Chapter 8
Carbon-Based Nanomaterials for Carbon | oo
Dioxide Reduction Reaction

Dongping Xue and Yifan Wei

Abstract Electrochemical reduction of CO, with renewable electricity has attracted
much attention for producing fuels and value-added chemicals while reducing carbon
emissions. Carbon-based nanomaterials are of particular interest due to their earth
abundance and low cost. In this chapter, the latest progress and research status of
four types of nanomaterials in electrocatalytic carbon dioxide reduction reaction
(CO,RR) have been discussed in detail, including metal-free carbon-based, atomi-
cally dispersed carbon-based, metal nanoparticles encapsulated carbon-based, and
metal nanoparticles supported carbon-based nanomaterials. Finally, the challenges
and opportunities faced by carbon-based nanomaterials in electrochemical CO,RR
have been proposed, as well as possible solutions in the future.

8.1 Introduction

Due to the continuous growth of human society’s demand for energy, the consumption
of non-renewable fossil fuels has increased dramatically, releasing a large amount
of greenhouse gas carbon dioxide (CO,). As of 2020, the concentration of CO,
in the atmosphere has exceeded 414 ppm and continues to increase, causing envi-
ronmental problems such as global warming and ocean acidification, which have
attracted widespread attention [1]. In addition, there is an urgent need to explore
technologies that can address both carbon emissions and the energy crisis, guided
by the national strategy of “emission peak and carbon neutrality”. In the past few
decades, various technologies such as biochemical, electronic, photochemical, radio-
chemical, and thermochemical have been developed to reduce CO, [2-5]. Among
them, electrocatalytic CO,RR technology, with its simple experimental equipment,
mild reaction conditions, and the use of renewable energy to provide electricity, is
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an effective way to achieve relatively “zero-emission” of CO, and store renewable
energy [6-8]. In addition, electrocatalytic CO,RR technology can utilize solar energy,
wind energy, tidal energy, and other renewable energy sources to effectively reduce
CO; into important fuels and chemical raw materials, such as formate/formic acid
(HCOO~/HCOOH), carbon monoxide (CO), methane (CH4), methanol (CH3;OH),
ethylene (C,Hy), and ethanol (C;HsOH). Such chemicals will be needed for a long
time in the future, however, the current preparation methods are not only dominated
by carbon-intensive fossil fuel methods, but also under harsh preparation conditions
(Fig. 8.1) [9]. Therefore, utilizing electrocatalytic CO,RR technology to make carbon
chemicals may be a more sustainable alternative to this difficult-to-decarbonize
approach.

Linear CO, molecules are relatively thermodynamically stable and chemically
inert, reducing the kinetics of the reduction reaction, while the electrocatalytic
reduction conversion efficiency is closely related to the slow kinetics of the rate-
determining step [10]. Moreover, the selectivity of these catalysts remains low due to
complicated reaction mechanisms [11]. In this regard, developing durable and highly
efficient electrocatalysts is of vital importance to accelerate the reaction kinetics
and thus improve the overall energy conversion efficiency. At present, the selection
of electrocatalysts is mainly focused on precious metals such as Pt and Au [12].
However, the high cost, poor long-term stability, and low natural reserves of noble
metal electrocatalysts hinder their commercialization. Carbon-based nanomaterials
have become one of the main effective materials to replace noble metal catalysts
due to the advantages of wide source of raw materials, controllable structure, good
chemical stability, and electrical conductivity [13, 14]. Despite these advantages,

Fig. 8.1 Overview of select CO, electroreduction products, along with the current indus-
trial methods to manufacture these products. The current large-scale methods to manufacture
HCOOH, CO, CH30H, CHy4, CyH4, and CoH50H are primarily fossil fuel based and, in most
scenarios, require high pressure and/or high temperature to drive the process. The electroreduction
of CO, could be an alternative sustainable pathway to such fossil fuel-based manufacturing methods
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there is still a large gap between the electrocatalytic performance of pure carbon
nanomaterials and precious metals.

