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Efficient Electrocatalytic Reduction of CO; by Nitrogen-Doped Nanoporous

Carbon/Carbon Nanotube Membranes —

CO; Refinery

A Step Towards the Electrochemical

Hong Wang?, Jia Jia?, Pengfei SongP, Qiang Wang®, Debao Li¢, Shixiong Min?, Chenxi Qian?, Lu Wang?,
Young Feng Li#, Chun Ma®, Tom Wu¢, Jiayin Yuan*"9, Markus Antonietti’, Geoffrey A. Ozin*2

Abstract: The search for earth abundant, efficient and stable
electrocatalysts that can enable the chemical reduction of CO, to
value-added chemicals and fuels at an industrially relevant scale, is
a high priority for the development of a global network of renewable
energy conversion and storage systems that can meaningfully
impact greenhouse gas induced climate change. Here we introduce
a straightforward, low cost, scalable and technologically relevant
method to manufacture an all-carbon, electroactive, nitrogen-doped
nanoporous carbon-carbon nanotube composite membrane, dubbed
fHNCM/CNT0. The membrane is demonstrated to function as a
binder-free, high-performance electrode for the electrocatalytic
reduction of CO, to formate. The Faradaic efficiency for the
production of formate is 81%. Significantly, the hierarchical porous
architecture and electrical conductivity of the membrane allow it to
function as a diffusion electrode to enhance the three phase contact
and charge transport between the electrocatalyst, aqueous
electrolyte and gaseous reactants to optimize the rate of CO,
reduction. Furthermore, the robust structural and electrochemical
properties of the membrane endow it with excellent long-term
stability.

Sustainable conversion of greenhouse gas carbon dioxide (CO3)
into value-added products is the subject of extensive research
because of the ever-increasing global CO.-levels and
environmental concerns.!4l The electrocatalytic CO, reduction
reaction (CO;RR) conducted in aqueous media is extremely
appealing in terms of multiple merits, which include the use of
the abundant and benign solvent water, the operation under
ambient temperature and pressure conditions, and the
implementation by applying an electric potential and therefore a
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means of storing excess renewable electricity off the grid.[56]
Achieving this goal requires efficacious electrocatalysts, since
CO:. is fully oxidized and stable.

Searching for suitable electrocatalysts for the CO:RR,
represents one of the most active areas of current research.
Known catalysts for this reaction are noble metals (e.g. Au, Ir,
Ag, Pd),"13 base metals, alloys and their oxides (e.g. Cu, Sn,
Cup0, Sn0,, Co0,), 142U 2D metal dichalcogenides (e.g.
MoS; 24 WSe,?l), covalent organic frameworks (COF),?4 metal
organic frameworks (MOFs), [?5261 homogeneous molecular
catalysts.?728 and N-doped carbons.[2%-3¢l

With respect to the practical implementation of CO,RR in
aqueous media, existing electrocatalysts suffer from one or
more of the following problems: poor selectivity and competitive
hydrogen evolution side reaction; low electrochemical stability;
difficulty of reclaiming powder form electrocatalysts, complicated
synthesis and fabrication processes, high-cost and poisoning of
noble metals and the engineering challenges of industrial scale
electrochemical reduction of gases..

Among various CO.RR electrocatalysts, N-doped porous
carbon materials are particularly attractive due to their low cost,
large surface areas, metal-free nature, chemical stability as well
as tunable conductivity and electrochemical activity.F-46! More
importantly, the competing H, evolution reaction by N-doped
carbons in water is sluggish and kinetically negligible under
appropriate  conditions.*”]  Regrettably, N-doped carbon
electrocatalysts developed so far are almost entirely powder-
based and suffer from a low productivity for the CO,RR. These
powders have to be engineered into pre-defined shapes by
mixing and pressing with electronically insulating polymer
binders, such as Nafion or PVDF, to make them useful as
practical electrodes. This process, though technologically
mature, deteriorates the overall cell electrical conductivity and
the contact between catalyst and electrolyte. In addition, owing
to mechanically weak contacts between the catalyst, electrode
and binder, the electroactive species can become detached
thereby reducing the performance and long-term operation of
the CO2RR electrode.

