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Abstract

Electrochemical carbon dioxide (CO2) reduction is considered to be an efficient

strategy to produce usable fuels and overcome the concerns regarding global

warming. For this purpose, an efficient, earth abundant, and a low cost catalyst

has to be designed. It has been found that graphene‐based materials could be

promising candidates for CO2 conversion because of their unique physical,

mechanical, and electronic properties. In addition, the surface of graphene‐
based materials can be modified by using different strategies, including doping,

defect engineering, producing composite structures, and wrapping shapes. In

this review, the fundamentals of electrochemical CO2 reduction and recent

progress of graphene‐based catalysts are investigated. Furthermore, recent

studies on graphene‐based materials for CO2 reduction are summarized.
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1 | INTRODUCTION

The development of industrialization in the world leads
to an increase in temperature owing to the emission of
redundant gases such as carbon dioxide (CO2) to
the atmosphere.1 In addition, the energy consumption is
expected to reach approximately two times the current
energy consumption by 2050.2 To avoid these con-
sequences and decrease the atmospheric CO2 concentra-
tion, the direct electroreduction of CO2 can be employed
to reduce the CO2 emission, and the accumulation

from various sources into materials that can be used as a
fuel source should be decreased.3‐6 Electroreduction is
advantageous because (a) it is environmentally compatible
with the carbon‐free renewable energy resources (solar
and wind), (b) it operates under ambient temperature and
pressure, (c) reactions can be controlled by adjusting the
external conditions such as electrolytes and applied vol-
tages, and (d) it is feasible in terms of engineering and
economics. However, this process has been extremely
challenging for a long time, and continues to be because of
the large overpotential required for dissociation of C═O
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bond, slow electron transfer kinetics, low selectivity, and
low stability.

For this process to become economically viable, differ-
ent technological advances have to be made. Much of the
early work focused on exploring different catalysts and
products that can be produced. Different types of catalysts
that can catalyze the CO2 reduction reaction have been
synthesized and studied. Transition metals such as Pt, Rh,
Ag, Au, and Ni, which have vacant orbits and active d
electrons,7,8 oxides (RuO2

9 and IrO2
10), chalcogenides,11

carbides,12 and metal organic frameworks13 have shown
potential as catalysts for CO2 reduction.

Recently, graphene, two‐dimensional layers of
sp2‐bonded carbon arranged in a honeycomb lattice, has
received extensive attention as an electrode in different
applications such as electrochemical devices, lithium‐ion
batteries, and fuel cells.14,15 It has a large surface area, high
carrier mobility, high thermal conductivity, and high cur-
rent and heat conduction.16,17 Many methods have been
reported for the synthesis of graphene and graphene‐based
materials, such as the mechanical cleavage of graphite,18

chemical exfoliation of graphite,19 solvothermal synthesis,20

and chemical vapor deposition.21 Studies have shown that
pristine graphene has a low performance toward CO2

reduction because of the neutral carbon atom. Theoretical
and experimental studies have revealed that doping
graphene with heteroatoms such as boron, nitrogen, and
phosphorous can alter its electronic property and chemical
reactivity, as well as give rise to new functions that
can enhance the catalytic performance toward CO2

reduction.22‐24 It should be noted that the rational design of
these graphene‐based nanomaterials with well‐defined
morphology also plays an important role in their
performance toward CO2 reduction. Furthermore, the
unique properties of graphene and its hybrid materials and
the ease of processibility make them ideal candidates for a
variety of energy applications. The properties of graphene in
composite materials are different from that of bare
graphene owing to the defective, oxygenated functional
groups and aggregation of the graphene sheets.25,26

Graphene has a lot of advantages compared with
other relative materials such as CNT and g‐C3N4,
including high electron mobility at room temperature,
excellent thermal conductivity, and superior mechanical
properties with a high Young modulus.1 Besides, band
gap of graphene can be tuned to produce semiconductive
graphene which can used in transistors and as a catalyst.
In addition, graphene can be modified further by en-
gineering its shape, size, and chemical structure to ex-
pand its application. The different synthesis methods of
graphene such as solution processing also allow graphene
not only for using in an electronic device but also a new

area in optoelectronic such as solar cells and photoelec-
trochemical water splitting.22‐24

This mini‐review will attempt to elucidate the use of
graphene‐based electrocatalyst and photocatalyst in the
reduction of CO2 to usable fuels. First, we will briefly
discuss the fundamental mechanism of CO2 reduction
followed by the methods used to modify the structure and
properties of graphene, and the role of graphene in each
composite structure with selected examples.

2 | CO2 REDUCTION

2.1 | Fundamentals of CO2 electrolysis

The process of electrochemical CO2 reduction occurs at
the interface of electrolyte and electrodes, and it can
mainly be expressed by the following steps27:

(1) Absorption of CO2 on the catalyst surface.
(2) Formation of C–H bonds and breaking of C–O bonds

via proton and electron transfer.
(3) Desorption and formation of new products at the

electrode, and diffusion of these products into the
electrolyte from the surface.