After Dai’s pioneering work on nitrogen-doped carbon nanotubes was published in
2009, high-performance CBN containing various defects have attracted the interest of
many researchers [15]. The introduction of defects can affect the overall charge state
of the carbon skeleton, thereby increasing the density and activity of potential active
sites and improving the overall electrocatalytic performance of carbon nanomaterials
[16, 17]. For example, edge and topological defects have been studied extensively
in electrocatalytic reactions such as HER and oxygen reduction reaction (ORR)
because of their different electrochemical and thermodynamic properties from the
matrix material [18, 19]. Their potential for electrocatalytic CO, reduction has only
recently been recognized. In addition, the doping of heteroatoms (N, B, P, etc.) [20]
and the introduction of single metal atoms (Ni, Mn, and Cu, etc.) [21-23] can also
effectively improve the performance of electrocatalytic CO, reduction. However,
a major problem of nonprecious metal catalysts is their poor stability in practical
catalytic processes, especially in harsh environments (e.g., strong acidity or alkalinity,
high temperature, and high overpotential). Recently, to overcome the low stability
of nonprecious metal catalysts under harsh reaction conditions, Bao et al. designed
and fabricated unique chainmail catalysts by fully encapsulating transition metals
through graphene shells. which can effectively improve the activity and stability
of nonprecious-metal catalysts [24, 25]. Strong metal-support interaction (SMSI),
commonly happening between metal and metal oxide support, has drawn significant
attention in heterogeneous catalysis due to its capability of enhancing the activity and
stability of catalysts. Herein, the strong interaction between metal oxide and carbon
supports is discovered to significantly boost the performance for electrocatalytic CO,
reduction reaction (CO,RR) [26].

In this chapter, a systematic overview of the latest developments and structure-
effect relationships in the electrocatalytic reduction of CO, from four classes of mate-
rials (metal-free carbon-based electrocatalysts, atomically dispersed metal carbon-
based electrocatalysts, metal nanoparticles encapsulated/supported carbon-based
electrocatalysts) have been presented. It is hoped that this chapter will provide
a reference for researchers interested in CO, electrocatalytic reduction, to solve
the technical bottlenecks from the aspect of catalytic materials and realize the
industrialization of CO; electrocatalytic reduction in the near future.

Before conducting a detailed summary analysis of a certain class of materials,
the commonly used evaluation parameters for electrocatalytic CO,RR for the conve-
nience of readers have been briefly summarized. The key performance parameters
used to evaluate the activity, selectivity, and stability of electrocatalysts for CO,RR
are mainly overpotential, Faraday efficiency, Tafel slope, and energy efficiency.

(1) Overpotential. Overpotential is the difference between working potential and
theoretical potential, which reflects the driving force of ECR.

(2) Energetic efficiency (EE). EE represents the overall energy utilization rate
forming the target product.
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(3) Faradaic Efficiency (FE). FE represents the percentage of the charge consumed
by the reaction to form the target product over the total charge transferred during
the reaction. It can be calculated by Eq. (8.1):

ankF

Q

FE =

(8.1)

where a is the number of electrons transferred per molecule of the target product
(e.g., a = 2 for reduction of CO; to CO), n is the number of moles of the target
product make by the reaction, F is the Faraday constant (96485 C mol!), and Q
represents the charge passed during the entire reaction. The FE directly reflects
the selectivity of the catalyst for ECR.

(4) Tafelslope. The Tafel slope indicates the relationship between the overpotential
and the logarithm of the current density, where the current density is obtained
by dividing the total current by the geometric surface area of the working
electrode. It is generally believed that the smaller the Tafel slope, the better the
catalytic performance of the electrocatalyst.

