Supplementary Information

Cationic carbon nanotube modulates surface fields for general acidic CO;

reduction with aqueous organic cations

Qiang Zhang'?, Soonho Kwon**, Yan Guo’, Tanglue Feng®, Jianjun Su!?, Yun Song'?, Weihua Guo'?,
Yinger Xin'?, Geng Li'?, Yong Liu'2, Mingming He', Rui Xue'-?, Ruixuan Wang', Honglu Hu?’, Zhiyuan
Zeng>’, Yongfa Zhu®, Ben Zhong Tang®!?, William A. Goddard III3* and Ruquan Ye'->*

"Department of Chemistry, State Key Laboratory of Marine Environmental Health, City University of Hong
Kong, Hong Kong 999077, P. R. China

2City University of Hong Kong Shenzhen Research Institute, Shenzhen, Guangdong 518057, P. R. China
3Materials and Process Simulation Center, California Institute of Technology, Pasadena 91125, California,
United States

“Department of Materials Science and Engineering, Pohang University of Science and Technology
(POSTECH), Pohang 37673, R. Korea

SDepartment of Civil Engineering, The University of Hong Kong, Hong Kong 999077, P. R. China

School of Chemical Engineering, Zhengzhou University, Zhengzhou 450001, P. R. China

"Department of Materials Science and Engineering, State Key Laboratory of Marine Pollution, City
University of Hong Kong, Hong Kong 999077, P. R. China

8Department of Chemistry, Tsinghua University, Beijing 100084, P. R. China

School of Science and Engineering, Shenzhen Institute of Aggregate Science and Technology, The Chinese
University of Hong Kong, Shenzhen (CUHK-Shenzhen), Guangdong 518172, P. R. China

"Department of Chemistry and the Hong Kong Branch of Chinese National Engineering Research Center
for Tissue Restoration and Reconstruction, The Hong Kong University of Science and Technology, Hong
Kong 999077, P. R. China

“Equal contribution

*Corresponding authors:

William A. Goddard III: wag@caltech.edu; ORCID:0000-0003-0097-5716

Ruquan Ye: ruquanye@cityu.edu.hk; ORCID: 0000-0002-2543-9090



mailto:wag@caltech.edu
mailto:ruquanye@cityu.edu.hk

Table of Contents

Supplementary FIgure 1-64........o.ooiiii e 3
Supplementary Table 1-6.........cooiiiii e 67
Supplementary Method. ... 73

Supplementary References. ... ....o.viiuiiiiii i e e 74



~""NH,

HZN\/\NH Isoamyl nitrite 1) CyHys! Lutidine
2 DMSO ‘F\/\NHz N, 80°C
I - 5
N, 85°C

2) CHyl Lutidine

N, 70°C
V=0.125/0.5/1.0/2.0 mL S NH,

CNT EDA EDA@CNT-n CCNT-n,
n=0.125/0.5/1.0/2.0 n=0.125/0.5/1.0/2.0

Supplementary Figure 1. Scheme for the synthesis of CCNT-n (n=0.125, 0.5, 1.0 and 2.0).
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Supplementary Figure 2. Raman spectra of pristine CNT, CCNT-0.125, CCNT-0.5, CCNT-1.0 and CCNT-

2.0. Source data are provided as a Source Data file.
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Supplementary Figure 3. N /s XPS spectra of (a) CNT@EDA-0.125, CNT@EDA-0.5, CNT@EDA-1.0
and CNT@EDA-2.0, (b) CCNT-0.125, CCNT-0.5, CCNT-1.0 and CCNT-2.0. Source data are provided as

a Source Data file.



