
Supporting Information For

Vanadium Oxide Integrated on Hierarchically Nanoporous 

Copper for Efficient Electroreduction of CO2 to Ethanol

Qingcheng Yang,a Xunlin Liu,a Wei Peng,a Yang Zhao,a Zhixiao Liu,a* Ming Peng,a 

Ying-Rui Lu,b Ting-Shan Chan,b Xiandong Xu,a Yongwen Tana*

aCollege of Materials Science and Engineering, Hunan University, Changsha, Hunan 

410082, China.

bNational Synchrotron Radiation Research Center, Hsinchu 300, Taiwan

Corresponding Author

*E-mail: zxliu@hnu.edu.cn; tanyw@hnu.edu.cn

Electronic Supplementary Material (ESI) for Journal of Materials Chemistry A.
This journal is © The Royal Society of Chemistry 2021

mailto:zxliu@hnu.edu.cn
mailto:*tanyw@hnu.edu.cn


Supplementary Figures

Figure S1. The XRD patterns of the precursor Al80Cu20, Al80Cu19.8V0.2, Al80Cu19V1, 

and Al80Cu18V2.



Figure S2. High magnification cross-section SEM images of np-Cu@VO2-5%. Scale 

bar: 1 um.

Figure S3. The SEM images of (a) np-Cu (b) np-Cu@VO2-1% (c) np-Cu@VO2-10%. 

(d) np-Cu@VO2-5% after 12h CO2RR testing. Scale bars: (a-c) 100 nm.



Figure S4. The XRD patterns for np-Cu and np-Cu@VO2-M% (M=1, 5, 10).

Figure S5. (a) Cu 2p and (b) Cu 2p-amplification offset XPS spectra of np-Cu and 

np-Cu@VO2-M% (M=1, 5, 10).

The Cu 2p track spectrum of np-Cu@VO2-M% (M=1, 5, 10) has two peaks with 

the nearby binding energies of 932.3 and 952.4 eV, corresponding to Cu0 2p3/2 and 

Cu0 2p1/2 respectively. This is coincided with the XRD results that oxides-phase of 



copper did not exist. After enlarging the Cu 2p spectrogram, it can be clearly seen that 

the Cu 2p has a positive shift of 0.3 eV in the np-Cu@VO2-1% samples compared to 

np-Cu, indicating the existence of electronic interaction between copper skeleton and 

vanadium atom. For np-Cu@VO2-5%, there are two peaks located at 932.7 eV and 

952.8 eV, corresponding to Cu 2p3/2 and Cu 2p1/2 of Cu0. Compared with np-

Cu@VO2-1%, only a slight positive shift for Cu 2p3/2 and Cu 2p1/2 of np-Cu@VO2-5% 

can be found. It is clear that the Cu 2p XPS peaks spectra shifts to high energy with 

the increase of vanadium content.

Figure S6. O 1s XPS spectra of np-Cu@VO2-1%, np-Cu@VO2-5% and np-

Cu@VO2-10%. 



Figure S7. (a) Cu K-edge XANES spectra and (b) FT of the EXAFS spectra for np-

Cu and np-Cu@VO2-5% before and after CO2RR reaction.

Figure S8. Polarization curves of np-Cu and np-Cu@VO2-5% in H-type cell under Ar 

and CO2-saturated solution (Scan rate: 50 mV/s). 



Figure S9. External standard calibration curve used for quantification of CO2 

reduction products. DMSO (dimethyl sulfoxide) is used as an internal standard for 

accurate quantitative liquid products. Normalize peak area was the ratio of product 

peak area to internal standard DMSO area. (a) HCOOH. (b) CH3CH2OH. (c) CH3OH. 

(d) CH3COOH.



Figure S10. 1H nuclear magnetic resonance spectra. (a) and (b) Representative 1H 

NMR spectrum obtained from the 1.0 M KOH electrolyte of CO2 reduction on np-

Cu@VO2-5% catalyst at open circuit voltage and -0.82 V vs RHE in flow cell. DMSO 

(dimethyl sulfoxide) is used as an internal standard for accurate quantitative liquid 

products. (c) Local amplification of product formic acid chemical shift. (d) Local 

amplification of product ethanol and acetate chemical shift.



Figure S11. (a) and (b) Representative chromatogram obtained from the 1.0 M KOH 

catholyte after CO2 reduction on np-Cu@VO2-5% catalyst at open circuit voltage and 

-0.82 V vs. RHE in flow cell, respectively. The detection temperature of 

chromatographic column is 150 ℃. (c) External standard calibration curve used for 

quantification of CO2RR product C2H5OH detected by GC.

Figure S12. Comparison of polarization curves of (a) np-Cu@VO2-1% and (b) np-



Cu@VO2-10% under Ar and CO2-saturated solution.

Figure S13. The faraday efficiency of main products for (a) np-Cu@VO2-1% and (b) 

np-Cu@VO2-10% at different specific potential in H-type cell. 

Figure S14. N2 adsorption-desorption isotherms at 77 K of np-Cu@VO2-5% and np-

Cu.



Figure S15. Nyquist plots of np-Cu and np-Cu@VO2 electrodes

Figure S16. Ethanol Faradaic efficiency as a function of total current density on np-

Cu@VO2-5%, in comparison with other reports.



Figure S17. The comparison of H2 current density between np-Cu and np-Cu@VO2-

5%.

