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Graphene is a two-dimensional material that has fascinating electrical and optical properties, and this
material has provided chemists with great possibilities and challenges. Interests in graphene’s exceptional
physical and chemical properties and in its potential for applications have generated thousands of publi-
cations and have accelerated the pace of graphene research. Although considerable scientific progress has
been achieved, the key to commercializing graphene lies in the cost-effective and scalable production
of this material. Graphene can be produced using a variety of wet chemical methods, such as chem-
ical oxidation followed by exfoliation, liquid-phase and electrochemical assisted exfoliation etc. from
inexpensive and abundant sources such as graphite. This review article summarizes the recent progress
toward the preparation of graphene through wet chemical routes and discusses their remaining chal-
lenges. In particular, the quality and yield of graphene sheets produced using these exfoliation protocols
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will be emphasized.
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1. Introduction

Graphene is an atomically thin layer of sp2-hybridized carbon
atoms arranged in a honeycomb lattice, and it exhibits remarkable
electronic, thermal and mechanical properties [1-3]. Over the past
decade, graphene has emerged as an exciting new material with
the potential to impact many areas of science and technology. In
fact, the research in this field started in the 1840s, when the inter-
calation compounds of graphite were first reported [4]. However,
the observation of graphitic carbon monolayers by scientists dates
back to the 1960s, when SiC was heated to 2150°C [5]. The exfo-
liation of graphite into individual graphene sheets remained out
of reach until 2004, when the isolation of graphene using a simple
scotch tape method was reported [6,7]. The isolated graphene was
found to exhibit a high charge carrier mobility (2 x 10° cm?2/Vs)[8],
high thermal conductivity (~5000 W/mK) [9], exceptional Young'’s
modulus (~1.0TPa) [10] and large theoretical specific surface
area (2630m?/g) [11]. Moreover, a single graphene layer absorbs
only 2.3% of incident light and therefore has a transparency of
97.7% [12]. The combination of high electrical conductivity, chem-
ical and thermal stability, and excellent stretchability provides
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considerable advantages for the use of graphene in electronic
devices such as solar cells [13], organic light-emitting diodes [14],
field-effect transistors [15,16], photodetectors [17,18], and touch
screens [19]. Moreover, graphene has also been demonstrated to
be a promising electrode material for fuel cells [20,21], super-
capacitors [22-24] and lithium-ion batteries [25] because of its
excellent electrical conductivity and high surface area.

Pristine graphene can be obtained through micromechanical
cleavage [6]. Unfortunately, this method only yields an extremely
small amount of sample, which is only useful for fundamen-
tal research. Chemical vapor deposition (CVD) [26] can produce
graphene over a large area and with a relatively small num-
ber of defects, making this protocol promising for electronic
device applications that utilize the high transparency and high
electrical conductivity of graphene. Nevertheless, this metallic
surface-mediated method cannot be readily scaled up for the bulk
production of graphene for applications. Considering the natural
abundance of graphite flakes, the wet chemical approaches for
graphite exfoliation may be feasible for the large-scale production
of graphene. Moreover, the wet chemical methods are also versa-
tile in terms of covalent and non-covalent functionalization, which
can generate a variety of graphene and graphene-based materials.

This review article will discuss the bulk production of graphene
via wet chemical exfoliation methods which typically involve the
processes of chemical reaction, electrochemical reaction or sol-
vent/surfactant assisted functionalization and exfoliation in the
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Fig. 1. Schematic representation of the liquid-phase exfoliation (LPE) process of graphite in the absence (top-right) and presence (bottom-right) of surfactant molecules.

Reproduced from Ref. [43] with permission from the Royal Chemical Society.

solutions, with the major focus on the exfoliation protocols, yields
and quality of graphene sheets. Some of the recent developments
on the well-known graphite exfoliation processes, namely, liquid-
phase exfoliation, reduction of graphite oxide and electrochemical
exfoliation techniques, as well as their challenges will be discussed
in detail. The dry chemical exfoliation methods from graphite, like
ball-milling assisted by chemical functionalization [27] will not be
discussed due to the low efficiency and/or scalability compared to
the wet chemical exfoliation methods.