To overcome these experimental hurdles and raise the
technological potential of N-doped carbon to drive efficient
electrocatalytic CO2RR, it would be advantageous to develop
hierarchically structured porous N-doped carbon membranes
(HNCMs) as binder-free electrodes. In such membranes, the
macropores provide mass transport highways while the
mesopores and micropores provide a large surface area and
high population of spatially accessible electroactive sites for
optimal performance in the CO,RR. Furthermore, the nitrogen
species incorporated into the carbon framework improve the
electrochemical stability and most importantly constitute the
active sites for CO,RR. While there have been several notable
attempts to produce porous carbon membranes it still remains a
challenge to make one of practical significance, due to the
difficulty of simultaneously controlling their chemical composition,
porosity and structural integrity.
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Herein, a nanoporous membrane based on a composite of
CNT and HNCM, termed HNCM/CNT, was prepared, which
works as a highly active, selective and stable electrode for the
aqueous phase CO:RR. The high purity liquid product formate
was produced with a Faradaic efficiency as high as 81%. With
further research and development this electrochemical CO,RR
system could form the platform for a formic acid technology
based on a metal-free carbon catalyst.
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Scheme 1. a) scheme illustrating the synthetic route to the membranes. The
last two images are photographs of the primary PCMVImTf2N/PAA/CNT film
and the final carbon membrane. Scheme of the molecular structure of b)
homogeneous dispersion of CNTs in a solution of PCMVImTf2N and PAA in
DMF; c¢), a PCMVImTf2N/PAA/CNT film, and d) a HNCM/CNT membrane.

The construction was performed via a bottom-up method
(details was provided in supporting information). Scheme 1la
shows the synthetic procedure and structural model of the
intermediates and the HNCM/CNT hybrid membrane. Firstly, a
homogeneous multi-wall CNTs dispersion was prepared by
sonicating CNTs in a solution of poly[1l-cyanomethyl-3-
vinylimidazolium bis(tripuoromethanesulfonyl)imide]
(PCMVIMTf:N) and poly(acrylic acid) (PAA) in dimethyl
formamide (DMF) (Figure S1). Owing to the well-known cation-"~
interactions between the imidazolium cations in PCMVImTf;N
and the graphitic CNTs surface,® polymer chains attach to the
surface of CNTs for dispersion purposes (Scheme 1b). Then,
the stable polymer/CNTs dispersion was cast onto a glass plate,
dried at 80 °C and finally immersed in an aqueous NHj3 solution
to build up the nanoporous polymer/CNTs film membrane
(Scheme 1c and Figure S2). Afterwards, pyrolysis of the porous
polymer/CNTs film membrane at 900 °C in N, leads to the
targeted HNCM/CNT membrane (Scheme 1d). Film thickness
can be controlled by the added amount of the polymer/CNTs
dispersion. It is worth mentioning that the carbon membranes
produced in our laboratory ovens are already several square
centimeters in size (Scheme 1a). The fabrication method is
straightforward and readily adapted to much larger size
membranes and their properties rationally optimized using a
range of polymeric ionic liquids and carbon nanostructures.

Scanning electron microscope (SEM) image (Figure 1a)
shows that an asymmetric, three-dimensionally interconnected
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macropore architecture was created. The pore size can be seen
to gradually decrease from 2 to 1.2 um to 700 nm from the top to
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Figure 1. Low-magnification a) and high-magnification b) cross-section SEM
images of the membrane; HRTEM images of (c) HNCM/CNT hybrid
membrane, d) native CNTs and e) core-shell structure of a CNT-N doped
carbon heterojunction. The yellow arrow directed area represents N-doped
carbon attached to a CNT marked by a white arrow; f), TEM image of the
HNCM/CNT hybrid membrane and corresponding elemental mappings.