8.2 Maetal-Free Carbon-Based Electrocatalysts for CO,RR

With the deepening of research, it has been found that the catalytic activity of
undoped carbon nanomaterials can also be greatly improved by rationally regulating
the intrinsic carbon defects within the carbon framework. Intrinsic carbon defects
are formed by thermal vibrations of lattice atoms in the absence of any dopants,
mainly including edges, vacancies, holes or topological defects [14, 27]. Among
them, the intrinsic carbon defects used in ECR are mainly edge and topological
defects. The main effects on the electrocatalytic CO,RR catalysts are as follow: (1)
Edge defects, which make the material edge full of a large number of unpaired
electrons, can effectively accelerate the transfer of electrons and reduce the forma-
tion energy of key intermediates. At the same time, the edge carbon atoms show
higher charge density and can be used as active sites [27]. (2) Topological defects,
the introduction of topological defects will interfere with the electronic symmetry
of aromatic rings, causing local charge redistribution, and the adjacent carbon atoms
can be optimized to become the active sites of the electrocatalyst [28-30]. Exploring
the preparation of defective sites with suitable CO, activation/adsorption energies
is an effective way to design high-performance CO,RR catalysts. Thus, Wu et al.
[31] prepared a defect-rich hierarchical porous carbon catalyst (DHPC) by pyrol-
ysis of ZnO NP@ZIF-8 with the help of KNO3; and ZnO nanoparticles (ZnO NPs),
which acted as oxygen suppliers and carbon modifiers to facilitate carbon deficient
site/Lewis base site generation (Fig. 8.2a, b). The mesoporous and carbon defect
structure in DHPC improved its adsorption and activation efficiently for CO,. FEco
can reach 99.5% at —0.5 V versus reversible hydrogen electrode (vs. RHE) in 0.5 M
KHCO3; medium. More importantly, such carbon material is useful even in a real
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Fig. 8.2 Metal-free carbon-based electrocatalysts. Magnification of one segment of the HRTEM
image a and b after fast Fourier transformation (FFT) filtering. ¢ Faradaic efficiencies of DHPC and
HPC in 0.5 M KHCOg3 at various potentials. d Free energy diagram for CO, reduction to CO over
different defect sites. Reproduced with permission [31]. [32][43][45][46] Copyright 2020, Royal
Society of Chemistry. e CO, electrochemical reduction capability of CN-H-CNTs and passivation
for HER reaction. Summary of N atomic contents and total atomic concentrations in f CN-CNTs.
Faradaic efficiency for CO, H,, and CHy4 versus potential on g CN-H-CNTs. Reproduced with
permission. Copyright 2019, John Wiley and Sons. h Top view and side view of DFT model for FC.
Gray atom: carbon, light blue atom: fluorine, other colorful atoms: carbon that calculated as active
sites. i The FEcq for various catalysts. j Free energy diagram of ECR reaction to CO on various
catalysts. Reproduced with permission. Copyright 2017, John Wiley and Sons. k Top view and side
view of DFT model for FC. Reproduced with permission. Copyright 2018, John Wiley and Sons. 1
FE for CO production at different applied potentials. m Free energy pathway of CO,RR on N-Q,P
and N-6,P. Reproduced with permission. Copyright 2019, Royal Society of Chemistry

