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Electrocatalytic and thermocatalytic CO, conversions provide promising routes to realize global carbon
neutrality, and the development of corresponding advanced catalysts is important but challenging.
Hollow-structured carbon (HSC) materials with striking features, including unique cavity structure, good
permeability, large surface area, and readily functionalizable surface, are flexible platforms for designing
high-performance catalysts. In this review, the topics range from the accurate design of HSC materials
to specific electrocatalytic and thermocatalytic CO, conversion applications, aiming to address the
drawbacks of conventional catalysts, such as sluggish reaction kinetics, inadequate selectivity, and poor
stability. Firstly, the synthetic methods of HSC, including the hard template route, soft template
approach, and self-template strategy are summarized, with an evaluation of their characteristics and
applicability. Subsequently, the functionalization strategies (nonmetal doping, metal single-atom

anchoring, and metal nanoparticle modification) for HSC are comprehensively discussed. Lastly, the
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Accepted 5th Decermber 2023 recent achievements of intriguing HSC-based materials in electrocatalytic and thermocatalytic CO,

conversion applications are presented, with a particular focus on revealing the relationship between
catalyst structure and activity. We anticipate that the review can provide some ideas for designing highly
active and durable catalytic systems for CO, valorization and beyond.
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1. Introduction

The rapid advancement of industrialization has led to high
fossil-fuel consumption, causing an ever-increasing atmo-
spheric CO, concentration. Excessive CO, emissions are the
main contributors to global warming and the resulting
abnormal climatic variation, glacial ablation, ecosystem
destruction, etc.,"* which seriously threaten the shared future of
mankind. In the past decades, many efforts have been devoted
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to controlling the CO, concentration worldwide (e.g., adoptions
of the Kyoto Protocol and the Paris Agreement). The objective of
the Paris Agreement is to keep the global average temperature
below 2 °C above the pre-industrial mean, with a temperature
increase of 1.5 °C limit.>* Nevertheless, the current trend of
anthropogenic CO, growth makes achieving this goal an urgent
task for a sustainable community and economic society.’

Catalytic CO, reduction conversions (e.g., photocatalysis,
thermocatalysis, and electrocatalysis) to produce high-value-
added fuels and feedstocks, offer a promising means of real-
izing carbon neutrality and potentially help to mitigate the
global warming issue.®® In comparison to photocatalysis,
thermal catalytic and electrocatalytic CO, conversions are easier
to scale up, due to the appropriate reaction kinetics and lack of
dependence on the availability and cost of high-intensity light
sources. Herein, our review mainly focuses on these two
reactions.

Electrochemical CO, reduction reaction (eCO,RR), powered
by electrical energy, refers to the process of using electro-
chemical cells to convert CO, to valuable compounds, such as
carbon monoxide (CO), methane (CH,), methanol (CH;OH),
ethylene (C,H,), etc. A typical electrocatalytic CO, reduction
reaction involves four main steps:'*** (1) diffusion of CO, to the
electrolyte/cathode interface; (2) CO, molecules are adsorbed on
the cathode surface; (3) when an external bias is applied, the
oxygen evolution takes place at the anode due to the water
oxidation, and the generated electrons are then transferred to
the cathode through an external circuit, where they can partic-
ipate in the CO, reduction processes; (4) desorption of final
products from the cathode. These steps jointly determine the
overall efficiency of eCO,RR. Recently, e€CO,RR has become the
research hotspot in CO, utilization owing to its multifarious
advantages, including mild operation conditions (room
temperature and atmospheric pressure), flexible reactor plat-
forms, and relatively high conversion efficiency.’** Integrating
renewable energy with eCO,RR, simultaneously achieving a net
CO, reduction and chemical raw material supply is possible.
Despite eCO,RR possesses numerous advantages, its pragmatic
commercialization is still confronting great challenges. Firstly,
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as a chemically inert and thermodynamically stable molecule,
CO, is difficult to be activated because of the stable C=0 bond
(806 k] mol~");*7*# thus, a high potential is inevitably needed to
drive the eCO,RR. Secondly, most eCO,RR can yield multiple
products, which makes the direct utilization of products diffi-
cult, requiring an extra target product separation process.
Third, noble metal-based catalysts (Au, Ag) usually deliver high
electroactivity, but are less desirable considering their cost-
efficiency and scarcity. For these reasons, efficient electro-
catalysts with the characteristics of highly exposed active sites,
good conductivity, abundant pore structure for target molecule
transfer, and high earth-abundance are urgently needed.*>*°

