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Abstract

Synthesis of structurally controlled graphene materials is critical for realizing their

practical applications. The electrochemical exfoliation of graphite has emerged as a

simple method to produce graphene materials. This review examines research

progress in the last 5 years, from 2015 to 2019. Graphene material synthesis

methods generally have a trade‐off between increasing production yield and

achieving better material property control. The synthesis conditions for synthesiz-

ing pristine graphene, graphene oxide (GO), and graphene composites are

significantly different. Thus, in this review, we first discuss synthesis methods

for graphene materials with high C/O ratios from four aspects: graphite electrodes,

equipment engineering, electrolytes, and additional reduction methods. Next, we

survey synthesis methods for GO and examine how the pretreatment of the

graphite electrodes, electrolytes, and operation parameters, such as applied

voltages, electrolyte temperatures, and mechanical forces, affect the quality of

GO. Further, we summarize electrochemical exfoliation methods used to dope

graphene materials, introduce covalent functional groups, incorporate various

nanoparticles, and assembly of graphene architectures. For all synthesis methods,

we compare the properties of resulting graphene materials such as C/O ratios,

lateral size, layer numbers, and quality characterized by Raman spectroscopy.

Lastly, we propose our perspectives on further research. We hope this review

stimulates more studies to realize the on‐demand production of graphene materials

with desired properties using electrochemical exfoliation methods.
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1 | INTRODUCTION

Graphene, ideally, is a single‐atom‐thick sheet of sp2‐
bonded carbon atoms arrayed in a hexagonal lattice. The

substantial π‐electron conjugation in graphene results in
fascinating electronic, thermal, magnetic, optical, me-
chanical, and chemical properties.1-4 The most widely
used derivative of graphene, graphene oxide (GO), is a
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chemically modified graphene material with abundant O‐
containing functionalities on its basal planes and edges,
typically having lower C/O atomic ratios. Reduced GO
(rGO) is obtained by the extensive reduction of GO using
different methods, yielding a significantly lower O
content compared to GO. Free‐standing graphene was
first isolated from graphite by micromechanical exfolia-
tion using scotch tapes in 2004.1 While the intrinsic
properties of graphene have been studied using micro-
mechanical exfoliated samples, practical applications
require scalable and cost‐effective methods to provide
structurally controlled graphene materials.

In the past 15 years, many methods have been
explored to produce graphene materials, which can be
categorized into two groups.5 The first group is the
bottom‐up synthesis methods, by which graphene sheets
are grown from individual molecules, including organic
synthesis in solvents,6,7 chemical vapor deposition of
gaseous carbon precursors on solid catalytic sub-
strates,8-11 and graphitization of silicon carbide (SiC)
crystals.12,13 The second group is the top‐down exfolia-
tion methods. As the graphene can be considered as the
core structural motif of graphite, carbon nanotubes
(CNTs), and many other carbon nanomaterials, it is
possible to obtain graphene materials through the
exfoliation of those by mechanical, chemical, thermal,
or electrical routes.14-16 For example, an energetic
ultrasound vibration can be used to overcome interplanar
the van der Waals forces (5.9 kJ/mol) among graphene
sheets in graphite, and exfoliated graphene sheets can be
stabilized in solvents with matching surface energy, such
as N‐methyl‐2‐pyrrolidone and o‐dichlorobenzene.17-20

Alternatively, graphite can be oxidized to produce GO.21

With relatively milder mechanical forces, GO can be
exfoliated from graphite oxide and stabilized in various
solvents due to repelling forces among GO sheets
introduced by their surface functional groups.21-24

Graphene synthesis often faces a critical trade‐off
between the yield and the property control of resulting
graphene materials.25 For example, mechanical exfolia-
tion of graphite without chemical functionalization has
poor production yield. The resulting graphene disper-
sions have a concentration usually below 0.5 mg/L. In
contrast, the exfoliation of graphite oxide produces GO at
a much higher yield, which led to the commercialization
of the technique. However, GO with surface functional
groups have low C/O atomic ratios, and their properties
are much different from those of graphene. Although
many reduction methods can be used to produce rGO,
they still cannot fully match the properties of gra-
phene.26,27 It remains a significant challenge to synthe-
size graphene materials with well‐controlled properties
cost‐efficiently and environmentally friendly.28,29

In recent years, electrochemical exfoliation of graphite
has emerged as a simple method to produce graphene
materials.30-33 As illustrated in Figure 1A, graphite in a
variety of geometries, such as graphite powders, foils,
rods, flakes, or plates, can be used as working electrodes
in liquid electrolytes.34 Depending on the power supply
applied on graphite electrodes, there are cathodic
(applying a negative bias) and anodic (using a positive
bias) exfoliation methods. As illustrated in Figure 1B,
positively charged ions in the electrolyte (eg, Li+) would
be attracted to graphite electrodes in cathodic exfoliation.
Negatively charged ions (eg, SO4

2−) may be attracted to
electrodes in anodic exfoliation. Ions, electrolyte mole-
cules, or cointercalating species in electrolytes are first
intercalated among the graphene layers of graphite. It has
been proposed that electrochemical reactions provide
driving force to break the van der Waals forces, leading to
the structural expansion of graphite.35 By controlling
process parameters, such as applied electrical potentials,
currents, processing time, as well as the composition of
electrolytes, the graphene materials of different defect
densities, O contents, graphene layer numbers, and
lateral sizes have been obtained. Moreover, chemical
reactions with functionalizing agents can concurrently
take place during electrochemical exfoliation to achieve
in situ chemical doping (functionalization) of graphene
materials to produce various graphene‐based composite
materials.

Previous review articles on electrochemical exfoliation
of graphite examined the methods for synthesizing
graphene and GO together and focused on their
operation parameters, such as electrolytes and applied
potential biases.31,34-36 In our opinion, one of the most
important criteria in evaluating graphene material
synthesis methods is their capability in precisely control-
ling the material properties. Although their reactions and
synthesis parameters are similar, the detailed require-
ments for synthesizing graphene and GO are significantly
different. Thus, in this review, we discuss recently
developed methods for graphene and GO synthesis
separately. The methods used to produce graphene with
high C/O ratios are discussed first, followed by the
studies focused on synthesizing GO with low C/O ratios.
We compare the properties of resulting graphene
materials such as C/O ratios, heteroatom dopants,
covalent functionalization, and hybrid/composites. Sub-
sequently, we summarize studies on the synthesis of
heteroatom doped or functionalized graphene and
graphene composites using electrochemical exfoliation.
Lastly, we propose our perspectives on the further
development of this promising route toward the on‐
demand production of graphene materials with desired
properties in a practical manner.

174 | LIU ET AL.

 26379368, 2019, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cey2.14, W

iley O
nline L

ibrary on [28/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



2 | GRAPHENE SYNTHESIS BY
ELECTROCHEMICAL
EXFOLIATION

A key target of graphene synthesis is to produce almost
pristine graphene with low O content, fewer layers, and
large lateral size. However, graphite exfoliation in liquid
electrolytes in ambient conditions commonly introduces

O in the carbon lattice of graphene and break exfoliated
graphene into small pieces. Electrochemical exfoliation
methods have demonstrated some controllability in the
structural properties of graphene materials.23,37,38 In this
section, we discuss the new process from four aspects:
graphite electrodes, equipment engineering, electrolytes,
and additional reduction methods. The operating para-
meters and graphene properties of several recently

FIGURE 1 A, Schematic illustration of electrochemical exfoliation of graphite to produce various graphene materials. B, Schematic
overview of cathodic and anodic exfoliation of graphite. Reprinted with permission from Yu et al,35 Copyright 2015 Elsevier
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reported representative graphene synthesis methods are
summarized in Table 1.

2.1 | Graphite electrodes for graphene
synthesis

Commonly used graphite electrodes in electrochemical
exfoliation are either natural graphite in forms of foils,
rods or sheets or highly oriented pyrolytic graphite
(HOPG). The electrochemical exfoliation of graphite
relies on efficient ion intercalations among graphene
layers to expand their interlayer spacing. Ion intercala-
tions are expected to be influenced by graphite electrodes’
microstructures, such as graphite particulate sizes,
defects, layer arrangements, and thickness, composition,
and suitable pretreatment. Several recent studies have
explored how these parameters affect graphene synthesis.