sea-water medium with high CO faradaic efficiency as well (96.5% at —0.6 V)
(Fig. 8.2¢). According to the characterization test and theoretical calculation results,
pentagon defects are proved to be electrocatalytic active centers, which can lead to
local electron density redistribution, and have stronger adsorption on reactants and
intermediates (Fig. 8.2d). Zhang et al. [32] reported a positive correlation between
the electrocatalytic CO,RR performance of carbon-based catalysts and the content
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of intrinsic carbon defects within the catalysts. They synthesized a series of defective
N-doped carbon spheres, it is demonstrated that the defective porous carbon catalyst
without active heteroatom doping also exhibits good catalytic performance for elec-
trocatalytic CO,RR (Fig. 8.2e, f). The NEXAFS spectra show that the defects of sp>
(octagonal and pentagonal) rather than the edges of sp® (armchair and zigzag) are
positively related to the ECR activity of the defective porous carbon catalysts, and as
the pyrolysis temperature increases, the more defects, the better the activity and selec-
tivity of the catalyst. This conclusion is also verified by DFT calculation, for perfect
sp? carbons, the free energies required for the formation of COOH* for armchair
and zigzag edge defects increase significantly, while the free energy required for
pentagonal defects decreases significantly (Fig. 8.2g). For the octagonal defect, due
to the optimization of COOH* adsorption, part of the positive C atoms facilitates the
conduction of electrons, which further promotes the reduction of COOH* to CO*.
Although defect-based carbon materials exhibit a great potential in the diversity of
electrocatalyst structural design. However, due to the difficulty of introducing a large
number of specific types of defects, the structure-performance relationship between
defective carbons and CO,RR electrocatalysis has not been fully established.
Besides intrinsic defective carbon-based catalysts, heteroatom-doped carbon-
based catalysts are another very important class of metal-free carbon-based electro-
catalysts. Heteroatom doping with different electronegativity into the carbon network
will introduce asymmetric charge, redistribute the spin density, break the electrical
neutrality of carbon matrix, optimize the electronic properties of carbon materials
to induce the generation of charged active sites [29, 33, 34]. In addition, the doping
of heteroatoms can also stimulate the adjacent carbon atoms to improve the conduc-
tivity of carbon materials, thus enhancing the overall electrocatalytic activity of
carbon materials [35]. The heteroatoms incorporated into carbon-based materials to
enhance catalytic performance are generally B, [36] N, [37] O, [38] F, [39] P, [40] and
S [41]. Among them, N atom is the most commonly used doped heteroatom because
of its smaller atomic radius and larger electronegativity than carbon atom. N-doping
in carbon nanomaterials generally forms four kinds of N-containing configurations
including pyridinic, pyrrolic, graphitic, and oxidized N [42]. Most studies consider
pyridinic-N as the primary active site for CO,RR among the four N-containing
configurations although different views are present. It is proposed that pyridinic-
N can significantly enhance the binding of CO, or key intermediates as compared
to graphitic-N or pyrrolic-N because of its accessible lone pair electrons. Zheng
et al. [43] developed a unique vapor-etching method for tuning the configuration
of nitrogen dopants in carbon frameworks. Selective etching takes advantage of
the fact that H,O molecules prefer to bond with carbon atoms around graphitic-N
and pyridinic-N. After vapor etching, pyrrolic-N atoms with low water affinity are
retained as the dominant N type in the obtained N-doped carbon network (designed
as CN-H-CNT) (Fig. 8.2h) with a much increased content from 22.1 to 55.9 at
% among the total N species (Fig. 8.2i). This steam-etched CN-H-CNT catalyst
enables an excellent CO, reduction catalytic activity and HER suppression, with a
high CO,RR selectivity (~88%) toward the formation of CO under —0.5 V versus
RHE. (Fig. 8.2j). The above work provides a new strategy for tuning the intrinsic
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configuration of N-doped carbon and developing efficient and stable carbon cycle
catalysts. On the other hand, doping F into the carbon lattice is different from N
doping (replacement of carbon atoms in the lattice), which forms C-F bonds with
covalent, ionic or semi-ionic properties [44]. Since F has the greatest electroneg-
ativity, the bonded carbon atoms will have more positive charges and become the
active sites for electrocatalytic CO,RR, which will be more favorable for the elec-
trocatalytic CO,RR [39]. Xie et al. [45] synthesized a F-doped carbon (FC) catalyst
by simply pyrolyzing a mixture of commercial BP 2000 and polytetrafluoroethy-
lene (PTFE) as a fluorine source (Fig. 8.2k). The FE of this catalyst electrocatalytic
CO;RR to CO reaches a maximum value (90%) at a lower overpotential (-0.51 V vs.
RHE). Both experiments DFT calculations demonstrate that the key role of F doping
in promoting the reduction of CO, to CO on metal-free carbon catalysts should
have three functions: (1) Introduce a positive charge density between adjacent defect
carbon atoms; (2) Introduce asymmetric spin density into adjacent defect carbon
atoms; through these effects, carbon atoms become highly active and bind more
strongly to COOH*, thereby increasing the reaction rate at lower overpotentials; (3)
The Gibbs free energy of adsorbed H* is increased, resulting in the inhibition of the
competitive hydrogen evolution reaction (HER) on the FC. In this regard, enhanced
reduction of CO, to CO can be achieved over FC catalysts.

The diatomic co-doping may bring about the catalytic activity that the single
heteroatom doped carbon material does not have because of the synergistic effect.
Zhang et al. [46] prepared N,P-coordinated fullerene-like carbon (N,P-FC) and N,P-
coordinated graphite-like carbon (N,P-FC) by soft-template pyrolysis method for
electrocatalytic CO,RR performance test. Different pyrolysis temperatures make the
samples have different P/N atomic ratios, and the catalytic activity of the samples
increases with the increase of the P/N atomic ratio. The N,P-FC obtained by pyrolysis
at 900 °C has the best electrocatalytic CO,RR activity (Fig. 8.21). At the same time,
it is found and confirmed by DFT that fullerene structure is more beneficial to elec-
trocatalytic CO,RR than graphene structure (Fig. 8.2m). Consequently, the above
studies provide guidance and reference for designing and synthesizing high effi-
ciency, high selectivity, and low cost heteroatom-doped carbon materials to replace
metal catalysts for efficient electrocatalytic CO,RR.