2. Liquid-phase exfoliation (LPE)

Liquid-phase exfoliation (LPE) typically involves a dispersion of
graphite in a solvent mediated by an exfoliation process to extract
individual layers (Fig. 1) [28-30]. The successful exfoliation of
graphene layers requires overcoming the van der Waals forces
between the adjacent layers. One of the most effective and straight-
forward methods for reducing the strength of the van der Waals
forces is to immerse graphite into a liquid medium, where the
potential energy between adjacent layers receives contributions
from dispersive London interactions, which in the presence of a
solvent are significantly lower than that in vacuum. The surface
energy of graphene has been estimated to be 46.7 mN/m [31].
Therefore, solvents with a surface tension of ~40 mN/m, such as
N-methylpyrrolidone (NMP, 40 mN/m), N,N’-dimethylformamide
(DMF, 37.1 mN/m), y-butyrolactone (GBL, 35.4 mN/m), and ortho-
dichlorobenzene (0-DCB, 37 mN/m), are the best media for the
exfoliation of graphite because they minimize the interfacial
tension between the solvent and the graphene layer. The first
successful LPE of graphite was achieved in NMP [28]. The obtained
graphene sheets are considered to be pristine graphene because
no chemical functionalization is involved. After centrifuging
to remove the unexfoliated bulk material, the remaining sam-
ples consist of 28% monolayer graphene. A thin film fabricated
from LPE graphene presents a conductivity value of ~6500S/m.

Unfortunately, the overall yield of monolayer graphene is very
low, approximately 1wt% with a concentration of 0.01 mg/mL.
Further optimization of the solvents led to some improvements
in the dispersibility of graphene. For instance, concentrations as
high as 0.03mg/mL, 0.1 mg/mL and 0.5mg/mL were achieved
using 0-DCB [32] and perfluorinated aromatic solvents such as
pentafluorobenzonitrile [33]| and benzylamine [34], respectively.
However, due to the long ultrasonication process, the lateral
dimension of LPE graphene is relatively small (<3 wm). Neverthe-
less, despite the low yield and small flake size, LPE graphene is of
high quality, and the field-effect mobility measured for an ink-jet-
printed graphene film was reported to be as high as 95cm?2/Vs
[35].

Several attempts have been made to increase the concentra-
tion and the yield of LPE graphene by functionalization with small
organic molecules during the exfoliation process. For example,
large graphene flakes can be produced by the addition of N-2-
mercapto-propionyl glycine (tiopronin) during the exfoliation of
graphite in DMF [36]. It is hypothesized that ultrasonication in
organic solvents generates free radicals, such as peroxyl radi-
cals. These radical species are strong enough to oxidize graphene
sheets, initially at the edges and inner defects, thereby cutting the
graphene into small pieces. The addition of tiopronin during the
LPE process can inhibit reactions promoted by oxygen, peroxides
and radicals, thereby preventing the graphene sheets from breaking
into small pieces to some extent. As-prepared LPE graphene yielded
a concentration of 0.027 mg/mL, with the majority of the graphene
sheets in the size range of 2-5wum. In another attempt, LPE
graphene in chloroform was covalently functionalized with 4-tert-
butylphenyldiazonium tetrafluoroborate (BPD) [37]. As a result,
concentrations of 1.2 pg/mL for medium BPD-functionalized and
27 wg/mL for highly BPD-functionalized graphene were obtained.
The intact graphene layers could be fully restored by thermal treat-
ment of the functionalized graphene material. Recently, Samori
and co-workers reported that simple alkane molecules, such as
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1-phenyloctane and arachidic acid, can promote the LPE process.
Both of these molecules can undergo self-assembly on the graphite
surface and thereby increase the graphene exfoliation yields [38].
The exfoliation of graphene in NMP in the presence of arachidic
acidresulted in a concentration of 0.13 mg/mL, with 23% monolayer
graphene. On the other hand, LPE in 1-phenyloctane resulted in a
higher yield (28%) of graphene but a slightly lower concentration
(i.e., 0.10 mg/mL). Further improvements of thin layer graphene in
NMP, o-DCB, DMF and 1,2,4-trichlorobenzene (TCB) were achieved
by the same group in the presence of fatty acids with different chain
lengths, such as hexanoic acid (C6), lauric acid (C12), stearic acid
(C18), lignoceric acid (€24) and melissic acid (C30) [39]. The con-
centration of the graphene dispersion was found to be proportional
to the length of the employed fatty acids. For example, LPE with C30
resulted in a 200% increase in the exfoliation yield, with nearly 50%
monolayer graphene, compared to exfoliation in pure NMP.