Thermocatalytic CO, conversion, mainly including CO,
hydrogenation and CO, dry reforming of methane (DRM), is
a feasible process to alleviate the large CO, emissions from the
viewpoint of cost-efficiency.” Among them, DRM is a highly
endothermic reaction with the equation CH, + CO, — 2CO +
2H,, AH® = 247 k] mol~".>> The large energy consumption and
the deactivation of catalysts caused by active metal sintering or
coke deposition during the DRM process seriously hindered its
applicability. Compared to DRM, thermal hydrogenation of CO,
shows a lower thermodynamic limitation, which involves the
reaction of CO, and H, and can afford high levels of variety and
tailorability for the production of desirable hydrocarbons and
oxygenates.”*** Conventionally, the catalytic performance and
product selectivity highly depend on the catalyst. Accordingly,
the development of CO, hydrogenation catalysts with high CO,
adsorption and activation ability, robust stability, and good
selectivity, is of great practical relevance.

In nature, cells with hollow structures are the fundamental
unit of an organism, and this unique structure endows them
with distinctive properties that allow for the adjustment of
adsorption, separation, and exchange for substrates required to
maintain vital life activities.*?® Inspired by nature, many
encouraging hollow-structure nanoreactors have been devel-
oped for energy storage,””' biomass conversion,*** and envi-
ronmental catalysis applications.**** In recent years, hollow-
structured carbon (HSC) and its derived nanomaterials have
attracted considerable attention in the fields of thermocatalysis
and electrocatalysis for CO, conversion due to their advanta-
geous features. Firstly, guest molecules and catalytically active
species can be encapsulated in the cavity; by limiting the
moving space of the inclusions, the leaching and aggregation of
catalytically active species can be suppressed during the reac-
tion, leading to the excellent durability and reusability of the
catalyst.***” Secondly, adjustable pore structure and size of the
carbon shell can regulate the mass transport and reaction
characteristics, and further alter the catalytic selectivity.’®
Thirdly, the carbon shell provides a platform to anchor single
atoms,**** load metal particles,"*> and couple with multi-
functional polymers,** which shows vast potential in variable
catalysis applications. The rational design of nano-cavity or
channel of HSC material can confine the metal nanoparticles
(NPs) or cluster in a limited volume space, offering nano-
confinement effects to improve catalytic CO, reduction perfor-
mance in terms of activity and selectivity. The positive influ-
ences of nanoconfinement mainly include (1) increasing
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reactant molecule concentration in the confined space and
enriching the surface overage of adsorbed species on the active
sites,*** (2) regulating the local pH value to hinder the
competitive hydrogen evolution reaction during the eCO,RR
process,* and (3) tailoring the intrinsic electronic structures
and optimizing the intermediate adsorption energy of the
catalytic sites.” For instance, Zheng et al. reported that the
confinement effect of N-doped carbon nanotubes (NCNT)
enabled the attenuation of the binding strengths between Ni
NPs and *CO intermediates; therefore, the NCNT-confined Ni
NPs sample (Ni@NCNT) showed enhanced CO selectivity in
eCO,RR in comparison with the Ni NPs-supported sample (Ni-
NCNT).*® Pan et al. proposed that, in the hollow mesoporous
carbon spheres (HMCS) confining Cu clusters electrocatalyst
system, the nano-confinement effect of HMCS contributed to
the facilitation of C-C bond coupling to produce C, products in
eCO,RR.*” In our previous works, a series of novel hollow
carbon nanocatalysts encapsulating alloys have been developed,
which exhibit excellent thermocatalytic activity and stability for
CO, hydrogenation to produce formate owing to the nano-
confinement effects provided by the hollow carbon sphere.***
Apart from CO, thermal conversion, our recent research
demonstrated that HSC with superior conductivity and abun-
dant pore structure can also serve as an effective support for
syngas electrosynthesis from CO,.** In our opinion, HSC-based
catalysts are promising materials for CO, conversion, and they
will continue to be hotspots in the thermocatalytic and elec-
trocatalytic fields.