The co-doping of two different elements in carbon materials provides a new oppor-
tunity for the application of electrocatalysts. By properly adjusting the precursor,
dopant type, doping ratio, and spatial distribution configuration, the electrocatalytic
CO;,RR performance of the carbon-based catalyst is optimized.
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8.3 Atomically Dispersed Metal Carbon-Based
Electrocatalysts for CO,RR

Inrecent years, atomically dispersed metal carbon-based nanomaterials have become
popular and effective electrocatalysts for improving the performance of electrocat-
alytic CO,RR due to their near 100% atomic utilization and excellent catalytic perfor-
mance [47, 48]. Among them, the main reasons for the excellent electrocatalytic
CO; reduction performance of metal-N—C catalysts are as follows. (1) Metal atoms
directly combine with C-N atoms in carbon network to form metal activity centers
with dispersed atoms [49]. (2) The size effect of single metal atoms gives carbon-
based nanomaterials unique electronic structural characteristics and high specific
surface area [50]. (3) The introduction of metal atoms changes the coordination
environment of surface atoms, reduces the coordination number of surface atoms,
decreases the overpotential of the catalyst, increases the current density of the cata-
lyst, and reduces the Gibbs free energy of the formation of key intermediates and
the desorption energy of the final product in ECR reaction [51]. M-N-C catalyst has
been widely used in the study of ORR for decades, but were used to study elec-
trocatalytic CO,RR was for the first time proposed by Strasser et al. [52] in 2015
that Fe-N-C, Mn-N-C, and Fe, Mn-N-C have high electrocatalytic CO,RR perfor-
mance. The metals used to form M-N-C catalysts are mainly transition metals and
individual precious metals such as Fe, Co, Ni, Cu, and Pd. Kattel et al. [53] prepared
a N-doped carbon-supported Pd single-atom catalyst (Pd-NC) with Pd-Ny sites. The
well-dispersed Pd-Ny active centers in the catalyst help stabilize the adsorbed CO,
reduction intermediates, thereby enhancing the ECR ability at low overpotentials.
However, due to the rarity and expensiveness of precious metals, low-cost transition
single metal atom catalysts that can achieve the catalytic activity of precious metals
are currently hot research topics. Wang et al. [54] successfully introduced a single P
atom into an N-doped carbon-loaded single Fe atom catalyst (Fe-SAC/NPC), mainly
in the form of a P-C bond for the electroreduction of CO, to CO in aqueous solution
(Fig. 8.3a). Fe K-edge X-ray absorption spectroscopy (XAS) results indicate that
the presence of P reduced the oxidation state of Fe in Fe-SAC/NPC. By fitting the
FT-EXAFS spectra of Fe-SAC/NPC and Fe-SAC/NC in R space, the local structure
of Fe was identified, in which each Fe atom was isolated by four N atoms and one O
atom (Fig. 8.3b). This catalyst exhibited a CO Faradaic efficiency (FEco) of ~ 97%
(Fig. 8.3c) and a stable CO partial current density (Jco of ~5 mA cm~2 for at least 24 h
at a low overpotential of 320 mV with a Tafel slope of only 59 mV dec™!, exceeding
most reported single-atom catalysts and comparable to the most advanced gold cata-
lysts to date. By combining experiments and DFT calculations, it was demonstrated
that the presence of a single P atom increases the electron density at the Fe center and
COOH* formation is greatly facilitated, resulting in excellent CO,RR performance at
low overpotentials. Among currently identified materials, Cu is the only recognized
material catalyzing the production of a large number of hydrocarbons or alcohols
in aqueous solutions [55, 56]. He et al. [57] design a facile procedure to synthe-
size through the hole carbon nanofibers (TCNFs) with abundant and homogeneously
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Fig. 8.3 Atomically dispersed metal carbon-based electrocatalysts. a Scheme of the synthesis
of Fe-SAC/NPC. b R space fitting curve of Fe-SAC/NPC with the coordination model of Fe. ¢
FEco of Fe-SAC/NPC. Reproduced with permission [54]. [57][58][60][61] Copyright 2021, John
Wiley and Sons. d Synthesis procedure of CuSAs/THCEF. e Partial current density of three samples. f
Free energies for conversion of *CO to CH30H on Cu-Ny structure. Reproduced with permission.
Copyright 2019, American Chemical Society. g Scheme of the transformation from Bi-MOF to
single Bi atoms. Reproduced with permission. Copyright 2019, American Chemical Society. h
Schematic illustration of ZnCoNC synthesis. Reproduced with permission. Copyright 2020, John
Wiley and Sons. i HAADF STEM image and representative EDS chemical composition of the
Ni7/Fe3-N-C sample. j Ni7/Fe3-N-C samples (Ni, Fe, O, N, and C atoms are represented in red,
green, pink, orange and grey, respectively.) k FE of CO at various potentials. Reproduced with
permission. Copyright 2021, Royal Society of Chemistry