Despite the significant progress achieved in the exfoliation of
graphite, the majority of organic solvents with a surface tension
of ~40 mN/m have high boiling points and toxicities. Therefore, a
stable dispersion of graphene in low-boiling-point solvents, such
as ethanol, acetonitrile and methanol, is highly desirable. Several
attempts to produce graphene by LPE in low-boiling-point solvents
have been reported. One approach is the solvothermal-assisted
exfoliation of expanded graphite in a polar organic solvent, such as
acetonitrile [40]. It has been demonstrated that the dipole-induced
interactions between graphene and acetonitrile facilitated the exfo-
liation of graphene, which resulted in a yield of ~10 wt% graphene.
More recently, a dispersion of graphene in ethanol was reported by
solvent exchange from NMP [41]. The exfoliated graphene in NMP
was first filtered through a polytetrafluoroethylene (PTFE) mem-
brane, followed by re-dispersion of the filter cake into ethanol.
After several centrifuging and washing steps, a stable disper-
sion of graphene in ethanol with a concentration of 0.04 mg/mL
was achieved. Nevertheless, this graphene dispersion led to 20%
sedimentation after one week. Recently, we reported the LPE of
graphene in polar solvents mediated by a novel water-soluble
surfactant consisting of hexa-peri-hexabenzocoronene (HBC) as a
hydrophobic aromatic core and hydrophilic carboxy substituents
[42]. Resulting from the strong  interactions between the large
aromatic core and the graphene surface, a graphene dispersion with
a concentration of 1.1 mg/mL in methanol containing 2-6 multi-
layer nanosheets was obtained.

Water is a natural solvent choice because of its non-toxicity,
which can provide possibilities for manipulation, in particular, thin
film fabrication. However, the exfoliation of graphene in water is
highly challenging because of its high surface tension (~72 mN/m)
and incompatibility with the hydrophobic nature of graphene
sheets. This can be partially overcome through the use of surfac-
tants, which allow exfoliated sheets to remain in suspension. For
example, anionic surfactants such as 4-dodecylbenzenesulfonic
acid (SDBS) [29], sodium cholate (SC) [44]| and sodium deoxy-
cholate (SDC) [45,46] have been reported to successfully exfoliate
graphite with concentrations up to 0.3 mg/mL in water. Moreover,
in a rigorous investigation on surfactant-assisted graphite exfo-
liation in water, a variety of ionic and nonionic surfactants were
explored (Fig. 2) [47,48]. In general, nonionic surfactants, which
have a hydrophobic tail and a long hydrophilic part, outperformed
their ionic counterparts because of the ability to suspend graphene
in water. The steric repulsion between the hydrophilic moieties
in water is essential for stabilizing the graphene dispersion. For
example, a dispersion of ~1mg/mL of graphene was achieved
by adding triblock copolymer Pluronic® P-123 after two hours
of sonication. Furthermore, increasing the sonication time to
five hours yielded a concentration of 1.5mg/mL. Atomic force
microscopy (AFM) analysis revealed that the graphene sheets had
lateral sizes in the range of hundreds of nanometers with less
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Fig. 2. Concentration of graphene in aqueous dispersions achieved by the use of
different surfactants, as estimated from UV-Vis absorption measurements. Two
surfactant concentrations are shown: 0.5% and 1.0% wt/vol. Inset figure-histogram
showing the distribution of apparent flake thickness measured by AFM of 200 objects
from dispersions stabilized by the non-ionic triblock copolymer P-123.

Reproduced from Ref. [47] with permission from Elsevier.

than 5 layers (10-15% monolayer graphene). Moreover, the Raman
spectra revealed an intensity ratio of D to G band (also known as
Ip/Ig ratio and is used to estimate the defect density of graphene
sheets) was only 0.10, which is primarily attributed to the edges
of the small graphene flakes. Nevertheless, depending on the
final application of graphene, the presence of surfactant may be
problematic, e.g., compromising or decreasing the conductivity of
graphene. Moreover, the cost of the surfactant increases the issues
of added expense if the process is to be scaled up.

In addition to LPE in organic and water-based solvents, ionic
liquids have emerged as promising solvents to aid in the sonication-
based exfoliation of graphite. lonic liquids are salts that exist in the
liquid state below 100 °C and that often have surface energies close
to thatof graphene (i.e., 40 mN/m). One of the firstionic liquids used
for the exfoliation of graphite was 1-butyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide, which led to a 0.95 mg/mL
stable dispersion of graphene nanosheets with 1h of sonication
[49]. This work demonstrated that the majority of the graphene
sheets were less than 5 layers. Recently, the prolonged sonication
(24 h) of graphite flakes in 1-hexyl-3-methylimidazolium hexaflu-
orophosphate (HMIM) yielded a stable graphene dispersion with a
concentration as high as 5.33 mg/mL and an average thickness of
2 nm for the graphene flakes. Unfortunately, the yield of exfoliated
graphene was only approximately 1-2 wt% [50].

Although attempts have been made to further promote the exfo-
liation process by using expanded graphite or graphite intercalation
compounds [51-53], the bottleneck of the LPE process lies in the
limited dispersibility of pristine graphene. Nevertheless, LPE is a
mild, versatile and potentially up-scalable approach for obtaining
high-quality graphene using equipment available in all chemistry
labs.