the bottom (from zone | and Il to Ill), respectively. A high-
magnification SEM image (Figure 1b and Figure S3) clearly
reveals that CNTs are uniformly embedded in HNCM/CNT
(yellow arrows indicate CNTs). High-resolution transmission
electron microscopy (HRTEM) provides insight into the
microstructure (Figure 1c), in which CNTs embedded in a N-
doped carbon membrane matrix are observable (white arrows
directed area). The well-defined lattice spacing of 0.34 nm
indicates that the HNCM/CNT membrane contains highly
organized graphitic domains. The single graphitic layers are
seen to bend due to the nitrogen doping, but extend practically
across the entire membrane. Figure 1d shows a HRTEM image
of a native CNT, which is typically composed of 7~12 layers with
an outer diameter of approximately 5~10 nm. Notably, in Figure
le, a thin rough sheath is formed on the CNT wall (see the area
pointed by the yellow arrow), referred to as CNT-NC core-shell
microstructure. It has been recently reported that the CNT
surface templates the pyrolysis of ionic liquid species on its
surface.”® The newly formed carbon on the surface of CNT is
rich in defects and short-range ordered micropores. Specifically,
the heteroatoms, through templating interactions, nicely align at
the CNTs surface, thereby enabling a high electron transfer
efficiency via charge transfer interactions, which in turn will
modify catalytic activity. Energy-filtered transmission electron
microscopy mappings for both C and N (Figure 1g-h) indicate a
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uniform distribution of N, which is typical for N-rich molecular
carbon precursors, in this case, PCMVImTf;N.

To understand the intrinsic electrocatalytic properties of the
hybrid carbon membrane, we prepared CNT-free N-doped
carbon porous membranes (HNCM) as a control reference, and
its detailed preparation procedure and structural characterization
are provided in Supporting information and Figure S4. The N
contents and structures of HNCM and HNCM/CNT were
analyzed by elemental analysis and X-ray photoelectron
spectroscopy (XPS). The elemental analysis show that N
content of the HNCM and HNCM/CNT are quite similar, 8.67
at.% and 8.26 at.%, respectively. The XPS spectra (Figure S5)
show typical C, N and O peaks in HNCM and HNCM/CNT, both
being truly metal-free. A thorough analysis of different N species
in the HNCM and HNCM/CNT structures are presented in Figure
2. The N 1s XPS spectrum of HNCM shows that the N atoms
are inserted into the graphene framework mainly in the pyridinic
(N1, 398.0 eV), pyrrolic (N2, 398.6 eV) and graphitic (N3, 400.2
eV) forms with abundances of 9.2%, 5.9% and 84.9%,
respectively (Figure 2a). By contrast, in HNCM/CNT the N atom
is mainly existent in the pyridinic and graphitic forms in
abundance of 41.8 % and 58.2%, respectively (Figure 2b). It is
relevant that the pyridinic N content in HNCM/CNT is more than
4 times of that in HNCM, which we attribute to surface
templating of the condensation reactions in conjunction with
coupled edge termination of graphitic layers by pyridinic units.
As a further probe, the intensity ratio of the D/G band (Ip/lg)
determined in Raman spectroscopy reflects the degree of
irregularity in the N-doped carbons.5% As shown in Figure S6,
the D band at 1355 cm™ and G band at 1587 cm™ are usually
attributed to the defective/disordered structure and ordered
carbon structure with long range sp? electronic configurations for
HNCM and HNCM/CNT, respectively. The Ip/lg values increased
from 0.74 for HNCM to 0.91 for HNCM/CNT, reflecting more
highly disordered but catalytically more active structures in
HNCM/CNT, which is directly related to the increased pyridinic
nitrogen content and the coupled edge terminations in
HNCM/CNT. Therefore, the incorporation of CNTs appears to
favor the preferential formation of pyridinic nitrogens in the
porous carbon framework, presumably through topology and
electronic interactions. Previous report proposed that the active
site of N-doped carbon materials are carbon atoms with Lewis
basicity next to pyridinic N*'. This means that HNCM/CNT has
potential high electrocatalytic activity.

Specific surface area plays an essential role in optimizing
catalytic activity of heterogeneous catalysts. The Brunauer-
Emmett-Teller (BET) specific surface area of HNCM/CNT is
calculated to be 546 m?/g, whereas that of HNCM is calculated
to be 418 m?qg when prepared under the same conditions
(Figure S7). The sharp increase of nitrogen sorption at low
pressures (P/Po < 0.05) is due to the nitrogen filling in
micropores below 2 nm, quantified by the density functional
theory (DFT) pore size distribution curves derived from the N;
adsorption branch (Figure S8). The obvious hysteresis above
P/Po~ 0.5 is indicative of the existence of mesopores. It is clear
from the imaging and adsorption studies that the pore
architecture of the HNCM/CNT membrane is hierarchical in
nature, being comprised of a gradient of macropores seen in the
cross-sectional image with pores traversing the micro- to meso-
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to macropore range. It is noteworthy, in spite of its highly porous
nature, the HNCM/CNT membrane displays a high electrical
conductivity. As shown in Figure S9, the conductivity of the
HNCM/CNT membrane is an impressive 134 S cm? at 298 K,
significantly higher than that of HNCM (98 S cm? at 298 K). The
high conductivity of HNCM/CNT favors fast charge transport, a
mandatory requirement for efficient electrocatalysis.

