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catalysts for electrochemical CO2

reduction reaction

Lankamullage Hasini Amanda Wijewardena,a Woo Seok Cheon,a Seol-Ha Jeong,*b

Jungwon Park *b and Ho Won Jang *ac

In response to environmental concerns and the energy transition, electrochemical CO2 reduction (eCO2RR)

to valuable chemicals and feedstocks using renewable electricity holds significant promise. Yet the

challenge remains in developing efficient, low-cost catalysts that exhibit no detrimental environmental

effects. Emerging graphene-based materials have demonstrated exceptional potential for eCO2RR due

to their distinctive electronic characteristics and structural advantages, providing remarkable activity,

selectivity, and durability. Moreover, they are earth-abundant, non-toxic, and environmentally friendly.

This review provides a comprehensive analysis of the application of graphene-based materials as

a catalyst for eCO2RR, focusing on strategies to optimize catalytic performance. Key strategies, such as

heteroatom doping and metal-graphene hybridization, are discussed. Furthermore, this review not only

explores traditional graphene-based materials but also covers emerging graphene analogs for eCO2RR. It

also highlights challenges, providing perspectives on future research directions to further improve the

design and application of graphene-based catalysts for sustainable CO2 conversion.
Sustainability spotlight

The continuous rise in CO2 emissions threatens global climate stability, emphasizing the need for carbon-neutral energy solutions. Electrochemical CO2

reduction offers a sustainable pathway to convert CO2 into valuable fuels using renewable energy, relying on catalysts to improve efficiency. Conventional
catalysts, however, oen depend on noble metals or exhibit low efficiency, presenting sustainability challenges. In this regard, graphene-based catalysts offer
a sustainable alternative due to their abundance, non-toxicity, and eco-friendliness. With its unique properties, graphene enables more efficient CO2 reduction,
offering environmentally friendly and improved performance. This advancement aligns with UN SDGs 7 (Affordable and Clean Energy), 12 (Responsible
Consumption and Production), and 13 (Climate Action), promoting sustainable energy conversion and reducing carbon emissions.
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1. Introduction

The sharp rise in atmospheric CO2 levels, primarily due to fossil
fuel combustion and human activities, poses a signicant
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2780 | RSC Sustainability, 2025, 3, 2779–2805
threat to the environment and humankind. This necessitates
the urgent need for sustainable solutions to achieve carbon
cycle neutrality through the development of advanced carbon
recycling technologies. Consequently, various strategies have
emerged to reduce fossil fuel dependency and recycle excess
CO2,1 with carbon capture and storage (CCS) and carbon
capture and utilization (CCU) being extensively explored as
promising approaches.2 While CCS is constrained by high costs
and associated risks, CCU offers a more sustainable alternative
by capturing CO2 at its source and converting it into fuels and
value-added feedstock, thereby addressing both environmental
and energy concerns.3 Among the various strategies within
carbon capture and utilization (CCU), eCO2RR stands out due to
its ability to operate under ambient conditions and its potential
to generate carbon-based fuels and chemicals from non-fossil
fuel energy sources, making it highly aligned with the goals of
a sustainable energy economy.4

While electrochemical CO2 reduction (ECR) presents
a potential solution for fuel production and the generation of
value-added chemicals, the inherent properties of CO2 pose
signicant challenges. CO2 is a highly stable linear molecule
with a strong C]O bond (750 kJ mol−1), which poses a chal-
lenge for its electrochemical conversion. This strong bond
makes CO2 thermodynamically stable, resulting in a high acti-
vation barrier and sluggish conversion. Consequently, signi-
cant overpotentials are required to overcome these barriers and
drive the reaction.5 Moreover, ECR becomes more challenging
in an aqueous electrolyte due to the multi-proton-coupled
electron transfer steps. Furthermore, the competing hydrogen
evolution reaction (HER) and the complex reaction pathways
Ho Won Jang
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Fig. 1 Schematic representation categorizing graphene-based cata-
lysts designed for eCO2RR.
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leading to a broad range of products make achieving selectivity
for a desired product a signicant challenge.6 Therefore, to
make CO2 electrochemical reduction economically viable,
electrocatalysts with high selectivity, stability, and activity
toward CO2 are required.7

The eCO2RR has been extensively studied on metal catalysts
due to their high catalytic performance. Precious metal-based
catalysts such as Au, Ag, and Pt have been well-established for
electrochemically converting CO2 into C1 products with lower
overpotentials and high current densities.8 Yet, they face several
challenges, including high costs, scarcity, and negative envi-
ronmental effects.9 Moreover, to date, only copper and copper
oxide-derived catalysts have been demonstrated to facilitate the
electrolysis of CO2 into hydrocarbons and oxygenates beyond
the 2-electron reduction pathway. However, the application of
these catalysts is limited by their high overpotential and
stability issues,10 making them inadequate for industrial
applications and global commercialization. Therefore, the
development of environmentally friendly electrocatalysts with
high activity and stability, capable of tuning the competitive
reactivity between eCO2RR and HER, is essential for advancing
electrochemical CO2 reduction.

Graphene-based materials are gaining increasing attention
as promising catalysts for ECR due to their unique properties,
including a large specic surface area, high electrical conduc-
tivity, and exceptional thermal stability.11 In addition, graphene
is a carbon-based material that is abundant and non-toxic and
can be synthesized through eco-friendly methods, reducing
reliance on scarce or harmful materials.12 Thus, using
graphene-based catalysts for eCO2RR approaches aims to over-
come the intrinsic limitations of metal-based catalysts.
Although pristine graphene is relatively inactive for ECR due to
its electroneutrality, functionalization induces charge redistri-
bution, enhancing its ability to adsorb and activate CO2, making
it a promising catalyst. For example, heteroatom-doped metal-
free graphene-based catalysts have shown promising results in
eCO2RR, producing CO with faradaic efficiencies (FE) exceeding
90% at low overpotentials, rivaling those of silver and gold.13–17

Moreover, metal-graphene hybridized catalysts have achieved
FEs for C2 products as high as 90% at overpotentials compa-
rable to copper.18,19 Hence, advancements in graphene-based
catalysts will be pivotal for driving sustainable energy conver-
sion technologies.

This paper provides a comprehensive review of recent prog-
ress on graphene-based materials for the electrocatalytic
conversion of CO2 into value-added products. We rst present
an overview of eCO2RR, including evaluation parameters and
characterization techniques. Next, a systematic review of the
role of graphene-based materials, along with their optimization
strategies such as metal-free heteroatom doping and metal
hybridization, is provided, along with the application of these
materials for the electrochemical conversion of CO2. Following
that, the advances in emerging graphene analogs as an exten-
sion of graphene-based catalysts for eCO2RR are presented. A
schematic overview of the major categories of graphene-based
catalysts explored for eCO2RR is illustrated in Fig. 1. Finally,
© 2025 The Author(s). Published by the Royal Society of Chemistry
an outlook on the future development of graphene-based cata-
lysts and electrochemical systems for eCO2RR is discussed.
2. Key aspects of eCO2RR
2.1 Fundamentals of eCO2RR

CO2, with an oxidation state of +4, represents the highest
oxidation state of carbon. Consequently, converting CO2 into
a more energetic product necessitates the transfer of electrons
to carbon, lowering its oxidation state.5 The conversion of CO2

into more reduced products is referred to as CO2 reduction,
with eCO2RR specically referring to the use of electrical energy
to drive this transformation into various carbon-based prod-
ucts. Generally, this process is performed in an electrolyzer
consisting of a cathode and an anode separated by an electro-
lyte. The electrode is solid for heterogeneous catalysts, and the
electrolyte is an aqueous solution saturated with CO2. The
electrolysis process typically occurs at the electrode–electrolyte
interface. During the eCO2RR process, the cathode facilitates
the reduction of carbon dioxide into useful hydrocarbons,
aldehydes, or alcohols, while the anode undergoes the oxygen
evolution reaction (OER), producing oxygen to complete the
overall reaction. The reaction mechanisms are outlined below.20

At the cathode

xCO2 + nH+ + ne− / product + yH2O (1)

At the anode,

2H2O / O2 + 4H+ + 4e− (2)

Mechanistically, three principal steps are involved in the
conversion of CO2 into carbon-based products.21 The rst step
involves the adsorption and activation of CO2 onto the electrode
surface. This is followed by proton-coupled electron transfer
(PCET) processes that generate various products through
different reaction pathways involving 2 to 8 electrons. Finally,
RSC Sustainability, 2025, 3, 2779–2805 | 2781
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Fig. 2 Mechanistic pathways for electrochemical CO2 reduction to C1, C2, and C3 products. Adapted with permission from ref. 22 Copyright
2023, Elsevier.

Table 1 The potential half-reactions occurring at the cathode during
CO2 electrochemical reduction, along with their equilibrium potentials
versus the Standard Hydrogen Electrode (SHE) in a pH 7 electrolyte7

CO2 reduction half-reaction E0 [V vs. SHE]

CO2 + 2H+ + 2e− / HCOOH + H2O Eredox
0 = −0.610 V

CO2 + 2H+ + 2e− / CO + H2O Eredox
0 = −0.530 V

2CO2 + 2H+ + 2e− / H2C2O4 Eredox
0 = −0.913 V

CO2 + 4H+ + 4e− / HCHO + H2O Eredox
0 = −0.480 V

CO2 + 6H+ + 6e− / CH3OH + H2O Eredox
0 = −0.380 V

CO2 + 8H+ + 8e− / CH4 + 2H2O Eredox
0 = −0.240 V

2CO2 + 12H+ + 12e− / C2H4 + 4H2O Eredox
0 = −0.349 V

2CO2 + 12H+ + 12e− / C2H5OH + 3H2O Eredox
0 = −0.329 V

2CO2 + 14H+ + 14e− / C2H6 + 4H2O Eredox
0 = −0.270 V

3CO2 + 18H+ + 18e− / C3H7OH + H2O Eredox
0 = −0.310 V

2H+ + 2e− / H2 Eredox
0 = −0.42 V
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the products desorb from the catalyst surface and diffuse into
the electrolyte. The nal product distribution is highly depen-
dent on the properties of the electrocatalyst and the applied
electrode potential. A diverse range of products can be obtained,
including C1 compounds such as carbonmonoxide (CO), formic
acid (HCOOH), methanol (CH3OH), formaldehyde (HCHO), and
methane (CH4), as well as C2+ products like ethylene (CH2CH2),
ethanol (C2H5OH), and acetate (CH3COOH). As illustrated in
Fig. 2, the formation of CO and HCOOH is relatively straight-
forward, each involving only a single pathway.22 In contrast,
methane and methanol may proceed through either the
*CH2OH or *OCH3 intermediate, while the formation of C2+

products involves multiple intermediates, making product
selectivity more complex. For example, acetate can be formed
via hydrogenation of *CO to *CH2, which then reacts with CO to
form *CH2CO, or alternatively through *CO dimerization to
*COCHO followed by hydrogenation.23 Ethanol and ethylene
share the intermediate *CH2CHO, with ethanol forming via
further PCET steps, while ethylene results from dehydration.24

Ethane forms through sequential PCET on CO to generate CH3,
which then couples to yield ethane. Ethylene glycol synthesis
starts from *CHO formation, followed by CO insertion and
multiple PCET steps.25 Table 1 summarizes the half-reactions
and their equilibrium potentials relative to the standard
hydrogen electrode (SHE) at pH 7.