distributed Cu single atoms (CuS As) for efficient electrochemical CO,RR (Fig. 8.3d).
Due to the excellent mechanical properties, CuSAs/TCNFs can be directly used as
the cathode for CO,RR. Due to the synergistic effect of the through-hole carbon
structure and abundant isolated Cu active sites, the CuSAs/TCNFs exhibited a FE
of 44% and a methanol partial current density of —93 mA cm™2 as well as long-
term stability (Fig. 8.3e). DFT calculations from CO* to methanol were performed
(Fig. 8.3f). According to DFT calculations, the reduction of COH* to CHOH* on the
Cu-Ny structure has a moderate free energy barrier (~0.86 eV). In contrast, COH*
to C* exhibits a higher reaction free energy barrier (~1.88 eV), which is also higher
than that of other reaction steps in the CH3OH generation process. Therefore, the
Cu single-atom sites on the CuSAs/TCNFs catalysts tend to generate CH3OH rather
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than CHy. Besides transition metals, P-block metals are also widely used for elec-
trocatalytic CO,RR. For example, Li et al. [58] devised a simple and novel route
to develop catalysts composed of single Bi atoms on N-doped carbon networks (Bi
SAs/NCs) with hierarchical porosity for efficient CO reduction (Fig. 8.3g). Catalyst
exhibits high intrinsic CO, reduction activity for CO conversion, with high FEcq
(97%) and large turnover frequency (5535 h™!) at a low overpotential of 0.39 V
versus RHE. Further experiments and DFT calculations reveal that the single-atom
Bi-Njy site is the main active center for CO, activation and rapid formation of the key
intermediate COOH* with a low free energy barrier.

Researchers further found that the interactions between tight single atoms can
have a dramatic impact on catalytic performance compared to isolated atoms, as
they can optimize intermediate adsorption and thus product distribution [59]. Gong
et al. [60] synthesized Zn/Co-N-C catalysts by pyrolysis and post-acid treatment
(Fig. 8.3 h). Performance test results show that Zn/Co-N-C has a high FEco of 93.2%
was achieved at —0.5 V versus RHE and a CO current density of about 26 mAcm ™ at
—0.5 V remained stable after a 30 h test. DFT calculations indicate that the electronic
effect between Zn and Co lowers the energy barrier for the formation of COOH* on
the Zn site, promoting the reduction of CO, to CO. Arbiol et al. [61] prepared a quasi-
double star Ni/Fe-N-C catalyst consisting of nearby Ni and Fe active sites by simple
pyrolysis of Ni and Fe co-doped Zn-based MOFs in order to achieve high selectivity
at low overpotentials during the CO, reaction (Fig. 8.31). The atomic structure of the
Ni/Fe-N-C catalyst was verified in detail by EXAFS spectra (Fig. 8.3 j), and based on
the fitting results and the corresponding fitting parameters, it was demonstrated that a
single Fe atom should be coordinated to four N atoms and one O atom. Performance
testing found that the optimized Ni/Fe-NC catalyst exhibited unique selectivity (98%
maximum FE(CO)) at alow overpotential of 390 mV versus RHE, which was superior
to its single metal counterpart (Ni-N-C and Fe-N-C catalysts) and other state-of-the-
art M-N-C catalysts (Fig. 8.3k). DFT results further suggest that tuning catalytic
CO;,RR performance through nearby Ni and Fe active sites may break the activity
benchmark for single-metal counterparts, as adjacent Ni and Fe active sites not only
act synergistically to reduce COOH* formation and CO* desorption reaction barriers,
but also prevent the undesired hydrogen evolution reaction (HER) compared to their
single metal counterparts.