In this context, the hierarchical porous architecture of this
electrically conductive membrane allows it to function as a
diffusion electrode to enhance the three phase contact and
charge transport between the electrocatalyst, aqueous
electrolyte and gaseous CO, reactant. This is especially
important for optimising the rate of the electrocatalytic reduction
of CO; with its notoriously poor solubility and low concentration
in the aqueous phase.

Z

HNCM/CNT

Intensity (a.u) i

Intensity (a.u.)

404 400 396 404 400 396
Binding energy (eV) Binding energy (eV)

Figure 2 a). High resolution N1 XPS spectra of b) HNCM and c¢) HNCM/CNT.

For electrochemical experiments, the HNCM/CNT and HNCM
membranes were directly utilized as electrodes without the need
for a binder. Cathodic linear sweep voltammetry was first
conducted in a CO,-saturated or Argon (Ar)-saturated agueous
0.1 M KHCOs; solution. As shown in Figure 3a, HNCM/CNT
exhibits a more positive overpotential and larger reduction
current than HNCM electrode, i.e. the onset overpotentials of
HNCM/CNT and HNCM are -0.18 and -0.37 V, respectively
under CO,-saturated aqueous 0.1 M KHCOj; solution, and -0.53
V under Ar-saturated aqueous 0.1 M KHCOj; solution. Clearly,
the overpotentials of HNCM/CNT and HNCM electrodes
negatively shifted under CO,-saturated aqueous 0.1 M KHCO3;
solution compared to that in CO,-saturated aqueous 0.1 M
KHCOs; solution, indicating high activity toward CO,RR of our
electrodes. It should be noted that HNCM/CNT exhibits more
negative overpotential than HNCM in CO,-saturated aqueous
0.1 M KHCOs; solution. This may be due to the preferred binding
of HNCM/CNT to CO, and accelerated kinetics of CO2RR.
Comprehensive product analysis using gas chromatography,
high performance liquid chromatography and nuclear magnetic
resonance (NMR) was carried out to reveal the nature of the
chemical processes occurring within our HNCM/CNT and HNCM
electrocatalysts. The integrated system was tested for an
extended period of 180 minutes (Figure S10-11). As illustrated in
Figure 3b and Figure S12-13, the main product is formate, the
remainder being a small quantity of CO and H;, which escapes
from the aqueous environment into the gas phase for both of
HNCM and HNCM/CNT electrodes. The liquid product
composition was further confirmed by *H-NMR (Figure S14) to
be pure formate, supporting the high selectivity of its production.
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The electrokinetics of CO,RR at HNCM and HNCM/CNT
electrodes were examined using Tafel analysis (Figure 3c). Tafel
slopes of HNCM and HNCM/CNT are 156 mV/dec and 138
mV/dec in the linear curves, respectively. These values are
close to the 118 mV/dec, being consistent with a rate-limiting
single-electron transfer process in powdered N-doped carbon.?!

In addition, the stability of an electrocatalyst is key for practical
applications. Both HNCM and HNCM/CNT membranes were
operated for 36 h, as shown in Figure 3d, and no decay of
activity was observed, indicating excellent electrochemical
durability for both systems. We conducted XPS analysis of the
HNCM/CNT sample after 36 h of electrolysis. As shown in
Figure S15, 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. This feature is very possibly due to the
nitrogen doping effect, which improves the electrochemical
stability and resistance against oxidation by modifying the
electronic band structure of the graphitic carbons.l?"]
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Figure 3 a), Cathodic linear sweep voltammetry scans at 5 mV/s in a CO2-
saturated or argon-saturated aqueous 0.1 M KHCOg solution. b, Faradaic
efficiencies for formate production vs applied potential at NCM and
NCM/CNTs electrodes. c, Tafel plots of HNCM and HNCM/CNT, respectively.
d, Stability of HNCM and HNCM/CNT evaluated through chronoamperometric
measurements.