3. Graphene from graphite oxide

One of the low-cost methods for the large-scale production of
graphene is the reduction of graphite oxide or graphene oxide to
graphene. This method is currently the most popular wet chemical
method for producing graphene materials because of its potential
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Reproduced from Ref. [59] with permission from the American Chemical Society.

scalability, high yield and excellent dispersibility in various sol-
vents, which facilitates processability toward many applications
[54-56]. Both the chemical structure and properties of graphene
oxide (GO) have been extensively covered in numerous reviews
and are therefore not described in detail here. In this review arti-
cle, we will only briefly describe some recent advancement in the
GO preparation and reduction methods that lead to highly reduced
graphene. The comparison of various reduced GO in terms of qual-
ity, electronic properties etc. will be discussed in the context.

The Hummers method is the most frequently used protocol
for preparing graphite oxide and its single layers (i.e., graphene
oxide), which are obtained after delamination in a suitable sol-
vent by sonication [57]. This method consists of treating graphite
with a mixture of sodium nitrate, potassium permanganate and
sulfuric acid. Over the years, efforts have been made to improve
the Hummers method by eliminating the use of sodium nitrate,
thus preventing the production of toxic nitrous gas [58]. The addi-
tion of phosphoric acid led to a higher yield of GO with a higher
degree of oxidation. As shown in Fig. 3, the mechanism for the for-
mation of GO was recently defined in three distinct, independent
steps [59]. The active oxidizing species is dimanganese heptoxide
(Mn;07), which is formed when potassium permanganate reacts
with sulfuricacid [60]. However, Mn;, 07 is known to detonate when
heated to temperatures above 55 °C or when in contact with organic
compounds [61]. Therefore, controlling the temperature in such a
high-risk reaction is of crucial importance, particularly at the indus-
trial scale. Recently, the preparation of GO (named ‘GO-n’) with
an almost intact o framework of carbon atoms was achieved by
controlling the reaction temperature at 5-10 °C during the oxida-
tion step, thereby preventing a large extent of the overoxidation of
graphene layers [62]. Under such conditions, the formation of CO,
during the oxidation step can be minimized. Moreover, cold water
was continuously added to the mixture over a period of one day
to avoid heating the concentrated sulfuric acid, which the authors
claimed to be an essential step to preserve the carbon framework
in GO. However, the yield of GO-n was lower (~56%) compared to

that of conventionally prepared GO (i.e., GO-c). The flake size of
GO-n was determined to be 2-10 pm. Although both XPS and FTIR
analyses did not reveal any significant differences between GO-n
and GO-c, the GO-n reduced by the vapor of hydriodic acid and tri-
fluoroacetic acid presented an Ip/I ratio of <1 and a charge carrier
mobility of 250 cm?2/V s for holes and 200 cm?2/V s for electrons. In
contrast, conventionally reduced GO typically exhibits an Ip /I ratio
of >1 and carrier mobility in the range of 0.01-12 cm?/V's [63-67].

Although GO can form a homogeneous colloidal suspension,
there are other concerns associated with GO, such as its chemical
inhomogeneity, batch-to-batch reproducibility and the inevitable
generation of irreversible defects on graphene sheets during oxida-
tion. Moreover, GO is electrically insulating due to the disruption
of the ‘graphitic’ networks. To restore the electronic property of
graphene, chemical or thermal reduction of GO is required to par-
tially remove the oxygen functional groups. The reduction of GO
has been widely explored over the past decade [85]. In general, the
chemical reduction of GO sheets has been performed with reducing
agents such as hydrazine (N,Hg) [68], sodium borohydride (NaBHy4)
[86], dimethyl hydrazine [87], and hydriodic acid (HI) [71,72]. Very
recently, a highly efficient chemical reduction of GO was achieved
in a sodium-ammonia (Na-NHj3) system [74]. The addition of pieces
of Na metal to a GO dispersion in liquid NH3 and keeping the mix-
ture in a dry ice-acetone bath for 30 min resulted in highly reduced
GO. The obtained material exhibited a high C/O ratio of 16.61 and a
small amount of nitrogen doping (0.86 at%). Notably, this reduced
GO exhibited a sheet resistance of only 350 £2/sq and a hole mobility
as high as 123 cm?/V's.