Steering the selectivity of catalysts towards specic products
in eCO2RR is challenging due to the wide range of possible
carbon-based outputs. Pioneering work by Hori et al.26 classied
metal catalysts based on their FE and the types of products they
2782 | RSC Sustainability, 2025, 3, 2779–2805
generate, showing that different metals tend to produce specic
products such as H2, HCOOH, CO, or more complex hydrocar-
bons, depending on their catalytic properties.27 According to the
Sabatier principle, optimal catalytic performance requires
a balanced interaction between the catalyst and reaction inter-
mediates, neither too weak nor too strong, to ensure effective
adsorption and product release, which explains the perfor-
mance differences among various metal catalysts.

2.2 Evaluation parameters

2.2.1 Onset potential. The onset potential is the applied
potential versus the reference electrode at which a detectable
© 2025 The Author(s). Published by the Royal Society of Chemistry
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current corresponding to the desired product yield begins. It
indicates the ease of initiating a reaction on the catalyst. During
the eCO2RR, a less negative onset potential indicates a more
efficient catalyst, whereas a more negative onset suggests
a higher energy requirement.

2.2.2 Overpotential. Overpotential refers to the additional
voltage required beyond the thermodynamic equilibrium
potential to drive the electrochemical reaction at a desired rate.
In eCO2RR, the overpotential reects the energy barrier that
must be overcome for the reaction to proceed effectively. It is
inuenced by factors such as catalyst material, surface
morphology, and reaction conditions.

2.2.3 Faradaic efficiency. The faradaic efficiency represents
the ratio of the charge utilized for the desired electrochemical
reaction to the total charge passed through the system. This
indicates how effectively the electrons contribute to the
formation of specic products.

2.2.4 Tafel slope. The Tafel slope, a key kinetic parameter
in electrochemical studies, represents the relationship between
the overpotential and the logarithm of the current density. A
smaller Tafel slope indicates better catalytic performance, while
a larger slope suggests a more complex mechanism.

2.2.5 Stability. Stability is a critical parameter for evalu-
ating the practical application of catalysts. It can be measured
using two methods, voltammetric (CV or LSV) and
galvanostatic/potentiostatic electrolysis. In the voltammetric
method, overpotential changes are compared before and aer
cycling (e.g., 10 000 cycles), with minimal change indicating
stability. The galvanostatic/potentiostatic approach monitors
potential or current density over time at a constant current
density ($10 mA cm−2) for at least 10 hours, where minimal
variation signies good stability.
Fig. 3 Schematic representation of graphene-based materials, including

© 2025 The Author(s). Published by the Royal Society of Chemistry
2.2.6. Single-pass conversion efficiency (SPCE). SPCE is
a key performance benchmark for chemical processes. In
eCO2RR, SPCE is dened as the ratio of the amount of CO2

converted to the total amount of CO2 entering the electrolyzer in
a single pass.
3 Graphene-based materials as
a catalyst for eCO2RR
3.1 Properties of graphene-based materials

Since its discovery by Novoselov and Geim in 2004, graphene
has been the focus of research due to its unique properties, such
as exceptionally high surface area, outstanding conductivity,
and excellent thermal and chemical stability.28,29 This single-
atom-thick carbon structure is not only easy to modify into
various structures, such as graphene oxide (GO), reduced gra-
phene oxide (rGO), and carbon nanotubes (CNTs), but also
versatile in assembling into various allotropes- (0D) fullerenes,
(1D) nanotubes, (2D) graphene, or (3D) stacked-graphene
(Fig. 3),30–32 while retaining the two-dimensional hexagonal
lattice of sp2-hybridized carbon atoms as their fundamental
building block.33 This structural diversity of graphene has laid
the basis for developing novel graphene-based catalysts, which
have attracted increasing interest for applications in electro-
catalytic energy conversion. However, pristine graphene and its
derivatives exhibit limited catalytic performance for some
electrochemical reactions including eCO2RR due to their highly
ordered and inert carbon structure. This results in poor
adsorption and activation of CO2molecules during the eCO2RR.
This provides greater exibility for modications to optimize
the catalytic properties of graphene-based materials. The
introduction of non-metal heteroatoms and metal hybrid
graphene allotropes and derivatives, highlighting their key properties.

RSC Sustainability, 2025, 3, 2779–2805 | 2783
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formation with non-noble metals has been utilized to enhance
the catalytic performance of graphene.
3.2 Graphene-based catalyst optimization strategies:
a classication approach

Graphene-based catalysts can be broadly divided into three
main categories based on their compositional structure,
offering distinct optimization strategies for enhancing eCO2RR
performance. First, metal-free heteroatom-doped graphene
utilizes non-metallic dopants to introduce active sites within
the graphene lattice. Second, metal–graphene hybrids combine
single atoms or metal nanoparticles with graphene to utilize the
synergistic effects between the metal components and the
conductive carbon support. Third, graphene analogues,
including materials such as bismuthene and stanene, possess
graphene-like two-dimensional structures but are composed of
different elements, offering unique catalytic properties.

3.2.1 Metal-free heteroatom doping. Heteroatom doping is
an effective strategy to enhance the electrocatalytic performance
of graphene-based materials by modulating their electronic
properties and generating active sites. Various elements,
including P-block, such as sulfur, nitrogen, boron, and phos-
phorus, have been reported for graphene doping.34 Doping
graphene with these heteroatoms alters its structure and
properties due to the charge distribution changes and structural
defects, allowing graphene to be employed as an active center of
eCO2RR.35 For example, when the electronegativity of a hetero-
atom differs from that of carbon atoms, doping disrupts the
symmetry of the sp2 carbon network and alters the charge
distribution in graphene. This results in an uneven charge
distribution at the adjacent carbon atom positions, enhancing
the adsorption of CO2 and intermediates, thereby facilitating
electron transfer to the adsorbed molecules. In addition, these
charge distribution changes also shi the Fermi level and open
the band gap, optimizing electron transfer and improving
catalytic efficiency. Conversely, when the electronegativity is
similar, but the covalent radius differs, local structural changes
occur, leading to increased asymmetric spin density and the
creation of catalytically active sites.36

Single heteroatom doping involves the incorporation of one
type of heteroatom into the graphene lattice. Among these,
nitrogen doping is the most widely studied and highly effective
method for enhancing catalytic properties in graphene-based
materials. This is due to nitrogen's similar atomic size to
carbon and its strong electron-donating ability, which facilitates
seamless integration into the graphene structure and creates
active sites for catalytic reactions. As presented schematically in
Fig. 4a, nitrogen can exist in various N species, including
pyridinic-N, pyrrolic-N, graphitic-N, and pyrazole-N.37 Pyridinic
nitrogen is sp2-hybridized, substitutes a carbon atom within the
hexagonal lattice, and donates a single p-electron to the p-
electron system. Pyrrolic nitrogen, which is sp3-hybridized,
replaces a carbon atom in a ve-membered ring and provides
two p-electrons to the p-electron system. Graphitic nitrogen,
being sp2-hybridized, substitutes a carbon atom within the
hexagonal lattice. These N-species have signicantly varying
2784 | RSC Sustainability, 2025, 3, 2779–2805
impacts on the carrier concentration, leading to distinct elec-
tronic structures in the N-doped graphene.38 Recently, much
work has been dedicated to unveiling the origin of activity from
nitrogen doping in the eCO2RR. DFT calculations indicate that
the nitrogen atom of pyridine can form a hydrogen bond with
the hydrogen atom of the important intermediate *COOH,
therefore decreasing the reaction's free energy and stabilizing
the key intermediate. Furthermore, both graphitic and pyridinic
nitrogen have been reported to initiate catalytic activity for the
process. Due to the complexity of many N dopants inuencing
activity, the active sites for CO2 reduction on N-doped graphene-
based materials are still under debate.39

Single heteroatom doping also includes the incorporation of
other non-metallic elements such as boron, sulphur, and
phosphorus into the graphene lattice. Although less studied
than nitrogen, these dopants also play important roles in
enhancing catalytic performance by altering the local electronic
structure and inducing charge redistribution. Their different
electronegativity and atomic sizes compared to carbon create
unique active sites that promote CO2 adsorption and conversion
through distinct mechanisms. Due to the lower electronega-
tivity of boron compared to carbon, boron doping in graphene
generates electron deciency in the carbon atoms, resulting in
a noticeable difference in electron densities across the gra-
phene structure. As shown in Fig. 4b,35 the XPS B1s spectrum
displays two peaks, indicating that boron atoms in the graphene
network have two bonding types: a smaller peak at 198.5 eV for
boron silane in the p-conjugated system, and a stronger peak at
200.5 eV for graphitic boron, suggesting substitutional doping
of boron into the graphene lattice. Due to the relatively higher
electropositivity of B compared to C atoms, B-doping generates
charge imbalances in the carbon structure, which helps stabi-
lize the negatively charged oxygen atoms of CO2, thus
promoting stronger chemisorption of CO2 to the carbon surface
during the eCO2RR process.40 In comparison, sulphur, with an
electronegativity of 2.58, is almost identical to carbon, which
has an electronegativity of 2.55, resulting in minimal charge
density distribution effects in S-doped graphene. The interac-
tion between sulphur 3p and carbon 2p orbitals, which induces
sp3 hybridization, creating a tetrahedral-like distortion with
neighbouring carbon atoms, leads to an uneven spin density,
imparting graphene catalytic properties.41 As presented in
Fig. 4c, S dopant atoms can be observed on the S-doped gra-
phene through the adsorption of S onto the graphene surface,
the replacement of C by S at the edges, the creation of S/S oxide
at the edges, and an S-containing ring linking two graphene
sheets.42 Due to the larger atomic radius of sulphur (1.04 Å)
compared to carbon (0.77 Å), S atoms tend to incorporate at the
edges of graphene.

In addition to single-atom doping, co-doping strategies
involve the simultaneous incorporation of two different
heteroatoms into the graphene lattice. These heteroatoms, such
as nitrogen and sulphur, nitrogen and phosphorus, or boron
and nitrogen, work together to combine their unique electronic
and structural effects. Co-doping allows for the optimization of
multiple properties at once, leading to synergistic enhance-
ments in charge distribution, active site formation, and the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Structural configurations of N-doped graphene. Adapted with permission from ref. 37 Copyright 2016, Springer Nature. (b) XPS spectra
(B1s and C1s) of B-doped graphene. Adapted with permission from ref. 35 Copyright 2012, Wiley. (c) Potential structures of S-doped graphene.
Adapted with permission from ref. 42 Copyright 2014, American Chemical Society. (d) Binding modes of metal single atoms on graphene.
Adaptedwith permission from ref. 55 Copyright 2020, American Chemical Society. (e) Summary of reported active elements in SACs for eCO2RR.
Adapted with permission from ref. 56 Copyright 2020, Wiley.
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adsorption of key intermediates. This oen results in improved
catalytic activity, increased selectivity for specic products, and
enhanced stability in eCO2RR.

3.2.2 Metal hybridization. In addition to serving as an
active center, graphene can play a critical role in electro-
chemical reactions by forming metal hybrids, providing struc-
tural and electronic benets without directly participating in
the reaction itself. Various forms of graphene-based materials,
ranging from zero to three-dimensional structures, have been
explored to design and synthesize these hybrids to enhance the
electrocatalytic performance of metals.43–46 The synergy between
these combined structures enhances the catalytic activity of
metals, surpassing the capabilities of the individual
components.

These metal-graphene hybrids can be classied into four key
congurations based on the form and the scale of metal inte-
gration. One conguration involves isolated single metal atoms
anchored onto graphene, forming single-atom graphene
systems that maximize atomic utilization and provide well-
dened active sites. Another conguration features paired
metal atoms coordinated on the graphene lattice, creating dual-
atom graphene systems that enable unique electronic interac-
tions and synergistic effects. In contrast, fully encapsulated
metal nanoparticles, covered by graphene layers, form metal-
encapsulated systems, where the graphene shell provides
© 2025 The Author(s). Published by the Royal Society of Chemistry
stability while allowing selective access to the active metal core.
Lastly, metal nanoparticles or clusters supported on graphene
constitute metal-graphene composites, combining the advan-
tages of nanoscale metals with graphene's conductive frame-
work. This structural classication emphasizes how varying
degrees of metal-graphene integration inuence catalytic
behavior, from single-site precision to multifunctional
architectures.