Munuera et al showed that structural imperfections in
graphite foils, such as folds, voids, and wrinkles, would
facilitate the exfoliation of graphite and reduce damages
caused by oxidative reactions during electrochemical
exfoliation. Figure 2 shows that defective graphite foils
produced graphene materials with one to two graphene
layers, which have better quality than those produced from
HOPG electrodes with much fewer structural imperfec-
tions.39 Fuertes et al reported that thick graphite rods or
sheets are usually exfoliated at considerably lower rates
than thin graphite foils or flakes. The slower exfoliation rate
fosters graphite oxidation, resulting in more hydrophilic
graphene materials. When a graphite rod was used as an
anode, well‐dispersed bilayer graphene sheets were ob-
tained with a C/O ratio of 11.7, and the average lateral size

of bilayer graphene sheets is about 0.5 to 1 μm.40 Similarly
when expanded graphite was exfoliated, graphene materials
show a relatively lower C/O ratio of 7.5.41

As illustrated in Figure 3, Green et al showed that
graphite rod electrodes would disintegrate during electro-
chemical exfoliation. Graphite particles detached from
electrodes usually cannot be further exfoliated, resulting
in poor exfoliation efficiency. They contained and com-
pressed small graphite flakes within a permeable and
expandable dialysis tube. Graphite flakes can be continu-
ously intercalated, expanded, and exfoliated to produce
graphene materials, which produced graphene materials
with extraordinarily large lateral size (>30 μm) and a C/O
ratio of 4.98.42 Pencil cores are physical mixtures of graphite
and clays. Chen et al43 showed that graphite/clay mixtures
in pencil cores could serve as efficient graphite electrodes
for graphene synthesis by electrochemical exfoliation. The
exfoliated graphene materials can migrate to the top of the
electrolyte while the clays precipitate at the bottom along
with unexfoliated graphite. Thus, it is easy to separate
graphene products from unexfoliated materials.

Selective pretreatment or adopting proper interaction
steps for graphite electrodes may be beneficial to yield
desirable graphene materials. For example, Fang et al found
that pretreatment of graphite electrodes using alkaline
solutions can significantly reduce graphite oxidation during
electrochemical exfoliation in acidic electrolytes. They first
immersed graphite foils in NaOH solution and then
exfoliated them in H2SO4 electrolyte, which yielded few‐
layer graphene materials with a high C/O ratio of 11.02.44

It was proposed that the pretreatment in NaOH can
increase interlayer spacing in graphite. Neutralization

FIGURE 2 Representative SEM images of basal (A, C) and edge (B, D) surfaces of HOPG (A, B) and graphite foils (C, D) and of the edge
surfaces of HOPG (E, F) and graphite foils (G, H) after electrochemical exfoliation treatment for 15 minutes. Scale bars of the inset images:
200 μm (E, G) and 1 μm (F, H). Reprinted with permission from Munuera et al,39 Copyright 2015 Elsevier. HOPG, highly oriented pyrolytic
graphite; SEM, scanning electron microscope
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reaction between NaOH and H2SO4 would also produce
H2O among graphene layers to further expand interlayer
spacing. Shukla et al used a HOPG electrode as the working
electrode, a Pt wire as a counter electrode, an Ag/AgCl
reference electrode, and H2SO4 electrolyte. They first
applied a constant current of 50mA to intercalate HSO4

−

ions into HOPG. Next, the intercalated electrode was
exfoliated under the current of 580mA to produce graphite
flakes. They claimed that these graphite flakes contained
alternating weak and strong attraction between two
adjacent layers. Thus, graphene materials enriched with
bilayer graphene can be obtained by sonication.45

In summary, to synthesize graphene, graphite electro-
des should be exfoliated quickly, so that damages caused
by oxidative reactions during electrochemical exfoliation
can be minimized. In principle, defective, thin, and small
graphite flakes could be more efficient to yield graphene
materials with higher C/O ratios. Further, the pretreat-
ment of graphite electrodes should also avoid using
strong oxidative conditions.

2.2 | Equipment engineering for
graphene synthesis

A variety of electrochemical equipment has been used to
synthesize graphene by exfoliating graphite. They can be

roughly categorized into anodic or cathodic exfoliation
methods based on whether graphite electrodes are used
as an anode or a cathode. Typically, anodic exfoliation
methods show a higher efficiency in intercalation and
expanding interlayer spacings in graphite electrodes
because the reduction of water at anodes generates
hydroxyl ions (OH−), which act as a strong nucleophile
and create damages in sp2 carbon structures of graphene.
Cathodic exfoliation methods induce much fewer da-
mages in graphene; however, the exfoliation efficiency is
much lower. Previous reviews have compared the
differences between these two types of exfoliation
methods in detail.31,36 Thus, in this section, we focus
on the electrochemical exfoliation equipment, including
alternating current (AC) power supplies, voltages ap-
plied, exfoliation time, heating electrolytes, and several
innovative equipment designs.

2.2.1 | Equipment operation parameters

Two types of power supplies have been used in the
electrochemical apparatus, including direct current (DC)
or AC ones. Feng et al used AC power supplies combined
with suitable conductive media (ie, tetra‐n‐butylammo-
nium bisulfate [TBA‧HSO4]) to achieve both high
production efficiency and high quality in graphene

FIGURE 3 A, Schematic illustration of the electrochemical exfoliation of graphite. B, Disintegration of graphite rods during
electrochemical exfoliation. C, Electrochemical exfoliation of graphite flakes in a permeable, expandable container. Reprinted with
permission from Achee et al,42 Copyright 2018 Nature. D, The electrochemical exfoliation of graphite in pencil cores. Reprinted with
permission from Chen et al,43 Copyright 2017 Elsevier
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synthesis from both electrodes.46 As illustrated in
Figure 4, there are different intercalation routes for
graphite anodes and cathodes under AC power supplies.
O‐containing radicals (such as HO• and O•) are
generated at graphite/water interfaces on anodes, which
attack boundaries or intrinsic defects in graphite. The
intercalation of sulfate anions increases the d‐spacing to
0.46 nm. Intercalated sulfate anions are reduced to gas
bubbles when the anodic potential switches to negative.
Large TBA+ cations are intercalated into gaps created by
the gas bubbles. In contrast, the flattened TBA+ cations
(0.47 nm) are accommodated between graphene layers in
cathodes. Sulfate ions are intercalated when the working

bias shifts to positive. Once both anode and cathode are
expanded to some extent, the complex electrochemical
reactions taking place between graphene layers generate
massive bubbles (O2, H2, SO2, and CO2), resulting in
efficient graphene production. The resulting graphene
materials are mainly composed of one to three graphene
layers (75%) with a high C/O ratio of 21.2.46 Further,
using similar AC power supplies, Wang et al added
thiourea (CH4N2S) into the (NH4)2SO4 electrolyte and to
deposit S particles on resulting graphene materials. It was
proposed that S would react with radicals (eg, HO•) to
form S particles, which helps to control the exfoliation of
graphite.47

FIGURE 4 A, Schematic illustration of graphite exfoliation under AC power supplies in an aqueous solution of TBA·HSO4. B, AC
working bias applied at the anode. C, D, Optical images of graphite foil electrodes before and after exfoliation. E, Graphene materials
produced in 15minutes. F, Graphene materials dispersed in DMF (0.10mg/mL). G, A proposed mechanism for graphite exfoliation in both
electrodes under AC working bias. Reprinted with permission from Yang et al,46 Copyright 2017, Wiley‐VCH. AC, alternating current; DMF,
dimethylformamide; TBA·HSO4, tetra‐n‐butylammonium bisulfate
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Voltage potential and exfoliation time are expected to
influence graphene synthesis. Srivastava et al compared
five different voltage potentials from 2 to 10 V using a
chronoamperometry technique. Graphite rods were first
used as anodes to be intercalated with saccharin anion.
Then, the intercalated graphite electrodes were used
cathodes to be reduced. Their results showed that
applying higher voltage potentials on graphite electrodes
would increase the yield of graphene; however, the
quality of graphene becomes lower with higher defect
density and O contents due to intensified oxidation under
high voltage potentials.48 Eredia et al49 showed that the
exfoliation time in aqueous electrolyte affects C/O ratios
in graphene materials. Specifically, an exfoliation time of
1 or 60minutes results in graphene materials with C/O
ratios of 8 or 4, respectively. Kurys et al applied pulse
power supplied to reduce the oxidation of graphene
during prolonged exfoliation in the electrolysis mode.
Graphene materials with a high C/O ratio of 25 were
obtained. However, they are mainly made up by multi-
layer graphene (10‐20 layers).50 Tripathi et al51 demon-
strated heating assisted electrochemical exfoliation meth-
od. The production yield increased 4.5 times from 17% to
77% when the electrolyte temperature was increased
from room temperature to 80°C. It was proposed that the
heated electrolyte may enhance the vibration of inter-
calated ions and increase interlayer spacings between
graphene layers.