In general, the quality of reduced GO strongly depends on the
types of reducing agents and/or other parameters such as tempera-
ture. Table 1 compares some of the most frequently used reduction
methods for GO and properties of the as-reduced GO, such as their
C/O ratio, charge carrier mobility and electrical conductivity. Note
that, despite the various reduction methods used to obtain reduced
GO, the defects in GO caused by the severe oxidation process during
their preparation cannot be fully removed.
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Table 1
List of reduction methods for graphene oxide toward reduced graphene oxide.
GO reduction methods Reduction C/O ratio Electronic Ref.
processes properties
Mobility Conductivity
(cm?/V's) (S/m)
Hydrazine 10.3° - 2420 [68]
Phenylhydrazine 9.51° - 4700 [69]
NH;-BHj3 9.8% - 20,300 [70]
55% HI acid 12.0% - 29,800 [71]
HI-AcOH 11.5° - 30,400 [72]
Chemical reduction Ethylenediamine 7.8% - 220 [73]
Na-NH3 16.61° 123 (hole) [74]
Nascent hydrogen 21.11° - 12,530 [75]
(Al/HCI)
HI + trifluoroacetic 10.49° 250 (hole) [62]
acid 200 (electron)
Zn[HCl 33.5 - 1.5x 104 (76]
Thiourea 14.5°% - [77]
dioxide/NaOH
700°C, Hz, 30 min 28.57% - 8.1x 103 [78]
Thermal reduction 1000°C,Hy, 1h - 5.4 (hole) 7.6 x 10* [79]
1.1 (electron)
1000°C, C.Haz, 50.2¢ - 1.43 x 10° [80]
30 min
R . CH4 plasma, 700°C, 9.2¢ - 3.45 x 10* [23]
Plasma-assisted reduction 205
Ar/H; plasma, 6.95° - [81]
150°C, 30 min
Photocatalytic reduction Polyoxometalate - 0.03 (hole) 120 [82]
cluster 0.01 (electron)
(H3PW12040)
DMF+0.6 M H,S04, 8.4% - 1223 83
Solvothermal reduction 1h 2ov4 (83]
H,O0:NMP (1:1), 5.15% - 374 [84]
200°C,24h

2 X-ray photoelectron spectroscopy (XPS).
b Elemental analysis.

4. Electrochemical exfoliation of graphite

As early as the 1970s, electrochemical methods were con-
ventionally used for the preparation of graphite intercalated
compounds (GICs) [88]. However, it was not until recent years that
this old topic intrigued chemists as straightforward routes for the
synthesis of graphene. Generally, the electrochemical method util-
izes a liquid conductive electrolyte and a direct current to drive
structural expansion within graphitic precursors (e.g., rod, flake,
or plate). When exposed to an electric field, a graphite electrode
can be either positively or negatively intercalated, further exfoli-
ated by the gases from solvent electrolysis or by post treatment.
Unlike other routes (e.g., liquid-phase exfoliation, reduction of
GO) discussed in the above sections, the electrochemical method
offers a number of potential advantages, including (1) great ease
of operation (executable at ambient temperature) and control over
the synthesis process (functionalization and/or exfoliation can be
tuned by varying the electrolysis parameters); (2) relatively fast
synthesis rates and scalable mass production potential (gram-scale
quantity in tens of minutes based on electrochemical cell engineer-
ing); and (3) being more environmentally benign (elimination of
apparent pollution by recycling the use of electrolytes) [89]. Note
that the electrolytes play a crucial role in the overall exfoliation
process. Many research groups have made considerable progress
toward investigating electrolytes for graphite exfoliation, and these
efforts have greatly contributed to our knowledge of the exfoliation
process. In this section, we will discuss the electrochemical exfoli-
ation according to the categories of selected electrolytes, namely,
aqueous and non-aqueous electrolytes.

4.1. Non-aqueous electrolyte

Non-aqueous solvents are ideal for electrochemical reactions
because they provide wide electrochemical windows [90,91].
Notably, graphite generally serves as a cathodic electrode, and
an electric field will promote the intercalation of cations (e.g.,
lithium ions and alkyl-ammonium ions) to expand the graphite
interlayer distance. The application of a negative potential to the
graphite electrode prevents excess oxidation, thereby preser-
ving the pristine graphitic structure. Simulating the undesirable
side effect between graphite electrodes and organic carbonates
in lithium-ion batteries, Wang et al. [92] successfully isolated
few-layer graphene through the electrochemical intercalation of
lithium ions in a propylene carbonate electrolyte by applying a
high negative potential (—15V) followed by prolonged sonication
in DMF. Consequently, over 70% of the obtained graphene sheets
had a thickness of less than five layers. Unfortunately, more than
80% of the graphene sheets were less than 2 wum due to the long
sonication time. Later, further improvement was achieved by
using a two-stage process, with an initial expansion of graphite
in propylene carbonate containing lithium perchlorate (LiClOg4)
followed by a second expansion in tetra-n-butylammonium elec-
trolyte. A potential of -5V was applied for both stages (Fig. 4).
Then, a mild ultrasonication (ca. 15 min) was performed to obtain
the graphene dispersion. In addition, a direct electrochemical
functionalization with aryl diazonium salt was also performed on
the expanded graphite to obtain functionalized graphene sheets
[93]. The resulting graphene flakes exhibited a lateral size of tens of
micrometers with a yield of 30-40% thin layer graphene. However,
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Fig.4. Schematic and images of the electrochemical expansion of graphite using a two-stage process. In the first stage, the graphite electrode expands due to the intercalation
oflithium ions. Then, it is subjected to a second expansion stage, where tetra-n-butylammonium ions further intercalate into the expanded graphite, resulting in functionalized

