
Efficient Electrocatalytic Reduction of CO2 by Nitrogen-
Doped Nanoporous Carbon/Carbon Nanotube Membranes

- A Step Towards the Electrochemical CO2 Refinery

Item Type Article

Authors Wang, Hong; Jia, Jia; Song, Pengfei; Wang, Qiang; Li, Debao; Min,
Shixiong; Qian, Chenxi; Wang, Lu; Li, Young Feng; Ma, Chun; Wu,
Tao; Yuan, Jiayin; Antonietti, Markus; Ozin, Geoffrey A.

Citation Wang H, Jia J, Song P, Wang Q, Li D, et al. (2017) Efficient
Electrocatalytic Reduction of CO2 by Nitrogen-Doped Nanoporous
Carbon/Carbon Nanotube Membranes - A Step Towards the
Electrochemical CO2 Refinery. Angewandte Chemie International
Edition. Available: http://dx.doi.org/10.1002/anie.201703720.

Eprint version Post-print

DOI 10.1002/anie.201703720

Publisher Wiley

Journal Angewandte Chemie

Rights This is the peer reviewed version of the following article: Efficient
Electrocatalytic Reduction of CO2 by Nitrogen-Doped Nanoporous
Carbon/Carbon Nanotube Membranes - A Step Towards the
Electrochemical CO2 Refinery, which has been published in final
form at http://doi.org/10.1002/anie.201703720. This article may
be used for non-commercial purposes in accordance With Wiley
Terms and Conditions for self-archiving.

Download date 23/05/2023 20:26:14

http://dx.doi.org/10.1002/anie.201703720


Link to Item http://hdl.handle.net/10754/623632

http://hdl.handle.net/10754/623632


Efficient Electrocatalytic Reduction of CO2 by Nitrogen-Doped Nanoporous 

Carbon/Carbon Nanotube Membranes – A Step Towards the Electrochemical 

CO2 Refinery 

 

Hong Wang1, Jia Jia1, Pengfei Song2, Qiang Wang3, Debao Li3, Shixiong Min 4, Chenxi Qian1, 

Lu Wang1, Young Feng Li1, Chun Ma5, Tom Wu5, Jiayin Yuan*6,7, Markus Antonietti6, Geoffrey 

A. Ozin*1 

 

 

1 Materials Chemistry and Nanochemistry Research Group, Solar Fuels Cluster, Centre for Inorganic and 

Polymeric Nanomaterials, Departments of Chemistry, Chemical Engineering and Applied Chemistry, and 

Electrical and Computing Engineering, University of Toronto, 80 St. George Street, Toronto, Ontario 

M5S3H6, Canada; 

2 College of Chemistry and Chemical Engineering, Northwest Normal University, Lanzhou 730070, 

China. 

3 State Key Laboratory of Coal Conversion, Institute of Coal Chemistry, The Chinese Academy of 

Sciences, Taiyuan 030001 People’s Republic of China;  

4 School of Chemistry and Chemical Engineering, Beifang University of Nationalities, Yinchuan, Ningxia, 

China; 

5 Physical Science and Engineering Division, King Abdullah University of Science & Technology, 

Thuwal, 23955-6900, Saudi Arabia; 

6 Department of Colloid Chemistry, Max Planck Institute of Colloids and Interfaces, 14476 Potsdam, 

Germany; 

7 Department of Chemistry and Biomolecular Science, Clarkson University, 13699, USA; 

 

* Corresponding Authors: gozin@chem.utoronto.ca; jyuan@clarkson.edu 

 

 

 

 

 

 

 

 

 



 

 

Materials and Method 

1-Vinylimidazole (Aldrich 99%), 2,2’-azobis(2-methylpropionitrile) (AIBN, 98%), 

bromoacetonitrile (Aldrich 97%), and bis(trifluoromethane sulfonyl)imide lithium salt (Aldrich 

99%) were used as received without further purifications. Dimethyl sulfoxide (DMSO), dimethyl 

formamide (DMF), methanol, and tetrahydrofuran (THF) were of analytic grade. Potassium 

bicarbonate (KHCO3) was of analytic grade and purchased from Sigma Aldrich. Poly(acrylic 

acid) (PAA) MW: 130,000 g/mol, was obtained from Sigma Aldrich. Multi-walled carbon 

nanotube (≥ 98 %, O.D x I.D x L.D 10 nm ± 1 nm x 4.5 nm ± 0.5 nm x 3 ~6 µm) was purchase 

from Sigma Aldrich and purified by the following procedure: 300 mg of carbon nanotubes were 

refluxed in 50 mL of 0.3 M HNO3 for 12 h in a 250 mL flask to remove the catalyst. After 

cooling down, the CNTs were separated by centrifugation, washed with excess of water several 

times and freeze-dried.  Poly[1-cyanomethyl-3-vinylimidazolium bis(trifluoromethane 

sulfonyl)imide] (abbreviation: PCMVImTf2N) was synthesized according to reference (S1). 

Nitrogen doped carbon membrane was prepared according to previous report (S2). A piece of 

glass substrate was ultrasonically cleaned in acetone and deionized water, respectively, for 30 

min before use.  