2.2.2 | New equipment designs

Several innovative device designs have also been explored
to increase graphene synthesis yield and control struc-
tures of graphene materials. Xu et al proposed an end‐
face electrochemical exfoliation device, in which the end
of graphite foils was placed in contact with the electrolyte
top surface continuously during the exfoliation. As
shown in Figure 5A, the container of electrolyte rose
steadily to maintain contact with a graphite electrode
when graphite foils disintegrated into graphene materi-
als. It was proposed that the confined area at air‐
electrolyte interface provided uniform current density,
resulting in graphene materials with few‐layers (<3
layers) and an average lateral size of 0.3 to 5.0 μm.52

Other than compressing graphite flakes inside a perme-
able container, Green et al also designed a batch reactor
(Figure 5B) to increase the surface‐to‐volume ratio of the
electrode to reduce the mass transfer limitation of
electrolyte ions. A platinized Ti mesh was inserted into
the graphite electrode. The electrolyte was forced to go
through the graphite electrode plate. For achieving
continuous graphene production, they also proposed a
screw reactor as shown in Figure 5C, and the electrolyte

is forced to go through a porous pipe or ridged mesh
under pressure, while graphite flakes would be in contact
with an in‐line screw conveyer, which also works as the
working electrode.42 Alternatively, Majumder et al de-
monstrated a shear‐assisted electrochemical exfoliation
process. As shown in Figure 5D, sulfate ions were
intercalated into the graphite working electrode, while
shear induced by a flowing electrolyte assisted the
exfoliation of graphene. Low defect, large and thin
graphene flakes can be produced using modest shear
and low bias potentials.53

In summary, electrochemical equipment should be
designed to achieve a balance between the production
yield and quality of graphene materials. Cathodic
exfoliation, low voltage, or pulse power supplies can
help to reduce damages in graphene; however, they are
often accompanied by lower production yield. External
means, such as high‐temperature electrolytes and strong
mechanical forces, which can facilitate the exfoliation of
graphite without introducing additional oxidative da-
mages to graphene, are also beneficial for graphene
synthesis.

2.3 | Electrolytes for graphene synthesis

Aqueous acids, such as H2SO4 is the most widely used
electrolyte for the electrochemical exfoliation of graphite
to synthesize graphene because SO4

2− (0.46 nm) are
relatively easy intercalated into graphite due to the
comparable ionic size with graphite d‐spacing (0.34 nm).
Some studies have proposed that the decomposition of
SO4

2− during the exfoliation generates various gaseous
products, such as SO2, O2, and H2, which drive the
expansion of graphite interlayer spacings.54,74 Other
protic acids, such as phosphoric, oxalic, and perchloric
acids, show comparable graphite exfoliation results.41

However, the fast intercalation and decomposition of
these anions often result in incomplete graphite inter-
calation and disintegration of graphite electrodes. Subse-
quently, the synthesized graphene materials have small
lateral sizes and large layer numbers. Different electro-
lytes have been studied to control the intercalation of
graphite and the decomposition of anions. We discuss the
recent progress specifically on using salts and alkali in
electrolytes, adding organic compounds in electrolytes,
and creating in situ reduction conditions in the following
three subsections.

2.3.1 | Salts and alkali in electrolytes

Different types of inorganic or organic salts have been
used in electrolytes for graphene synthesis, including
ionic liquids (ILs), sulfate salts, halides, transition metal
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salts, and salts containing amphiphilic anions. Other
than ILs, various ions strongly affect the properties of
graphene materials by reacting with oxidative radicals
generated during graphite exfoliation. Besides, some
amphiphilic anions provide additional functions in
improving the dispersion of graphene flakes.

ILs are salts in the liquid state. Several early studies
have used ILs as electrolytes to exfoliate graphite.75-77

However, the production yield of graphene is usually
low, and the lateral size of graphene is also small
(<5 μm). Other carbon materials, such as carbon
nanoribbons and nanoparticles, were also produced
when using ILs as electrolytes. Water content in ILs was
found to play a critical role in the properties of resulting
carbon nanomaterials. Concentrated ILs may functio-
nalize carbon nanomaterials, which disrupt their
electronic properties. ILs with high water content
(>10 wt.%) would produce water‐soluble and oxidized
carbon nanomaterials.76

Parvez et al54 compared aqueous solutions containing
different sulfate salts, including (NH4)2SO4, Na2SO4, and
K2SO4, under neutral pH conditions. (NH4)2SO4 was

found to be the best salt for electrolyte, which yielded
graphene materials mostly composed of one to three
monolayers (~85%) with sizeable lateral size (>5 μm) and
a high C/O ratio of 17.2. The effect of electrolyte
concentration was further studied. When the concentra-
tion of (NH4)2SO4 was lower than 0.01M, the yield of
graphene materials was less than 5 wt.%. In 1.0M
(NH4)2SO4, 75 wt.% graphene yield was achieved. A
further increase in the concentration failed to rise the
graphene production yield. It was proposed that the high
concentration of (NH4)2SO4 would suppress the forma-
tion of OH− ions due to the low water content, which
lowers the graphite edge oxidation and expansion.54 A
0.1M (NH4)2SO4 aqueous electrolyte was also used to
produce graphene nanoplatelets.55 The graphene materi-
als can be well dispersed in dimethylformamide for inkjet
printing. Munuera et al56 showed that aqueous solutions
containing sodium halides (ie, NaCl, NaBr, or NaI) can be
used as electrolytes for anodic exfoliation of graphite,
which yielded single‐/few‐layer graphene materials with
a C/O ratio up to 16.7. Hydrated halide anions can be
intercalated in graphite foil electrodes. The halide anions

FIGURE 5 A, Schematic illustration of the end‐face electrochemical exfoliation device, the inset photo shows the length change of the
graphite foil electrode. Reprinted with permission from Zhou et al,52 Copyright 2019 Elsevier. B, Schematic illustration (left) and photo
(right) of a batch reactor for forced electrolyte flow through a tileable 2D graphite electrode with platinized Ti mesh. C, Schematic design of
permeable plug‐flow reactor with forced electrolyte flow for continuous production of graphene by electrochemical exfoliation. Reprinted
with permission from Achee et al,42 Copyright 2018 Nature. D, Schematic illustration (left) and photo (right) of microreactor used for
electrochemical exfoliation with a shear force on the reactor walls. Reprinted with permission from Shinde et al,53 Copyright 2016 ACS
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also acted as sacrificial agents to react with HO• radicals,
which limited the attack of HO• radicals on graphite
lattice, leading to graphene nanosheets with low O
content. The concentration of sodium halides is also
critical. Graphite electrodes were poorly intercalated at
low salt concentration, while electrodes would be
disintegrated due to the very dynamic and fast intercala-
tion process at high salt concentrations. The optimal
concentrations are 0.05M, 0.1M, and 0.1M for NaCl,
NaBr, and NaI, respectively.56 Some transition metal ions
have been identified to act as an effective antioxidant
during graphite exfoliation, which can prevent surface
oxidation of graphene. In a recent study, Munuera et al57

added NaCl or KCl as coelectrolyte to Na2SO4, which
showed much better efficiency than NaBr, NaI, Na2SO3,
sodium citrate, ascorbic acid, NaBH4 and ethanol in
preventing the oxidation of graphene, yielding graphene
materials with one of highest C/O ratios (33.3‐50) ever
reported. Dryfe et al added 0.05M CoSO4 to 0.5M Na2SO4

as electrolytes. While sulfate anions were intercalated tin
to graphite, Co2+ was converted to Co4+ under the
oxidative potential at anodes. Co4+ may oxidize water to
O2 without the formation of OH• intermediate, thus
reducing graphite surface oxidation. Adding of CoSO4

lowered the C/O ratio by a factor of 5 to reach 36.58

Villar‐Rodil et al explored the concept of multi-
functional electrolytes, in which amphiphilic anions,
such as polyaromatic hydrocarbons appended with
sulfonate groups, can play several different roles together.
Intercalating ions would trigger the exfoliation of

graphite. A dispersant helped to stabilize aqueous
colloidal suspensions of graphene flakes. As illustrated
in Figure 6, a sacrificial component in the electrolyte
prevented graphene oxidation during exfoliation. A
linker in the electrolyte promoted nanoparticle anchoring
on the graphene flakes to produce functional hybrids.
They studied 13 sulfonate‐ and sulfate‐containing hydro-
carbons at different concentrations. When 0.2M sodium
naphthalene 1,5‐disulfonate was used as an electrolyte,
graphene materials with an ultrahigh C/O ratio of 50
were obtained.59