exfoliated graphene.
Reproduced from Ref. [93] with permission from the American Chemical Society.

the long intercalation and exfoliation times (>10h) in both cases
are not appealing for practical applications.

Recently, various types of other organic solvents (e.g., dimethyl
sulfoxide (DMSO) [94], 1-methyl-2-pyrrolidone (NMP) [95] or ace-
tonitrile [96]) were used to disperse inorganic salts (e.g., lithium
salts, small alkylammonium molecules or perchlorate salts) as elec-
trolytes for electrochemical exfoliation. However, the exfoliation
methods are similar to the ones mentioned above, for example,
graphite was used as the cathode and a long intercalation time
(~10h) or post-treatment (microwave irradiation) was required
to achieve efficient exfoliation. Moreover, multilayer graphene (>5
layers) appeared to be the dominant product, and the solvents used
in these cases were either volatile or toxic. These disadvantages
obstruct their practical applications (Table 2).

In the family of organic electrolytes, ionic liquids (ILs) are
another important branch. However, a small amount of water is
in fact required in this system because the interplay between the
electrolysis of water and the intercalation of IL ions is crucial for the
exfoliation. Previous studies have demonstrated that imidazolium-
based ionic liquids provide opportunities for exfoliation and for the
in situ functionalization of graphene. Depending on the water con-
tent in the ILs, the exfoliated materials ranged from water-soluble
oxidized graphene (ILs with over 10% water content) [90] to IL-
functionalized graphene (concentrated ILs, less than 10% water)
[91]. Nevertheless, the adsorption, intercalation and possible side
reactions of the IL moieties on a graphite electrode have a passive
impact on both the exfoliation efficiency and graphene quality.

Table 2
Outline of the advantages and disadvantages of each electrolyte for graphite
exfoliation.

Advantages Disadvantages
Aqueous electrolytes Low cost Slight oxidation
(M3S04 (M=H*, Na*, Environmental Flake size homogeneity
K*,NH4"); HX (X=Cl-, friendliness
Br—,NO;—, ClO47); Rapid production
NaOH/H,0,, etc.) High yield

High processability

Non-aqueous Non-oxidation High cost

electrolytes Ease of Environmental hazards
(Li* or electrochemistry Predominant multiple
alkyl-ammonium layers

cations (MeNH",
EtNH*, BuNH") in
Propylene Carbon-
ate/DMSO/NMP; Room
temperature ionic
liquids, etc.)

Low yield
Low processability
Time consuming

4.2. Aqueous electrolytes

Water is certainly an appealing universal solvent for electrolytes
due to its availability and sustainable nature. Several electrolytes,
such as acids, inorganic salts and bases, were generally adopted
in aqueous systems. In this case, the graphite electrode usually
works as an anode; water serves not only as a solvent but can also
introduce C—O0 bonds in the graphite boundary at the initial stage.
Afterwards, negative-charged guest anions intercalate and initiate
the expansion and further exfoliation.