Graphene has been effectively utilized as a particle stabilizer
for single atoms and dual atoms in eCO2RR. Its exceptional two-
dimensional structure and high specic surface area help
anchor these active centers, preventing agglomeration during
electrochemical processes.47 Moreover, the surface of graphene
can be modied with various functional groups, including
those containing nitrogen and oxygen.48 These functional
groups enhance graphene's ability to stabilize metal species by
serving as anchoring sites for single atoms and metal nano-
particles, preventing their migration or aggregation.49 As
a result, graphene serves as an ideal substrate for loading metal
atoms, substantially improving their dispersion, stability, and
electrocatalytic performance, ultimately contributing to
enhanced reaction efficiency. Fig. 4d illustrates the various
binding sites for single atoms (SAs) on graphene, including
pristine graphene,50 defective graphene with vacancies,51 doped
graphene,52 and edge sites.53,54 These binding modes differ in
RSC Sustainability, 2025, 3, 2779–2805 | 2785

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00174a


Fig. 5 Schematic representation of the advantages of graphene-based catalysts for electrochemical CO2 Reduction.
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stability and efficiency, with defective and doped graphene
generally enhancing the stability of metal SAs.55 The efficiency
and selectivity of SAs for eCO2RR vary depending on their
elemental properties and group number in the periodic table, as
shown in Fig. 4e.56

Graphene can also serve as a protective cover for the active
phase, such as metal catalysts, in eCO2RR. exceptional
mechanical strength and impermeability prevent corrosion and
oxidation of the underlying active material, ensuring long-term
stability. Additionally, graphene's chemical inertness under
reaction conditions preserves the catalyst's integrity, while its
ability to modulate local environments, such as the concentra-
tion of reactants, further enhances the selectivity and efficiency
of the reaction.

In the form of metal-graphene composite structures, gra-
phene acts as a conductive matrix that supports and enhances
the activity of metal catalysts in eCO2RR due to the excellent
electrical conductivity (1 × 105 S m−1) of graphene.57,58 There-
fore, graphene can serve as an ideal conductor, signicantly
improving the electrical conductivity of the hybrid catalyst
composites. Its excellent electrical conductivity facilitates effi-
cient electron transfer, while its mechanical strength ensures
enhanced stability under reaction conditions. The synergy
between the combined structures also promotes easy adsorp-
tion of CO2 on the catalyst surface.59

3.2.3. Graphene analogs. Emerging graphene analogs,
particularly 2D monoelemental materials (e.g., bismuthene,
stanene, phosphorene), have gained signicant attention as
electrocatalysts for CO2 reduction due to their unique electronic
properties, high surface-to-volume ratio, and tunable catalytic
activity.60 Unlike conventional graphene, these materials exhibit
intrinsic metallic or semiconducting behavior, anisotropic
charge transport, and abundant active sites, making them
promising candidates for the eCO2RR.61 For instance, bismu-
thene demonstrates high selectivity for formate production due
to its partially occupied p-orbitals, which facilitate CO2 activa-
tion and stabilization of the OCHO intermediate.62 The catalytic
performance of these materials can be further enhanced
through defect engineering, strain modulation, or heteroatom
2786 | RSC Sustainability, 2025, 3, 2779–2805
doping, which tailor their electronic structure and surface
reactivity.63 Moreover, the quantum connement effect in 2D
monoelemental materials leads to discrete energy levels,
enabling precise tuning of their Fermi level and bandgap for
optimal charge transfer during eCO2RR.64 These materials also
exhibit superior stability under electrochemical conditions
compared to traditional metal-based catalysts, addressing
a critical challenge in CO2 electroreduction.65

To outline the concepts discussed above, a schematic over-
view is presented in Fig. 5, illustrating the key advantages of
graphene-based materials in electrochemical CO2 reduction.
4. Characterization of graphene-
based catalysts

The characterization of graphene-based catalysts for eCO2RR
requires a comprehensive analysis of the intrinsic properties,
such as surface morphology, defect density, and electronic
structure, as well as the electrochemical reaction mechanisms,
to enhance the catalytic performance. Themost commonly used
methods for characterizing graphene-based catalysts in elec-
trochemical CO2 reduction can be divided into two categories:
ex situ and in situ techniques. Ex situ characterization involves
analyzing the catalyst before or aer the electrochemical reac-
tion, providing detailed information about its structural,
morphological, and compositional properties. In situ charac-
terization, on the other hand, focuses on real-time monitoring
of the catalyst's behavior under electrochemical conditions.
This approach provides crucial insights into the reaction
intermediates, active sites, and dynamic changes in the cata-
lyst's electronic structure during eCO2RR.66
4.1 Ex situ characterization

Methods such as scanning electron microscopy (SEM) trans-
mission electron microscopy (TEM), and high-angle annular
dark-eld scanning transmission electron microscopy (HAADF-
STEM) are commonly used to analyze the morphology and
structure of graphene-based catalysts, offering detailed images
© 2025 The Author(s). Published by the Royal Society of Chemistry
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of surface topography, layer thickness, defect sites, and the
arrangement of metal nanoparticles or single atoms on the
graphene substrate as shown in Fig. 6a and b.67 In addition,
changes in catalyst morphology during electrochemical reac-
tions, both before and aer the CO2RR, can be revealed,
providing insights into the structural evolution, stability, and
potential aggregation of nanoparticles as presented in Fig. 6c
Fig. 6 Ex situ characterization (a) TEM (b) HAADF-STEM elemental mapp
from ref. 67 Copyright 2021, Elsevier. (c) Unconfined and (d) confined Cu
permission from ref. 68 Copyright 2021, Springer Nature (e) XRD patterns
and N co-doped graphene (ING). Adaptedwith permission from ref. 69 Co
graphene (DG) and NG. Adapted with permission from ref. 70 Copyright
with permission from ref. 71 Copyright 2023, Elsevier. (h) Structural chara
Fourier transform k3-weighted R-space c EXAFS spectra for Ni–CN, NiSA
Ni foil). (j) EXAFS fitting and wavelet transforms of Ni K-edge EXAFS signal
from ref. 73 Copyright 2023, Wiley.

© 2025 The Author(s). Published by the Royal Society of Chemistry
and d.68 The crystallinity and phase composition can be char-
acterized using X-ray diffraction (XRD) and selected area elec-
tron diffraction (SAED). As depicted in Fig. 6e, the XRD
measurement conrms the successful oxidation, functionali-
zation, and doping of graphene were achieved, as evidenced by
shis in diffraction peaks and changes in peak intensities.69

The degree of structural deformation of catalysts can be
ing images of N-doped graphene (NG-1000). Adapted with permission
nanoparticles before and after the eCO2RR, respectively. Adapted with
of graphite, GO, bare graphene, iodine-doped graphene (IG), NG, and I
pyright 2015, Elsevier. (f) Raman spectra of pristine graphene, defective
2013, Elsevier. (g) High-resolution N1s XPS spectra of carbon. Adapted
cterization of nickel-based catalysts using Ni K-edge XANES spectra. (i)
/NCNT, SANi-Ni/NCNT, NiNx/NCNT, and reference materials (NiPc and
s for Ni–CN, SANi-Ni/NCNT, and NiNx/NCNT. Adapted with permission
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assessed using Raman spectra, as demonstrated in Fig. 6f.
Raman analysis of pristine, defective, and doped graphene
reveals that the pristine graphene shows strong G and 2D
bands, while defective graphene, such as nitrogen-doped,
exhibits an additional D band. Increased D/G intensity ratios
indicate a higher density of defects due to substitutions,
vacancies, and structural disruptions, thus providing insights
into the defect concentration and doping level in the graphene
structure.70 Additionally, as illustrated in Fig. 6g, the X-ray
photoelectron spectroscopy (XPS), analysis of the N1s spectra
allows for the identication of the incorporation of nitrogen
into the carbon structure and the formation of various nitrogen
bonding types.71 As shown in Fig. 6h and i, the synchrotron-
radiation-based X-ray absorption ne structure (XAFS),
including both X-ray absorption near-edge structure (XANES)
Fig. 7 In situ characterization (a) In situ TEM Configuration. Adapted with
(b) In situ UV-visible spectra of CuPc and Cu-CDs. Adapted with permissi
of CoPc/MWCNT in CO2−saturated (top) and CO-saturated (bottom) ele
with permission from ref. 77 Copyright 2023 Springer Nature. (d) In s
permission from ref. 76 Copyright 2023, Springer Nature (e) operando EXA
ref. 78 Copyright 2024, Springer Nature. (f) Normalized Co K-edge XANES
and E = −0.7 V vs. RHE in CO2 and CO-saturated electrolytes. Adapte
Schematic of the ATR-SEIRAS setup, and real-time ATR-SEIRAS spectra
RHE. Adapted with permission from ref. 79 Copyright 2021, Springer Na

2788 | RSC Sustainability, 2025, 3, 2779–2805
and extended X-ray absorption ne structure (EXAFS), can be
used to examine the coordination environment and electronic
states of metal species in catalysts.72 XANES analysis offers
insight into the oxidation states of metal species while the
EXAFS analysis helps identify the coordination environment
and differentiate between single-atom catalysts and metallic
clusters. Additionally, the wavelet transform (WT) of EXAFS
(Fig. 6j) signals offers a more detailed view of the coordination
environment and bonding interactions in the catalyst.73
4.2 In situ characterization

The in situ/operando TEM technique enables real-time charac-
terization of catalyst morphology changes during reactions
through imaging and diffraction techniques by applying light,
permission from ref. 74 Copyright 2020, American Chemical Society.
on from ref. 75 Copyright 2021, Springer Nature. (c) In situ FTIR spectra
ctrolytes, recorded at potentials of −0.3 V to −0.8 V vs. RHE. Adapted
itu Raman spectra of Fe-poN-C(O) and Fe-poN-C/Fe. Adapted with
FS spectra of p-CuNW and cAA-CuNW. Adapted with permission from
spectra for CoPc/MWCNT at open-circuit potential (OCP), E=−0.5 V,
d with permission from ref. 77 Copyright 2023, Springer Nature. (g)
of GNDs-160 in a CO2-saturated 0.5 M KHCO3 solution at −0.68 V vs.
ture.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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electrical, and thermal stimuli during TEM analysis (Fig. 7a).74

In situ spectroscopic techniques, such as UV-vis, Raman, and
FTIR can facilitate real-time monitoring of catalytic processes.
UV-vis absorption spectroscopy is used to study catalytic reac-
tions in both homogeneous and heterogeneous systems.
Recently, Chai et al. utilized in situ UV-visible spectroscopy to
reveal that copper-doped carbon dots (Cu-CDs) retain their
single-site Cu conguration, conrming their intrinsic catalytic
activity without forming metallic clusters. In contrast, Cu-
phthalocyanine (CuPc) transforms into Cu clusters under elec-
trochemical conditions (Fig. 7b).75 Raman spectroscopy is
widely used to analyze the evolution of catalyst surface adsor-
bates during ECR. As presented in Fig. 7d,76 Raman spectros-
copy revealed that the Fe–N4 catalyst on an oxygenated carbon
matrix forms *CO2

− intermediates during ECR, while the
Fe–N–C catalyst with iron nanoparticles showed no *CO2