Supplementary Figure 4. Schematic representation of a three-compartment flow cell electrolyzer with

indications of the transport directions for electrolytes.
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Supplementary Figure 5. Representative GC trace of the gaseous products formed on Bi/CCNT during
acidic CO2RR. (a) TCD, (b) FID signals of gaseous products. The retention times at 2.6050 min in TCD
corresponded to the signal of H,. CO was quantified by FID with retention times at 2.1351 min. Source data

are provided as a Source Data file.
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Supplementary Figure 6. '"H NMR spectra of products using (a) no COz and (b) CO; in 0.05 M H2SO4 +
3.0 M KCl over Bi/CCNT. The chemical shifts at 8.26, 4.85 and 2.71 ppm were attributed to the H in

HCOOH, D>0O and DMSO, respectively. Source data are provided as a Source Data file.
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Supplementary Figure 7. Partial HCOOH current densities and HCOOH production rates for Bi/CCNT,
catholyte: 0.05 M H2SO4 + 3.0 M KCI, anolyte: 0.1 M H»SOs, all reported potentials are manually iR-

compensated at 85% (solution resistance: 2.2+0.1 Q (n=3)). Source data are provided as a Source Data file.
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Supplementary Figure 8. Linear curve of reported jucoon against racoon. Source data are provided as a

Source Data file.
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Supplementary Figure 9. Partial HCOOH current densities (jacoon) and HCOOH production rates (ticoon)
for Bi/CNT, catholyte: 0.05 M H>SO4 + 3.0 M KCI, anolyte: 0.1 M H2SOg, all reported potentials are
manually iR-compensated at 85% (solution resistance: 2.2+0.1 Q (n=3)). Source data are provided as a

Source Data file.
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Supplementary Figure 10. Total current density curves and FE values of CO2RR products for (a) Bi/CCNT
and (b) Bi/CNT, catholyte: 0.05 M H>SO4 + 0.5 M KCl, anolyte: 0.1 M H2SOs, all reported potentials are
manually iR-compensated at 85% (solution resistance: 4.7£0.2 Q (n=3)). Source data are provided as a

Source Data file.



I

I H, I co HCOOH
FR S A

o

0 ~0.0
-0.66-0.81-1.11-1.36-1.44-1.61-1.75-1.91-1.96-2.03-2.09
Ex (V vs. RHE)

B H, I co HCOOH
I I I
W

r-0.2

0 L0.0
-0.68-0.81-1.11-1.41-1.55-1.66-1.78-1.85-1.96-2.03-2.25
Eir (V vs. RHE)

Supplementary Figure 11. Total current density curves and FE values of CO2RR products for (a) Bi/CCNT
and (b) Bi/CNT, catholyte: 0.05 M H>SO4 + 0.1 M KCl, anolyte: 0.1 M H>SOs, all reported potentials are
manually iR-compensated at 85% (solution resistance: 8.2+0.2 Q (n=3)). Source data are provided as a

Source Data file.
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Supplementary Figure 12. Total current density curves and FE values of CO,RR products for Bi/CCNT,
catholyte: 0.05 M H2SO4 + 0.01 M KCl, anolyte: 0.1 M HSOs, all reported potentials are manually iR-

compensated at 85% (solution resistance: 14.1+£0.3 Q (n=3)). Source data are provided as a Source Data file.
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Supplementary Figure 13. Total current density curves and FE values of CO2RR products in 0.05 M H2SO4
+ 3.0 M KCl for (a) Bi/CCNT and (b) Bi/CNT, (c) Total current density curves of BI/CCNT in 0.05 M H,SO4
with various K* concentrations, anolyte: 0.1 M H»SOs, all reported potentials are manually iR-compensated

at 85%. Source data are provided as a Source Data file.
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Supplementary Figure 14. Partial HCOOH current density and HCOOH production rate at different CO,

gas flow rates under a total current density of -200 mA cm, catholyte: 0.05 M H,SO4 + 3.0 M KCl, anolyte:

0.1 M H2SO4. Source data are provided as a Source Data file.
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Supplementary Figure 15. Total current density curves of Bi/CNT/PTFE-layer, Bi/CNT/PTFE-mix,
Bi/CNT and Bi/CCNT at different applied potentials, catholyte: 0.05 M H,SO4 + 3.0 M KCl, anolyte: 0.1 M