In the past few years, several valuable review articles related
to the advancement and current status of hollow nanoreactors
have been published. For instance, the review from Das et al.
captured the advancements in catalytic CO, conversion, with
a focus on novel core-shell catalyst development, activity, and
selectivity improvement.’ Kuang et al. reviewed the recent
advances of metal@hollow carbon sphere catalysts in the fields
of sustainable biomass and CO, conversion.?* Li and co-workers
reviewed the recent achievements of hollow carbon nanocages
in the fields of energy storage and electrocatalysis.*® Yu et al.
the theoretical development of the hollow
nanoreactor-based system, emphasizing the opportunities for
the study of molecular kinetic behaviors in the hollow nano-
reactors for achieving controllable catalysis.>*

However, most of the reviews of HSC materials mainly focus
on the energy storage field and biomass conversion, with
a small amount concentrating on thermo- and electrocatalysis
towards CO, conversion. Besides, a comprehensible summary
of the structure-performance relationship of hollow carbon-
based materials for CO, conversion remains to be refined.
More importantly, the review content related to the popularly
studied single-atom anchored on hollow carbon-based mate-
rials is relatively scarce. Considering the rapid development of
studies on HSC-based catalysts in thermocatalytic and electro-
catalytic CO, conversion, a timely cutting-edge review on this
topic is of imperative need.

This review aims to offer a critical overview of the latest
progress of HSC-based materials in thermocatalytic and electro-
catalytic CO, conversion fields, with a discussion on the linkage
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of catalyst structure and activity (Fig. 1). The synthesis methods
and functionalization strategies of HSC are also introduced. In
the last section, an outlook for future research direction is
proposed, targeting the current challenges.

2. Synthesis and functionalization of
hollow-structured carbon materials

Generally, the HSC materials can be classified as hollow carbon
spheres, hollow carbon nanotubes, hollow carbon polyhedrons,
etc. motivated by the potentially utilitarian value for catalysis
and energy storage, many efforts have been made toward the
controllable synthesis and accurate design of hollow carbon
with well-defined structures.>®” In this section, the synthetic
methods and functionalization strategies are discussed.

2.1 Synthesis methods of HSC

2.1.1 Hard template synthesis. Hard template synthesis is
by far the most commonly used way to prepare HSC.”® As shown
in Fig. 2a, a complete process of hard template technology
involves four major steps: (1) preparation of the hard template,
(2) coating template core with carbon shell precursors, (3)
carbonization to obtain template@cabon under calcination
treatment, and (4) template removal. The HSC synthesized by
this method shows a highly regulated appearance, and the
shape and size of its cavity can be tuned by choosing the suit-
able template material; usually, the morphology of the final
product can be well predicted. Furthermore, the choice of
carbon source determines the composition and physico-
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Fig. 1 Overview of the topics covered in this review. This review
presents the syntheses, functionalization strategies of hollow-struc-
tured carbon (HSC) based materials, as well as their fascinating
applications in electrocatalytic and thermocatalytic CO, conversion.
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Fig. 2 Synthetic methods for hollow structured carbon (HSC). (a) Hard template method, (b) soft template approach, and (c) self-template

strategy.

chemical properties of the carbon shell to some extent. A
summary of recent representative works is presented in Table 1.

SiO, spheres are often used as hard templates to fabricate
the HSC material due to the advantages of high stability, good
uniformity, and ease of preparation. According to the study of

Table 1 Parameter comparison of hard templating synthesis for HSC

Zhang et al., mesoporous carbon hollow spheres (MCHS) were
prepared using SiO, core particle and resorcinol-formaldehyde
(RF) resin as a hard template and a carbon precursor, respec-
tively (Fig. 3a).> As displayed in Fig. 3b and c, hollow cavity
spaces were clearly seen in the spherical structure of MCHS.