The proton reduction can be an obstacle in transferring
electrons; this limits the selectivity for organic products, and
could be a hindrance for CO2 reduction. In addition, the
diffusion reactions can be affected by the low solubility of
CO2 in electrolytes. However, we can overcome these
challenges by different ways, including operating at low
temperature, using nonaqueous electrolyte, and increasing
CO2 concentration. Thermodynamically, some metal cata-
lysts cannot enhance the reaction in ambient pressure.
Therefore, the CO2 reduction and formation of organic
compounds have to be achieved in as‐increased partial
pressure. Moreover, the selectivity and rate of reactions can
be enhanced by increasing CO2 flow rate.28

Furthermore, certain parameters can be used to
evaluate the catalytic performance: current density,
overpotential, onset potential, Tafel slope, faradaic effi-
ciency (FE), and turnover frequency (TOF).27

2.1.1 | Current density

The basic principle of the electrochemical process is the
electron transfer between the electrodes and electrolyte, and
this transfer is considered to be dimensionally homo-
geneous. Therefore, the amount of current per unit area
should be considered as a parameter for figure of merit.29
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2.1.2 | Overpotential

The overpotential is the voltage difference between
the actual reaction potential and thermodynamic
potential. In fact, a constant potential is required by a
specific ion in the redox reaction. To react, the ions
need to move from the bulk of the electrolyte to the
electrode interface. However, ions have to overcome
a resistance due to collisions with each other. There-
fore, an extra voltage, which is the overpotential,
needs to be applied.30

2.1.3 | Onset potential

The onset potential is the voltage required to increase the
current and start the reaction. An efficient catalyst
decreases the amount of onset potential, thereby
decreasing the power consumption.

2.1.4 | Tafel slope

The relationship between the rate of electrochemical re-
action and overpotential can be expressed by using the
Tafel equation in an electrochemical process. In addition,
studies on the corrosion and open circuit voltage can be
carried out by using the Tafel curve.30

2.1.5 | Faradaic efficiency

FE is utilized to evaluate the efficiency and selectivity of
an electrochemical reaction, and can be expressed by the
following equation:

z n F

I t
FE =

× ×

×
× 100, (1)

where z is the number of electrons, n is the molar ratio of
product, I is the applied current, t is the duration of the
reaction, and F is the Faraday constant.

2.2 | Thermodynamics of CO2 reduction

The formation of CO2 anion radical is related to the
electron transfer process. Because of a high negative
redox potential, the electron transfer is quite impossible.
For this reason, catalysts are introduced to reduce the
number of CO2 anion radicals via electron and proton
transfer at an extremely low potential in an efficient way.

In fact, the number of transferred protons and electrons
determine the products of CO2 reduction.27,31 The
possible reactions are shown in the following:

CO + 2H + 2e HCOOH E = 0.61 V.2
+ −

redox→ (2)

CO + 2H O + 2e HCOOH + 2OH

E = −1.5 V.

2 2
− − −

redox

→

(3)

CO + 2H + 2e CO + H O E = −0.53 V.2
+ −

2 redox→
(4)

2CO + 2H O + 2e 2CO + 4OH

E = −1.34 V.

2 2
− −

redox

→

(5)

2CO + 2H + 2e H C O E = −0.91 V.2
+ −

2 2 4 redox→
(6)

2CO + 2e C O E = −1 V.2
−

2 4
2−

redox→ (7)

CO + 4H + 4e HCHO + H O E = −0.5 V.2
+ −

2 redox→
(8)

CO + 3H O + 4e HCHO + 4OH

E = −1.31 V.

2 2
− −

redox

→

(9)

CO + 4H + 4e C + 2H O E = −0.2 V.2
+ −

2 redox→
(10)

CO + 2H O + 4e C + 4OH E = −1.04 V.2 2
− −

redox→
(11)

CO + 6H + 6e CH OH + H O

E = −0.3 V.

2
+ −

3 2

redox

→

(12)

CO + 5H O + 6e CH OH + 6OH

E = −1.22 V.

2 2
−

3
−

redox

→

(13)

CO + 8H + 8e CH + 2H O E = −0.24 V.2
+ −

4 2 redox→
(14)

CO + 6H O + 8e CH + 8OH

E = −1.22 V.

2 2
−

4
−

redox

→

(15)

2CO + 12H + 12e C H + 4H O

E = −0.35 V.

2
+ −

2 4 2

redox

→

(16)

2CO + 8H O + 12e C H + 12OH

E = −1.17 V.

2 2
−

2 4
−

redox

→

(17)

2CO + 12H + 12e C H OH + 3H O

E = −0.33 V.

2
+ −

2 5 2

redox

→

(18)

2CO + 9H O + 12e C H OH + 12OH

E = −1.15 V.

2 2
−

2 5
−

redox

→

(19)

2CO + 14H + 14e C H + 4H O

E = −0.27 V.

2
+ −

2 6 2

redox

→

(20)
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2CO + 9H O + 12e C H OH + 12OH

E = −1.15 V.

2 2
−

2 5
−

redox

→

(21)

3CO + 18H + 18e C H OH + 5H O

E = −0.31 V.