H2S0s, the electrocatalytic performance was exhibited without iR compensation. Source data are provided

as a Source Data file.
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Supplementary Figure 16. (a) FE curves and (b) EIS measurements of Bi/CNT/PTFE-layer at different
applied potentials, catholyte: 0.05 M H»SO4 + 3.0 M KCIL, anolyte: 0.1 M H>SOs, the electrocatalytic

performance was exhibited without iR compensation. Source data are provided as a Source Data file.
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Supplementary Figure 17. (a) FE curves and (b) EIS measurements of Bi/CNT at different applied
potentials, catholyte: 0.05 M H>SO4 + 3.0 M KCl, anolyte: 0.1 M H2SOs, the electrocatalytic performance

was exhibited without iR compensation. Source data are provided as a Source Data file.
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Supplementary Figure 18. TOFucoon plots for Bi/CNT/PTFE-layer, Bi/CNT/PTFE-mix, Bi/CNT and
Bi/CCNT, catholyte: 0.05 M H,SO4 + 3.0 M KCl, anolyte: 0.1 M H>SOs, the electrocatalytic performance

was exhibited without iR compensation. Source data are provided as a Source Data file.
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Supplementary Figure 19. The N atom concentration of various samples measured by XPS tests. Source

data are provided as a Source Data file.
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Supplementary Figure 20. HCOOH production rates for Bi/CNT, Bi/CCNT-0.125, Bi/CCNT-0.5,
Bi/CCNT-1.0 and Bi/CCNT-2.0, catholyte: 0.05 M H2SO4 + 3.0 M KCl, anolyte: 0.1 M H2SOs, all reported

potentials are manually iR-compensated at 85% (solution resistance: 2.2+0.1 Q (n=3)). Source data are

provided as a Source Data file.
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Supplementary Figure 21. The partial HCOOH current densities over Bi/CCNT in 0.05 M H,SO4 with (a)
3.0 M KClI, (b) 3.0 M N(CHj3)4Cl and (c) 3.0 M NH4Cl, anolyte: 0.1 M H>SOs. Source data are provided as

a Source Data file.
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Supplementary Figure 22. The partial HCOOH current densities over Bi/CCNT in 0.05 M H>SO4 with (a)

0.1 M KCI and (b) 0.1 M KCI + 3.0 M N(CH3)4Cl, anolyte: 0.1 M H>SO4. Source data are provided as a

Source Data file.
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Supplementary Figure 23. Comparison of EIS measurements on Bi/CCNT in 0.05 M H2SO4 with different
cations. (a) 3.0 M KCl, (b) 3.0 M N(CH3)4C1 + 0.1 M KCl, (c¢) 3.0 M N(CH3)4Cl, anolyte: 0.1 M H,SOs.

Source data are provided as a Source Data file.



Supplementary Figure 24. Photo of the back side of gas diffusion electrode after 130-h stability test

showing no salt deposition in the acidic electrolyte of N(CH3)4™.
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Supplementary Figure 25. SEM characterizations of the catalyst after 130 hours stability test. Scale bar:

500 nm.
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Supplementary Figure 26. (a) XRD spectra and (b) Raman spectra of Bi/CCNT before and after long-term

stability test at around 280 mA c¢m™. Source data are provided as a Source Data file.
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Supplementary Figure 27. (a) FE and current density for stability test using Bi/CCNT in 0.05 M H,SO4 +
3.0 M KCl, anolyte: 0.1 M H,SOs4, (b) Photo of the back side of gas diffusion electrode after stability test

showing salt deposition in the acidic electrolyte of 3.0 M K*. Source data are provided as a Source Data file.
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Supplementary Figure 28. (a) FE and current density for stability test using Bi/CCNT in 0.05 M H,SO4 +
0.1 M KCI + 3.0 M N(CH3)4Cl, anolyte: 0.1 M H2SO4, (b) Photo of the back side of gas diffusion electrode
after stability test showing no salt deposition in the acidic electrolyte of 0.1 M K* + 3.0 M N(CH3)4*. Source

data are provided as a Source Data file.