−

peaks, suggesting rapid protonation to *COOH intermediates,
indicating enhanced protonation on the iron surface.
Compared to the above two methods, FTIR spectroscopy, with
its high sensitivity and fast characterization speed, is especially
effective for identifying reaction intermediates. It provides real-
time, molecular-level insights into the adsorption and desorp-
tion of intermediates by analyzing the absorption of infrared
light, offering insights into bond changes and molecular
interactions, as shown in Fig. 7c.77 In situ X-ray absorption
spectroscopy (XAS) uses synchrotron radiation to probe the
chemical and structural properties of catalysts with subatomic
resolution. It is divided into XANES and EXAFS. EXAFS reveals
changes in coordination environments (Fig. 7e),78 while XANES
helps determine the oxidation state (Fig. 7f).77 Attenuated total
reectance–surface-enhanced infrared absorption spectroscopy
(ATR-SEIRAS) can be used to study how the electric double layer
(EDL) structure changes under the applied potential during
electrocatalytic processes, including the reduction of CO2. As
shown in Fig. 7g,79 ATR-SEIRAS at−0.68 V vs. RHE reveals stable
carboxyl (−COOH) groups on metal-free single-layer graphene
nanodisks (GNDs) during CO2RR, with no signicant change
aer oxygen saturation, indicating surface inertness.
5. Application of graphene-based
catalysts for eCO2RR
5.1 Metal-free heteroatom doped graphene for eCO2RR

5.1.1 Single-heteroatom: N-doped graphene. N-doped
graphene-based materials exhibit excellent catalytic perfor-
mance for CO and formate production in terms of activity,
selectivity, and stability, outperforming many noble metal
catalysts. However, the precise nature of their active sites
remains unclear due to the coexistence of multiple nitrogen
species and the difficulty in correlating structural features with
catalytic activity. Nonetheless, an increasing number of metal-
free N-doped graphene-based materials have demonstrated
signicant potential as efficient catalysts for eCO2RR.

Among all nitrogen congurations in N-doped graphene
catalysts, pyridinic-N, characterized by a pair of lone electrons,
exhibits a strong binding affinity for CO2. This interaction
© 2025 The Author(s). Published by the Royal Society of Chemistry
facilitates the formation of the *COOH intermediate via proton-
electron coupling, followed by its conversion to CO through
*CO adsorption. In contrast, the electrons in graphitic-N occupy
p–p antibonding orbitals, rendering them less favourable for
CO2 binding. As a result, the preferential adsorption of weakly
acidic CO2 molecules occurs more readily at pyridinic-N sites,
promoting selective eCO2RR on these sites rather than on
graphitic-N.8 Further studies showed that increasing the
pyridinic-N concentration correlated with enhanced CO selec-
tivity. Early reports on N-doped NCNTs enriched with pyridinic-
N demonstrated a CO FE of ∼80% at a low overpotential of
−0.18 V vs. RHE, highlighting the role of pyridinic-N as the
active site for eCO2RR.80 N-doped CNTs with a high concentra-
tion of pyridinic-N sites (62.3% of all nitrogen) achieved a CO FE
of 96%with a jCO of 22 mA cm−2 at−0.7 V vs. RHE, emphasizing
the dominant role of pyridinic-N in promoting eCO2RR.81

Subsequent work demonstrated that local curvature modula-
tion of CNTs could further enhance the electronic environment
of pyridinic-N, boosting CO selectivity to nearly 100%.82

Similarly, Wang et al.83 designed hierarchically structured
porous N-doped carbon membranes (Fig. 8a) combined with
CNTs (HNCM/CNTs), achieving a formate FE of 81% at −0.9 V
vs. the RHE in 0.1 M KHCO3 solution (Fig. 8b and c). The
catalyst demonstrated high selectivity for formate, along with
excellent long-term stability of 36 hours and a signicant
current density. The study attributed the pyridinic N (41.8%) as
the key active sites, playing a crucial role in CO2 adsorption and
activity enhancement.

In contrast, Zhang et al.39 challenged conventional assump-
tions by demonstrating that graphitic-N, rather than pyridinic-
N, promotes CO2 reduction. Using template-assisted pyrolysis,
they synthesized N-doped carbon foams (Fig. 8d) with tunable N
species and achieved a CO FE of 95% at −0.5 V vs. RHE in 0.5 M
KHCO3 (Fig. 8e). DFT calculations revealed that the graphitic-N
doped C atoms are more selective for CO2 reduction to CO over
HER, whereas pyridinic-N doped C atoms tend to favor HER
over CO2RR, and pyrrolic-N doping reduces activity for both
reactions (Fig. 8f). In addition, compared to metal catalysts, the
sp2 framework in the carbon matrix enhances the durability of
heteroatom-doped graphene-based materials. The nitrogen
active sites remain stable within the sp2 carbon structure,
resisting reconstruction and aggregation even at low doping
levels.

Similarly, Li et al.67 reported a 2D N-doped graphene-like
carbon (Fig. 8g) achieving 95% FE for CO at −0.72 V vs. RHE
(Fig. 8h), with jCO of 9.07 mA cm−2. They demonstrated that
high-temperature pyrolysis increased defect density and
porosity, enhancing the exposure of graphitic-N sites (Fig. 8i).
DFT calculations indicated that C atoms adjacent to graphitic-N
were the most catalytically active. Moreover, Zhou et al. and Liu
et al. suggested that in certain nanostructured carbons (e.g.,
CNTs or graphene nanoribbons), both pyridinic and graphitic-N
may act as indistinguishable or co-active sites, complicating the
mechanistic understanding.

While N-doped graphene-based materials have been exten-
sively studied for the electrochemical reduction of CO2 to C1

products, recent advancements have demonstrated their
RSC Sustainability, 2025, 3, 2779–2805 | 2789
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Fig. 8 N-doped graphene for eCO2RR (a) HRTEM image of HNCM/CNT. (b) LSV curves recorded at a scan rate of 5 mV s−1 in CO2-saturated and
Ar-saturated 0.1 M KHCO3 aqueous electrolyte. (c) FE for formate production as a function of applied potential at HNCM and HNCM/CNT
electrodes. Adapted with permission from ref. 83 Copyright 2017, Wiley. (d) TEM image of NC-1100 and corresponding EDX maps of the NC-
1100. (e) Stability test of the NC-1100 at 0.5 V versus RHE. (f) Free energy pathways for eCO2RR to CO and HER over GN-induced active sites at
0 V versus RHE. Adapted with permission from ref. 39 Copyright 2020, Elsevier. (g) TEM images of NG-1000. (h) High-resolution XPS analysis in
N1s region of Pc and various NG catalysts. (i) FE for CO at −0.72 V vs. RHE for different catalysts. Adapted with permission from ref. 67 Copyright
2021, Elsevier. (j) High-magnification TEM image of NGQDs. The inset shows a single NGQD containing zigzag edges, as circled. (k) High-
resolution N1s spectrum for NGQDs. (l) FEs for NGQDs at various cathodic potentials. Adapted with permission from ref. 84 Copyright 2016,
Springer Nature.
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potential for producing economically valuable C2 products,
such as ethylene and ethanol. In this context, Wu et al.84 re-
ported the use of N-doped NGQDs (Fig. 8j and k) as effective
catalysts for eCO2RR. Operating within a ow cell electrolyzer
using 1 M KOH as the electrolyte, NGQDs exhibited a total CO2

reduction FE of up to 90% at −0.75 V vs. RHE. Notably, the
catalyst favored C2 product formation, achieving a combined FE
of 45% for ethylene and ethanol, with partial current densities
of 46 mA cm−2 and 21 mA cm−2 for C2H4 and C2H5OH,
2790 | RSC Sustainability, 2025, 3, 2779–2805
respectively (Fig. 8l). Although NGQDs demonstrate the poten-
tial for selective C2 product formation, the FE for individual
products remains relatively low compared to state-of-the-art Cu-
based catalysts, which are currently the benchmark for multi-
carbon product generation. To address this limitation, strate-
gies such as increasing N dopant density or co-doping with
complementary heteroatoms (e.g., B, S, P) may enhance both the
activity and selectivity toward specic C2 products. Further-
more, the C–C bond formation mechanism over N-doped
© 2025 The Author(s). Published by the Royal Society of Chemistry
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carbon catalysts remains poorly understood, posing a signi-
cant challenge for the development of next-generation metal-
free graphene-based electrocatalysts tailored for efficient and
selective multi-carbon product synthesis.

5.1.2 Other single-heteroatom doped graphene. Beyond
nitrogen doping, other single-heteroatom dopants such as
boron and phosphorus have shown promising potential in
enhancing the electrocatalytic performance of graphene-based
materials for CO2 reduction. Boron-doped graphene (BG) has
been shown to promote CO2 chemisorption by altering the
surface electronic structure, thereby enabling its catalytic
activity toward formate production via eCO2RR.40 Phani et al.85

were the rst to report on the electrocatalytic performance of
BG, demonstrating that catalysts synthesized by heating GO and
boric acid at 900 °C in a CO2 atmosphere achieved a formate FE
of 66% at −1.4 V vs. SCE, outperforming the benchmark Bi
catalyst (Fig. 9a). XPS signals of B1s and C1s conrmed the
incorporation of boron atoms within the hexagonal graphitic
structure (Fig. 9b and c), and computational studies combined
with experimental results revealed that boron doping induces
an uneven distribution of spin density in graphene, enhancing
its catalytic activity for CO2 adsorption and reduction compared
to pristine graphene. DFT calculations conrmed the feasibility
of CO2 physisorption and chemisorption on BG, leading to
formate. Similarly, boron-doped diamond has exhibited excel-
lent activity for formate production, achieving a high FE of
94.7% at a current density of 2 mA cm−2 in 0.5 M KCl, with
stable operation for 24 hours in a ow-cell system.86 These
ndings emphasize BG's potential as a cost-effective alternative
to metal-based electrocatalysts for carbon dioxide utilization.

Phosphorus doping in graphene signicantly modies its
electronic structure and active site distribution, enabling
Fig. 9 Other heteroatom doped graphene for eCO2RR High-resolution X
the presence of CO2. Adapted with permission from ref. 85 Copyright 201
on PGA-2. (f) FE for EtOH and yield for PGA-2 in a flow cell. Adapted wi

© 2025 The Author(s). Published by the Royal Society of Chemistry
enhanced catalytic activity for ECR to C2 products. Unlike N-
doping, where the adjacent carbon atoms oen serve as the
active sites due to electronic redistribution, P atoms themselves
act as positively charged active sites due to the reversed polarity
of the C–P bond, stemming from phosphorus's lower electro-
negativity (2.19) compared to carbon (2.55).87 Additionally, the
larger atomic radius of P introduces lattice distortion and
abundant edge defects, which are benecial for C–C coupling.
Motivated by these properties, Yang et al.19 synthesized
phosphorus-doped graphene aerogels (PGAs) via hydrothermal
reduction of GO with phosphoric acid (Fig. 9d). Using an H-type
three-electrode cell with CO2-saturated 0.5 M KHCO3 electro-
lyte, PGA-2 achieved a FE of 48.7% for ethanol production at
−0.8 V versus RHE, with an ethanol yield of 14.62 mmol h−1cm−2

and stability maintained for 70 hours (Fig. 9e and f). It was
revealed that the catalyst's hierarchical porous structure
enhanced CO2 adsorption and charge transfer, while DFT
calculations showed that P-doping at graphene zigzag edges
promoted *CO dimerization and C–C coupling. This work
inspires the design of metal-free catalysts by using P-doped
graphene-based materials for the conversion of CO2 into high-
value C2 products with high efficiency, selectivity, and stability.