2
+ −

3 7 2

redox

→

(22)

2H + 2e H E = −0.42 V.+ −
2 redox→ (23)

The aforementioned reactions depend on different
factors, including the temperature, type of electrolyte,
properties of catalyst (eg, crystal structure, electronic
properties, size, elemental composition, etc), electro-
lyte pH, and applied voltage. According to the Gibbs
free energy relation (ΔG = −nFE0), a reduction
reaction occurs when E0 is positive. Here, n is the
number of transferred electrons during the
oxidation and reduction, and F is the FE. In addition,
the CO2 reduction depends thermodynamically on the
concentrations of the electron and proton in the
electrolyte. The selectivity of C2 and other hydrocarbon
products can be limited by the fact that the
hydrogenation of attached C1 is more facile than the
C–C bond formation. Moreover, the catalytic efficiency
may be restricted by the energy of adsorption in a CO2

reduction reaction. However, to enhance the catalytic
performance, a study on decreasing coordination
number, doping, and deposition of the catalyst surface
with the ligands has to be conducted.32

2.3 | Electrolytes

In an electrochemical CO2 reduction, an electrolyte
provides a platform for transferring the electrons
and protons, and the catalytic activity is related to the
concentration and type of electrolyte. In addition, some
factors such as the catalyst active sites and impurities can
affect the catalytic performance. The electrolytes can
be categorized into four types: (a) aqueous, (b) ionic,
(c) organic, and (d) solid.27

2.3.1 | Aqueous electrolytes

Studies on electrochemical CO2 reduction have been ex-
tensively carried out with aqueous electrolytes. Aqueous
electrolytes include an alkali or poorly acidic
CO2‐saturated solution, and contain metal cations
and inorganic salt anions such as Cl−, SO4

2−, HCO3, Na
+,

and K+.33 The cations can affect the current density and
selectivity as they influence the concentration of
charged anions near the electrodes. In addition, the size
of cations has an impact on the products generated by

electrochemical CO2 reduction. In contrast, the anionic
species can alter the pH of electrolyte and enhance the
selectivity and catalytic activity. Hydrogen evolution can
be restricted by the low concentration of protons caused
by increasing pH. Volatile organic compounds and
ethylene are preferably generated by using KHCO3, KCl,
and KClO4 in an electrolyte with high pH. In contrast,
methane (CH4) is favored to be produced by using the
saturated KHCO3 electrolytes. For example, Ogura et al34

investigated the electrochemical CO2 reduction on a
copper (Cu) mesh in an aqueous electrolyte including 3M
of KCl, KI, and KBr. Cu can facilitate the electron
transfer from the electrode to the electrolyte; this process
likely occurs through the Cl−–C bond, and results in the
transfer of electron from the absorbed anion to the
vacant CO2 orbitals. Thus, the rate of halide anion
absorption is much higher than that of proton adsorption,
suggesting an increase in overpotential for H2 evolution.
Therefore, the addition of halide anions like Br− and Cl−

can improve the selectivity of the CO product. In con-
trast, the presence of Cl− reduces the CO selectivity as the
CH4 composition formed is higher than the electrolyte
that does not contain halides.35

2.3.2 | Ionic electrolytes

Ionic solutions containing imidazolium cations can pro-
vide some advantages: the decrease in electrochemical
CO2 reduction overvoltage by decreasing the energy of
CO2

− intermediates, prevention of hydrogen production,
and enhancement of the selectivity of products. For ex-
ample, Sun et al36 fabricated a catalyst based on an
N‐doped graphene/carbon paper electrode in an ionic
electrolyte for electrochemical CO2 reduction. As a result,
they achieved a very high FE of 93.5% toward CH4. In
addition, the effect of H2O on electrolysis was investigated
as shown in Figure 1A. The ionic electrolyte increased the
current density and stability (see Figure 1B). In addition,
Figure 1C,D indicate the dependencies of FE and partial
current density on the applied voltage, respectively for
different water contents in ionic electrolyte. The me-
chanism of electrochemical reduction of CO2 to CH4 is
shown schematically in Figure 1E. First, the CO2 is ad-
sorbed onto the N binding sites, where CO2 is reduced
(CO2

.−). Here, the [Bmim]BF4 aids the formation of CO2
−.

Subsequently, the CO2
− is conjugated, and the acidic CO2

molecules decompose to CO2–CO2
− (Step 3). In Step 4,

energy is applied thermodynamically to transfer the elec-
trons and form COads. In Step 5, the as‐adsorbed CO can
be detached and transformed to CHO by accepting a
proton and an electron. Finally, CH4 is formed by the
addition of more electrons and protons.36
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2.3.3 | Organic electrolytes

To enhance the FE and solubility of CO2, a nonaqueous
solution can be utilized as the electrolyte. For example,
CO2 can be dissolved easily in DMF and propylene car-
bonate, which are drastically better than an aqueous
electrolyte. In addition, Vassiliev et al35 showed that the
dimerization of CO2

− was facilitated by nonaqueous
solvents via adsorption of CO2 on Hg, Sn, and In

electrodes. Moreover, the CO2 reduction performance
can be tuned by adding water in organic solutions.