Template removal

Template Carbon precursor reagent Hollow carbon type Application Ref.
SiO, Resorcinol and formaldehyde HF Mesoporous hollow carbon sphere Supercapacitor 59
PMMA Resorcinol and formaldehyde Calcination Hollow carbon sphere Battery 64
PMMA Dopamine Calcination Hollow carbon sphere Electrocatalysis 65
Sio, Aniline HF Hollow carbon sphere Supercapacitor 66
CaCO; Dopamine HCl Mesoporous hollow carbon sphere Battery 67
Sio, Resorcinol and formaldehyde NaOH Mesoporous hollow carbon sphere Microwave absorption 68
SiO, Dopamine NaOH Mesoporous hollow carbon sphere Electrocatalysis 69
SiO, Resorcinol and formaldehyde NaOH Hollow carbon sphere Thermal catalysis 51
CuO, 3-Aminophenol and formaldehyde HCI, H,0, Hollow carbon sphere Supercapacitor 70
Bi,S; L-Cysteine and resorcinol Calcination Nanotube Electrocatalysis 71
SiO, Resorcinol and formaldehyde HF Hollow carbon sphere Supercapacitor 72
Urchin-like nickel Urea HCI Urchin-like hollow carbon Electrocatalysis 60
SiO, Pyrrole HF Hollow carbon sphere Battery 73
SiO, Resorcinol and formaldehyde HF Hollow carbon sphere Battery 74
SiO, Resorcinol, formaldehyde and melamine KOH Hollow carbon sphere Electrocatalysis 75
SiO, Resorcinol and formaldehyde HF Hollow carbon sphere Oil emulsification 76
SiO, Dopamine NaOH Hollow carbon sphere Microwave absorption 77
SiO, Resorcinol and formaldehyde NaOH Hollow carbon sphere Electrocatalysis 52

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Schematic illustration of the synthesis procedure for mes-
oporous carbon hollow spheres (MCHS). (b) SEM and (c) TEM images
of MCHS. Reproduced with permission from ref. 59. Copyright 2016,
American Chemical Society. (d) TEM image, inset of (d) SEM image, and
(e) preparation for single-Ni atoms anchored on hollow porous
urchin-like N-doped carbon (Ni-NC(HPU)). Reproduced with
permission from ref. 60. Copyright 2022, Wiley-VCH.

Notably, the pore size of carbon spheres can be manipulated by
adjusting the synthesis conditions, such as the ratios of SiO,
precursors (TEOS/TPOS) or solvents (ethanol/water). Taking the
TEOS/TPOS ratio as an example, as the proportion of TPOS
increases, the pore size of MCHS enlarges. In contrast to TEOS,
the polymerization and condensation speeds of TPOS are
slower. Consequently, larger silica aggregates are easily formed
in the case of high-fraction TPOS, which contributes to the large
mesopore formation in the following interaction process with
RF oligomers. Therefore, the optimized preparation parameter
is of great significance to obtain the desired HSC material. In
addition to SiO,, a metallic hard template is also available for
the HSC preparation. Recent work from Li et al., for instance,
provided a strategy to prepare a N-doped urchin-like hollow
carbon loaded with single-Ni atoms using solid urchin-like Ni
and urea (providing C, N sources) as raw materials (Fig. 3d and
e), where the Ni not only served as a hard template to assist the
creation of hollow structure, but also offered the Ni source for
the formation of Ni single sites.®® Actually, the aforementioned
method of integrating the metallic hard template with appro-
priate carbon sources may offer a new perspective for devel-
oping advanced nano-structured single-atom carbon-based
catalysts.