5.1.3 Co-heteroatom doped graphene. Although single
heteroatom doped graphene-based materials have been shown
to serve as efficient, metal-free alternatives to traditional metal-
based electrocatalysts for CO2 reduction, co-doping with
a second heteroatom such as boron, sulphur, or phosphorus
has been demonstrated to further enhance their electronic
properties and surface polarity, signicantly improving their
performance. Specically, incorporating S into N-doped gra-
phene was proposed to enhance the asymmetrical spin density
of the carbon system due to the higher polarizability of S atoms
PS spectra of (a) B1s and (b) C1s (c) LSV of BG and Bi in 0.1 M KHCO3 in
5, Royal Society of Chemistry. (d) SEM image of PGA-2. (e) Stability test
th permission from ref. 19 Copyright 2022, Wiley.
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Fig. 10 Co-heteroatom doped graphene for eCO2RR (a) scanning TEM and N,S elemental mapping images of NS-C-900. (b) FE for CO vs.
applied potential. (c) Chronoamperometric responses and CO FEs at−0.6 V on NS-C-900 for stability tests. Adapted with permission from ref. 61
Copyright 2019, Elsevier. (d) Elemental mapping of rGONB (using STEM-HAADF). (e) XPS spectra of N1s spectrum and B1s spectrum. (f) FE for
CO2 reduction products and CO2 conversion rate with rGO and rGONB catalysts vs. Cu-based catalysts (Cu/rGO and Cu/rGONB) under
experimental conditions. Adapted with permission from ref. 91 Copyright 2023, Elsevier.
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compared to N and C, which is benecial for CO2 activation and
the binding of intermediates of eCO2RR.88–90 Thus, considering
the synergistic effect between N and S, Pan et al.61 developed
N–S Co-doped congurations via a pyrolysis strategy (Fig. 10a)
and demonstrated that sulfur addition to N-doped carbon
signicantly enhances the electrochemical reduction of CO2 to
CO. The N, S co-doped carbon (NS–C) catalyst exhibited
a maximum CO FE of 92% and a CO current density of 2.63 mA
cm−2 at a low overpotential of 490 mV, outperforming the S-free
N–C catalysts (Fig. 10b and c). Sulfur incorporation facilitated
the formation of pyridinic nitrogen as active CO2 reduction sites
and decreased the free energy barrier for the *COOH interme-
diate formation, synergistically enhancing catalytic activity and
selectivity.

In addition, Cerrillo et al.91 demonstrated that nitrogen and
boron co-doped reduced graphene oxide (rGONB) (Fig. 10d)
effectively catalyzes the electrochemical reduction of CO2 in
a PEM-type cell operating in gas-phase and continuous mode,
and the XPS signals of N1s and B1s indicate the incorporation of
boron atoms into the hexagonal graphene lattice (Fig. 10e). The
catalyst achieved a CO2 conversion rate 30 times higher than
undoped rGO (Fig. 10f), with formic acid and CO as the primary
products. The electron-donating nitrogen species and electron-
accepting oxidized boron sites synergistically enhanced cata-
lytic activity, outperforming Cu/rGO in CO2 conversion
efficiency.
5.2 Graphene-metal hybrid catalysts

5.2.1. Single-atom catalysts on graphene. SACs are catalysts
in which isolated metal atoms are individually dispersed on
a support, offering maximum atom utilization and uniform
2792 | RSC Sustainability, 2025, 3, 2779–2805
active sites. The support material plays a critical role in stabi-
lizing isolated metal atoms, which, due to their high surface
energy, require strong bonding to prevent aggregation.
Common stabilization strategies include anchoring single
atoms onto oxide supports such as FeOx,92 CeO2,93 or Al2O3,94 or
incorporating them into single-atom alloys (SAAs).95 However,
these approaches still face signicant challenges, such as sin-
tering under reducing conditions, complex synthesis proce-
dures, and limited metal loading capacity.96 In contrast,
graphene-based supports, including N-doped graphene-based
materials or mesoporous graphitic carbon nitride (g-C3N4)
offer robust metal coordination environments.

Over the past decade, SACs supported on such graphene-
based materials have garnered signicant attention due to the
synergistic benets of atomically dispersed active sites and
highly conductive and chemically tunable graphene-based
frameworks.97 A notable advancement in this area is the devel-
opment of M–N–C SACs (M = Fe, Co, Ni, Cu), where metal
atoms are stabilized in well-dened M–Nx coordination envi-
ronments. These materials feature well-dened coordination
environments and exhibit excellent performance in electro-
catalysis. For example, M–N4 sites on graphene support have
demonstrated exceptional activity and selectivity for electro-
chemical CO2 reduction to CO, achieving FE > 90%.98 Despite
the high per-atom activity of these catalysts, maintaining high
metal loadings without aggregation remains a key challenge,
driving continued research in synthesis strategies to enhance
both stability and performance.

Beyond isolated M–N4 sites, emerging strategies to tailor the
coordination environment of SACs have unlocked new path-
ways to enhance both activity and operational stability. Notably,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Single-atom catalysts on graphene for eCO2RR (a) magnified STEM images of uniformly distributed single Fe atoms in graphene (single Fe
atoms are highlighted with dashed circles). (b) FE for CO vs. applied potential. (c) Free-energy profile with optimized intermediates for elec-
troreduction of CO2 to CO, determined using the computational hydrogen electrode (CHE) model. Adapted with permission from ref. 100
Copyright 2019, Wiley. (d) Atomic-resolution HAADF-STEM image (Zn atoms are highlighted with yellow circles). (e) FE for methane vs. applied
potential. (f) Free energy diagrams for ERC to CH4 on Zn–N4−graphene, showing the most stable structure of each step. Red and pink balls
represent O and H atoms, respectively. Adapted with permission from ref. 103 Copyright 2020, American Chemical Society. (g) SEM images of
Cu-SA/NPC. (h) FE for CO2 reduction products for Cu-SA/NPC. (i) Free energy diagrams calculated at a potential of−0.36 V for CO2 reduction to
CH3COCH3 on Cu-pyridinic-N4 and Cu-pyrrolic-N4 sites of Cu-SA/NPC. Adapted with permission from ref. 104 Copyright 2020, Springer
Nature.
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recent advances demonstrate that certain M–Nx congurations
can simultaneously achieve exceptional catalytic efficiency and
durability.99 For instance, Zhang et al.100 demonstrated that
single-atom Fe–N5 sites, formed when an axial ligand coordi-
nates with Fe–N4 during prolonged thermal pyrolysis of N-
doped graphene(Fig. 11a), exhibit exceptional catalytic activity
and durability for the electrochemical CO2 reduction to CO in
aqueous media, outperforming the Fe–N4. The FeN5 catalyst
achieved a FE of 97.0% at a low overpotential of 0.35 V and
demonstrated excellent durability with less than 2% current
decay and stable CO selectivity (∼97%) over 24 h at −0.46 V vs.
RHE, while preserving the atomic FeN5 conguration post-
reaction (Fig. 11b). DFT calculations revealed that the addi-
tional axial pyrrolic nitrogen ligand in the FeN5 site causes an
additional reduction in electron density of Fe 3d orbitals, which
weakens the bonding interaction with CO and enables the rapid
desorption of CO along with high selectivity for CO production
(Fig. 11c).
© 2025 The Author(s). Published by the Royal Society of Chemistry
Although most SAs coordinated on graphene-based mate-
rials primarily produce CO as the main product,56 some cata-
lysts have also been reported to generate hydrocarbons.101,102

The single-atom Zn catalysts supported on N-doped carbon (SA-
Zn/MNC) (Fig. 11d) reported by Han et al.103 selectively reduce
CO2 to methane, achieving a FE of 85% for CH4 production at
−1.8 V vs. SCE (Fig. 11e) with a partial current density of −31.8
mA cm−2 and stability over 35 hours without signicant
performance degradation. The stable and efficient performance
of the catalyst can be attributed to the graphene's high electrical
conductivity, which ensures rapid charge transport. Theoretical
calculations revealed that during ECR, the O atom in the
*OCHO intermediate preferentially bonds with Zn instead of
the C atom, thereby suppressing CO formation and favoring
CH4 production (Fig. 11f).

While SACs have demonstrated excellent performance for
eCO2RR to C1 products, the formation of multi-carbon products
remains a signicant challenge due to the absence of adjacent
RSC Sustainability, 2025, 3, 2779–2805 | 2793
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active sites typically required for C–C coupling. The incorpora-
tion of atomically dispersed Cu into nitrogen-doped graphene
frameworks has emerged as a compelling strategy to address
this limitation by enabling unconventional C–C coupling
pathways within a single-atom coordination environment.
Graphene provides a highly conductive, chemically tunable
support, while nitrogen doping, particularly pyrrolic-N, strongly
coordinates single Cu atoms and alters their electronic struc-
ture. This coordination environment allows two CO* interme-
diates to adsorb sequentially on the same Cu site, where
intramolecular coupling occurs at a single metal center, leading
to C–C bond formation. Zhao et al.104 demonstrated that Cu
atoms anchored on nitrogen-doped porous carbon (Cu-SA/NPC)
exhibited (Fig. 11g) a FE of 36.7% (Fig. 11h) for acetone
production, with a notable rate of 336.1 mg h−1 at low over-
potential. DFT studies revealed that the pyrrolic-N coordinated
Cu sites lower the energy barriers for both CO2 activation and
CO–CO coupling, enabling the formation of key intermediates
for C3 product generation (Fig. 11i). This work highlights the
ability of graphene-based SACs to host complex reaction path-
ways, offering new insights for the rational design of efficient
and selective metal-free or atom-efficient CO2RR systems
Fig. 12 Dual-atom catalysts on Graphene for eCO2RR (a) HAADF-ST
formation of atom pairs/clusters (cyan) versus isolated single atoms (mag
Calculated free energy diagram for electrochemical CO2 reduction (eCO
ref. 105 and 128 Copyright 2022, Wiley. (d) Structural model of Fe2NPC
chemical CO2 reduction on Fe2NPC. Adapted with permission from ref
sponding partial current density for CO at different applied potentials in ac
(h) Gibbs free energy diagram for CO2-to-CO conversion over NiN3–CuN
at pH = 14. Adapted with permission from ref. 112 Copyright 2023, Wile

2794 | RSC Sustainability, 2025, 3, 2779–2805
targeting C2+ products. The co-doping of multiple species of
foreign atoms may generate new properties or create synergistic
effects.

5.2.2. Dual-atom catalysts on graphene. While SACs have
demonstrated signicant promise in eCO2RR due to their high
atomic efficiency and well-dened active sites, their limitations,
including a xed adsorption mode determined by a single active
site and the inability to independently optimize adsorption
energies for different intermediates due to linear scaling rela-
tionships, have prompted interest in DACs. In contrast, DACs
feature two adjacent metal centres, offering unique opportuni-
ties to tune electronic structures, break linear scaling relation-
ships, and facilitate CO2 adsorption in bent congurations,
thereby enhancing CO2 activation efficiency.

Li et al.105 reported a highly active N-coordinated DAC by
embedding Ni–Fe sites within ZIF-derived porous carbon
(Fig. 12a), aiming to overcome the limitations of traditional
M–N–C SACs in eCO2RR. Among the structures studied, the 2N-
bridged (Fe–Ni)N6 conguration featuring FeN4 and NiN4 sites
linked by two shared nitrogen (Fig. 12b) atoms showed the most
promising performance. This dual-metal synergy facilitated
optimal *COOH adsorption and *CO desorption, addressing
EM images illustrating metal atom dispersion on a carbon support:
enta). (b) Structural model of N-coordinated dual-metal Ni–Fe sites. (c)

2RR) on various dual-metal Fe–Ni sites. Adapted with permission from
dual-atom catalysts (DACs). (e) Gibbs free energy profile for electro-
. 110 and 128 Copyright 2022, American Chemical Society. (f) Corre-
idic electrolyte. (g) Partial current density for CO in alkaline electrolyte.