Since acidic electrolytes would create significant
defects in graphene materials, adding suitable bases in
electrolytes has been used to change the pH of electro-
lytes and facilitate the electrochemical reduction of
functional groups on the graphene surface. For example,
Parveen et al60 used an aqueous mixture of NaOH,
Na2S2O3, and NaClO4 as electrolytes for graphite exfolia-
tion. It was proposed that NaClO4 expanded the graphite
lattice, NaOH reduced functional groups and S2O3

2−

accelerated the exfoliation of graphite. The resulting
graphene materials showed a high C/O ratio of 27.7. Liu
et al studied the ratios between KOH and H2SO4 and
showed that the mixture of 30 wt.% KOH and 13.5 wt.%
H2SO4 had the best exfoliation efficiency. The resulting
graphene materials had a low ID/IG ratio of 0.061.61 Kong
et al also studied the ratios between KOH and H2SO4.
The optimum result was achieved by using 30 wt.% KOH.
The resulting graphene materials showed a high lateral
size (3.7 μm) to thickness ratio (2.5 nm).62

FIGURE 6 Schematic illustration of the roles of different electrolytes. A, Water in nonoxidizable electrolytes, such as Na2SO4, would
create reactive OH• and O• radicals, which attach graphene layers. B, Oxidizable electrolytes, such as SBS, would act as a sacrificial agent to
hinder the oxidation of graphene. Reprinted with permission from Munuera et al,59 Copyright 2016 RSC
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2.3.2 | Organic compounds in
electrolytes

Other than adding salts and alkali in electrolytes, some
organic compounds have been explored to limit the
oxidation of graphene to improve the quality of graphene
materials. Yang et al63 introduced organic reducing
agents in aqueous (NH4)2SO4 electrolytes. They com-
pared ascorbic acid, gallic acid, hydrazine, sodium
borohydride, hydrogen iodide, and (2,2,6,6‐tetramethyl-
piperidin‐1‐yl)oxyl (TEMPO). As illustrated in Figure 7A,
the HO• radicals can react with TEMPO to form
metastable intermediates (TEMPO‐OH), which then
were converted to oxoammonium cations. The oxoam-
monium cations can be electrochemically reduced at the

cathode to form TEMPO radicals again. The resulting
graphene materials have a high C/O ratio of 25.3, low ID/
IG ratio of 0.1, and large lateral size of 5‐10 μm.63

Similarly, Hu et al used a flame retardant (hex(4‐
carboxylphenoxy) cyclotriphosphazene [HCPCP]) dis-
solved in NaOH aqueous solution as the electrolyte.
HCPCP can act as an antioxidant during graphite
exfoliation, resulting in graphene materials with a high
C/O ratio of 10.4.64

On the contrary, organic compounds can also be used
to enhance exfoliation efficiency. As shown in Figure 7B,
Yoshimura et al used glycine (Gly)·HSO4 ionic complex
to facilitate the intercalation of HSO4− and SO4

2− ions
into graphite electrodes. The intercalated ions underwent

FIGURE 7 Schematic illustrations of (A) the role of TEMPO in eliminating hydroxyl radicals during the exfoliation of graphite in
aqueous electrolyte. Reprinted with permission from Yang et al,63 Copyright, ACS, 2015. B, The intercalation of Gly·HSO4 ionic complexes
and their role in graphite exfoliation. Reprinted with permission from Rao et al,65 Copyright, Wiley, 2015. C, Simultaneous exfoliation of
anodes and cathodes in acetonitrile containing different types of ionic liquids. Reprinted with permission from Taheri et al,68 Copyright,
Elsevier, 2014. NHE, normal hydrogen electrode; TEMPO, 2,2,6,6‐tetramethylpiperidin‐1‐yl)oxyl
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polymerization to form large clusters. These clusters led
to the formation of (SO2)n gas bubbles which facilitate the
exfoliation of graphite. At the suitable 15 wt.% concen-
tration of Gly/H2SO4, graphene nanosheets with two to
five layers and a C/O ratio of 8 were obtained.65

Alternatively, Xu et al used a ternary eutectic melt
containing 37.4 wt.% acetamide, 28 wt.% urea, 34.6 wt.%
NH4NO3 as the electrolyte. This electrolyte has a high
viscosity and high anionic intercalation potential and low
ion migration speed. Thus, both anions and solvents were
cointercalated into graphite, which yielded graphene
materials of one to five layers.66 Melamine was also used
as an additive in electrolytes to high‐quality graphene
sheets.67 It was proposed that NH2 groups of melamine
would actively interact with graphene surface to form a
hydrophilic force normal to the graphene basal plane,
which facilitated the exfoliation of graphite. Further, the
as‐exfoliated graphene sheets were encapsulated by the
melamine molecule, preventing further oxidation. Over
80% of resulting graphene materials were less than three
layers with a lower oxidation density (C/O ratio of 26.17)
and low defect level (ID/IG < 0.45).

Although ILs can be used as electrolytes to produce
graphene materials, their high cost limits their scalable
applications. Taheri Najafabadi and Gyenge used acet-
onitrile as a nonreactive diluting solvent to have
electrolytes with a low concentration of ILs (ie, 0.1M).68

As illustrated in Figure 7C, several different ILs were
tested for either anionic or cationic intercalation.
Graphene materials with less than five layers can be
synthesized with a high production yield. Deep eutectic
solvents are ionic solvents formed by mixing eutectic
acids and bases. There are four types of eutectic solvents,
type I (quaternary ammonium salt +metal chloride),
type II (quaternary ammonium salt +metal chloride
hydrate), type III (quaternary ammonium salt + hydro-
gen bond donor), and type IV (metal chloride hydrate +
hydrogen bond donor). They are environmentally
friendly and cheaper alternatives for common ILs.
Chakrabarti et al investigated graphene synthesis using
various types of deep eutectic solvents mixed with a
standard IL in acetonitrile at a ratio of 1:1:30 by volume.
The highest graphene material (four to five layers) yield
was obtained by using a type IV deep eutectic solvent
(ZnNO3•6H2O/urea).

69

In summary, to avoid damages of graphene by acidic
electrolytes, various salts, bases, or organic compounds
have been explored as electrolytes for graphene material
synthesis. Some ions or organic molecules in these
electrolytes, which can react with oxidative radicals
generated during graphite exfoliation, are beneficial for
improving the quality of resulting graphene materials.
Besides, amphiphilic anions can also be added in

electrolytes to enhance the dispersion of exfoliated
graphene flakes. Further, some organic compounds can
be polymerized in situ among graphene sheets to
facilitate the exfoliation of graphite.

2.4 | Additional reduction methods for
graphene synthesis

In general, GO can be reduced to rGO in many ways to
improve the quality of graphene materials. Several
different reduction approaches have been coupled with
electrochemical exfoliation of graphite to produce rGO
materials. The most common method is thermal anneal-
ing. For example, Gurzęda et al70 applied a simple
thermal reduction at 500°C in the air on GO produced
from electrochemical exfoliation of graphite in HClO4

aqueous electrolyte. The C/O ratio increased from 10.1 to
19.7. Marković et al71 made a more detailed comparison
of thermal annealing of carbon films made from
electrochemically exfoliated GO. The C/O ratios GO
produced from graphite rods, and HOPG were 5.34 and
2.21, respectively. After thermal annealing at 800°C, the
C/O ratios were increased to 13.89 and 13.47, respec-
tively. However, the rGO sheets were restacked together
after the high‐temperature annealing. Alternatively,
Gong et al72 used spark plasma sintering at 1500°C to
treat electrochemically exfoliated GO. Oxygen functional
groups were eliminated, resulting in graphene materials
with low defect density (ID/IG ration of 0.16) and high C/
O ratio of 25.3.