We further compared the least overpotential required for
achievable maximum FE of formate for HNDCM/CNT with those
reported electrocatalysts in the literatures (Figure 4). The
achievable maximum FE (81%) of formate for HNDCM/CNT is
comparable to that of state-of-the-art metal-free PEI-NCNTs
(85%),2°] and higher than that of powderous N-doped
graphene.bY] It is noted that the overpotential required to reach
the highest FEs of formate is 213 mV lower for HNDCM/CNT
(0.9 V) compared to the PEI-NCNT catalyst (1.13 V). In a control
experiment, under an optimized condition for HNDCM/CNT (-0.9
V vs RHE), it was found that purified metal-free powderous CNT
(SEM image and XPS spectrum were provided in Figure S16
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and Figure S17) did not catalyse conversion of CO, to formate.
The formate FE of N-doped -carbon derived from
CNT/PCMVIMTf;N (Figure S18-19) was 51%, close to previous
reported value for N-doped CNT.2% However, it should be noted
that the steady current density of the powderous N-doped
carbon gradually decreased as a function of time (Figure S20),
indicating that the powderous N-doped carbons alone are not
stable during CO2RR under the same condition for HNDCM/CNT.
Moreover, we also compared the least overpotentials required
for prevalent metal electrodes and nanostructured metal
catalysts for achievable maximum FE of formate in the literature
studies. It is noteworthy that HNDCM/CNT as metal-free
electrocatalysts is in fact one of the best electrocatalysts
reported so far for electrolysis reduction of CO»-to-formate.

100

*
A
This work v
L 4

80+

60+

404 4 I ]

FE of formate (%)

20 ® Nano-SnO, on graphene (G) © PEI-NCNT

A Meso-Sn0, on carbon cloth @ N-doped G

. A Pd,Pt;00,/C & SnO,/Sn . Cu,0/Cu

00 -02 -04 -06 -08 -10
Potential (V)

-1.2

Figure 4. Comparison of potentials and FEs of formation of formate on
HNDCM/CNT with other electrocatalysts reported in the recently literatures:
nano-Sn0,1*%;  PEI-NCNTP;  N-doped graphenelY; meso-SnO./carbon
cloth®®; PdyPt(100-x/C; Sn/SnO54; Cu,0/Cul5sl,

The increase of the amount of pyridinic N in N-doped carbon
is conducive to improving CO2RR activity and selectivity for the
formation of formate in aqueous solution. Based on this
experimental results and previous report,® we propose the CO,
to formate reaction mechanism illustrated in Figure 5. The CO,
molecule is first adsorbed to the basic carbon atom adjacent to
the pyridinic N. Subsequently, the adsorbed CO, molecule is
reduced to the COO* radical. The stabilized COO* is then
protonated, the proton source most likely being HCO3™ since its
pKa value (10.33) is smaller than that of H,O (15.7). This step is
followed by a second and rapid electron-transfer reduction
reaction to release formate as the product. Further experiments
are needed to unveil the detailed mechanism of the
electrocatalysed CO,RR by HNCM/CNT hybrid membranes.
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Figure 5. Proposed mechanism of the CO:RR in 1M KHCOs aqueous
solution by HNCM/CNT membrane.

In summary, an innovative, simple and easily scalable
synthetic strategy to construct nanoporous HNCM/CNT
membranes has been developed. Because of their large surface
area, excellent electrical conductivity, high population of active
centers, hierarchical pore architecture as well as membrane
mechanical  integrity, these nanoporous  HNCM/CNT
electrocatalytic membranes function as diffusion electrodes,
exhibiting impressive activity and selectivity as well as long term
durability for the CO,RR in water. Another unique feature of this
genre of poly(ionic liquid)/CNTs membrane is the ability to
incorporate any type of metal ion and nanoparticle into the
structure.b1  Thereafter, metal nanoparticle functionalized
HNCM/CNT membranes can be readily prepared by
carbonization of a metal/polyelectrolyte/CNTs membrane. We
envision different metal functionalized N-doped carbons will
provide myriad opportunities for converting CO, into desired
chemicals and fuels.