3 and NiN3 with pH correction at pH = 3. (i) Gibbs free energy diagram
y.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the strong CO* binding that lowers the reactivity of FeN4,106 and
the weak *COOH binding of NiNx sites.107,108 DFT calculations
revealed favourable charge redistribution between the Ni and Fe
centres, reducing the energy barrier for *CO desorption and
enhancing the onset potential for CO2RR, while suppressing
HER activity (Fig. 12c). Beyond experimental advances, theo-
retical studies also have played a key role in guiding DACs
design. For instance, Luo et al. used DFT calculations to
investigate dual-metal site catalysts like Cu/Mn, Ni/Mn, and Ni/
Fe, which showed enhanced activity for CO2-to-CO conversion
due to the breaking of the conventional scaling relationship
between *CO and *COOH adsorption, allowing more favourable
reaction pathways.109

Similarly, Zhao et al.110 prepared a homonuclear Fe–Fe DAC
featuring Fe2N6 sites uniformly anchored on nitrogen-doped
porous carbon (Fig. 12d). This Fe–Fe DAC reached a FE of
96.0% for CO production at −0.6 V vs. RHE with a low Tafel
slope of 60 mVdec−1, markedly outperforming Fe SACs. DFT
studies reveal that the cooperative interaction between the two
Fig. 13 Graphene-shell encapsulated metal nanoparticles for eCO2RR
quasi-graphitic C shell. (b) FE and partial current density for C2+ product
pristine Cu, Cu (B), and Cu (N) surfaces. Adapted with permission from ref
LSV curves in CO2 and Ar-saturated 0.1 M KHCO3 aqueous solutions for
density for Cu-600-N2. Adaptedwith permission from ref. 127 Copyright
In situ Raman spectroscopy results. Left: Potential-dependent Raman spe
bridge and atop sites on the catalyst surface. Right: Raman spectra of oth
donation and CO selectivity trend with increasing Cu content in NiCux
Adapted with permission from ref. 128 Copyright 2017, Royal Society of

© 2025 The Author(s). Published by the Royal Society of Chemistry
Fe centres facilitates the adsorption of CO2 in a bent congu-
ration, effectively reducing the activation barrier and promoting
rapid *CO desorption (Fig. 12e). Similarly, Hao and co-workers
found that Ni/Ni DMSCs could also achieve over 99% FE for CO
production, indicating that even homonuclear DACs can ach-
ieve exceptional eCO2RR performance when properly
congured.111

Demonstrating the potential of advanced dual-atom catalyst
systems, Zhang et al.112 developed a Ni–Cu DAC embedded in
hollow N-doped carbon nanocages that exhibited pH-universal
activity for CO2 reduction. The catalyst demonstrated near-
unity CO FE up to 99% across acidic, neutral, and alkaline
electrolytes (Fig. 12f and g), with high partial current densities
(up to 489 mA cm−2 in alkaline). Under acidic conditions, where
HER typically dominates, the catalyst retained a CO selectivity of
98.5% and achieved a remarkable CO2 utilization efficiency of
64.3%. Operando characterizations and DFT analysis revealed
that Cu shied the Ni d-band center closer to the Fermi level,
(a) high-resolution TEM image of the confined Cu nanoparticles and
s at 400 mA cm−2. (c) Free energy diagram for CO dimerization on the
. 68 Copyright 2021, Springer Nature. (d) TEM images of Cu-600-N2. (e)
Cu-600-N2, Cu-600-H2, and Cu-600-NH3. (f) FE and partial current

2023, Royal Society of Chemistry. (g) FE distributions at 1.0 V vs. RHE. (h)
ctra of NiCu0.25, with adsorption models illustrating *CO adsorption at
er catalysts recorded at an applied potential of 1.0 V vs. RHE. (i) Electron
. Glow intensity represents 3d electron density in molecular models.
Chemistry.
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thus enhancing *COOH formation and tuning the binding
energies of key intermediates (Fig. 12h and i).

5.2.3. Graphene-shell-encapsulated nanoparticles. Over
the past decade, nanoparticles encapsulated in graphene-based
materials have demonstrated great potential as electrocatalysts
for electrochemical energy applications.113–115 Graphene acts as
a protective layer for catalysts in eCO2RR by providing a chem-
ically inert barrier that prevents catalyst reconstruction, particle
aggregation, and oxidation.116 Additionally, its high conduc-
tivity facilitates efficient electron transfer, ensuring sustained
catalytic activity.117

Copper is widely studied for its ability to yield C2+ products
such as ethylene, ethanol, and n-propanol with high selectivity.
However, its structural instability under electrochemical
reduction conditions is a major challenge, leading to catalyst
reconstruction and reduced performance.118–123 Degradation
prevention methods, such as the use of physical barriers124 on
the surface and alloying with second metals,125,126 have been
proposed as solutions to mitigate this issue. Among these, the
physical barrier method has been the most studied, with gra-
phene emerging as the most suitable option due to its inert
nature. Kim et al.68 developed a catalyst system resistant to
reconstruction by spontaneously depositing graphitic carbon,
which surrounds the Cu nanoparticles in a quasi-graphitic C
shell, thereby protecting them (Fig. 13a). This catalyst not only
prevents Cu from reconstruction but also enables inner Cu
doping to enhance activity and stability. Their copper nano-
particles encapsulated in quasi-graphitic carbon shells effec-
tively catalyze the electrochemical conversion of CO2 to C2+

products with no reconstruction. Using a ow-cell reactor with
a 1 M KOH electrolyte, boron-doped Cu catalysts achieved a FE
of 68.1% for ethylene production at −0.55 V versus RHE, while
nitrogen-doped Cu catalysts attained an FE of 82.3% for C2+

products with a partial current density of 329 mA cm−2

(Fig. 13b). The quasi-graphitic carbon shell stabilized the Cu
nanoparticles against reconstruction and enhanced C–C
coupling, as conrmed by DFT calculations (Fig. 13c).

Similarly, Yao et al.127 revealed that copper nanoparticles
encapsulated in a carbon shell (Cu-600-N2), synthesized by
calcination of a copper-based metal–organic framework (Cu-
MOF) in an N2 atmosphere (Fig. 13d), effectively catalyze the
electrochemical reduction of CO2 to ethanol with high selec-
tivity and stability. These Cu-MOFs were also exposed to various
gas atmospheres, including H2 and NH3, to investigate their
inuence on the catalytic performance. The catalyst under N2

achieved a FE of 67.8% at−0.8 V vs. RHE, outperforming copper
nanoparticles synthesized under H2 and NH3 atmospheres
(Fig. 13e and f). The carbon shell provided structural protection,
preventing Cu particle aggregation and surface reconstruction,
signicantly enhancing catalyst stability over 16 hours of
continuous operation. Additionally, Tafel analysis revealed
superior corrosion resistance for Cu-600-N2, attributed to its
more positive corrosion potential than the other catalysts. This
protective carbon layer and synergistic Cu–C interactions
maintained high FE and current density, making Cu-600-N2

a promising electrocatalyst for ethanol production in CO2RR
applications.
2796 | RSC Sustainability, 2025, 3, 2779–2805
Moreover, Xu et al.128 demonstrated that graphene-
encapsulated nickel-copper bimetallic nanoparticles (NiCu0.25)
effectively catalyze the electrochemical reduction of CO2 to CO.
Using a CO2-saturated 0.1 M KHCO3 electrolyte, NiCu0.25 ach-
ieved a FE of 88.5% at −1.0 V versus RHE (Fig. 13g), with
enhanced stability due to the graphene encapsulation prevent-
ing particle aggregation. The study revealed that lower Cu
content in NiCux alloys optimizes the electronic structure,
enhancing *COOH adsorption and CO selectivity. The graphene
shell stabilizes the nanoparticles, preserving structural integ-
rity. Fig. 13h conrms *CO adsorption variations, while Fig. 13i
shows that increasing Cu content shis electron donation,
reducing CO selectivity. These results demonstrate the dual role
of graphene as both a physical barrier and an electronic
modulator, pointing to the potential of graphene-based encap-
sulation strategies in designing next-generation stable and
selective CO2 reduction catalysts.

5.2.4. Graphene-metal composite structures. Graphene,
a two-dimensional material characterized by its high specic
surface area and excellent electrical conductivity, serves as an
ideal substrate for anchoring metal nanoparticles and clusters.
The synergistic interactions between graphene and metal
species promote efficient charge transfer, stabilize catalytically
active sites, and modulate the local electronic structure
enhancing electrocatalytic performance. For example, Yuan
et al.129 synthesized cu nanoparticles anchored on pyridoxine-
functionalized graphene oxide (GO-VB6-Cu) (Fig. 14a) to
demonstrate efficient electrocatalytic performance for the
electrochemical reduction of CO2 to ethanol in an aqueous
medium. The GO-VB6-Cu catalyst achieved a FE of 56.3% at
−0.25V vs. RHE with high stability, maintaining performance
for over 24 hours (Fig. 14b). Electrochemical kinetic studies
revealed that the enhanced catalytic performance of GO-VB6-Cu
was primarily associated with signicantly improved electron
transfer at the electrode surface. This improvement was attrib-
uted to a combination of factors, including a large electro-
chemically active surface area (ECSA), enhanced CO2 adsorption
capacity, and reduced charge transfer resistance (Fig. 14c).
Thus, the synergistic interaction between Cu nanoparticles and
pyridoxine-functionalized graphene oxide enables efficient and
selective electrochemical CO2 reduction to ethanol at low
overpotentials, effectively overcoming the high energy barriers
typically associated with Cu surfaces. Similarly, Cu nano-
particles stabilized by reduced graphene oxide have shown
enhanced ethanol selectivity and stability due to improved
charge transfer and CO intermediate stabilization.130 This
further supports the role of graphene-based supports in
modulating local electronic environments and catalytic path-
ways. These ndings provide valuable insights for designing
advanced metal graphene composites aimed at enhancing
charge transfer and reducing overpotentials in CO2 reduction
reactions.