Besides, Abdelkader et al proposed an in situ
reduction method to reduce GO during the exfoliation
of graphite. They used a quaternary ammonium‐based
deep eutectic solvent (urea/choline chloride
((CH3)3NCH2CH2OH]Cl) at the mole ratio of 2:1) with
2.5 wt.% LiCl as the electrolyte.73 Under the applied
−2.5 V potential, Li and ammonium derivatives were
generated in situ on the surface of graphite cathodes,
which can serve as reducing agents to hydrogenate
graphite to produce hydrogenated graphene materials.

3 | GO SYNTHESIS BY
ELECTROCHEMICAL
EXFOLIATION

GO nanosheets are of interest due to their high
solubility in various solvents, which makes them a
promising precursor for scalable preparation of various
graphene‐based materials. Significantly oxidized gra-
phene materials (with a C/O ratio smaller than 10) can
be obtained from anodic exfoliation in electrolytes
composed of IL‐water mixture or acidic aqueous
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mediums by galvanostatic methods. The pretreatment
of the graphite electrodes, as well as the use of
oxidative electrolytes, exhibit a strong influence on
the oxidation level of GO products. Meanwhile, the
operation parameters, such as applied voltages, elec-
trolyte temperatures, and mechanical forces, also play
essential roles in determining the properties of the
resulting graphene materials. In this section, we
summarize some recently developed exfoliation ap-
proaches toward the production of GOs, and some
results are tabulated in Table 2 for comparison.

3.1 | Graphite electrode pretreatment
for GO synthesis

The electrochemical exfoliation of graphite is usually
initiated by intercalation of ions followed by expansion
induced by gaseous products. Thus, the exfoliation may
be improved if more ions can be intercalated during
electrode pretreatment. As illustrated in Figure 8A, this
approach was demonstrated by treating graphite electro-
des using concentrated H2SO4, in which H2SO4 mole-
cules filled the inner voids and interstices of graphite foil
electrodes. The GO production yield increased from 10 to
50 wt.% when graphite foils were treated up to 72 hours.78

The resulting GO materials were less than four layers
with a C/O ratio of 5. Cao et al reported an alternative
pretreatment method. As shown in Figure 8B, graphite
foil was first charged under 2.2 V in 95% H2SO4 for
10 minutes to produce H2SO4 intercalated graphite,
which was then exfoliated using conventional anodic
exfoliation method. This two‐step approach led to GO
material with a high yield (>70 wt. %), good quality
(>90% monolayer), and a low C/O ratio of 3.2.79 Ren et al
reported a similar two‐step method. Graphite paper was
first intercalated in 50 wt.% H2SO4 under 1.6 V, followed
by anodic exfoliation under 5 V. They further demon-
strated that the oxidation degree of GO can be tuned by
changing the concentration of H2SO4 and highly oxidized
GO with C/O less than 2 was obtained when the
concentration is in the range of 40 to 60 wt.%.80

Alternatively, Sahoo et al81 used a cathodic pretreatment
step by applying −10 V on a graphite electrode for
30 seconds in 1M H2SO4. H3O

+ ions were intercalated
into graphite during the cathodic pretreatment, which
enables more efficient anodic exfoliation in the second
step. The resulting GO have a C/O ratio of 1.7.

3.2 | Oxidative electrolytes for GO
synthesis

Oxidative electrolytes, for example, H2SO4, HClO4, and
HNO3 are often used for GO synthesis by electrochemical

exfoliation. Anions in these electrolytes can be inter-
calated into graphite under specific potentials. The
subsequent electrochemical decomposition of interacted
anions would generate various oxidative radicals (HO•
and O•), which introduce O functional group on
resulting GO. Further, the oxidation degree of GO can
be controlled to some extent by the types and concentra-
tion of oxidative electrolytes.

An early study by Abdelkader et al showed that
when 0.2M HNO3 was added to 0.2M sodium citrate
electrolyte, the C/O ratio of GO decreased significantly
from 7.6 to 4. The decreased C/O ratio indicated that
HNO3 would introduce more O functional groups
through highly oxidative NO2

−• radicals generated
during their electrochemical decomposition.82 Coroş
et al83 used the strongly oxidative H2SO4/HNO3

mixture at the ratio of 3:1 as electrolytes. The resulting
GO has a low C/O ratio of 0.81.

Although the first chemical synthesis of GO was
achieved using KClO4 and fuming nitric acid dated back
to 1859,93 Gurzęda et al84 first carried out electrochemical
exfoliation of graphite in 8M HClO4. The intercalated
ClO4

− anions contributed to the oxidation of graphene.
The C/O ratio decreased from 18 of pristine graphite to
9.8 of resulting GO. This relative high C/O ratio may be
contributed to the low potential (1.4 V) used in this study.
Sahoo and Mallik85 further investigated the dependence
of the physicochemical properties of the exfoliated GO on
the concentration of HClO4 electrolytes.

85 The oxidation
level in GO increased with the increase of HClO4

concentration from 0.5M to 2M. The three‐ to six‐layered
GO sheets have a low C/O ratio of 1.6. Alternatively,
Ambrosi and Pumera86 used 0.5M LiClO4 as electrolytes
in comparison with 0.5M H2SO4 or Na2SO4. LiClO4

produced GO with the lowest C/O ratio of 4.0 among the
three electrolytes. It was proposed that ClO4

− introduced
oxygenated functional groups and fewer structural
defects compared with SO4

2−, as supported by a lower
Raman ID/IG ratio of 1.0 vs 1.34 of GO synthesized using
H2SO4 electrolyte.

Several other oxidizing materials, such as Na2WO4,
NaNO3, and H2O2 have also been explored as electrolytes
for GO synthesis.87,88 H2O2 was found to introduce many
defects to graphene materials. NaNO3 produced GO
materials with a substantial thickness of 50 nm, suggest-
ing a poor exfoliation capability. Tian et al reported the
use of Oxone (potassium monopersulfate, KHSO5‧0.5
KHSO4‧K2SO4) solution, which has a stronger oxidizing
capacity than other commonly used electrolytes. Com-
bined with a high voltage at 50 V, GO with a high O
content (C/O ratio, 5.1) was obtained.89

In summary, pretreatment of graphite electrodes
to intercalate ions, using strong oxidative electrolytes

186 | LIU ET AL.

 26379368, 2019, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cey2.14, W

iley O
nline L

ibrary on [28/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



T
A
B
L
E

2
A

su
m
m
ar
y
of

re
ce
n
t
re
pr
es
en

ta
ti
ve

st
u
di
es

on
th
e
sy
n
th
es
is

of
gr
ap

h
en

e
ox
id
e
m
at
er
ia
ls

by
el
ec
tr
oc
h
em

ic
al

ex
fo
li
at
io
n
of

gr
ap

h
it
e

E
le
ct
ro
ly
te
s

G
ra
p
h
it
e

el
ec

tr
od

es
P
ow

er
su

p
p
li
es

A
d
d
it
io
n
al

co
n
d
it
io
n
s

P
ro
p
er
ti
es

of
gr
ap

h
en

e
m
at
er
ia
ls

R
ef
er
en

ce
s

C
/O

ra
ti
os

L
at
er
al

si
ze

(μ
m
)

N
o.

of
la
ye

rs
I D
/I

G

0.
1M

K
2S
O
4

G
ra
ph

it
e
fo
il

A
n
od

ic
,
+
10

V
,
D
C

C
on

ce
n
tr
at
ed

H
2S
O
4

5
0.
5‐
1

<
4

N
A

78

0.
1M

(N
H

4)
2S
O
4

G
ra
ph

it
e
fo
il

A
n
od

ic
,
+
10

V
,
D
C

G
al
va
n
os
ta
ti
c
ch

ar
gi
n
g
at

2.
2
V

in
H

2S
O
4

4.
6

3.
1

1
1.
48

79

50
w
t.%

H
2S
O
4

G
ra
ph

it
e
pa

pe
r

A
n
od

ic
,
+
5
V
,
D
C

A
t
1.
6
V

in
98

w
t.%

H
2S
O
4

1.
5‐
1.
8

1‐
10

1‐
3

N
A

80

1M
H

2S
O
4

G
ra
ph

it
e
sh
ee
t

A
n
od

ic
,
+
8
V
,
D
C

C
at
h
od

ic
pr
et
re
at
m
en

t
in

H
2S
O
4

1.
7

0.
1‐
0.
12

3‐
5

1.
1

81

0.
2M

so
di
u
m

ci
tr
at
e

G
ra
ph

it
e
fl
ak

e
A
n
od

ic
,
+
0.
3
m
A
,

D
C

0.
2M

H
N
O
3

7.
6
or

4
N
A

1.
1
n
m

N
A

82

1M
H

2S
O
4/
H
N
O
3
(3
:1
)