2.1.2 Soft template method. Even though the hard
template method offers numerous benefits, some drawbacks
still exist. For example, the synthesis process of this approach is
laborious; and the removal of the template involves the use of
hazardous strong acids or bases. These issues stimulate the
material researcher to exploit more facile and efficient
syntheses of HSC. As illustrated in Fig. 2b, the soft templating
method involves the utilization of thermally decomposable
components (e.g., micelles, emulsion droplets, or vesicles) as
templates, wherein a carbon precursor is used to encapsulate

858 | Chem. Sci, 2024, 15, 854-878
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these templates, obtaining a core-shell structured composite
intermediate.®>** During the subsequent thermal treatment, the
internal template decomposes while the external shell
undergoes thermal fixation and carbonization. Eventually,
a hollow carbonaceous material can be produced.

The soft templating approach for preparing HSC has gained
considerable interest (Table 2), mainly due to the facile
template fabrication and removal processes. In 2014, Wang
et al. proposed a strategy to synthesize HSC using the mixed
micelle converted from the P123 (EO,(-PO,(-EO,,) and sodium
oleate as a soft template;” following this method, 2,4-dihy-
droxybenzoic acid and formaldehyde were served as carbon
sources. Their results demonstrated that the diameter and shell
thickness of HSC are highly related to the synthesis parameters,
such as reaction temperature and the usage of polymer
precursors.

The preparation of HSC with a single opening on the shell is
an attractive method for increasing the diffusivity and accessi-
bility of the guest species to the interior surface, while
preserving the porous structure. Therefore, based on the tradi-
tional soft templating technique, Yu and co-workers developed
a single-hole hollow carbon sphere through a poly(ethylene
glycol) (PEG)-assisted emulsion-templating method, where PEG
molecule functioned as a reverse demulsifier to manipulate the
structure of HSC (Fig. 4a).®® As revealed in Fig. 4b-d, hollow
structured carbon spheres with a single hole can be observed,
and the sizes of the hole and sphere are determined to be
~38 nm and ~138 nm, respectively. Additionally, by adjusting
the molecular weight of PEG molecules, a closed-shell hollow
carbon sphere, or bowl-like carbon can also be obtained. This
work provides a new inspiration for the subtle preparation of
HSC materials.

2.1.3 Self-template method. Different from the hard/soft
template method, self-templating synthesis only involves the
direct carbonization of the carbon-containing precursors to
produce HSC (Fig. 2c). The emergence of the self-templated
technique has reinvigorated the family of HSC synthetic
approach (Table 2), which avoids the reliance on external
templates and shows great potential for scalable fabrication.

Zhang et al. reported the fabrication of hollow carbon
nanobubble with a shell thickness of only ~10 nm by simply
calcining hollow ZIF-8 in a N, atmosphere (Fig. 5a).*® It was
proposed that, the distinctive hollow structured carbon
featuring with ultra-thin shell not only serves to shorten the
distance of ion diffusion distance but also provides a more
accessible surface area for ions. Consequently, hollow carbon
nanobubbles showed enhanced ion storage performance, as
compared to the solid carbon nanoparticles. This synthesis
concept is expected to stimulate the exploitation of more
multifunctional hollow carbon materials derived from MOFs. In
a separate study, Zheng et al. synthesized N, S co-doped hollow
mesoporous carbon spheres (N/S-HMCS) using sulfur-bridged
covalent triazine frameworks (S-CTF) sphere as a precursor
(Fig. 5b).* The key point of this synthesis method is to control
the pyrolysis temperature to regulate the polymerization degree
of the inner and outer layers of S-CTF, which triggers the
formation of the inner cavity. During the pyrolysis process, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summary of the soft-templating and self-templating syntheses for HSC

Preparation

method Carbon precursor Template Morphology Application Ref.