Acknowledgements

G.A.O. is a Government of Canada Research Chair in Materials
Chem istry and Nanochemistry. Financial support for this work
was provided by the Ontario Ministry of Research Innovation
(MRI); Ministry of Economic Development, Employment and
Infrastructure (MEDI); Ministry of the Environment and Climate
Change; Connaught Innovation Fund; Connaught Global
Challenge Fund; and the Natural Sciences and Engineering
Research Council of Canada (NSERC). S. M. acknowledges the
financial support from the National Natural Science Foundation
of China (21463001). J. Y. is grateful for financial support from
the Max Planck society, Germany, Clarkson University, USA and
the ERC (European Research Council) Starting Grant (project
number 639720-NAPOLI).

Keywords: Poly(ionic liquid) A Carbon membrane A Nitrogen-
doping A Hierarchical architecture A CO, reduction

[1] M. Aresta, Wiley-VCH, Weinheim, 2010.

[2

(3]

[5]

6]

[7]

[0
[20]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[29]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]
[29]

10.1002/anie.201703720

WILEY-VCH

A. M. Appel, J. E. Bercaw, A. B. Bocarsly, H. Dobbek, D. L. DuBois, M.
Dupuis, J. G. Ferry, E. Fujita, R. Hille, P. J. A. Kenis, C. A. Kerfeld, R. H.
Morris, C. H. F. Peden, A. R. Portis, S. W. Ragsdale, T. B. Rauchfuss,
J. N. H. Reek, L. C. Seefeldt, R. K. Thauer, G. L. Waldrop, Chem. Rev.
2013, 113, 6621-6658.

M. Aresta, A. Dibenedetto, A. Angelini, Chem. Rev. 2014, 114, 1709-
1742.

A. Wuttig, Y. Surendranath, ACS Catal. 2015, 5, 447914484.

Y. Li, Q. Sun, Adv. Energy Mater. 2016, 1600463.

C. Costentin, M. Robert, J.-M. Saveant, Chem. Soc. Rev. 2013, 42,
2423-2436.

W. Zhu, R. Michalsky, O. Metin, H. Lv, S. Guo, C. J. Wrigh, X. Sun, A.
A. Peterson, S. Sun, J. Am. Chem. Soc. 2013, 135, 16833-16836.

C. Kim, H. S. Jeon, T. Eom, M. S. Jee, H. Kim, C. M. Friend, B. K. Min,
Y. J. Hwang, J. Am. Chem. Soc. 2015, 137, 13844-13850.

P. Kang, S. Zhang, T. J. Meyer, M. Brookhart, Angew. Chem. Int. Ed.
2014, 53, 8709-8713.

D. Gao, H. Zhou, J. Wang, S. Miao, F. Yang, G. Wang, J. Wang, X.
Bao, J. Am. Chem. Soc. 2015, 137, 4288-4291.

A. S. Hall, Y. Yoon, A. Wulttig, Y. Surendranath, J. Am. Chem. Soc.
2015, 137, 148347114837.

Z. Cao, D. Kim, D. Hong, Y. Yu, J. Xu, S. Lin, X. Wen, E. M. Nichols, K.
Jeong, J. A. Reimer, P. Yang, C. J. Chang, J. Am. Chem. Soc. 2016,
138, 812018125.

M. Liu, Y. Pang, B. Zhang, P. D. Luna, O. Voznyy, J. Xu, X. Zheng, C.
T. Dinh, F. Fan, C. Cao, F. P. G. D. Arquer, T. S. Safaei, A.Mepham, A.
Klinkova, E. Kumacheva, T. Filleter, D. Sinton, S. O. Kelley, E. H.
Sargent, Nature 2016, 537, 382-386.

X. Nie, M. R. Esopi, M. J. Janik, A. Asthagiri, Angew. Chem. Int. Ed.
2013, 52, 2459-2462.

D. Ren, Y. Deng, A. D. Handoko, C. S. Chen, S. Malkhandi, B. S. Yeo,
ACS Catal. 2015, 5, 2814-2821.

S. Zhang, P. Kang, T. J. Meyer, J. Am. Chem. Soc. 2014, 136, 1734-
1737.

S. Lee, J. D. Ocon, Y. Son, J. Lee, J. Phys. Chem. C 2015, 119, 4884-
4890.

S. Rasul, D. H. Anjum, A. Jedidi, Y. Minenkov, L. Cavallo, K. Takanabe,
Angew. Chem. Int. Ed. 2015, 127, 2174-2178.

D. Kim, J. Resasco, Y. Yu, A. M. Asiri, P. Yang, Nat. Commun. 2014, 5,
4948.

S. Gao, Y. Lin, X. Jiao, Y. Sun, Q. Luo, W. Zhang, D. Li, J. Yang, Y.
Xie, Nature 2016, 529, 68.

S. Gao, X. Jiao, Z. Sun, W. Zhang, Y. Sun, C. Wang, Q. Hu, X. Zu, F.
Yang, S. Yang, L. Liang, J. Wu, Y. Xie, Angew. Chem. Int. Ed. 2016, 55
698-702.