2.4 | Experimental electrochemical cell
for CO2 reduction

As there is neither a specific experimental setup nor a
standard method for electrochemical CO2 reduction,

FIGURE 1 The catalytic performance of the NGM‐1/CP electrode in CO2 electrochemical reduction using [Bmim]BF4–H2O binary
electrolytes. A, The effect of water content on the current density at an applied potential of −1.400 V. B, Time curves of the electrolysis
processes at water contents of 0, 1, 3, and 5 wt% (from bottom to top) at −1.400 V. C, Dependence of the FEs of CH4 on the applied potential
at different water contents. D, Dependence of the partial current densities of CH4 on the applied potential at different water contents.
FEs, Faradaic efficiencies. Reproduced with permission: Copyright 2016, Wiley.36

FIGURE 2 H‐type electrolytic cell
used for electrochemical tests.
Reproduced with permission: Copyright
2018, American Chemical Society.38
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various experimental setups have been proposed for
CO2 reduction. However, two main electrochemical
experimental setups, namely the H‐shaped cell and
continuous cell have been used frequently.27,37 The most
common lab‐made electrochemical cell is the H‐type cell,
including three components: working, counter, and
reference electrodes. Figure 2 shows a practical H‐type
electrochemical cell.38 From Figure 2, it is evident that
the anodic and cathodic parts of the cell are separated by
a membrane (eg, Nafion or a polymer), which aids the
proton‐transfer. Although the anodic and cathodic parts
are placed close to each other in the H‐type electro-
chemical setup, the transfer of generated products from
the cathode is prevented; in addition, the ions can move

easily through the electrolyte. Further, the cathodic
part is connected to the analyses equipment (eg, gas
chromatography) to detect the as‐generated products.
Recently, the continuous‐flow electrochemical cell has
also been applied for the analysis of electrochemical CO2

reduction.39,40 For example, Bevilacqua et al41 fabricated
an electrolyzer device based on microfluidic flow cell for
CO2 reduction, and produced some useful hydrocarbons
such as CH4 and C2H4. Figure 3 illustrates the structure
of a typical continuous cell. This setup consists of
conductive gold and graphite parts, which represent the
cathode and anode, respectively. Similar to the H‐type
cell, the cathodic part is directly connected to a gas
chromatographer to analyze the generated products.

FIGURE 3 A, Schematic of the depolarized anode alkaline membrane CO2 electrolyzer and (B) a photograph of its practical realization.
Reproduced with permission: Copyright 2014, Wiley.41

FIGURE 4 Proposed reaction pathways
with key intermediates for different CO2

electroreduction products. Reproduced with
permission: Copyright 2019, Elsevier.37

HASANI ET AL. | 163



In addition, an exhaust is provided in the cathodic
part for the as‐generated products to exit. Moreover, a
depolarized alkali was used as the membrane. The
maximum FE achieved for CH4 by using this cell has
been reported to be in between 80% and 90%.40,41

2.5 | Possible reactions and products

Researchers have been trying to understand the me-
chanism of CO2 reduction. In fact, theoretical and ex-
perimental approaches have been combined to elucidate
the reaction pathways of CO2 reduction. However,
most of the hypotheses are based on the experimental
results (electrochemical results such as overpotential,
Tafel slope, FE, and TOF) and computational methods
(eg, density functional theory [DFT]). Therefore, to
carry out an appropriate study to understand the CO2

reduction mechanism, both experimental and theoretical
results are required. Figure 4 shows all possible reaction
pathways for different products, schematically.37 The
possible reactions that occur via intermediates are ex-
plained in the following.

2.5.1 | Formation of CO2 radical
anion (CO2

.−)

The initial step in electrochemical CO2 reduction is to
transfer the electrons to produce CO2

.− anion radicals,
and use a massive amount of energy to rearrange the
CO2 to CO2

.− anion radicals, whose mechanism has
been elaborated previously.42 Several spectroscopic
approaches such as Raman spectroscopy, scanning
electrochemical microscopy, and Fourier‐transform
infrared spectroscopy have been used to explore the
intermediates on the metal electrode interface.43‐45 For
example, Kai et al44 determined the CO2 radicals
(CO2

.−) quantitatively in DMF‐based electrolyte by
using a scanning electrochemical microscope (SECM)
on a Hg/Au electrode and hemisphere‐shaped Hg/Pt.
The as‐generated CO2

.− anion radicals form oxalate
and can be observed between the substrate and SECM
tip nano gap (see Figure 5).

2.5.2 | Formation of formyloxyl (*OCHO)

Formic acid (HCOOH), CO, and CH4 can be generated
via *OCHO intermediates during CO2 reduction. Yoo
et al46 suggested that there are two reaction pathways for
the formation of *OCHO as shown in Figure 6.

FIGURE 5 Schematic of the collection of the CO2
.− radical in

TG/SC mode of SECM. SECM, scanning electrochemical
microscope. Reproduced with permission: Copyright 2017,
American Chemical Society.44

FIGURE 6 Reaction pathways for the electroreduction of CO2 to different products (top), and the competing hydrogen evolution
reaction (bottom). Reproduced with permission: Copyright 2016, Wiley.46
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2.5.3 | Formation of carboxyl (*COOH)

CO can be generated via *COOH carboxyl intermediates,
and the electron‐proton transfer occurs based on the
following reaction:

*COOH + H + e CO + H O.+ −
2→

Chai et al47 demonstrated that the formation of
*COOH on N‐doped graphene is more preferable than
*OCHO based on DFT results.

2.5.4 | Formation of carbon monoxide

The electrochemical conversion of CO2 to CO can be
basically attributed to a paired electron transfer process as
shown in Figure 7.48 During the CO2 reduction, a carboxyl
intermediate (*COOH) is formed by the electron and proton
transfer between the electrolyte and attached species. Then,
H2O and CO are formed via the OH group in *COOH by the
absorption of H+/e− on the working electrode. *COOH can
be converted to *CO easily. However, an extremely strong
COOH bond can be an obstacle during the conversion of
CO2 to *COOH in the first step. This phenomenon is defined
as the limiting rate of CO2 reduction.