Soft template Glucose Latex Hollow carbon sphere Battery 78
2,4-Dihydroxybenzoic acid and P123 and sodium  Hollow carbon sphere Hydrogenolysis of 5- 79
formaldehyde oleate hydroxymethylfurfural
Ribose Oleic acid emulsion Flasklike hollow carbon Supercapacitor 80
Glucose Oleic acid emulsion Hollow carbon sphere Biochemistry and supercapacitor 81
Aniline and pyrrole F127 Hollow carbon sphere Sodium storage devices 82
2,4-Dihydroxybenzoic acid and P123 and sodium  Single-hole hollow carbon Liquid-phase adsorption 63
hexamethylenetetramine oleate sphere

Self-template Melamine and formaldehyde resin — Hollow carbon microsphere Supercapacitor 83
Poly(amic acid) — Hollow carbon microsphere Supercapacitor 84
Monocrystalline zeolitic imidazolate — Hollow carbon nanobubble Battery 85
framework (ZIF-8) nanobubble
Deep eutectic solvent (urea, 2,5- — Hollow carbon nanorod Supercapacitor 86
dihydroxy-1,4-benzoquinone and
ZnCl,)
Poly(hexachlorocyclotriphosphazene- — Hollow carbon sphere Electrocatalysis 87
tannic acid-4,4"-sulfonyldiphenol)
hollow nanosphere
Polydopamine vesicle — Hollow carbon cage Cathode for Li-S batteries 88
Sulfur bridge covalent triazine . S, N-doped hollow carbon  Electrocatalysis 89
framework sphere sphere
Tetrahydrofuran-treated resorcinol- — Concave hollow carbon Anode material for Na/K-ion 90
formaldehyde (RF) polymer sphere sphere battery

a . € Emusion W PEGmolecule @ Oligomer B8 Polymer shell B Carbon shel some limitations, including the complex and time-consuming

Hydrothermal Pyrolysis
= =)

0115 135 155
Size (nm)

Fig. 4 (a) Schematic diagram of the synthesis for single-hole hollow
carbon spheres (HCH). (b) SEM and (c) TEM images, and (d) diameter
distribution of HCH. Reproduced with permission from ref. 63.
Copyright 2022, American Chemical Society.

volatile substance generated from the thermal decomposition
of the central oligomer with a lower polymerization degree
gradually migrated to the outside to reduce the surface energy
and maintain the structural stability. With the temperature
increase from 500 °C to 900 °C, the internal cavity size gradually
became larger and the specific surface area increased from 12
m? g~ (N/S-HMCS500) to 331 m> g~ (N/S-HMCS900). This
study proposes a promising route toward the controllable
synthesis of hollow carbon material with tailored heteroatom
doping.

In general, the selection of an appropriate synthesis method
for HSC should meet the demand of the intended application
scenario. The hard template method is more recommended for
applications requiring high product homogeneity and experi-
mental reproducibility. Nevertheless, this approach still has

© 2024 The Author(s). Published by the Royal Society of Chemistry

procedures and the use of corrosive reagents for template
removal. In contrast, the soft template method offers a relatively
easy template removal process; however, challenges arise con-
cerning the maintenance of structure rigidity throughout
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Fig. 5 (a) Preparation of nanobubble carbon via the pyrolysis of MOF
nanobubbles. Reproduced with permission from ref. 85. Copyright
2017, Royal Society of Chemistry. (b) The fabrication process of N, S
co-doped hollow mesoporous carbon sphere (N/S-HMCS) and the
corresponding TEM images. S-CTF represents the sulfur-bridged
covalent triazine frameworks. Reproduced with permission from ref.
89. Copyright 2021, Elsevier.

Chem. Sci., 2024, 15, 854-878 | 859


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc05026b

Open Access Article. Published on 07 mis Kevardhu 2023. Downloaded on 18/12/2025 17:03:25.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

subsequent applications. Although the template method shows
some advantages in the aspect of controlling the particle size
uniformity and dispersion of HSC, the self-templated method is
still regarded as a promising route for achieving scalable
production due to its facile operation and utilization of only
a single feedstock.