G
ra
ph

it
e
ro
ds

A
n
od

ic
,
+
3
V
,
D
C

0.
5M

‐3
M
,
2‐
10

V
0.
35

N
A

2
0.
81

83

8M
H
C
lO

4
G
ra
ph

it
e
fl
ak

e
A
n
od

ic
,
+
1.
4
V
,
D
C

L
SV

9.
8

N
A

N
A

0.
75

84

2M
H
C
lO

4
G
ra
ph

it
e
sh
ee
t

A
n
od

ic
,
+
8
V
,
D
C

0.
5M

‐2
M

1.
6

0.
1

3‐
6

1.
04

85

0.
5M

L
iC
lO

4
G
ra
ph

it
e
fo
il

A
n
od

ic
,
+
10

V
,
D
C

H
2S
O
4,
N
a 2
SO

4
4

3‐
10

6‐
8

1
86

0.
1M

N
a 2
W
O
4

G
ra
ph

it
e
ro
d

A
n
od

ic
,
+
10

V
,
D
C

N
A

1
<
9

<
1

87

0.
1M

SD
B
S,

1.
5M

N
aN

O
3,
1M

H
2O

2

G
ra
ph

it
e
ro
d

A
n
od

ic
,
+
10

V
,
D
C

0.
1M

‐2
M
,
H

2S
O
4,
H
N
O
3

N
A

N
A

50
,
20

n
m

0.
73
,
1.
02

88

0.
05
M

O
xo
n
e

G
ra
ph

it
e
fo
il

A
n
od

ic
,
+
50

V
,
D
C

5.
1

1‐
5

2‐
5

1.
24

89

0.
1M

(N
H

4)
2S
O
4

G
ra
ph

it
e
ro
ds

A
n
od

ic
,
+
10

V
,
D
C

25
°C

‐9
5°
C
,
H

2O
2

5.
6

N
A

2
0.
32

90

2M
H

2S
O
4

G
ra
ph

it
e
pl
at
e

A
n
od

ic
,
+
5
V
,
D
C

27
°C

‐6
0°
C

N
A

N
A

2‐
6

0.
25

91

1M
H

2S
O
4,
(N

H
4)
2S
O
4

G
ra
ph

it
e
fl
ak

es
A
n
od

ic
,
0.
6
A
,
D
C

St
ir
ri
n
g
u
p
to

12
00

rp
m

3.
6

1‐
10

1‐
2

1
92

A
bb

re
vi
at
io
n
s:
L
SV

,
li
n
ea
r
sw

ee
p
vo
lt
am

m
et
ry
;
O
xo
n
e,

po
ta
ss
iu
m

m
on

op
er
su
lf
at
e,

K
H
SO

5‧
0.
5
K
H
SO

4‧
K
2S
O
4;
SD

B
S,

so
di
u
m

do
de

cy
lb
en

ze
n
es
u
lf
on

at
e.

LIU ET AL. | 187

 26379368, 2019, 2, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cey2.14, W

iley O
nline L

ibrary on [28/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



or adding other oxidizing materials are beneficial
for the efficient synthesis of GO materials. Depending
on the end‐use of GO materials, these parameters
should be tailored to yield GO with desirable
properties.

3.3 | Operation parameters for GO
synthesis

As illustrated in Figure 9, Zhang et al94 studied the
anodic oxidation of graphite in aqueous NaNO3

electrolyte and provided some useful insights into

FIGURE 8 A, Schematic illustration of the anodic exfoliation of graphite foil without and with the pretreatment by H2SO4. Reprinted
with permission from Munuera et al,78 Copyright, Elsevier, 2017. B, Schematic illustration of the two‐step electrochemical intercalation and
exfoliation method to produce GO. Reprinted with permission from Cao et al,79 Copyright, ACS, 2017. EGO, electrogenerated graphitic
oxide; GIC, graphite intercalation compound

FIGURE 9 A, Schematic illustration of the experiential setup and the reaction mechanism for anodic oxidation of graphite in aqueous
NaNO3 electrolyte. Reprinted with permission from Zhang et al,94 Copyright, Springer, 2016. B, Schematic drawing and a photo of the
experimental setup used to include mechanical forces during GO synthesis. Reprinted with permission from Yu et al,92 Copyright, ACS,
2016. GO, graphene oxide
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electrochemical exfoliation of graphite. First, the applied
voltage bias would split water to produce radicals. Next,
these radicals attack sp2 carbon atoms at the edges and
defects of graphite electrodes first to generate hydroxyl
groups. Later, more hydroxyl groups would be created at
both basal planes and edges of graphite. Hydroxyl groups
on the basal planes can be condensed into epoxy groups,
while those at the edges can be oxidized into carbonyl
groups. Ketone groups at the edges can also be further
oxidized into carboxyl groups. The graphite exfoliation
could be attributed to the interplay of water electrolysis,
anionic intercalation, and gas evolution. Further, the
mechanical force caused by gas eruptions was identified
as the most critical factor to disintegrate graphite
electrodes.94 On the basis of these oxidation steps, other
than electrodes and electrolytes, and the oxidation degree
of GO would strongly depend on the various operation
parameters, such as applied potentials, temperature, and
mechanical forces. These parameters can be used to tailor
the quality and production yield of GO.

First, increasing the exfoliation voltage allows faster
production of HO• and O• radicals, which would create
GO with more functional groups and structural defects.
For example, Tian et al used the 50 V to produce GO
composed of two to five monolayers.89 This GO material
has a good water solubility (1.04 g/L), which can be
further concentrated to produce a viscous slurry with a
concentration as high as 30.5 g/L. The high voltage can
also be used to create small GO quantum dots. The high
oxidation degree of such GO quantum dots improves
their solubility, leading to enhanced photoluminescence
yield for some potential imaging applications.95,96

Second, the exfoliation temperature may change the
generation of oxidative radicals and their reactions with
graphite, leading to different sometimes contradictory
exfoliation conditions. In one study, Hossain and Wang90

varied temperatures from 25°C to 95°C with the addition
of H2O2 in 0.1M (NH4)2SO4 electrolyte. They found that
the edge defects or O functional groups decrease with the
increase of exfoliation temperature. In another study,
graphite was exfoliated in 2M H2SO4 from 27°C to
60°C.91 The oxidation level of GO increases with the
increase of temperature. The differences between these
two studies may be related to different electrolytes they
used. They offered the possibility of tuning the properties
of GO by controlling the operation temperature.

Third, mechanical forces can be applied to facilitate
the exfoliation. As shown in Figure 9B, Yu et al92

designed an apparatus to produce GO from graphite
flakes.92 Graphite flakes were placed inside a cylindrical
glass tube. The bottom of the tube was capped with a
polyvinylidene fluoride membrane. Metal oxide coated Ti
mesh was placed around the inner wall of the tube as the

positive electrode, while a Pt wire was used as the
negative electrode. The whole apparatus fitted on top of a
magnetic stirrer, so a spin bar generated mechanical
forces. Under the stirring up to 1200 rpm, one to two‐
layered GO with the C/O ratio of 3.63 was produced.

In summary, applying higher potentials, increasing
the temperature of electrolytes, and introducing mechan-
ical forces can facilitate the synthesis of GO materials.
The challenges lie in how to precisely control these
operation parameters to yield GO materials with desir-
able properties.