49 In addition, there is
another way to produce *COOH; this can be done via the
transfer of the separated proton and electron, followed by
the formation of CO2

.2− radicals, which are adsorbed on the
catalyst surface. Furthermore, pH plays a vital role in
enhancing the generation of *COOH. In fact, the yield of
*COOH increases as the pH increases.24 The noble metals
such as Pd, Ag, Au, and Zn can easily produce *CO inter-
mediates. Moreover, *CO intermediates can form a weak
bond with the working electrode surface; thus, CO can be
detached easily from the electrode.24,50,51

2.5.5 | Formation of methane, methanol,
and formaldehyde

It has been reported that *CO is a general intermediate
for the generation of CH4, HCHO, and CH3OH. DFT
calculations suggested that the Cu surface aids the
formation of initial *CO intermediates thermo-
dynamically, resulting in the hydrogenation of *HCO,
*H3CO, and *H2CO. *O and CH4 are the two productions
of methoxy intermediate reduction. Finally, CH4 and *O
are converted to H2O. The barriers for C–H formation
and CH3OH production are found to be 1.2 and 0.15 eV,
respectively. In addition, *CHO intermediates can be
reduced to C. This phenomenon was observed by using
X‐ray photoelectron spectroscopy and Auger electron
spectroscopy during electrochemical measurement of
working electrodes. Moreover, CH4 can be produced via
CH3, CH2, and CH1 intermediates.

3 | GRAPHENE ‐BASED
MATERIALS FOR CO2 REDUCTION

In the last decades, carbon‐based materials such as
carbon nanotubes, graphene, and graphene oxide have
been the focus of research because of their tunable, large
surface area, and unique properties.52‐55 Specifically,
graphene has been extensively studied, and its applica-
tion in both electro‐ and photocatalytic CO2 reduction
has been investigated.

Many studies have attempted to design graphene‐
based catalysts for both electro‐ and photocatalytic CO2

reduction. Because of the high electrical conductivity,
graphene can facilitate the separation of charge carriers
in photocatalytic CO2 reduction. It is believed that the
large contact area and strong interaction between

FIGURE 7 Possible reaction pathways for
the electro‐catalytic reduction of CO2 to CO.
Reproduced with permission: Copyright 2017,
Elsevier.27
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graphene and other catalysts promote photocatalytic
reaction and improve CO2 reduction performance.56‐58

For the electrocatalytic CO2 reduction, pristine graphene
and graphene oxide cannot be used in their natural form
as they are inactive because of the presence of neutral
carbon atom. Thus, graphene needs to be modified either
by using heteroatom dopants such as boron, nitrogen,
and phosphorus or by constructing graphene‐based
heterostructures to enhance its performance.

Studies have shown that graphene demonstrates
better performance when it is hybridized with other
materials and acted as support. In this case, the graphene
should have the ability to provide a high surface for the
materials or dopants to be dispersed and stabilized;
completely.1 To overcome this challenge, it requires to
implement a method so‐called defect‐assisted doping, in
which firstly a vacancy on the graphene surface should be
created and subsequently the vacancies are filled with

desired dopants. This process allows graphene to bind the
atoms strongly, suggesting enhanced chemical reactivity
as graphene acts as a support material. In addition, its
large surface area and high conductivity can enable
graphene to be used as a support for active surfaces such
as nanosheets and nanoparticles (NPs) by accelerating
charge transport and structural coupling effects.52‐55

Surface modification is a key method used to enhance
the performance of a material. Therefore, immense
investigations have been carried out by modifying and
tuning the surface of graphene to improve its perfor-
mance. To modify the surface of graphene, methods such
as doping, surface tuning, and composite structure have
been introduced. Graphene modification can be achieved
in two ways: covalent bonding and noncovalent interac-
tions. The noncovalent modification processes include
electrostatic interaction,59 π–π stacking interactions,60,61

the Van der waals force,62 and hydrogen bonding.63

FIGURE 8 Illustration of doped
graphene with different heteroatoms
(B, N, S, P, F, Cl, Br, and I). Reproduced
with permission: Copyright 2019,
Elsevier.37

FIGURE 9 A, The FEs for acetate, ethanol, carbon monoxide, and hydrogen production obtained from the electrochemical reduction of
CO2 for 2 hours on an Ag‐G‐NCF electrode at −0.4 to −1.0 V vs RHE (0.1M CO2‐saturated KHCO3 aqueous solution). B, The FEs for ethanol
on NCF, G‐NCF, Ag‐NCF, and Ag‐G‐NCF electrodes obtained from the electrochemical reduction of CO2 for 2 hours at −0.4 to −0.9 V vs
RHE (0.1 M CO2‐saturated KHCO3 aqueous solution). FEs, FEs, Faradaic efficiencies; RHE, reversible hydrogen electrode. Reproduced with
permission: Copyright 2018, The Royal Society of Chemistry.73
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These modification processes are extremely easy, simple,
and retains the natural graphene structure. The π–π
stacking interactions are highly efficient among all the
noncovalent modification methods. This method is
highly advantageous in producing large surface area
graphene.64 Further, the covalent modification process
involves the introduction of active double bonds and
oxygen containing groups.65 Stankovich et al66 were the
first to modify graphite oxide (GO) by using the covalent
method. Isocyanate‐treated GOs were synthesized by
reacting the hydroxyl and carboxyl parts of GO with
isocyanates. The generated product was extremely stable
in different types of polar solvents. Amidation is another
efficient method in covalent modification processes.
Polymers such as polyethylenimine,67 polyethylene
glycol,68 and poly(vinyl alcohol)69 were used to modify
the stability and hydrophilicity of graphene and GO.