M. Asadi, B. Kumar , A. Behranginia, B. A. Rosen , A. Baskin , N.
Repnin , D. Pisasale , P. Phillips , W. Zhu , R. Haasch , R. F. Klie , P.
Krél , J. Abiade , A. Salehi-Khojin , Nat. Commun. 2014, 5, 4470.

M. Asadi, K. Kim, C. Liu, A. V. Addepalli, P. Abbasi, P. Yasaei, P.
Phillips, A.Behranginia, J. M. Cerrato, R. Haasch, P. Zapol, B. Kumar,
R. F. Klie, J. Abiade, L. A. Curtiss, A. Salehi-Khojin, Science 2016, 353,
467-470.

S. Lin, C. S. Diercks, Y.-B. Zhang, N. Kornienko, E. M. Nichols, Y.
Zhao, A. R. Paris, D. Kim, P. Yang, O. M. Yaghi, C. J. Chang, Science
2015, 349, 1208.

N. Kornienko, Y. Zhao, C. S. Kiley, C. Zhu, D. Kim, S. Lin, C. J. Chang,
O. M. Yaghi, P. Yang, J. Am. Chem. Soc. 2015, 137, 14129-14135.

I. Hod, M. D. Sampson, P. Deria, C. P. Kubiak, O. K. Farha, J. T. Hupp,
ACS Catal., 2015, 5, 6302-6309.
J. Schneider, H. Jia, K. Kobiro, D. E. Cabelli, J. T. Muckerman, E. Fuijita,
Energy Environ. Sci. 2012, 5, 9502-9510.

J. D. Froehlich, C. P. Kubiak, Inorg. Chem. 2012, 51, 393273934.

S. Zhang, P. Kang, S. Ubnoske, M. K. Brennaman, N. Song, R. L.
House, J. T. Glass, T. J. Meyer, J. Am. Chem. Soc. 2014, 136, 7845-
7848.

This article is protected by copyright. All rights reserved.



Angewandte Chemie International Edition

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]
[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]
[49]

[50]
[51]
[52]
(53]
[54]
[55]

[56]

[57]

B. Kumar, M. Asadi, D. Pisasale, S. Sinha-Ray, B. A. Rosen, R.
Haasch, J. Abiade, A. L. Yarin, A. Salehi-Khojin, Nat. Commun. 2013, 4,
2819.

Y. Liu, S. Chen, X. Quan, H. Yu, J. Am. Chem. Soc. 2015, 137, 11631-
11636

J. Wu, R. M. Yadav, M. Liu, P. P. Sharma, C. S. Tiwary, L. Ma, X. Zou,
X.-D. Zhou, B. I. Yakobson, J. Lou, P. M. Ajayan, ACS Nano 2015, 9,
5364-5371.

H.-R. M. Jhong, C. E. Tornow, B. Smid, A. A. Gewirth, S. M. Lyth, P. J.
A. Kenis, ChemSusChem 2017, 10, 1094-1099

K. Nakata, T. Ozaki, C. Terashima, A. Fujishima, Y. Einaga, Angew.
Chem. Int. Ed. 2014, 126, 890-893.

J. Wu, S. Ma, J. Sun, J. . Gold, C. Tiwary, B. Kim, L. Zhu, N. Chopra, I.
N. Odeh, R. Vajtai, A. Z. Yu, R. Luo, J. Lou, G. Ding, P. J. A. Kenis, P.
M. Ajayanc, Nat. Commun. 2016, 7, 13869.

W. Li, M. Seredych, E. Rodriguez-Castellon, T. J. Bandosz,
ChemSusChem, 2016, 9, 606-616.

T.-P. Fellinger, A. Thomas, J. Yuan, M. Antonietti, Adv. Mater. 2013,
25, 5838-5855.