Supplementary Figure 29. SEM images of (a) Ag NS and (b) CuO NS. Scale bars: 500 nm and 1um. EDS

mapping of (¢) Ag/CCNT and (d) CuO/CCNT. Scale bar: 500 nm.
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Supplementary Figure 30. AFM images of (a) Ag NS and (b) CuO NS. Source data are provided as a

Source Data file.
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Supplementary Figure 31. XPS spectra of other metal catalysts for (a) Ag 3d and (b) Cu 2p. Source data

are provided as a Source Data file.
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Supplementary Figure 32. XRD spectra of (a) Ag NS and (b) CuO NS. Source data are provided as a

Source Data file.
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Supplementary Figure 33. Raman spectra of Ag NS and CuO NS. Source data are provided as a Source

Data file.
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Supplementary Figure 34. Partial CO current densities and CO production rates for Ag/CCNT, catholyte:
0.05 M H2SO4 + 3.0 M KCl, anolyte: 0.1 M H»SOs, all reported potentials are manually iR-compensated at

85% (solution resistance: 2.2+0.1 Q (n=3)). Source data are provided as a Source Data file.



120 80
[ H, [ co g

[+
o

S
o
0,
SPCEexpected or measured ( /°)

N
o

50 30

3

20 10 5
CO, flow rate (SCCM)

Supplementary Figure 35. SPCE and FE for Ag/CCNT at different CO; gas flow rates under a total current

density of -200 mA c¢cm. Source data are provided as a Source Data file.
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Supplementary Figure 36. Total current density curves and FE values of CO2RR products for Ag/CNT,
catholyte: 0.05 M H2SO4 + 3.0 M KCl, anolyte: 0.1 M H>SOs, all reported potentials are manually iR-

compensated at 85% (solution resistance: 2.2+0.1 Q (n=3)). Source data are provided as a Source Data file.
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Supplementary Figure 37. Total current density curves and FE values of CO2RR products for (a) Ag/CCNT
and (b) Ag/CNT, catholyte: 0.05 M H,SO4 + 0.5 M KCI, anolyte: 0.1 M H2SOs, all reported potentials are
manually iR-compensated at 85% (solution resistance: 4.7+0.2 Q (n=3)). Source data are provided as a

Source Data file.
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Supplementary Figure 38. Total current density curves and FE values of CO2RR products for (a) Ag/CCNT
and (b) Ag/CNT, catholyte: 0.05 M H,SO4 + 0.1 M KCI, anolyte: 0.1 M H2SOs, all reported potentials are
manually iR-compensated at 85% (solution resistance: 8.2+0.2 Q (n=3)). Source data are provided as a

Source Data file.
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Supplementary Figure 39. FE values for Ag/CCNT in 0.05 M H,SO4 + 3.0 M NH4Cl, anolyte: 0.1 M

H»>SO4. Source data are provided as a Source Data file.
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Supplementary Figure 40. FE values for Ag/CNT in 0.05 M H2SO4 + 3.0 M N(CH3)4Cl, anolyte: 0.1 M

H»>SO4. Source data are provided as a Source Data file.
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Supplementary Figure 41. FE values for Ag/CCNT in 0.05 M H2SO4 + 6.0 M N(CH3)4Cl, anolyte: 0.1 M

H»>SO4. Source data are provided as a Source Data file.
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Supplementary Figure 42. EIS measurements on Ag/CCNT in 0.05 M H,SO4 + 6.0 M N(CH3)4Cl, anolyte:

0.1 M H2SO4. Source data are provided as a Source Data file.
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Supplementary Figure 43. FE values for Ag/CCNT in 0.05 M H,SO4 + 0.1 M KCl, anolyte: 0.1 M H,SOs.