Moreover, despite the ability of copper-based electrocatalysts
to convert CO2 into value-added multicarbon products, the
traditional Cu forms, such as foils or large nanoparticles, oen
suffer from limited active surface area utilization,131,132 neces-
sitating the development of nanoscale catalysts to optimize
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Graphene-metal composite structures for eCO2RR (a) TEM images of GO-VB6-Cu-x. (b) FEs for CO2 reduction vs. applied potential for
various GO-VB6-Cu catalysts. (c) Schematic illustration of the CO2 electrochemical reduction process on the GO-VB6-Cu catalyst. Adaptedwith
permission from ref. 129 Copyright 2019, Elsevier. (d) Schematic of magnetron sputtering delivering atoms of Cu directly onto the GNF surface.
(e) FE and the current density for Cu/GNF (0.84 wt% Cu) at −0.38 V vs. RHE over time. (f) Binding energy of CO2 and H2O to Cu (111) and Cu (311)
surfaces of bulkmetal, Cu atom embedded in graphene vacancy defects, and pristine graphene. Adaptedwith permission from ref. 133 Copyright
2024, Nature. (g) TEM image of the CoPc/CNT (6%) hybrid with the chemical representation of the CoPc/CNT hybrid interface. (h) FE for CO and
H2 at various applied potentials for CoPc and CoPc/CNT electrodes. (i) Corresponding partial current densities for CO andH2 for CoPc and CoPc/
CNT under the same conditions. Adapted with permission from ref. 134 Copyright 2024, Nature.
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performance. Cu nanoclusters, composed of a group of atoms,
have been recognized as a solution in this context. However, the
effectiveness of these catalysts is greatly inuenced by the
properties of the support material and the particular conditions
during catalyst synthesis. In this regard, Burwell et al.133

demonstrated that copper nanoparticles directly anchored onto
graphitized carbon nanobers (Cu/GNF) prepared via solvent-
free atomic deposition (Fig. 14d) enhance the electrochemical
reduction of CO2 with remarkable selectivity. The Cu/GNF
catalyst achieved a FE of 94% for formate production at
−0.38 V vs. RHE (Fig. 14e), outperforming conventional Cu-
based catalysts. The Cu nanoparticles (2–5 nm) localized at
graphitic step edges provided a strong metal-support interface,
facilitating charge transfer and stabilizing catalytic sites
(Fig. 14f). The study highlighted the critical role of the graphitic
step edges in stabilizing the Cu nanoparticles, which prevented
aggregation and ensured efficient CO2 conversion. These nd-
ings highlight the signicance of designing well-dened nano-
scale metal–graphene interfaces, which can effectively stabilize
© 2025 The Author(s). Published by the Royal Society of Chemistry
metal active sites, inhibit particle aggregation, and enhance
both the activity and durability of CO2 reduction catalysts.

In addition, immobilizing M–N–C-type molecular catalysts
such as metal phthalocyanine or metal porphyrins onto
conductive graphene-based materials has emerged as an effec-
tive strategy to improve both catalytic activity and stability for
eCO2RR. These graphene-based supports not only prevent cata-
lyst aggregation and facilitate charge transport but also provide
favorable electronic interactions that can modulate the local
coordination environment of the metal center. For instance,
Zhang et al.134 reported that molecularly dispersed CoPc
anchored on multi-walled CNTs via p–p interactions (Fig. 14g)
exhibited high CO selectivity (FE > 90%) (Fig. 14h and i) and long-
term stability in aqueous KHCO3 electrolyte, with performance
further enhanced by electron-withdrawing cyano substituents
that promotedmore favorable Co(I) formation and faster electron
transfer. Beyond tuning molecular electronics, catalyst support
interactions have also been shown to inuence product distri-
bution. Shen et al.135 demonstrated that cobalt protoporphyrin
RSC Sustainability, 2025, 3, 2779–2805 | 2797
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immobilized on pyrolytic graphite enables the formation of both
CO and CH4 in acidic media, and importantly, the product
selectivity was highly dependent on pH, with lower pH favoring
methane and higher pH favoring CO, due to the different stabi-
lization mechanisms of reaction intermediates. More recently,
Su et al.136 highlighted the critical role of support-induced strain
by showing that single-walled CNTs (SWCNTs), due to their high
curvature, distort the CoPc molecular structure in a way that
enhances CO binding and enables deeper reduction to meth-
anol. This curvature-driven modulation led to a striking increase
in methanol selectivity, achieving a FE of 53.4%, compared to
just 13.9% on larger-diameter CNTs.

5.3 Graphene analogs

In addition to conventional graphene-based materials as elec-
trocatalysts for CO2 reduction, emerging graphene analogs,
especially 2D monoelemental materials, have gained increasing
attention due to their unique properties compared to tradi-
tional CO2 electrocatalysts.137 One of the most prominent
Fig. 15 Graphene analogs for eCO2RR (a) FEs for formate vs. applied p
diagrams for CO2RR and HER on (111) single-atom-thick bismuthene an
CO2RR through OCHO* and COOH* in blue and orange, respectively, an
Copyright 2020, Springer Nature. (d) TEM images of sandwiched bismuth
applied potential within 2 hours. Adapted with permission from ref. 142 Co
FEs for formate vs. applied potential for Sn nanosheets with different th
responding FEs for HCOO− and H2. Adapted with permission from ref. 1

2798 | RSC Sustainability, 2025, 3, 2779–2805
features of these 2D monoelemental materials is their atomic
thickness, which offers distinct benets over bulk materials,
including a higher density of active sites and unique electronic
properties due to their reduced dimensionality. This enables
enhanced catalytic performance for CO2 reduction reactions, as
the altered atomic arrangements in the 2D monolayer promote
more efficient electron transfer and reaction kinetics.138 For
instance, bulk and nanoparticle forms of metals such as Sn and
Bi suffer from higher overpotentials and lower current densities
for electrochemical CO2 reduction,139–141 while their 2D mono-
elemental structures exhibit distinct catalytic CO2RR.62

Yang et al.62 demonstrated for the rst time that free-
standing monolayer bismuthene, synthesized through
a simple and scalable wet chemical process, serves as an effi-
cient catalyst for the electrochemical reduction of CO2 to
formate with outstanding selectivity and stability. The bismu-
thene catalyst achieved a FE of 99% at −580 mV vs. RHE
(Fig. 15a), with an onset potential of less than 90 mV and stable
performance over 75 hours without degradation. DFT
otential for Bi nanosheets with different thicknesses. (b) Free energy
d (c) (011) thick Bi nanosheets at 0.0 V. HER is represented in green,
d the state of CO* + OH* in red. Adapted with permission from ref. 62
ene nanoflakes. (e) FEs for bismuthene nanoflakes and (f) Bi powders vs.
pyright 2023, American Chemical Society. (g) TEM image of stanine. (h)
icknesses. (i) Stability test of stanene at −0.93 V versus RHE and cor-
43 Copyright 2024, Wiley.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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calculations ascribed the high performance to the structure-
sensitive nature of CO2 reduction on bismuthene, where the
(111) facet of atomically thin nanosheets promotes selective
formate production via an OCHO*-mediated pathway and
suppresses HER due to a high overpotential (Fig. 15b). In
contrast, thicker bismuth nanosheets exposing the (011) facet
bind intermediates too strongly, leading to surface poisoning,
which explains their lower activity and stability (Fig. 15c). These
ndings demonstrate bismuthene's potential as a scalable,
durable, and cost-effective electrocatalyst for sustainable CO2

utilization. However, one major limitation arises from the
dense stacking of nanosheets, which creates a compact catalyst
layer and restricts access to active sites, thereby limiting current
output. This challenge was addressed by incorporating inert
carbon black into the catalyst structure. The additive effectively
inhibits nanosheet restacking, thereby improving mass trans-
port and expanding the electrochemically active surface area.
This strategy offers a promising pathway for developing
composite catalyst architectures that enhance both scalability
and performance in eCO2RR.

In addition, growing high-quality 2D bismuthene in
bismuthene-based catalysts remains challenging due to its high
surface energy and strong interactions with metal substrates,
which oen cause structural distortion or aggregation into
nanospheres. To address this, Hu et al.142 developed a sand-
wiched epitaxy approach using a top hexagonal boron nitride
layer on Cu foil to suppress Bi–Cu interactions and stabilize the
2D hexagonal bismuthene structure during growth. Their work
demonstrated that single-crystalline hexagonal bismuthene
(Fig. 15d), synthesized via a sandwiched epitaxy growth, exhibits
excellent performance as an electrocatalyst for the selective
reduction of CO2 to formate at remarkably low overpotentials.
Utilizing a CO2-saturated 0.1 M KHCO3 solution, the catalyst
achieved an ultrahigh FE of 96.3% for formate production at
−1.0 V versus RHE. In contrast, Bi powder failed to selectively
produce formate, resulting in a mixture of C1 and C2 products
and H2 (Fig. 15e and f). Compared to Bi powders, bismuthene
nanoakes exhibited superior performance for formate
production, achieving a higher current density and lower onset
potential for the eCO2RR. The Tafel slope for bismuthene
nanoakes (352 mV dec−1) was lower than that of Bi powders
(371 mV dec−1), suggesting enhanced reaction kinetics. Despite
having a smaller electrochemically active surface area (ECSA)
than Bi powders (0.57 mF cm−2), the bismuthene nanoakes
(0.34 mF cm−2) demonstrated enhanced selectivity, attributed
to their 2D nanostructure, which contains abundant active edge
sites that effectively stabilize *OCHO intermediates, thereby
reducing the occurrence of competing reactions. In addition, it
was found that encapsulation by the hexagonal boron nitride
layer not only prevented structural degradation but also
enhanced electron transfer and stabilized reaction intermedi-
ates. This study suggests extending this encapsulation
approach to synthesize other 2D materials with high surface
energy, although scalability remain to be explored.

Moreover, free-standing stanine (Fig. 15g), synthesized by
Mei et al.143 using a bottom-up approach through a simple wet
chemical method with scalable production potential, was
© 2025 The Author(s). Published by the Royal Society of Chemistry
shown to effectively catalyze the electrochemical reduction of
CO2 to formate in an aqueous solution. Using a CO2-saturated
0.5 M KHCO3 electrolyte (Fig. 15h), the stanene catalyst ach-
ieved a high FE of 93% at −0.93 V versus RHE with excellent
stability over 60 hours (Fig. 15i). The superior performance was
attributed to the high density of active edge sites on the Sn (100)
step, as conrmed by DFT calculations and in situ Mössbauer
spectroscopy. These results highlight stanene as a promising,
scalable, and efficient electrocatalyst for sustainable CO2

utilization.

6 Summary and outlook

The eCO2RR is a valuable process for advancing sustainable
development. Over the past few years, materials for ECR have
undergone signicant advancements, largely driven by the
limitations of traditional metal-based catalysts. Graphene-
based materials have emerged as a promising class of electro-
catalysts for CO2 reduction as an alternative to commercial
metal catalysts. This is due to their unique structural versatility
and exceptional properties, which enable superior catalytic
performance. In this review, we highlight graphene-based
electrocatalysts as sustainable alternatives for ECR. Graphene-
based materials serve diverse roles in eCO2RR, functioning as
metal-free catalysts through heteroatom doping, as well as in
combination with metals ranging from single atoms to nano-
particles and clusters. Furthermore, we provide an overview of
emerging catalysts, including advanced graphene analog
materials. Table 2 illustrates the recent advancements in the
development of graphene-based electrocatalysts for CO2

reduction. Despite the advantages of carbon-based catalysts and
the notable progress made over the past decade, several
constraints still hinder their industrial applicability.

(1) The controlled synthesis of graphene-based materials
with a desired structure is essential for efficient eCO2RR. Even
minor defects, such asmetal impurities or vacancies introduced
during the graphene manufacturing process, can signicantly
inuence catalytic performance. Additionally, achieving repro-
ducible control over doping and obtaining a specic composi-
tion of heteroatom doping remains a signicant challenge. For
instance, in N-doped carbon materials used as catalysts for
eCO2RR, the catalytic activity is primarily attributed to active
sites originating from pyridinic nitrogen, which tends to
localize at the edges of carbon structures. However, precise
manipulation of the types and distribution of heteroatom
functionalities that enhance catalytic performance continues to
be a complex task.

(2) While graphene-based catalysts exhibit promising
performance for C1 products, oen rivaling or surpassing noble
metals, their efficiency in producing C2+ products remains
signicantly lower than that of copper-based catalysts. Although
some carbon-based materials have shown the ability to produce
C2+ products, their partial current densities typically fall below
practical thresholds resulting in limited production rates. This
highlights an ongoing challenge in improving the catalytic
performance of graphene-based materials for multi-carbon
product synthesis.
RSC Sustainability, 2025, 3, 2779–2805 | 2799
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Table 2 Summary of graphene-based catalysts for electrocatalytic CO2 reduction

Catalyst Main product (FE)
Potential
(V vs. RHE)

Current density
(mA cm−2) Stability Electrolyte Cell type Ref.