Preparation of HNCM/CNT. A homogeneous CNT dispersion was firstly accomplished by 

sonicating 0.1 g of purified CNTs in 1g of poly[1-cyanomethyl-3-vinylimidazolium 

bis(trifluoromethane sulfonyl)imide] (PCMVImTf2N) and 0.18g of poly(acrylic acid) (PAA) 

solution in 10 mL of dimethyl formamide (DMF) for 4 h. Owing to the strong polarization  and 

cation-π interactions between the imidazolium units in PCMVImTf2N and CNTs, PCMVImTf2N 

specifically attaches to the surface of the CNTs. Then, centrifugation of the dispersion removed 

aggregates (undispersed CNTs). The formed homogeneous dark dispersion was cast onto a clean 

glass plate with an area of 3 x 3 cm2 and dried at 80 °C for 3 h. Then the film was immersed in a 

0.1 wt % aqueous NH3 solution for 3 h, following a modified procedure reported previously by 

our group (S3). This process triggers charging of PAA and electrostatic crosslinking of the 

charged PAA with PCMVImTf2N simultaneously, constructing a stable porous film, which can 



be readily peeled off from the substrate. Afterwards, pyrolysis of the film at 900 oC in pure N2 

under 1.5 torr. leads to the hierarchically structured N-doped HNCM/CNT hybrid. 

Preparation of N-doped carbon derived from CNT/ PCMVImTf2N. A homogeneous CNT 

dispersion was accomplished by sonicating 0.1 g of purified CNTs in 1g of poly[1-cyanomethyl-

3-vinylimidazolium bis(trifluoromethane sulfonyl)imide] (PCMVImTf2N) in 10 mL of dimethyl 

formamide (DMF) for 4 h. Then, centrifugation of the dispersion removed aggregates 

(undispersed CNTs). The powderous CNT/PCMVImTf2N was obtained by drying the solution. 

Afterwards, N-doped carbon was obtained by carbonization of CNT/PCMVImTf2N at 900 oC in 

pure N2 under 1.5 torr. 

Characterization. 1H-NMR spectra were recorded on a Bruker AVANCE III spectrometer 

operating at 400 MHz resonance frequency. X-ray photoelectron spectroscopy (XPS) data were 

collected by an Axis Ultra instrument (Kratos Analytical) under ultrahigh vacuum (<10-8 Torr) 

and by using a monochromatic Al Kα X-ray source. The carbon 1s peak was calibrated at 285 eV 

and used as an internal standard to compensate for any charging effects. Nitrogen sorption 

isotherms were measured at -196 °C using a Micromeritics ASAP 2020M and 3020M system. 

The samples were degassed for 6 h at 200 °C before the measurements. Pore size distribution 

was calculated by density functional theory (DFT) method.  Elemental analyses were obtained 

from the service of Mikroanalytisches Labor Pascher (Remagen, Germany). A field emission 

scanning electron microscope (FESEM, FEI Quanta 600FEG) was used to acquire SEM images. 

Transmission electron microscope (TEM) and high resolution TEM (HRTEM) images were 

taken on a JEOL JEM-2100F transmission electron microscopy operated at 200 kV. 

Electrochemical measurements the electrochemical measurements were performed on an 

electrochemical impedance spectroscopy (EIS) capable channel in a Biologic VMP3 potentiostat. 

The as-prepared HNCMs or HNCM/CNT hybrids were used as the working electrode. A Pt and 

an Ag/AgCl (in saturated KCl solution) electrode were used as the counter and reference 

electrodes, respectively. The electrolyte is 0.1 M KHCO3 solution with pH 6.8. All the applied 

potentials were converted to reversible hydrogen electrode (RHE) potential scale (without the IR 

compensation) using E (vs. RHE)=E(vs. Ag/AgCl)+ 0.210 V+0.0592 V*6.8. A fixed volume of 

30 mL electrolyte was used for all of the electrochemical experiments. For controlled potential 



electrolysis of CO2, the cathodic compartment of the cell was degassed and saturated with CO2 at 

10 mL min-1 for 30 minutes. During the electrolysis, CO2 gas was continuously bubbled into the 

cathodic compartment at a rate of 10 mL min-1 and was delivered directly to the sampling loop of 

an on-line pre-calibrated gas chromatograph (Agilent7890B) (H2, CO, CH4, C2H4,C2H6, CO2) 

(S4). A GC run was initiated every 20 min. The gaseous products were analyzed using a packed 

13 x molecular sieves with a thermal conductivity detector using He as a carrier gas for CO2, CO, 

CH4, C2H4, and C2H6 analysis. Argon was used as the carrier gas for analysis. The Faradaic 

efficiencies (FEs) of CO and H2 production were calculated from the volume concentration of 

gaseous products as below:  
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Where, vj (vol%) = volume concentration of j = CO or H2 in the exhaust gas from the 

electrochemical cell at a given sampling time; 

G (ml/min at room temperature and ambient pressure) = Gas flow rate; 

Qtotal (C) = Integrated charge passed during electrolysis (Chronoamperometry data); 

t (min)= Electrolysis time; 

P0 =1.01x105 Pa, T0 = 269.2 K, F = 96500 C mol-1, R=8.314 J mol-1 K-1; 

Liquid product was quantified after the electrochemical measurement by high-pressure liquid 

chromatography (HPLC, Agilent technologies) system equipped with Agilent 1200, 1260 and 

1290 Infinity liquid chromatography technology and further confirmed by 1H-NMR (Bruker 

AVANCE III 400) using D2O as solvent. The FEs for CO and H2 are average values and that for 

formate is a cumulative value during the electrolysis. The electrode area was calculated from its 

surface area.  