4 | GRAPHENE COMPOSITE
SYNTHESIS BY
ELECTROCHEMICAL
EXFOLIATION

Pristine graphene has a zero‐band gap and is inert to many
chemical reactions. Doping graphene with heteroatoms,
such as N, P, and S can significantly change its electronic
and catalytic properties.97,98 Different organic or inorganic
molecules can also be grafted or anchored on graphene
through covalent bonds or intermolecular interactions,
such as electrostatic and the van der Waals forces. The
addition of these molecules brings attractive new proper-
ties for many potential applications.99,100 It is also
desirable to develop one‐pot synthesis methods to achieve
graphene material synthesis and functionalization simul-
taneously. Further, researchers have also using electro-
chemical exfoliation methods to control the assembly of
graphene materials. Table 3 summarizes some of the
representative studies. In the following four subsections,
we discuss recent studies related to doping graphene
materials, covalent functional, incorporation of nanopar-
ticles, and assembly of graphene composites, respectively.

4.1 | Heteroatom doping during
electrochemical exfoliation

Heteroatom doping of graphene can be achieved simul-
taneously during the electrochemical exfoliation of
graphite under ambient conditions or by chemical
functionalizing electrochemically exfoliated graphene
materials in solvents. Both approaches have some
advantages over other doping methods, such as thermal
annealing/condensation, and solvothermal reactions,
which would require much harsher reaction conditions.
In recent studies, the doping of F, N, P, and S into
electrochemically exfoliated graphene have been demon-
strated.

Doping F into graphene has been used to improve the
solution processability of graphene materials.101 For
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example, Wu et al used 0.1M NaBF4 as a neutral
electrolyte. BF4

− anions served as the F precursor. F‐
doped graphene materials with 3 at.% of F were obtained,
which have less than three layers and large lateral size
(up to 12 μm). Alternatively, Kakaei et al102 added NaF
into 10M H2SO4 to functionalize electrochemically
exfoliated rGO. The characterization results suggest that
some F was incorporated.

Adding N‐containing molecules, such as urea, ammo-
nia, azide, and glycine in electrolytes may directly dope N
into electrochemically exfoliated graphene. For example,
Ilangovan et al103 added urea in an H2SO4 electrolyte,
and the resulting graphene materials contained a small
amount of N at 0.43 at.%. As illustrated in Figure 10A,
Yen et al104 applied −60 V on a graphite cathode, which
generated in situ H2 plasma. When 2M NH4OH was
added to a 2M NaOH alkaline electrolyte, direct electron
dissociation induced by the plasma discharge generated
various radicals, that is, NH3

•, NH2
•, NH•. These N‐

containing radicals would react with electrochemically
exfoliated graphene, as shown in the reactions listed in
Figure 10A, resulting in N‐doped graphene materials
with 0.71 at.% N. Similarly, azide anions (N3

−) in sodium
azide (NaN3) aqueous electrolytes would decompose into
NH3, which doped exfoliated graphene with N abun-
dance of 0.6 at.%.105 In contrast, Yang et al106 used 3M
glycine/ammonia aqueous electrolyte, in which NH3

oxidation intermediates reacted with expanded graphite
sheets, resulting in a high N doping level of 6.05 at.%.
Alternatively, the 10 wt.% (NH4)2HPO4 electrolyte
produced a high concentration of NH4

+ ions, which
would take part in the in situ amino‐functionalization
reactions. The resulting graphene materials had a high N
content with an N/C ratio of 8.4 at.%.107

P‐ or S‐doped graphene materials have been used as
electrocatalysts for energy conversion applications, which
can also be synthesized by electrochemical exfoliation in
electrolytes containing P or S compounds. For example,
Thirumal et al108 used H3PO4 as an electrolyte, and the
resulting graphene materials have P abundance of
0.68 at.%. Slightly increased P content of 0.84 at.% was
achieved by using an environmentally friendly phytic
acid (0.1M) as an electrolyte.109 When sodium thiosulfate
(Na2S2O3) was used as an electrolyte, a variety of S‐
containing intermediates were produced from the elec-
trochemical oxidation of S2O3

2+. The resulting graphene
materials contained 3.47 at.% S with sulphureted species
(ie, –C–S–C–).110

From Table 3, it can be observed that the doping
content is usually not high. The doping of heteroatoms
likely only takes place at defective sites and edges of
graphene during the electrochemical exfoliation of
graphite. Because of the relatively mild reactionT
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conditions, it is difficult to dope many heteroatoms into
pristine graphene planes. In contrast, much higher
doping contents could be obtained using high‐tempera-
ture thermal annealing/condensation or solvothermal
reactions. Thus, it is essential to choose suitable doping
methods depending on the material synthesis targets.

4.2 | Aryl diazonium functionalization
during electrochemical exfoliation

Diazonium chemistry can be used to graft various aryl
groups sp2‐hybridized carbon materials.124 When diazo-
nium salts are added to electrolytes, electrochemical
reduction of positively charged aryl diazonium cations
generates aryl radicals. These radicals may attack
graphene layers in graphite electrodes. Meanwhile, N2

generated during diazonium reduction can facilitate the
expansion and exfoliation of graphite. This simultaneous
graphite exfoliation and aryl‐functionalization approach
have been demonstrated in several studies. The resulting
graphene materials functionalized with aryl groups show
excellent solubility in various solvents. For example,
Ejigu et al111 exfoliated graphite in a 0.1M CsClO4/DMSO
electrolyte added with nitrobenzenediazonium tetrafluor-
oborate (NBD) or bromobenzenediazonium tetrafluoro-
borate. As shown in Figure 10B, NBD can be reduced to
nitrobenzene radicals, which are highly reactive toward
carbon electrodes. The nitrobenzene anchored on the
carbon surface is easily further reduced to a stable nitro
radical or dianion species. The dianion species can be
rapidly protonated in the presence of acids.111 Ossonon
et al112 added 2‐aminoanthraquinone (2‐aminoAQ) in
0.1M H2SO4 electrolyte, electrochemically exfoliated
graphene sheets spontaneously react with aryl diazonium
cations (Ar‐N2

+), resulting in graphene materials grafted
with AQ. Similarly, Mooste et al125 also used the same
method to graft AQ on graphene materials.

4.3 | Synthesis of nanoparticle/
graphene hybrids during electrochemical
exfoliation

Combining graphene materials with different nanoparti-
cles creates multifunctional hybrid materials with unique
optical, electronic, and catalytic properties.126 Conven-
tional methods of synthesizing such nanoparticle/gra-
phene hybrids require first dispersing graphene materials
in solvents followed by depositing or growth of nano-
particles on the graphene surface. Unfortunately, because
of the hydrophobic nature of pristine graphene, it is
difficult to disperse graphene nanosheets individually
without severe stacking or aggregation. Electrochemical
exfoliation methods have been explored to synthesize

nanoparticle/graphene hybrids. Some studies first
synthesize the high‐quality few‐layered graphene na-
nosheets by electrochemical exfoliation of graphite and
then further assemble them with different nanoparticles,
such as Si, Ag, Fe3O4, SiO2, Pt, and CNTs.127-130 Other
studies focused on achieving graphite exfoliation and
synthesis of nanoparticle/graphene hybrids simulta-
neously using one‐pot electrochemical exfoliation meth-
ods. For example, Zhao et al carried out electrochemical
exfoliation of graphite in 0.1M Na2SnO3 electrolyte. SnO2

nanoparticles were uniformly anchored on graphene
with the lateral size of 2 to 10 μm and the mass loading of
Sn was 2.4 at.%, which were used as lithium‐ion battery
electrodes.113 Hsieh et al intercalated Fe into graphite
flakes in a FeCl3/HCl aqueous solution. Graphene
materials incorporated with Fe nanoparticles were
obtained after electrochemical exfoliation in an H2SO4

electrolyte, which shows two times higher electrical
conductivity than that of graphene materials without
Fe.114 Alternatively, Nambi et al added quinone and Fe
salts in H2SO4 electrolytes, Fe3O4 nanoparticles were
incorporated in quinone functionalized graphene materi-
als. The composite was used as electrocatalysts for H2O2

production.115 Ejigu et al added NaAuCl4 or Co(NO3)2 in
an electrolyte containing 0.1M LiClO4 and 0.1M tetra-
ethylammonium tetrafluoroborate in dimethyl carbo-
nate/ethylene carbonate. Various Au nanostructures
and Co nanoparticles were grown on graphene materials
after cathodic exfoliation of graphite electrodes.116 Wang
et al exfoliated graphite electrodes in a FeCl4