N-doped graphene
N-CNF CO (98%) −0.57 vs. SHE 1.3 9 h EMIMBF4 H-cell 144
N-graphene foam CO (85%) −0.47 1.8 5 h 0.1 M KHCO3 H-cell 145
N-CNTs CO (85%) −0.9 5.8 60 h 0.5 M NaHCO3 H-cell 146
g-C3N4-MWCNTs CO (60%) −0.75 −1.02 50 h 0.1 M KHCO3 H-cell 147
N-graphene sheet HCOO− (73%) −0.84 7.5 12 h 0.5 M NaHCO3 H-cell 148
N-graphene like carbon CH4 (93.5%) −1.40 1.42 5 h [Bmim]BF4 H-cell 149
Reduced oxidized-GQDs CH4 (70%) −0.9 200 10 h 1.0M KOH Flow cell 150
N-diamond CH3COO

− (91.8%) −1.0 — 3 h 0.5 M NaHCO3 H-cell 18
N-functionalized GO C2H5OH (37%) −0.4 0.745 — 0.1 M KHCO3 H-cell 151
N-mesoporous carbon C2H5OH (77%) −0.56 — 6 h 0.1 M KHCO3 H-cell 87

Other metal free heteroatom doped graphene
P-OLC CO (81%) −0.9 4.9 27 h 0.1 M NaHCO3 H-cell 152
B-diamond HCHO (74%) −1.7 Ag/Ag+ — 20 h 0.1 M CH3OH

(TBAP)
H-cell 153

B-diamond HCOO-(94.7%) — 2 24 h 0.5 M KCl Flow cell 86

Co-doped graphene
N,S-NCF CO (94%) −0.7 103 36 h 0.1 M KHCO3 H-cell 13
N,S-carbon Nanoweb CO (93.4%) −0.6 5.93 20 h 0.1 M KHCO3 H-cell 14
N,P-mesoporous carbon CO (100%) −0.65 8 7 h 0.5 M NaHCO3 H-cell 17
BN─C CH4 (68%) −0.5 1 12 h 0.1 M KHCO3 H-cell 154
B,N-nanodiamond C2H5OH (93.2%) −1.00 — 3 h 0.1 M KHCO3 H-cell 155

Single atom supported on graphene
Ni-NrGO CO (97%) −0.8 42 — 0.5M KHCO3 H-cell 156
Zn-NG CO (91%) −0.8 11.2 15 h 0.5M KHCO3 H-cell 157
Ni-NG CO (95%) −0.5 — 20 h 0.1 M KHCO3 H-cell 158
Fe-NG CO (80%) −0.60 — 10 h 0.1 M KHCO3 H-cell 159
Cu–N4−NG CO (80.6%) −1.0 — — 0.1 M KHCO3 H-cell 160
Ni–N-MEGO CO (92.1%) −0.7 26.8 21 h 0.1 M KHCO3 H-cell 161
Sb-graphene HCOOH −1.06 — 12 h 0.1 M NaHCO3 H-cell 162
Bi−rGO HCOOH −0.57 — 30 h 0.5M KHCO3 H-cell 163
Cu–CD CH4 (78%) −1.14 40 6 h 0.5M KHCO3 H-cell 75
Dual Cu SAC C2+ (91%) −1.66 90 — 0.1 M KHCO3 H-cell 164
Cu–N–C-800 C2H4 (24.8%) −1.4 6.84 10 h 0.1 M KHCO3 H-cell 165
Cu0$5NC Ethanol (55%) −1.2 16.2 — 0.1 M CsHCO3 H-cell 102
Cu–SA/NPC Acetone (36.7%) −0.36 — 5 cycles 0.1 M KHCO3 H-cell 104

Graphene-metal composite
Bi-rGO HCOOH (92.1%) −0.97 28.1 30 h 0.5 M KHCO3 H-cell 163
Sb NS-G HCOO− (88.5%) −1.0 7.5 12 h 0.5 M NaHCO3 H-cell 162
Cu Pc_CNT CH4 (66%) −1.06 13 — 0.5 M KHCO3 H-cell 166
Cu2O NCS C2H4 (24.7%) −1.3 — 4 h 0.1M KHCO3 H-cell 167
Cu NPs-N,B-graphene C2H5OH (58%) −1.0 20.4 24 h 0.5 M KHCO3 H-cell 168
Co3O4 nanocrystals-rGO C2H5OH (45.9%)

C2H4 (28.8%)
−0.4 3.2 5 h 0.5 M KHCO3 H-cell 169

Cu–Cu2O-CeOx-rgo C2+ products (74.5%) −0.9 230 5 h 2 M KOH Flow cell 170

Graphene encapsulated metals
In2O3 I NC@GO HCOO− (91.2) −0.8 40.4 10 h 0.5 M KHCO3 H-cell 171
Sn quantum Sheets@Graphene HCOOH (85%) −1.8 V s SCE 21.1 50 h 0.5 M NaHCO3 H-cell 172
Cu2O/Cu@C/NG HCOOH (82.1 � 1.2%) −0.78 — 30 h 0.1 M KHCO3 H-cell

Graphene analogs
Bismuthene with Bi–O bond HCOOH (84.5%) −0.9 41.5 12 h 0.5 M KHCO3 H-cell 173
Few layer bismuthene HCOOH (96.9%) −0.88 419.4 45 h 1 M KOH Flow cell 174
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(3) Understanding the origin of active sites and the reaction
mechanism in graphene-based catalysts remains a signicant
challenge due to their structural complexity, the presence of
2800 | RSC Sustainability, 2025, 3, 2779–2805
multiple reaction pathways, and the rapid kinetics associated
with eCO2RR. Thus, efforts should focus on combining theo-
retical simulations with advanced in situ/operando techniques
© 2025 The Author(s). Published by the Royal Society of Chemistry
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to elucidate the reaction mechanisms at the molecular level,
providing deeper insights into the nature of active sites and the
overall catalytic process. Such an understanding is vital for
enhancing the performance of graphene-based catalysts.

(4) For practical implementation of eCO2RR, it is essential to
improve the stability of graphene-based catalysts for over 2000
hours at high current densities. Currently, most existing
graphene-based catalysts only exhibit stability of less than 50 h,
which falls signicantly short of the durability required for
industrial applications, making long-term stable operation
a critical challenge for advancing the industrial application of
eCO2RR.

(5) The discovery of catalysis for electrochemical processes
has greatly beneted from the integration of machine learning
(ML) techniques. ML algorithms enable the analysis of vast
datasets to identify trends and predict optimal doping cong-
urations and composite designs. High-throughput computa-
tional screening, driven by ML, can signicantly accelerate the
material discovery and optimization process. This approach
helps design graphene catalysts with properties tailored to
specic reactions.

In summary, recent research highlights a growing interest in
the development of graphene-based electrocatalysts for
eCO2RR. The advancements, emerging challenges, and future
perspectives on graphene-based materials, including
heteroatom-doped graphene and metal-graphene composites,
underline their great potential for eCO2RR applications.
Ongoing research continues to pave the way for the successful
application of graphene-based catalysts as sustainable and
efficient solutions in CO2 reduction.
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R. Buonsanti and N. Hodnik, Angew. Chem., Int. Ed., 2020,
59, 14736–14746.

119 W. T. Osowiecki, J. J. Nussbaum, G. A. Kamat, G. Katsoukis,
M. Ledendecker, H. Frei, A. T. Bell and A. P. Alivisatos, ACS
Appl. Energy Mater., 2019, 2, 7744–7749.

120 Y. G. Kim, J. H. Baricuatro, A. Javier, J. M. Gregoire and
M. P. Soriaga, Langmuir, 2014, 30, 15053–15056.

121 J. Vavra, T. H. Shen, D. Stoian, V. Tileli and R. Buonsanti,
Angew. Chem., Int. Ed., 2021, 60, 1347–1354.

122 P. Grosse, D. Gao, F. Scholten, I. Sinev, H. Mistry and
B. Roldan Cuenya, Angew. Chem., 2018, 130, 6300–6305.

123 W. Drisdell, S. H. Lee, D. Lee, D. Larson, H. Li, J. Chen,
S. Blair, A. Gallo, H. Zheng, C. Tassone and T. Jaramillo,
Preprint, 2023, 1–21.

124 J. M. Yoo, H. Shin, D. Y. Chung and Y. E. Sung, Acc. Chem.
Res., 2022, 55, 1278–1289.

125 V. Okatenko, A. Loiudice, M. A. Newton, D. C. Stoian,
A. Blokhina, A. N. Chen, K. Rossi and R. Buonsanti, J. Am.
Chem. Soc., 2023, 145, 5370–5383.

126 K. Maekawa, K. Mori, N. Suzumura, K. Honda, Y. Hirose,
K. Asai, A. Uedono and M. Kojima, Microelectron. Eng.,
2008, 85, 2137–2141.

127 T. Yao, W. Xia, S. Han, S. Jia, X. Dong, M. Wang, J. Jiao,
D. Zhou, J. Yang, X. Xing, C. Chen, M. He, H. Wu and
B. Han, Chem. Sci., 2023, 14, 14308–14315.

128 C. Xu, A. Vasileff, B. Jin, D. Wang, H. Xu, Y. Zheng and
S. Z. Qiao, Chem. Commun., 2020, 56, 11275–11278.

129 J. Yuan, M. P. Yang, W. Y. Zhi, H. Wang, H. Wang and
J. X. Lu, J. CO2 Util., 2019, 33, 452–460.

130 D. C. B. Alves, R. Silva, D. Voiry, T. Asefa and M. Chhowalla,
Mater. Renew. Sustain. Energy, 2015, 4, 2.

131 S. Asperti, R. Hendrikx, Y. Gonzalez-Garcia and
R. Kortlever, ChemCatChem, 2022, 14, 1–8.

132 J. Darayen, O. Chailapakul, P. Praserthdam, J. Panpranot,
D. N. Tungasmita and Y. Boonyongmaneerat, Appl. Sci.,
2022, 11104.

133 T. Burwell, M. Thangamuthu, G. N. Aliev, S. Ghaderzadeh,
E. C. Kohlrausch, Y. Chen, W. Theis, L. T. Norman,
J. A. Fernandes, E. Besley, P. Licence and
A. N. Khlobystov, Commun. Chem., 2024, 7, 1–10.

134 X. Zhang, Z. Wu, X. Zhang, L. Li, Y. Li, H. Xu, X. Li, X. Yu,
Z. Zhang, Y. Liang and H. Wang, Nat. Commun., 2017, 8, 1–8.

135 J. Shen, R. Kortlever, R. Kas, Y. Y. Birdja, O. Diaz-Morales,
Y. Kwon, I. Ledezma-Yanez, K. J. P. Schouten, G. Mul and
M. T. M. Koper, Nat. Commun., 2015, 8177.
2804 | RSC Sustainability, 2025, 3, 2779–2805
136 J. Su, C. B. Musgrave, Y. Song, L. Huang, Y. Liu, G. Li, Y. Xin,
P. Xiong, M. M. J. Li, H. Wu, M. Zhu, H. M. Chen, J. Zhang,
H. Shen, B. Z. Tang, M. Robert, W. A. Goddard and R. Ye,
Nat. Catal., 2023, 6, 818–828.

137 N. Han, Y. Wang, H. Yang, J. Deng, J. Wu, Y. Li and Y. Li,
Nat. Commun., 2018, 9, 1–8.

138 W. Yang, X. Zhang and Y. Xie, Nano Today, 2016, 11, 793–
816.

139 X. Yu, Y. Fautrelle, Z. Ren and X. Li, Mater. Lett., 2015, 161,
144–148.
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