Source data are provided as a Source Data file.
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Supplementary Figure 44. FE values for Ag/CCNT in 0.05 M H,SO4 + 0.1 M KCl1 + 3.0 M N(CH3)4Cl,

anolyte: 0.1 M H>SO4. Source data are provided as a Source Data file.
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Supplementary Figure 45. (a) Total current density curves of Ag-derived catalysts at different applied
potentials, (b-e) FE curves of (b) Ag/CNT, (c) Ag/CNT/PTFE-mix, (d) Ag/CNT/PTFE-layer and (e)
Ag/CCNT at different applied potentials, catholyte: 0.05 M H2SO4 + 3.0 M KCl, anolyte: 0.1 M H2SOy4, the

electrocatalytic performance was exhibited without iR compensation. Source data are provided as a Source

Data file.
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Supplementary Figure 46. (a) Partial CoHy current densities and CoHy4 production rates, catholyte: 0.05 M
H>SO4 + 3.0 M KCl, anolyte: 0.1 M H2SOs, all reported potentials are manually iR-compensated at 85%
(solution resistance: 2.2+0.1 Q (n=3)), (b) SPCE and FE under a total current density of -400 mA c¢cm for
CuO/CCNT in 0.05 M H»SO4 + 3.0 M KCl, anolyte: 0.1 M H2SOs. Source data are provided as a Source

Data file.
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Supplementary Figure 47. Total current density curves and FE values of CO2RR products for CuO/CNT,
catholyte: 0.05 M H>SO4 + 3.0 M KCI, anolyte: 0.1 M H>SOs, all reported potentials are manually iR-

compensated at 85% (solution resistance: 2.2+0.1 Q (n=3)). Source data are provided as a Source Data file.
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Supplementary Figure 48. Total current density curves and FE values of CO;RR products for (a)
CuO/CCNT and (b) CuO/CNT, catholyte: 0.05 M H2SO4 + 0.5 M KCl, anolyte: 0.1 M H2SOs, all reported

potentials are manually iR-compensated at 85% (solution resistance: 4.7+0.2 Q (n=3)). Source data are

provided as a Source Data file.
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Supplementary Figure 49. Total current density curves and FE values of CO,RR products for (a)
CuO/CCNT and (b) CuO/CNT, catholyte: 0.05 M H,SO4 + 0.1 M KCl, anolyte: 0.1 M H2SOs, all reported

potentials are manually iR-compensated at 85% (solution resistance: 8.2+0.2 Q (n=3)). Source data are

provided as a Source Data file.
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Supplementary Figure 50. FE values at different total current densities for (a) CuO/CCNT in 0.05 M H2SO4
+ 3.0 M NH4Cl, (b) CuO/CNT in 0.05 M H2SO4 + 3.0 M N(CH3)4Cl, anolyte: 0.1 M H,SO4. Source data are

provided as a Source Data file.
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Supplementary Figure 51. FE and total current density for stability test using CuO/CCNT, catholyte: 0.05

M H>SO4 + 3.0 M N(CH3)4Cl, anolyte: 0.1 M H2SOs. Source data are provided as a Source Data file.
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Supplementary Figure 52. FE values at different total current densities for CuO/CCNT in 0.05 M H>SO4
with (a) 0.1 M KCl and (b) 0.1 M KCI + 3.0 M N(CH3)4Cl, anolyte: 0.1 M H>SOj4. Source data are provided

as a Source Data file.
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Supplementary Figure 53. (a) Total current density curves of CuO-derived catalysts at different applied
potentials, (b-e) FE curves of (b) CuO/CNT, (c) CuO/CNT/PTFE-mix, (d) CuO/CNT/PTFE-layer and (e)
CuO/CCNT at different applied potentials, catholyte: 0.05 M H,SO4 + 3.0 M KCl, anolyte: 0.1 M H,SO4,
the electrocatalytic performance was exhibited without iR compensation. Source data are provided as a

Source Data file.
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Supplementary Figure 54. HER LSV curves at varying rotating speed for (a) CNT, (b) CCNT-0.125, (c)
CCNT-0.5, (d) CCNT-1.0 and (e) CCNT-2.0, electrolyte: 0.05 M H2SO4 + 0.5 M K»SOs, scan rate: 10 mV

s7!, all reported potentials are automatically iR-compensated at 85%. Source data are provided as a Source
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Supplementary Figure 55. Linear fitting of jplatcau vs. ®'? for (a) CNT, (b) CCNT-0.125, (¢) CCNT-0.5, (d)

CCNT-1.0 and (e) CCNT-2.0 based on Levich equation. Source data are provided as a Source Data file.
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Supplementary Figure 56. Koutecky-Levich plot of different samples at -1.0 Vir. Source data are provided

as a Source Data file.