− based IL at
a low potential of 2 V. Atomic Fe with the loading of
0.17 at.% were incorporated into exfoliated graphene
materials, which showed excellent catalytic activities for
the oxygen reduction reaction.117

4.4 | Assembling graphene composites
during electrochemical exfoliation

Other than synthesizing graphene composites containing
nanoparticles, some recent studies have also explored
using electrochemical exfoliation as a tool to control the
assembly of graphene composites. A relatively simple
approach is to add additional compounds in electrolytes
so that different molecules or polymeric compounds can
be assembled on exfoliated graphene materials via
various forces. For example, Ouhib et al added a vinyl
monomer (acrylonitrile) in tetraethylammonium per-
chlorate electrolyte in dimethylformamide. As illustrated
in Figure 10C, under cathodic exfoliation, acrylonitrile
was intercalated and electropolymerized between the
graphite layers. Parts of the polyacrylonitrile (PAN)
were chemisorbed on graphene. The resulting PAN/
graphene composite contains graphene materials with
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FIGURE 10 A, Schematic illustration of simultaneous graphite exfoliation and N doping and the corresponding reactions between
N‐containing radicals and electrochemically exfoliated graphene. Reproduced with permission from Yen et al,104 Copyright 2017, RSC. B,
Electrochemical reduction of NBD cations on a graphite electrode and the subsequent grafting and reduction steps. Reprinted with permission from
Ejigu et al,111 Copyright, ACS, 2017. C, Schematic illustration of the in situ electropolymerization of PAN among graphite layers during
electrochemical exfoliation. Reproduced with permission from Ouhib et al,118 Copyright 2014, RSC. D, Schematic illustration of the self‐assembly
between MOF and electrochemically exfoliated graphene. Reproduced with permission from Wang et al,119 Copyright 2016, RSC. E, Schematic
illustration of the deposition of electrochemically exfoliated graphene nanosheets on a 3D porous Ni foam electrode. Reproduced with permission
fromMa et al,121 Copyright 2016, RSC. F, Preparation of graphene‐2D material composites by simultaneous electrochemical exfoliation and assembly
in a single‐compartment electrochemical cell. Reproduced with permission from Li et al,122 Copyright 2018, Wiley‐VCH. MOF, metal‐organic
framework; NBD, nitrobenzenediazonium tetrafluoroborate; PAN, polyacrylonitrile
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one to two layers and a low ID/IG ratio of 0.06.118 Yang
et al added hydrothermally synthesized Ni(pydcH)2
(nickel pyridine‐2,6‐dicarboxylate) metal‐organic frame-
work (MOF) molecules in 0.1M Na2SO4 neutral electro-
lyte. As illustrated in Figure 10D, petrochemically
exfoliated graphene from graphite anodes coated on
deprotonated (Ni(pydc)2

2−) via strong electrostatic inter-
actions. The resulting MOF composites with surface
coated graphene were used in asymmetric supercapaci-
tors.119 Maria et al exfoliated graphite in a 0.2M KCl
neutral electrolyte with added 5,10,15,20‐tetra(4‐pyridyl)
porphyrin (TPyP). TPyP was assembled on graphene by
π‐π stacking forming graphene/TPyP supramolecular
complex, which was used in electrochemical sensors for
detecting catechol.120

Another approach is to use porous materials as counter
electrodes of graphite electrodes. Exfoliated graphene
nanosheets from graphite electrodes would attach on the
surface of porous counter electrodes forming 3D porous
composites. For example, Ma et al121 presented a one‐step
synthesis of a Ni(OH)2/graphene composite via synchro-
nous anodic exfoliation of a graphite electrode and
deposition of graphene nanosheets on a 3D porous
cathode. As shown in Figure 10E, Ni(OH)2 was formed
on the surface of 3D nickel foam, while electrochemically
exfoliated graphene nanosheets were assembled on the
surface of Ni(OH)2. Further, as illustrated in Figure 10F,
Zhang et al used a single‐compartment electrochemical
cell to simultaneously exfoliate anodic graphite electrodes
to produce graphene materials and cathodic electrodes to
produce other 2D materials, such as MoS2, MnO2, and
graphitic carbon nitride. Due to the negative potentials
applied to cathodes, the oxidation of 2D materials can be
significantly suppressed. Graphene and other 2D materials
were integrated together as functional composites for
catalysis and supercapacitor applications.122 Last, Chu et al
utilized anodic exfoliation to create high density aligned
rGO nanosheets on a graphite substrate. The graphite
substrate was first exfoliated under +10 V in 0.5M H2SO4

at 0°C for regular intervals of 30 seconds. Due to the short
time and low temperature, few‐layer GO sheets with a C/O
ratio of 2.48 were still attached to graphite substrates. After
the further reduction in hydrazine solution, the rGO/
graphite composite was used as electrodes for super-
capacitors.123

In summary, there are mainly two approaches to
assemble graphene composites during electrochemical
exfoliation. One is to add additional compounds in
electrolytes, so they are integrated with exfoliated graphene
materials. The other is to use materials with specific
structures, such as 3D porous structures, as counter
electrodes, thus exfoliated graphene materials can be coated
on the surface of these counter electrodes, resulting in

composites with 3D structures. More studies are required to
understand how these two approaches can achieve precise
structure controls of composite materials.

5 | SUMMARY AND FUTURE
PERSPECTIVES

The electrochemical exfoliation of graphite is emerging as
an essential approach to obtaining various graphene
materials. In this review, recent studies in the last 3 to 4
years indicate that the properties of graphene materials
produced by electrochemical exfoliation depend on many
factors, from graphite electrodes, electrolytes, various
additives in electrolytes, equipment setups, power sup-
plies to various operational parameters. We divided our
discussion based on three types of graphene materials.
The first type is pristine graphene materials with low
defects and single layer. The second type is highly
oxidized GO with excellent dispersibility. The third type
is functionalized graphene and graphene composites.
Although these different types of graphene materials
have their specific application areas, they are all highly
desirable in many potential applications.

In general, graphene synthesis requires graphite exfolia-
tion conditions which cause fewer damages to graphene.
Thus, it is desirable to exfoliate graphite electrodes quickly
and avoid oxidative reactions. Thin graphite electrodes,
cathodic exfoliation, low voltage, or pulse power supplies,
high‐temperature electrolytes, and strong mechanical forces
have beneficial effects. Less‐oxidative electrolytes based on
salts, bases, or organic compounds may also reduce
oxidative radicals generated during graphite exfoliation,
leading to graphene materials with better quality. In
contrast, GO synthesis would require proper pretreatment
of graphite electrodes to intercalate ions, strong oxidative
electrolytes, higher applied potentials, high temperature,
and mechanical forces are desirable.

Despite significant research process, including several
start‐up companies established in recent years focusing
on graphene production by electrochemical exfoliation,
there are still two critical challenges. First, there is still no
simple electrochemical exfoliation methods, which can
precisely control the structures of resulting graphene
materials. All graphene materials produced by these
methods are still inhomogeneous mixtures containing
different defect densities, O contents, graphene layer
numbers, lateral sizes, and functional groups. Second,
these methods also face the critical trade‐off between the
yield and the property control of graphene materials.
How to synthesize graphene materials by electrochemical
exfoliation targeting specific applications cost‐efficiently
remains an open question.
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To move forward, we propose that future research
should focus on the following three areas. First, we need
a better understanding of graphite exfoliation reaction
mechanisms to be able to gain better structural control of
resulting graphene materials. Although many studies
have studied the roles of different radicals on graphite
intercalation and their reactions with graphite materials,
the specific reaction pathways, and reaction kinetics are
still mostly missing. Second, most of the current studies
are limited to small scale lab equipment setup. Large
scale material production involves complex fluid mixing,
heat management, and mass transport. Studies on heat
and mass transport phenomena during electrochemical
exfoliation are essential for efficient equipment design
and process optimization. Third, various emerging
applications require graphene materials with unique
features. For example, membrane applications need
graphene materials with tailored size, interlayer spacing,
and porosity. Catalyst applications require graphene
materials with suitable doping at specific reactive sites.
It is unlikely that one synthesis method can produce
graphene materials to meet all these diverse needs. It is
crucial to develop novel electrochemical exfoliation
approaches which can create graphene materials with
unique features. Overall, we believe that electrochemical
exfoliation will play more critical roles in the synthesis of
graphene materials. Many exciting challenges are still
waiting to be explored.
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