Furthermore, graphene can be modified using metallic
and nonmetallic doping, surface tuning, and by making
composite structures. Because of the large surface area of
graphene, coupling graphene with other materials
increases the active surface area; this is advantageous for
CO2 reduction.

Graphene‐based materials could be easily modified
with metallic and nonmetallic atoms as they have a long
level of coordination atoms.27 The binding energy of
absorbed intermediates and breaking them could be
obtained via alloying and combination of the different
metal and nonmetal species, resulting in a decrease in
over potential. In fact, some intermediates such as *CO
prefer to bind to nonmetallic species via carbon atoms. In
addition, doping is an efficient strategy to change the
mechanical and electronic structure of graphene‐based
materials, suggesting in an enhancement in the selectiv-
ity of CO2 reduction. Furthermore, functionalization of
the graphene‐based materials is an appropriate approach
to enhance the catalytic activity and stability via H‐bond
and CO2

.− interaction.

3.1 | Doping

The reduction process cannot be efficiently performed
with bare graphene because of the high absorption of
CO2 on the surface and the hindrance in forming
carboxyl group in the initial step. Therefore, the catalytic
properties should be tuned via metallic or nonmetallic
doping; this can efficiently modify the graphene surface
and catalytic properties that aid CO2 reduction (see
Figure 8). The doping can enhance the electrical and

FIGURE 10 A, Schematic of the synthesis of defective graphene (DG), and the electrocatalytic reduction of CO2 with DG. B,
Time‐dependent total current density curve (left y‐axis) and FE (right y‐axis) for the reduction of CO2 to CO with DG in CO2‐saturated 0.1M
KHCO3 solution at an applied potential of −0.6 V vs RHE for more than 10 hours. FE, Faradaic efficiency; RHE, reversible hydrogen
electrode. Reproduced with permission: Copyright 2019, Elsevier.74

FIGURE 11 Schematic of the photocatalytic CO2 reduction
process involved in GO/rGO wrapped TiO2 multileg nanotubes.
GO, graphite oxide. Reproduced with permission: Copyright 2019,
Elsevier.75
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optical properties of graphene via surface modification
and engineering of edge strain, surface energy, carrier
density, and spins. In addition, to improve the hydro-
philicity of the graphene surface, multiple atom doping
can be employed as another strategy.70,71 Boron atoms
can be used as a dopant for graphene in plane surface
modification, thereby suggesting an increase in spin
densities. In addition, B can improve the charge polar-
ization of graphene, thereby enhancing the stability of
polarized O in CO2 atoms. Therefore, B and C charges
can provide active sites for CO2 reduction and facilitate
the *COOH absorption to graphene formate. In contrast,
the polarization of carbon networks can be induced by N
doping, owing to a higher electronegativity of N atoms
when compared with C atoms.72 Further, the transition
metal doping of graphene with metals such as Mn, Fe, Al,
Au, Ag, and Pt is an efficient way to enhance the CO2

conversion efficiency. For example, Lv et al73 investigated

the effect of Ag in wrapped nitrogen‐doped carbon‐3D
graphene foam (Ag‐G‐NCF) during the electrochemical
reduction of CO2 to ethanol. They used the thermal
process to prepare the Ag‐G‐NCF electrode. As a result, a
FE of ∼85% was achieved at −0.7 V (vs reversible
hydrogen electrode [RHE]) with a high stability during
the CO2 reduction to ethanol; this can be attributed to the
strengthening of the binding energy of CO* with the 3D
structure of graphene and Ag atom surface (see Figure 9).

3.2 | Surface tuning

Surface tuning is another strategy to modify the graphene
surface; this can be done through defect engineering,
vertical alignment, and wrapped shape. For example, Han
et al74 demonstrated a method for the defect engineering
of graphene surface in CO2 reduction application.

FIGURE 12 A, Schematic of the amine modification on an rGO‐Au composite. B, XRD patterns of rGO‐Au and rGO. C, SEM
and (D) TEM images of rGO‐Au, (E) LSV scans of rGO, rGO‐EDA, rGO‐Au, and Au‐amine, (F) FECO at various potentials for rGO‐Au and
Au‐amine catalysts, and (G) the FECO (column) and jCO (circle) at −0.7 V. FE, Faradaic efficiency; GO, graphite oxide; LSV, linear sweep
voltammetry; SEM, scanning electron microscopy; TEM, transmission electron microscopy; XRD, X‐ray diffraction. Reproduced with
permission: Copyright 2018, Wiley.79
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This method involves N removal for enhancing the CO2

reaction properties. Figure 10A schematically illus-
trates the process of producing a defective graphene by
using N removal method. As a result, the defective
graphene exhibited a high FE of ∼84%, which can be
ascribed to an increase in active sites and the
chemisorption of CO2 caused by defect engineering
(see Figure 10B). In addition, the increase in active
sites on the graphene surface can be achieved via
wrapped shape method as shown in Figure 11.75 The
high CO2 reduction performance of the wrapped shape
of graphene can be attributed to an increase in active
site networks and a strong interaction between photo‐
generated hole‐electron pairs and the absorbed CO2

molecules on the graphene surface.

