 0.85 85% of 

initial PEC 

after 1 h

ACZTS/CdS/solution In2S3-

Pt13

0.2 M 

Na2HPO4/NaH2PO4

6.5 15.0 0.7 -

CZCTS/CdS/Sputtered TiMo-

Pt14

1 M 

K2HPO4/KH2PO4

7.0 17.0 0.6 80% of 

initial PEC 

after 1 h

CZTGS/CdS/solution In2S3-

Pt15

0.2 M 

Na2HPO4/NaH2PO4

6.5 11.1 0.6 91% of 

initial PEC 

after ~ 2 h

CBTS/CdS/ZnO/ALD TiO2-

Pt16

0.5 M Na2SO4 7.0 7.5 0.51 -

CBTSSe/CdS/ALD TiO2-Pt17 0.5 M 

Na2SO4/KH2PO4

4.3 12.0 0.5 100% of 

initial PEC 

after 1 h

CBiS/CdS/ALD-TiO2-Pt18 0.2 M 

Na2HPO4/NaH2PO4

6.5 7 0.9 90% of 

initial PEC 

after 10 h

Sb2Se3/CdZnS-Pt19 0.2 M 

Na2HPO4/NaH2PO4

6.5 17.5 0.8 80% of 

initial PEC 

after 2 h

Sb2Se3/CdS/ALD-TiO2-

RuOx
20

H2SO4 1.0 20 0.5 -

GeSe/C60pat-TiO2ball-Pt21 0.2 M 

Na2HPO4/NaH2PO4

6.8 11.3 0.6 98% of 

initial PEC 

after 20 h

SnS/Ga2O3/ALD-TiO2-Pt22 0.5 M H2SO4 1.0 28 0.4 100% of 

initial PEC 

after 6 h

Cu2O/Ga2O3/TiO-RuOx
23 0.5 M Na2SO4 and 5 10 1.0 80% of 



0.1 M phosphate 

solution

initial PEC 

after 120 h
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