By constructing suitable carbon precursor materials, individual metal atoms can
be trapped and stabilized. Due to the large difference in electronegativity between
metal and carbon atoms, sufficient charge transfer can be generated to make this struc-
tural unit (M-N-C/M-C) an active center for electrocatalysis, reducing the activation
energy barrier and overpotential of the reaction. These strategies provide important
guidance for the preparation of high-performance electrocatalytic CO,RR catalysts
and are also one of the current research hotspots.
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8.4 Metal Nanoparticles Encapsulated/Supported
Carbon-Based Electrocatalysts for CO,RR

The best catalytic activity of atomically dispersed transition metal carbon-based cata-
lysts is basically comparable to that of precious metals, but their poor stability seri-
ously hinders their commercial application. Recently, to overcome the low stability
of nonprecious metal catalysts, Bao et al. [24, 25] proposed a novel and promising
strategy to design and fabricate unique chainmail catalysts by fully encapsulating
transition metals through graphene shells. In this carbon layer encapsulated tran-
sition metal catalyst, the electron of transition metals can penetrate through the
graphene shell to promote the catalytic reaction on the external graphene surface,
while the graphene shell can completely prevent reaction molecules and medium
from contacting the transition metals and therefore can protect the transition metals
from damage in harsh conditions. It will improve both the activity and stability of
nonprecious-metal catalysts [25]. For example, Ye et al. [62] prepared Fe @C hybrids
by a two-step calcination method using MIL-101(Fe) as precursor (Fig. 8.4a). The
activity and selectivity to CO for Fe@C, Fe/SiO,, and Fe/CNT samples are summa-
rized in Fig. 8.4b. Fe@C catalyst exhibits the highest catalytic activity toward the
CO generation (55.75 wmol min~"), the preferred selectivity toward CO over Fe@C
catalyst (99.76%) become much obvious by evaluating in the fixed-bed reactor. DFT
calculations were carried out to gain further insights into the nature of this catalytic
process (Fig. 8.4c). Density of states (DOS) calculations show that the electronic
structure of Fe nanoparticles near the Fermi energy level is modified to a metallic
state by charge transfer and the Fermi energy level rises, thus ensuring the elec-
tron transfer of Fe nanoparticles to the reactants during catalysis and enhancing the
catalytic performance.

Strong metal-support interaction (SMSI), commonly happening between metal
and metal oxide support, has drawn significant attention in heterogeneous catal-
ysis due to its capability of enhancing the activity and stability of catalysts. Herein,
the strong interaction between metal and carbon supports is discovered to signifi-
cantly boost the performance for electrocatalytic CO, reduction reaction (CO,RR)
[26]. He et al. [63] report the synthesis of copper clusters supported on defect-rich
carbon (DRC) with an abundant microporous structure by a very simple synthetic
route involving first impregnation at 800 °C and subsequent calcination at 600 °C.
The dual confinement of carbon defects and microporosity effectively prevented
metal aggregation during calcination, resulting in copper clusters with a diameter
of ~1.0 nm and containing ~10 atoms (Fig. 8.4d). The resulting Cu clusters/DRC
showed excellent performance in CO,RR, with a high FE of 81.7% for CH4 and
a partial current density of 18.0 mA cm~2 at 1.0 V versus RHE (Fig. 8.4e), which
exceeded most Cu-based electrocatalysts. This can be attributed to the sub-nanoscale
Cu clusters, whose d-band centers are shifted upwards compared to the nanoparti-
cles, which can enhance the adsorption strength of H* and CO*, thus promoting the
formation of CHy (Fig. 8.4f). In addition, the SMSI effect of Cu clusters and defec-
tive carbon also contributes significantly to the excellent performance by tuning the
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Fig. 8.4 Metal nanoparticles encapsulated and Metal nanoparticles supported carbon-based
electrocatalysts. a Schematic illustration for the two-step preparation process for the core—shell
structured Fe@C hybrid. b Photoinduced thermo-catalytic CO; conversion performance for Fe@C,
Fe/SiO,, and Fe/CNT catalysts in fixed bed reactor. ¢ Projected density of states for the p, orbitals
of C atoms bonded with Fe atoms in the model of Feg @ graphene in comparison with that of corre-
sponding C atoms in pristine graphene model. The top and side views of the difference charge
density of optimized Feg @graphene are shown as insertions. Reproduced with permission [62].
Copyright 2016, John Wiley and Sons. d Optimized structural model of Cu;3/DG. The pink and
black represent Cu and C atoms, respectively. Faradaic efficiencies of e Cu/DRC at different poten-
tials. f Adsorption energies of CO* intermediates on the above model. Reproduced with permission
[63]. Copyright 2020, John Wiley and Sons. g Illustration of SMOSI enhancing the CO,RR perfor-
mance of SnO,/NSC. h work function values. i FEgcoon and of SnO,/C, SnO,/SC, SnO,/NC,
and SnO,/NSC. Reproduced with permission [26]. Copyright 2020, American Chemical Society.
j HRTEM image of N-ND/Cu. The HRTEM image shows the presence of both Cu and nanodia-
mond as confirmed by lattice fringes of the selected regions in the micrograph. k Production rates
for formate, methanol, ethylene, acetate and ethanol production by N-ND/Cu electrodes. 1 Free
energy diagram for CO coupling on the Cu (111) surface (grey) and at the ND/Cu interface (blue).
Reproduced with permission [64]. Copyright 2020, Springer Nature