Supplementary Figure 57. Water contact angle measurements for (a) CNT, (b) CCNT-0.125, (c) CCNT-

0.5, (d) CCNT-1.0, (¢) CCNT-2.0, (f) CNT/PTFE-mix and (g) CNT/PTFE-layer.
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Supplementary Figure 58. Mean squared displacement for (a) H2O, (b) CO, (¢) H30", (d) SO4*, and (¢)

all species without (C)CNT and CI" ion. Source data are provided as a Source Data file.
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Supplementary Figure 59. Mean squared displacement for (a) H>O, (b) CO», (¢) H;O", (d) SO4*, (e) CI,

and (f) all species with (C)CNT. Source data are provided as a Source Data file.
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Supplementary Figure 60. Radial distribution function between hydronium ion (H3O") and anions: SO4*

(yellow) and CI- (green). Source data are provided as a Source Data file.
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Supplementary Figure 61. Integration of probability density function with different electric field. (a) CI,

(b) SO4*, and (c) H30". Source data are provided as a Source Data file.

0.8
0 Vim
06 -108 V/im
04 — 107 Vim
— -108 Vim
0.2 — -10° V/m
0
0 10 20 30 40

Distance [A]



N
o

— -
> 104 = = = =
£ 2 © © S
T 0 ™ ~ - ™
£ 7w
[0
S -101
o
©
o)
& -201
-30

Supplementary Figure 62. Zeta potential of Nafion aqueous solutions with various amounts. Source data

are provided as a Source Data file.
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Supplementary Figure 63. Measured pH values for the three electrolyte solutions: 0.05 M H,SO4 + 3.0 M
KCl, 0.05 M H2SO4 + 3.0 M N(CH3)4Cl and 0.05 M H2SO4 + 3.0 M N(CH3)4CI + 0.1 M KCI. Source data

are provided as a Source Data file.



Supplementary Figure 64. (a) A finite cluster model and (b) a periodic model for molecular cation on

graphene.



Supplementary Table 1. Performance metrics of various electrocatalysts for CO»-to-HCOOH conversion in flow cell.

Catalyst Electrolyte pH FErcoon J HCOOI_{Z rHC(??H > Reference
(%) (mMA cm”) (mmolh™ cm™)
BiI/CCNT 94.1 752.7 14.0
Bi/CCNT-1.0 0.05M H,SO, +3.0 MKCl 0.52 92.6 872.2 16.2 This work
BYVCCNT-2.0 93.5 951.3 17.7
In,O;_,@C 1.0 M KOH 13.5 95.5 320.0 6.0 Nano-Micro Lett."
In,O;@C 1.0 M KOH 13.5 91.1 129.4 24 Appl. Catal. B Environ.”
S2-In 0.5 M KHCOj; 7.2 93.0 80.9 1.5 Nat. Commun.’
Bi-CrO, 1.0 M KOH 13.5 96.5 687.6 12.9 Angew. Chem. Int. Ed.*
Cu-Bi 1.0 M KOH 13.5 93.2 209.7 3.9 Angew. Chem. Int. Ed.”
BiNSs 1.0 M KOH 13.5 89.0 364.9 6.8 Adv. Energy Mater.’
CT/h-BiOBr 1.0 M KOH 13.5 87.0 316.0 5.9 ACS Nano’
Biy.;Sn 1.0 M KOH 13.5 93.5 138.0 2.6 Nat. Commun.”
nBuLi-Bi 1.0 M KHCOj; 8.5 92.0 460.0 8.5 Nat. Commun.”
BH-10 1.0 M KOH 13.5 957 564.9 10.6 Angew. Chem. Int. Ed."°
Bi-ene-NW 1.0 M KOH 135 920 515.0 9.7 Energy Environ. Sci.'!