The use of acids as electrolytes can be traced back to the 1990s
[97]. The formation of a surface blister on graphite has been exten-
sively studied using electrochemical oxidation in sulfuric acid [98].
However, the excessive oxidation of the graphite surface results
in thin graphene oxide (GO) sheets with severe defects. When
a relatively high positive voltage (e.g., 10V) was applied to the
graphite electrode in dilute sulfuric acid, the exfoliation of graphite
was realized by the violent releasing of gases via the electrochem-
ical reduction of sulfate ions (S042~) [99]. Compared to many
other protonic acid aqueous electrolytes, such as hydrobromic acid
(HBr), hydrochloric acid (HCl), perchloric acid (HCIO4) and nitric
acid (HNOs), the lower reduction potential (0.172 V) renders sul-
furic acid (H,SO4) an ideal electrolyte for the exfoliation of natural
graphite flakes or highly oriented pyrolytic graphite (HOPG). In a
typical experimental setup, a platinum wire is used as a counter
electrode, graphite is used as a working electrode, and aqueous
H,S04 is used as an electrolyte solution (Fig. 5a). The mechanism
for the electrochemical exfoliation process of graphite is as follows:
(i) electrolysis of water at the electrode produces hydroxyl and oxy-
gen radicals; (ii) the as-produced radicals initially oxidize the edge
and/or grain boundaries of the graphite; (iii) oxidation at the edge
and grain boundaries leads to the depolarization and the expansion
of the graphite layers, thereby facilitating the intercalation of SO42~
anions within the graphitic layers along with water; and (iv) reduc-
tion of the intercalated SO42~ anions and self-oxidation of water
produces gaseous species, such as SO, and O,, which exert a large
force on the graphite layers and thereby separate weakly bonded
graphite layers from one another (Fig. 5e). This hypothesis was fur-
ther supported by a report from Palermo and co-workers, in which
they investigated the surface morphology of the graphite electrode
with different electrochemical reaction times by AFM and optical
microscopy [100]. Relevant blister formation due to the evolution
of gaseous species was observed after a few seconds of treatment
when sufficient voltage was applied. The blisters have a large size of
up to several tens of wm and tend to cluster together. The blisters
continuously grow upon explosion or gas release, and then they
collapse, forming network of ripples.
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Graphite

Graphene

Step 2

Fig. 5. (a) Schematic illustration of the electrochemical exfoliation of graphite, (b) photographs of graphite flakes before and after exfoliation, (c) EG floating on top of
electrolyte solution, (d) dispersed graphene sheets (concentration 1 mg/mL) in DMF, and (e) schematic illustration of the mechanism of the electrochemical exfoliation of

graphite to graphene.
Reproduced from Ref. [101] with permission from the American Chemical Society.

The electrochemical exfoliation of highly ordered pyrolytic
graphite (HOPG) in a H,SO4 and KOH mixed electrolyte resulted
in high-quality, thin graphene layers [99]. The as-prepared elec-
trochemically exfoliated graphene (EG) exhibited a field-effect
mobility of up to 17 cm?/V s. Unfortunately, the yield of the exfo-
liated graphene was only 5-8 wt% with a concentration of only
0.085 mg/mL in DMF, and more than 65% of the exfoliated graphene
sheets were less than 2 nm. Later, by varying the concentration
of H,SO4 and/or bias voltage, our group [101] achieved a higher
yield of EG (~60 wt%) with a concentration up to 1 mg/mL in DMF
(Fig. 5d). A detailed investigation on the concentration of the elec-
trolyte revealed that the yield of EG was significantly low when
the concentration of H;SO4 was less than 0.1 M. The EG obtained
in 0.1 M H,S04 exhibited a high content (i.e., 80%) of 1-3 lay-
ers of graphene with a C/O ratio of 12.3. Moreover, a typical
bilayer EG presented a field-effect mobility of 233 cm?/V's. The
patterned EG film can serve as high-performance electrodes for
organic field-effect transistors. In addition to H,SOy4, a phosphoric
acid (H3POg4)-based electrolyte has also been reported to success-
fully exfoliate graphite [102]. Using a pencil core as the graphite
electrode and 1M H3PO4 as the electrolyte, graphene flakes with
an average thickness of 3-6 nm were obtained.

The use of strong acids such as H,SO4 and H3PO4 severely com-
promises the quality of graphene because the cooperative oxidation
of hydrogen ions (H*) and sulfate ions (S04%~) will lead to the
over-oxidation of graphene, although the oxidation of graphene
during the electrochemical processes is less extensive than that

during chemical oxidation approaches. One possible approach to
avoid over-oxidation and thereby improve the quality of EG is
to select electrolytes with neutral pH, such as aqueous inorganic
salt electrolytes. Ammonium sulfate ((NH4),SO4) is the best can-
didate among many sulfate salts (e.g., sodium sulfate (Na;SOy),
potassium sulfate (K,S0y), etc.). The exfoliation of graphite in 0.1 M
(NH4),S04 resulted in over 75% thin graphene layers with a con-
centration of 2.5mg/mL in DMF. The obtained EG exhibited an
outstanding C/O ratio of 17.2 with a lateral size of graphene of up to
44 pm. The Raman spectra further revealed that the EG sheets con-
tained a low defect density (Ip/I¢ ratio of 0.25) compared to that of
H,S04-exfoliated EG. Consequently, the graphene exfoliated in the
inorganic salt electrolytes exhibited a high mobility of 310 cm?/V's.
Importantly, this exfoliation process can be readily scaled up, and
over 16 g of high-quality EG has been produced in less than hour
[103].