Preparation of N-doped carbon derived from CNT/ PCMVImTf2N based Electrode. A suspension 

of N-doped carbon powders derived from CNT/PCMVImTf2N and Nafion perfluorinated resin 

solution along with a mixture of water and isopropanol were extensively mixed by 

ultrasonicating for 1 hour to produce the catalyst ink, which was then brushed onto the carbon 

paper, with an approximate 1 × 1 cm2 area. Eventually, a uniform 5 ± 0.2 mg catalyst loading 

was achieved. The electrodes were then dried at 110 °C overnight in a vacuum oven. 

 

 



 

 

 

 

 

Figure S1.  Photograph of the homogeneous and stable multi-wall carbon nanotube (CNT) 

dispersion in poly[1-cyanomethyl-3-vinylimidazolium bis(trifluoromethanesulfonyl)imide] 

(PCMVImTf2N) and poly(acrylic acid) (PAA) dimethyl formamide (DMF) solution. 

 

 

 

 

 



 

Figure S2.  Cross-section SEM images of PCMVImTf2N/PAA/CNT membrane. a, Low 

magnification; b, high magnification. Particularly, from Supplementary Figure 2b, it can be 

clearly seen that the carbon nanotubes are well dispersed, much thicker than the pristine one 

(Multi-walled carbon nanotube (≥ 98 %, O.D x I.D x L.D 10 nm ± 1 nm x 4.5 nm ± 0.5 nm x 3 ~6 µm) was 

purchase from Sigma Aldrich), which can be attributed to the adsorption of PCMVImTf2N on the 

surface of carbon nanotubes owing to the π-π interactions between the imidazolium cations in 

PCMVImTf2N and the graphitic CNTs surface. 



 

Figure S3. Enlarged cross-section SEM image of HNDCM/CNT.  

 



 

Figure S4.  Cross-section SEM images of HNCM. a, Low magnification; b, high magnification. 

 

 

 

 



 

Figure S5. XPS spectra of HNCM and HNCM/CNT 

 

 

 

Figure S6.  Raman spectrum of HNCM and HNCM/CNT. 

 

 



 

Figure S7. BET surface area of HNCM and HNCM/CNT. 

 

 

 

 

Figure S8. Pore size distribution of HNCM and HNCM/CNT. 

 

 



 

Figure S9. Temperature dependence of the conductivity measured for HNCM and HNCM/CNT 

from 5 K to 390 K using a four-probe method. 

 

Figure S10. Time curves of the electrolysis process of HNCM electrode at different potentials 

(vs RHE). 



 

Figure S11. Time curves of the electrolysis process of HNCM/CNT electrode at different 

potentials (vs RHE). 

 

 

 

Figure S12. Faradaic efficiency of CO and H2 generated on HNCM electrode. 



 

Figure S13. Faradaic efficiency of CO and H2 generated on HNCM/CNT electrode. 

 

 

Figure S14. 1H-NMR spectra of electrolyte after CO2 reduction at HNCM/CNT electrode under-

0.9 V (vs RHE). The liquid samples for 1H-NMR testing were taken at different times during 

long-term operational stability testing.  



 

Figure S15. a) XPS spectrum of HNDCM/CNT after 36 h of electrolysis; b) High resolution N1 

XPS spectra of HNDCM/CNT after 36 h of electrolysis. Similar to the original HNDCM/CNT, 

the N species in HNCM/CNT after 36 h of electrolysis exist in the form of graphitic N (56%) and 

pyridinic N (38%), except a slight fraction of oxidized N (6%) produced, indicating its relatively 

robust electrochemical stability. 

 

 

Figure S16. SEM image of CNTs after purified in 0.3M HNO3 solution. 

 



 

Figure S17. XPS spectra of purified CNTs. There are only C1s and O1s peaks in the XPS 

spectra, indicating metal-free character of purified CNTs. 
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Figure S18. SEM image of N-doped carbon derived from CNT/PCMVImTf2N. Yellow arrows 

indicate CNTs. 



 

Figure S19. (a) TEM and (b) HRTEM images of N-doped carbon derived from 

CNT/PCMVImTf2N. From Figure S19b, the core-shell structure of CNT-CN also can be 

observed, the formation mechanism of which is similar to that for HNDCM/CNT. 

 

 

 

Figure S20. Time curve of the electrolysis process of N-doped carbon derived from CNT/ 

PCMVImTf2N electrode at -0.9V (vs RHE). 
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