L. Dai, Y. Xue, L. Qu, H.-J. Choi, J.-B. Baek, Chem. Rev. 2015, 115,
4823-4892.

Y. Li, W. Zhou, H. Wang, L. Xie, Y. Liang, F. Wei, J.-C. Idrobo, S. J.
Pennycook, H. Dai, Nat. Nanotechnol. 2012, 7, 394-400.

Y. Jiao, Y. Zheng, K. Davey, S.-Z. Qiao, Nat. Energy 2016, 1, 16130.
J. Wei, D. Zhou, Z. Sun, Y. Deng, Y. Xia, D. Zhao, Adv. Funct. Mater.
2013, 23, 2322712328.

L. Liu, S.-D. Xu, F.-Y. Wang, Y.-J. Song, J. Liu, Z.-M. Gao, Z.-Y. Yuan,
RSC Adv. 2017, 7, 12524712533.

Q. Shi, R. Zhang, Y. Lv, Y. Deng, A. A. Elzatahrya, D. Zhao, Carbon,
2015, 84, 335-346.

M. B. Brahim, H. B. Ammar, R. Abdelhédi, Y.Samet, Chinese Chemical
Letters 2016, 27, 666-672.

S.-K. Liu, X.-B. Hong, Y.-J. Li, J. Xu, C.-M. Zheng, K. Xie, Chinese
Chemical Letters 2017, 28, 4127416.

H. Wang, S. Min, C. Ma, Z. Liu, W. Zhang, Q. Wang, D. Li, Y. Li, S.
Turner, Y. Han, H. Zhu, E. Abou-hamad, M. N. Hedhili, J. Pan, W. Yu,
K.-W. Huang, L.-J. Li, J. Yuan, M. Antonietti, T. Wu. Nat. Commun.
2017, 8, 13592.

H. Wang, S. Min, Q. Wang, D. Li, G. Casillas, C. Ma, Y. Li, Z. Liu, L.-J.
Li, J. Yuan, M. Antonietti, T. Wu, ACS Nano 2017, 11, 435814364.

S. Soll, M. Antonietti, J. Yuan, ACS Macro Lett. 2012, 1, 84-87.

Y. Ding, X. Sun, L. Zhang, S. Mao, Z. Xie, Z.-W. Liu, D. S. Su, Angew.
Chem. Int. Ed. 2015, 54, 231-235.

S. L. H. Rebelo, A. Guedes, M. E. Szefczyk, A. M. Pereira, J. P. Araljo,
C. Freire, Phys. Chem. Chem. Phys. 2016, 18, 12784-12796.

H. Wang, Y. Chen, X. Hou, C. Ma, T. Tan, Green Chem. 2016, 18,
3250-3256.

F. Li, L. Chen, G. P. Knowles, D. R. MacFarlane, J. Zhang, Angew.
Chem. Int. Ed. 2017,129, 520-524.

R. Kortlever, I. Peters, S. Koper, M. T. M. Koper, ACS Catal. 2015, 5,
391613923.

Y. Chen, M. W. Kanan, J. Am. Chem. Soc. 2012, 134, 198671989.
C.W. Li, M. W. Kanan, J. Am. Chem. Soc. 2012, 134, 7231717234

D. Guo, R. Shibuya, C. Akiba, S. Saiji, T. Kondo, J. Nakamura, Science
2016, 351, 361.

M. Schrinner, M. Ballauff, Y. Talmon, Y. Kauffmann, J. Thun, M. Méller,
J. Breu, Science, 2009, 323, 617-620.

This article is protected by copyright. All rights reserved.

10.1002/anie.201703720

WILEY-VCH



Angewandte Chemie International Edition

COMMUNICATION

Nitrogen-doped carbon/carbon
nanotube membrane
electrocatalyst: A versatile and
straightforward method was
introduced to fabricate N-doped
hierarchical carbon/carbon nanotube
membrane, which can be directly
utilized as highly active, selective and
stable diffusion electrode for CO»
reduction to formate in aqueous
media.

10.1002/anie.201703720

WILEY-VCH

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

Title: Efficient Electrocatalytic
Reduction of CO2 by Nitrogen-Doped
Nanoporous Carbon/Carbon
Nanotube Membranes — A Step
Towards the Electrochemical CO2
Refinery

This article is protected by copyright. All rights reserved.