3.3 | Composite structure

Several works have been carried out to produce
graphene‐based composite structures for enhanced
CO2 reduction activity. Graphene usually acts as a
support for active phases such as NPs and nano‐sheets
by providing a large surface area. The synergy between
the combined structures enhances the charge transport

and helps in easy adsorption of CO2 on the surface of
the catalyst.76

In electrocatalytic CO2 reduction, graphene has
gained extensive interest because of its unique properties
such as large surface area, high conductivity, and high
stability. In one study, a composite of Cu NP and
N‐doped graphene was synthesized. Their result revealed
that *CO radical transformed into *OC–COH because
N‐doped carbon promoted ethanol or n‐propanol
generation.77,78 Moreover, reduced graphene oxide
(RGO) was used as a support for gold NPs (~2.4 nm).79

The synthesized catalyst had a FE ranging between 32%
and 60% for the production of CO. In this phenomenon,
the defective site of RGO acted as the adsorption site, and
some organic solvents were used to further tune the
electrocatalytic properties of the synthesized catalyst as
shown in Figure 12A. The FE could be increased up to
59% to 75% after the addition of amine groups, which
promote CO formation; the FE can be further enhanced
by increasing the alkyl chain length as shown in
Figure 12B‐G.

Similarly, in photocatalytic CO2 reduction, graphene
has shown promise as an efficient electron acceptor
and transporter. In addition, it reduces the recombination
of photo‐generated charge carriers.80‐82 Yu et al83

synthesized a RGO‐CdS nano‐rod for photocatalytic CO2

reduction, and the structure exhibited an enhanced
electron‐hole separation because of the high electronic
conductivity of RGO. Furthermore, it was found that
there is a π–π conjugation interaction between the RGO
and CO2 molecules, which plays an important role in
making the adsorption easier and activating the CO2

molecules on the surface of the catalyst. In another study,
it was found that graphene can tune the size and
morphology of a catalyst. Li et al84 synthesized ZnO NPs
on a RGO nano‐sheet by using the hydrothermal method.
The size of the ZnO NPs was reduced in the composite
structure by using RGO as the anchoring site, which
reduces self‐aggregation. Because of the large surface
area of RGO and a uniform distribution of ZnO NPs
on the surface, the catalyst exhibited an enhanced
production of CH3OH. Moreover, the rational design of
graphene demonstrated an enhanced CO2 reduction
activity. The 0D‐2D and 1D‐2D composites of graphene
were found to have a smaller contact area and a limited
electron transfer when compared with the 2D‐2D
composite of graphene.85 For example, Liang et al86

compared the photocatalytic performance of carbon
nanotube/titania nanosheet and graphene/titania
nanosheet. The result revealed that the graphene com-
posite exhibited a better performance because of the
2D‐2D intimate interfacial contact with the titania
nanosheet when compared with the 1D‐2D contact with

FIGURE 13 A, FESEM and (B) TEM images of graphene/TiO2

hybrid nanosheet composites; C, photocatalytic activity of Gx/TiO2

(x= 0, 1, 2, and 5) samples and P25. FE, Faradaic efficiency;
SEM, scanning electron microscopy; TEM, transmission electron
microscopy. Reproduced with permission: Copyright 2013, Wiley.87

HASANI ET AL. | 169



FIGURE 14 A, Schematic of the synthesis of ACG hybrid structure. B, Electrochemical impedance spectroscopy Nyquist diagrams of
RGO and Ag NWs‐RGO. C, The amounts of CO and CH4 formed in the photocatalytic reduction of CO2 in the presence of H2O vapor over
the ACG and RGO‐CdS NWs under visible light irradiation. RGO, reduced graphene oxide. Reproduced with permission: Copyright 2015,
The Royal Society of Chemistry.88

FIGURE 15 A, The advantages of
graphene‐based catalyst for CO2 reduction
rather than other metal‐based catalysts,
and (B) strategies for improving the efficiency of
graphene‐based catalyst for CO2 reduction
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the carbon nanotube. In addition, Tu et al87 investigated
the 2D sandwich like composite structure of graphene
and TiO2. The 2D contact facilitates the charge separation
and enhances the photocatalytic efficiency. The TiO2

NPs were uniformly distributed, and the transfer of
photo‐generated electrons from TiO2 to graphene sheets
was enhanced. The graphene/TiO2 nanocomposite
shows a much better performance than the bare TiO2 in
the production of C2H6 and CH4 as shown in Figure 13.
Similarly, a ternary composite of graphene also shows
an enhanced performance toward photocatalytic CO2

reduction. In one study, Liu et al88 synthesized an
Ag NWs‐RGO‐CdS NWs (ACG) composite via a simple
electrostatic self‐assembly method followed by a hydro-
thermal reduction process. As shown in Figure 14A, the
addition of Ag nanowires increases the conductivity of
RGO, which results in a better separation and transfer of
charge carriers than the RGO‐CdS nanowire catalyst. As
a result, the ternary composite exhibited an enhanced
performance in the production of CO and CH4 than the
RGO‐CdS catalyst, as shown in Figure 14B,C.