Supplementary Table 2. Comparison of SPCE performance between our work and those reported in the literature.

FEHCOOH C02 flow rate SPCE

Catalyst Electrolyte pH %) (scem) %) Reference

B/CCNT 0.05 M H,SO, +3.0 MKCl  0.52 95.3 2 68.5 This work
Sn(S)-H H,S0, + 0.5 M K,S0, 3 61.5 5 34.8 Nat. Commun.'*

SiC-Nafion' ¥/SnB/PTFE ~ 0.05 M H,SO, + 3.0 M KCl 1 88.6 3 65.0  Angew. Chem. Int. Ed."

BiNS 0.05 M H,SO, +3.0MKCl  0.52 92.2 3 27.4 ACS Catal."*

Sn SACs H,SO, + 0.5 M K,SO, 3 90.8 10 13.3 Angew. Chem. Int. Ed."”
- 0.5 M K,SO, 8.5 64.1 3 47.9 Angeww, Chem Tnt. 5.’

0.05 M H,SO, + 0.5 MK,SO, 2 87.5 3 65.4 ' T

CusSns 0.05 M H,SO, + 3.0 M KCl 1 62.1 3 77.4 Nat. Commun."’
SnO,/C 0.1 M H,SO4+ 0.4 M K,SO, 1 84.4 50 4.5 Nat. Catal.'®
2D-Bi 0.5 M KHCO; 7.4 96.5 20 6.4 Nat. Energy'’

Biy ;Sn 1.0 M KHCO;, 8 95.5 20 3.6 Nat. Commun.®
BiBrO 2.0 M KHCO; 8.5 90.1 10 13.5 Adv. Mater.”

Bi-MOF-TS 0.02 M H,S0, + 0.1 MK,SO, 1.7 62.5 1 63.2 Nat. Commun.”!




Supplementary Table 3. The quantification of alkali cations in the electrolyte” by inductively coupled plasma (ICP) measurements.

*k

Alkali cation Li Na K Cs
Concentration 0.234 0.172 3.526 0.168
(ppm)

"The electrolyte was taken after 130-h electrolysis.
“The trace K" comes from the Ag/AgCl electrode which is filled with 3.0 M KCI.




Supplementary Table 4. Comparison of the energy utilization efficiency (EUE) and partial current density of our work and latest representative works from literature

measured in GDE-based devices.

FE product ] product EUE

Catalyst Electrolyte Product 2 Reference
(%) (mAcm?) (%)
Bi/CCNT 0.05 M H,SO,4 + 3.0 M N(CN;),Cl ucoon 08 321 32.9
0.05 M H,SO, + 3.0 M N(CN;),Cl + 0.1 M KC1 92.8 370 33.6
Ag/CCNT 0.05 M H,SO,4+ 3.0 M N(CN;),Cl - 98.2 314 31.7 This work
0.05 M H,SO; + 3.0 M N(CN;),Cl + 0.1 M KCI 99.5 379 33.7
CuO/CCNT 0.05 M H,SO, + 3.0 M N(CN;),Cl o, 45.9 238 13.1
0.05 M H,SO; + 3.0 M N(CN;),Cl + 0.1 M KCI 51.5 299 14.7
CwICM’ 0.01 M H,S0, C,H, 33.8 68 8.4 Nat. Synth.”
Ni-N-C/PTFE” 1.0 M Cs,S0, + H,SO, (pH=2) CcO 99.2 249 29.4 Adv. Mater.”?
Cu/Hex-Aza-COF 1.0 M H;PO, + 1.0 M KCI C,H, 30.4 152 8.9 Nat. Energy”*
SiC-Nafion™/Cu/PTEE * 0.05 MH,S0, +3.0 MKCl C,H, 40.1 40 118 Angew. Chem, Int, Ed.”
SiC-NafionTM/SnBi/PTFE HCOOH 825 83 29.1
Ag/PDDA-GO” 0.01 M H,S0, co 55.1 165 17.8 Angew. Chem. Int. Ed.”’
Cu/GC-medium’ 0.2 M H,S0, C,H, 40.2 80 9.2 Nat. Catal.”
Ni-N-Cc™ 0.1 M K,S0, + H,S0, (pH=0.5) co 55.9 168 232 Energy Environ. Sci.”’
Cu/CAL" 1.0 M HyPO, + 3.0 M KCl C,H, 235 282 6.3 Science™
Cu/PCRL" 0.01 M H,S0, C,H, 34.6 35 95  ACSEnergy Lett.”
Cu/PTFE/COF:PFSA’ 1.0 M H;PO, + 3.0 M KCI C,H, 36.7 114 10.8 Nat. Synth.*’
Ag/c-PDDA* * 0.1 MELSO, co 81.2 243 23 Commun!
In/c-PDDA HCOOH  71.8 219 29.2
In,05/C"" 0.05 M H,S0, + 0.05 M K,SO, HCOOH  94.8 285 254  Nat. Commun.”