Figure S18. The STEM-EDS mappings of np-Cu@VO2-5% after twelve hour of 



carbon dioxide electroreduction test. (a) HADDF-STEM image. (b-d) Element 

mappings of (b) Overlapping of Cu and V, (c) Cu, and (d) V. Scale bars: (a-d) 20 nm.

Figure S19. XPS spectrogram of np-Cu@VO2-5% and np-Cu@VO2-5% after stability 

test at a constant potential of -0.62 V vs. RHE (a) Cu 2p. (b) Cu 2p-amplification 

offset. (c) V 2p. (d) V 2p-amplification offset.



Figure S20. (a) XRD patterns and (b) O 1s XPS spectra for np-Cu@VO2-5% before 

CO2RR and after stability test of CO2 reduction reaction.

Figure S21. Polarization curves of np-Cu and np-Cu@VO2-5% under Ar and CO2 

condition in Flow cell (Scan rate: 50 mV/s).

Figure S22. Density functional theory calculated model (a) Cu (111), (b) Cu@VO2 

(111), and (c) Cu@VO2 (111) restructured after adsorption of *COOH in CO2RR 

process. Red, white and green balls stand for copper, oxygen and vanadium atom, 

respectively.



Figure S23. DFT calculated reaction state on Cu(111) mode. (a) *COOH adsorbed 

state, (b) *CO adsorbed state, and (c) *OCCO adsorbed state. Red, white, gray and 

blue balls stand for copper, oxygen, carbon, and hydrogen atom, respectively.



Table S1. Element composition for various catalyst derived from XPS test results.

Catalyst np-Cu@VO2-1% np-Cu@VO2-5% np-Cu@VO2-10%
np-Cu@VO2-5% 

after CO2RR

Cu (atomic %) 74.83 67.43 68.58 62.64

V (atomic %) 1.5 3.49 6.04 3.16

O (atomic %) 7.63 10.28 11.95 13.15

C (atomic %) 16.04 18.79 13.43 21.05

Table S2. Comparison of the CO2 reduction performance of recently reported Cu-

based electrocatalysts in H-type cell.

Catalyst FE 
(EtOH,

%)

E (V vs. 
RHE)

J(mA 
cm-2)

Electrolyte Ref.

np-Cu@VO2-
5%

30.1 -0.62 50 0.1M 
KHCO3

This work

N-ND/Cu 28.9 -0.5 1 0.1M 
KHCO3

1

Cu-SA/NPC 9 -0.15 6 0.1M 
KHCO3

2

CuZn 30 -1.15 0.2 0.1M 
KHCO3

3

Cu0.5NC 43 -1.2 38 0.1M 
CsHCO3

4



Cu-I 10.5 -0.9 35 0.1M 
KHCO3

5

CuAg 20 -1.05 36 0.2M 
KHCO3

6

Cu(OH)2/Cu 5 -1 1 0.1M 
KHCO3

7

H-Cu 25 -1.2 14 0.1M 
KHCO3

8

Cu-Cu2O 55 -0.6 20 0.1M 
KHCO3

9

Cu50Ag50 7 -0.98 0.75 0.1M 
KHCO3

10

CuOx-Vo 10 -1.2 15 0.1 M 
KHCO3

11

100cycle-Cu 18 -1.01 105 0.25 M 
KHCO3

12

Cu-BDD 42.4 -0.4 0.1 0.5 M KCl 13

Cu-on-Cu3N 18 -0.94 30 0.1M 
KHCO3

14

CuO 14 -0.95 35 0.1M 
KHCO3

15

Cu2S–Cu-V 23.1 -0.95 30 0.1M 
KHCO3

16

Cu(B) 27 -1.1 70 0.1M KCl 17

Rec-Cu 15 -2 18 0.05M 
KHCO3

18

ERD Cu 11 -1.1 60 0.1M 
KHCO3

19



Cu NC cubes 8 -1.1 7 0.1M 
KHCO3

20

Table S3. Comparison of the CO2 Reduction performance of recently reported Cu-

based electrocatalysts in flow cell.

Catalyst FE(EtOH,
%)

E(V vs 
RHE)

JEtOH(mA/c
m2)

Electrolyte Ref.

np-
Cu@VO2-

5%

38.2 -0.8 39 1M KOH This work

Cu(100) 12 -0.75 55 1M KOH 21

CuZn 40 -0.68 48 1M KOH 3

Cu-Ce(OH)x 43 -0.7 127 1M KOH 22

Ag0.14/Cu0.86 41 -0.67 102 1M KOH 23

Cu 4.5 - 11.2 1M K2CO3 24

CuAg wire 25 -0.7 20 1M KOH 25

Cu2S–Cu-V 24.7 < -2 98 1M KOH 16

Porous Cu 20 -0.67 128 1M KOH 26

Cu DAT-
wire

28 -0.7 19.6 1M KOH 27



CuPd 
ordered

15 -0.65 39 1M KOH 28

 

Table S4. Calculated adsorption energy of different intermediate in reaction path.

Energy (eV)
H2O  

dissociation H2O adsorption
H adsorption

*CO 
adsorption

Cu (111) 0.4 -0.42 -0.28 -0.62

V2O4-Cu (111) -0.93 -1.46 -0.5 -0.67

Table S5. Calculated adsorption free energy of different intermediate species for 

CO2RR.

CO2RR gibs 
energy (eV)

CO2 G (*COOH) G (*CO) G (*OCCO)

Cu (111) 0 0.5 -0.14 1.25

VO2-Cu (111) 0 0.29 0.36 1.3
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