4 | CONCLUSION AND OUTLOOK

CO2 reduction is an extremely promising research field
because of the high demand for reduction of CO2 that
is caused by the global warming and conversion of CO2

into a useful energy. Figure 15A illustrates the merit
of graphene‐based catalyst for CO2 reduction rather than
other metal‐based catalysts, schematically. Graphene‐based

catalysts are a remarkable candidate for the photo‐
electrochemical reduction of CO2. Because pristine graphene
is inactive, the catalytic properties of graphene‐based mate-
rials have to be improved by different strategies such as
doping, producing composites, wrapping shapes, and defect
engineering.89 In this review, we first investigated the
fundamentals of CO2 reduction, and subsequently studied
the recent progress in the graphene‐based catalysts for CO2

reduction. Furthermore, different strategies used to modify
the graphene‐based materials for CO2 conversion were
investigated (see Figure 15B).

The electron transfer can be enhanced by changing
the structure of graphene‐based materials, suggesting an
enhancement of catalytic properties. There are different
strategies for the efficient design of graphene‐based
materials, including doping, defect engineering, control-
ling a number of layers and thicknesses.1 Besides,
developing some characterization methods may lead to
developing the design of theoretical models to a deep
understanding of catalytic reactions and correlation
within intermediates. Therefore, the corporation of
experiment and theory will help us to design high effi-
cient catalysts and enhancing the number of active sites.
Moreover, the discovery of earth‐abundant and low‐cost
catalysts such as 2D materials that can reduce CO2 to
useful products with high efficiency could be a focus
of study and research to design of novel catalysts. Fur-
thermore, design of NPs and lateral and van der Walls
heterostructure provide a remarkable tuning over the
mechanical and electronic features, suggesting create a
various catalytic applications.1‐5

TABLE 1 The recent progress of graphene‐based materials in electrochemical CO2 reduction

Catalyst Electrolyte Product Onset potential Faradic efficiency (%) Stability Reference

NG foam 0.1M KHCO3 CO −0.58 V (vs RHE) 85 5 h 90

NG 0.1M KHCO3 C2H5OH −0.4 V (vs RHE) 36 – 91

Ni‐NG 0.5M KHCO3 CO −0.5 V (vs RHE) 95 20 h 92

Pt‐NG 0.1M KNO3 CH3OH −0.3 V (vs RHE) 41 – 93

B‐doped Gr 0.1M KHCO3 HCOOH −1.4 V (vs RHE) 66 4 h 71

Cu2O/G 0.5M NaHCO3 C2H5OH −0.9 V (vs RHE) 9.9 20min 94

NGQDs 1M KOH C2H4 −0.75 V (vs RHE) 31 – 95

Cu‐rGO 0.1M NaHCO3 CO −0.4 V (vs RHE) 21.7 15 h 96

Ag‐NG‐CF 0.1M KHCO3 C2H5OH −0.7 V (vs RHE) 85 10 h 73

Fe‐NG 0.1M KHCO3 CO −0.6 V (vs RHE) 80 10 h 97

Sb‐Gr 0.1M NaHCO3 HCOOH −1.06 V (vs RHE) 84 12 h 98

PdTe/FLG 0.1M KHCO3 CO −0.8 V (vs RHE) 90 5 h 24

Ni2+@NG 0.5M KHCO3 CO −0.68 V (vs RHE) 92 20 h 99

Abbreviation: RHE, reversible hydrogen electrode.
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Table 1 shows the recent progress of graphene‐based
materials in electro‐catalytic CO2 reduction. Metal dop-
ing of graphene can increase the number of active sites
for electrochemical CO2 reduction; this improvement can
be ascribed to an increase in charge and spin density
caused by an increase in adsorption sites of CO2 mole-
cules. Moreover, the defect engineering of the graphene
surface can uniformly distribute the local charge density
and enhance the affinity for the reaction of intermediates.

Despite outstanding progress in CO2 reduction via
graphene‐based materials, the efficient generation of
certain compounds remains a huge challenge. Further
development in the formation of new products and an
increase in the selectivity of graphene‐based materials for
CO2 reduction are likely to be achieved with a new design
of electrode structure and electrolyte.

Recently, the number of publications regarding the
graphene‐based catalysts for CO2 reduction has been
reported. Figure 16 indicates the number of publications per
year on graphene‐based catalysts for CO2 reduction from
2010 to 2019. This survey was carried out via the Web of
Science provided by Thomson Reuters. The research on the
graphene‐based catalysts for CO2 reduction increased
dramatically, reaching about 40 publications in 2019. This
trend shows graphene‐based catalyst has a remarkable
potential to be utilized in energy conversion, shortly.

Graphene‐based catalysts provide a tunable interface
for CO2 reduction and optimize the interaction between
the absorbed CO2 molecules on the graphene surface
and the intermediates. The study on the physical and
mechanical properties of graphene‐based catalysts would be
a new field of research in the application of CO2 reduction.
In addition, the microscopic methods can provide a deep
understanding of the CO2 reduction mechanism.
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