*Polymer-coating strategy with layered structure
**Polymer-coating strategy with mixed structure

™" Alkali-cation strategy with low concentration of K




Supplementary Table S.

Comparison of acidic CO; reduction reported in literatures based on (alkyl)ammonium-cation electrolytes.

Catalyst Electrolyte Product pH  FE,odqut (%) J product (MA cm'z) Stability (h) Reference
Bi/CCNT HCOOH 90.1 378 130
Ag/CCNT 0.1MH +3.0MN(CH;),, CO  Acidic 98.2 314 160 This work
CuO/CCNT C,H, 45.9 238 60
Au NPs 1.0 M N(CH3)," (pH=2) CO  Acidic 85.1 68 0.5 J. Am. Chem. Soc.”
CuO NPs 1.0 MN(CH3), (pH=14) CHs;  Akaline  33.2 166 10 EES Catal.™
Ag NPs 0.1MH + 1.0 MNH," CO  Acidic 38.3 38.3 7 ACS Catal.”
AuPTFE 0.1 M N(CH;CH,)," CO  neutral 78.5 5.1 0.3 J. Am. Chem. Soc.*®
Bi/C 0.1 M N(CH3)," HCOOH neutral 322 1.65 2 ACS Catal.”’




Supplementary Table 6. RDE results for our CCNT-modified catalysts as measured in 0.05 M H>SO4+ 0.5 M K»SOs.

. 1
J plateau (mA) VS. w

2

Electrode Slope (mA s R’ Slopecent.o/Slopecnt D gbs, 1+, CONT-t/ D obs, Ht, ONT
CNT 2.5307 0.9991 1.000 1.000
CCNT-0.125 2.4728 0.9994 0.977 0.986
CCNT-0.5 2.4101 0.9993 0.952 0.968
CCNT-1.0 2.3745 0.9993 0.938 0.958
CCNT-2.0 2.3357 0.9994 0.923 0.949




Supplementary Method
Rotating disk electrode experiments: The diffusion-limited current of hydronium reduction was
calculated according to the Levich equation:

Jotateau = 0.62nFADZV6¢q w2 €)
where 7 is the number of electrons transferred in the reaction, F is the Faraday constant (9.65 x 10*
C mol™'), 4 is the electrode surface area, D is the diffusion coefficient of hydronium ions, v is the
kinematic viscosity of electrolyte, con™ is the bulk concentration of hydronium ions, and w is the
rotation speed of the RDE (rad s).

Then the kinetic current density can be obtained from the Koutecky-Levich equation:

1 1 1
—=—++ 2

jtot Jk jplateau

where jio is the total current density, ji is the kinetic current density and jplaeau is the diffusion

limiting current density.
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