8 Carbon-Based Nanomaterials for Carbon Dioxide Reduction Reaction 181

electronic structure and improving the stability of the Cu clusters. Using molecular
precursors, Hu et al. [26] have carefully designed a variety of doped and undoped
carbon carriers with similar specific surface area, morphology and porous struc-
ture. It was found that these carriers were able to effectively load high density and
small size SnO, NPs with a loading of approximately 60 wt.%. More importantly,
systematic characterizations clearly revealed the existence of strong metal oxide-
carrier interactions (SMOSI) between the SnO, nanoparticles and the doped carbon
carriers (Fig. 8.4 g, h). The results show that the strongest SMOSI, SnO,/NSC, has
a CO;RR selectivity of up to 94.4% for HCOOH and a partial current density of
up to 56.0 mA cm~2, which is superior to most Sn-based catalysts (Fig. 8.4i). Cui
et al. [64] created a selective and reliable catalytic interface during the reduction of
CO; to C, oxygenates by rationally tuning the assembly of N-doped nanodiamonds
and copper nanoparticles (Fig. 8.4j). The catalyst exhibits a Faradaic efficiency of
about 63% for C, oxygenates at an applied potential of only —0.5 V versus RHE
(Fig. 8.4 k). In addition, the catalyst exhibits extremely high stability for up to 120 h.
DFT calculations show that the binding of CO at the Cu/nanodiamond interface is
significantly enhanced, reducing the apparent potential barrier of CO dimers and
inhibiting the desorption of CO, thereby promoting the generation of C, (Fig. 8.41).
The design principles of this interface material-material platform will be applicable to
various catalytic transformations, especially those requiring renewable energy input
and aqueous conditions.

8.5 Conclusion and Perspectives

This chapter mainly introduces the research progress of carbon-based nanomate-
rials for CO,; electrocatalytic reduction in recent years. Several efficient and typical
carbon-based nanomaterials (non-metals, atomically dispersed metals, and metal
nanoparticles) are selected for discussion. The differences of CO, electroreduc-
tion efficiency, product distribution and reduction process on various catalysts were
analyzed. The special catalytic properties of these carbon-based nanomaterials and
the mechanism behind them have improved the ideas for the development of effi-
cient catalysts. Although the research on CO; electrocatalytic reduction has lasted for
nearly half a century, the related work is almost limited to the scope of the laboratory,
and it is still far from practical industrial application. In summary, it is believed that
future research on electrocatalytic reduction of CO, needs to make breakthroughs in
the following aspects.

(1) Development of catalysts suitable for the reduction of CO, to alcohol products.
Compared with other products of CO, electroreduction, alcohol liquid prod-
ucts have advantages in storage and transportation, and alcohols have higher
energy density, so they are more suitable as target products to store CO, and
electrical energy in the form of chemical energy. However, in many research
reports, the conversion rate and the generation rate of alcohol are not ideal.
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It is difficult to significantly increase the efficiency of alcohols by using only
pure copper-based catalytic electrodes. Atomically dispersed metals are worth
trying as catalytic materials, which are expected to catalyze the efficient and
rapid reduction of CO, to alcohols.

Analysis of the mechanism of CO; reduction. Due to the lack of strong direct
experimental observations to analyze the reaction mechanism (especially the
aqueous reaction system), many mechanisms in the CO, reduction process are
speculated by theoretical calculations. The theoretical calculations not only
provide a reference for analyzing the reaction mechanism, but also provide a
basis for the design of new catalysts. With the guidance of theoretical calcula-
tion results, researchers can purposefully synthesize new catalysts. However,
for the same reduction process, there are also differences in the theoretical
calculation results given by different researchers, and the proposed reaction
processes are also different. However, for the same reduction process, there
are also differences in the theoretical calculation results given by different
researchers, and the proposed reaction processes are also different.
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