2.2 Functionalization strategies

2.2.1 Nonmetal doping. External nonmetal heteroatoms
(nitrogen (N), phosphorus (P), sulfur (S), fluorine (F), etc.)
doping, which has long been well-established in the study of
carbon materials, provides a feasible modification route to
regulate the charge redistribution, CO, affinity, and electrical
conductivity.”** Thus far, the most well-established strategy is
the introduction of N with high electronegativity (3.04) into the
carbon framework (carbon electronegativity: 2.55), and it can
change the asymmetric electron spin density and improve the
intrinsic activity.®>*” For example, Wu et al. synthesized a high-
efficiency nitrogen-doped carbon nanotube catalyst (NCNT)
with the aid of a liquid chemical vapor deposition (CVD)
method.”® It was found that the electrochemical CO,-to-CO
conversion performance of NCNT even surpassed those of
noble metals (Au and Ag), achieving a similar CO selectivity at
a lower overpotential. In sharp contrast to NCNT, the pristine
CNT exhibited poor activity and selectivity. As evidenced by the
experimental characterization and DFT theoretical calculations,
the features induced by N doping, including high conductivity,
efficient catalytic sites, and a low energy barrier for CO, acti-
vation, benefits CO, electroreduction process. In another
example, Wang et al. integrated NCNT and N-doped porous
carbon to a composite membrane, and it was demonstrated to
serve as an efficient metal-free catalyst for electrochemical CO,
reduction to produce formate;*® the results highlighted the
advantage of the nitrogen doping effect in the improvement of
electrochemical stability and anti-oxidizability.

In addition to N, F doping is identified as an efficient way to
tailor the electronic structure of carbon catalysts and enhance
eCO,RR activity by forming a local positive charge area, and the
local positive charge area can elevate COOH* (an important
intermediate) adsorption and suppress the side-competing
hydrogen evolution reaction (HER).'*>'* To further increase
the surface area, Ni et al. developed a F-doped cagelike carbon
electrocatalyst, which exhibits excellent CO product selectivity
at high overpotential.*®® The results demonstrated that hollow
morphology with abundant mesopores and micropores can
facilitate the capture and diffusion of CO, molecules. Addi-
tionally, a strong electric field formed at the edge site of the
opening pores on the F-doped carbon shell can increase the
partial concentration of electrolyte cations (K'), thus lowering
the eCO,RR thermodynamic energy barrier and boosting the
activation of CO,.

Besides single-element doping, multiple-element doping has
recently been proven to be effective in synergistically improving
the eCO,RR performance of HSC materials. Li et al. developed
a N, S dual co-doped hollow carbon sphere, which showed
a high CO faradaic efficiency (FEco) of 93% at a low potential of
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—0.6 V (vs. RHE), surpassing that of single-N-doped counter-
part.’® The addition of S doping provided more active sites, and
decreased the Gibbs free energy for the formation of COOH*
intermediate, thus promoting the eCO,RR activity.
Furthermore, N, B co-doped hollow carbon spheres reported by
Cheng et al. also exhibited a high FE of 95.1% at a low over-
potential of 310 mV."* It was suggested that doped B sites
enhance CO, adsorption, while N sites promote the hydroge-
nation of *CO, to form COOH*.

Although encouraging progress has been made in devel-
oping non-metal-doped carbon materials, some issues still need
to be solved. Taking N-doping carbon as an example. The
identification of actual active sites in N-doped carbon catalyst is
still controversial;'® because, during the doping process,
different kinds of nitrogen configurations, including pyridinic-
N, pyrrolic-N, and graphitic-N, will be introduced to the carbon
framework, resulting in structural inhomogeneity.'® It is diffi-
cult to precisely control the N configuration. Furthermore,
interactions between different types of nitrogen potentially
exist, which may affect the CO, catalytic reaction process.”® The
combination of advanced in situ characterization techniques
and DFT simulation is needed to further clarify the structure-
activity relationship and understand the relevant reaction
mechanism.

2.2.2 Metal single-atom anchoring. Since the emergence of
single-atom catalysts (SACs) concept in 2010, SAC has received
interdisciplinary attention and become the frontier hotspot in
catalysis field due to its exceptional catalytic properties.'”” The
atomic scale metal sites endow the catalyst with many attractive
advantages in catalytic CO, reduction: (1) high atom utilization
efficiency allows to lower the cost, especially in the case of noble
metal.'**'* (2) Excellent activity and selectivity can be achieved
by regulating the single atom coordination environment and
electronic structure."*''* (3) Well-defined active sites provide
ease for the catalytic mechanism study.'**

Normally, the isolate