In addition to acidic and/or inorganic salt-based electrolytes,
the basic electrolyte medium has also been reported to prepare
graphene by electrochemical exfoliation. For example, a sodium
hydroxide/hydrogen peroxide/water (NaOH/H,0,/H,0) system
was explored as an alternative electrolyte system toward high-
quality, few-layer graphene (AFLG) [104]. Nucleophilic peroxide
ions generated by the reaction of H,0, with hydroxyl ions (HO~)
play a role as oxidants to open up the sheet edges for the complete
separation of the graphene layers. After exfoliation, the obtained
product showed a high yield (95%) of 3-6 layers of graphene, but
after centrifuging, the yield decreased to 58% containing mainly
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3 layers. The as-prepared AFLG exhibited a higher defect density
(Ip/Ig ratio 0.67) compared to that of acid and/or inorganic sulfate
salt exfoliated EG.

In addition to the aforementioned acid, base and/or inorganic
salt-based electrolytes, the electrochemical exfoliation of graphite
has also been performed in aqueous surfactant poly(sodium-4-
styrenesulfonate) (PSS)-based electrolytes by applying a potential
of 5V on the graphite rod electrodes for 4 h [105]. During the elec-
trochemical process, polystyrene sulfonate anions were forced to
move under the electric force to the positive graphite electrode and
intercalate into graphitic layers, leading to the exfoliation of the
graphene. A yield of 15 wt% was achieved using this method. Nev-
ertheless, PSS was found to be decorated on the graphene surface
even after repeated washings, which significantly affected the elec-
tronic properties of graphene. Moreover, SDS surfactant in aqueous
solution was also employed for the graphite intercalation process
by applying a positive potential of +2 V to intercalate SDS molecules
into the graphitic layers followed by a negative potential of -1V
to drive the exfoliation process. Graphene flakes with an average
size of 500 nm and a thickness of 1nm (one or two layers) were
successfully obtained [106]. However, similar to the liquid-phase
exfoliation methods, the use of surfactants may cause irreversible
functionalization of graphene sheets that may ultimately affect the
electronic properties of graphene.

5. Supercritical fluid exfoliation

Graphene sheets can also be produced by intercalating graphite
with supercritical fluids. This technique is potentially fast and
has yielded pristine graphene sheets. The supercritical exfolia-
tion of intercalated graphite using carbon monoxide (CO) produces
graphene sheets of a few micrometers. However, the minimum
thickness of graphene sheets was 3.8 nm, corresponding to approx-
imately 10 layers [ 107]. Better results were obtained in later studies
using DMF, NMP and ethanol rather than CO in combination with
a brief (i.e., 10 min) initial low-power sonication of the materials
and then heated above the critical temperature of the solvents
[108]. All three solvents led to stable graphene dispersions with
a concentration of 2-4 mg/mL. Moreover, approximately 90-95%
of the exfoliated graphene sheets were less than 8 layers, includ-
ing 10% monolayer graphene. Subsequent efforts have been made
to improve this exfoliation method. For example, using 1-pyrene
sulfonic acid sodium salt (1-PSA) surfactants during expansion
improved the percentage of monolayer graphene that was obtained
from 10% to 60% [ 109]. The graphene sheets were found to be deco-
rated with 1-PSA. The sulfonic acid groups in 1-PSA can play arole as
electron withdrawing groups resulting in an electron transfer from
the graphene to the 1-PSA molecules and thereby, significantly
affect the electronic properties of graphene.

6. Conclusions and outlook

The large-scale preparation of graphene is of great importance
because many applications rely on the bulk-scale production of
exfoliated materials with controlled properties. In this review, we
have demonstrated that graphene can be obtained via various wet
chemical routes. As summarized in Table 3, each of these meth-
ods has advantages and limitations. The liquid-phase exfoliation
of bulk graphite is mild, non-oxidative and potentially scalable.
Recently, a breakthrough in this approach was made by Coleman
and co-workers, using shear exfoliation method in NMP, result-
ing in improved exfoliation efficiency with defect free, unoxidized
graphene sheets achieved in liquid volumes from hundreds of
milliliters up to hundreds of liters [110]. Nevertheless, the yield
of thin graphene layer remains low with limited processability and

Table 3
Summary of the advantages and disadvantages associated with graphene production
by wet chemical routes.

Graphene exfoliation ~ Advantages Disadvantages

methods

Liquid-phase High-quality Low yield of thin

exfoliation Simple preparation graphene layers
method Small flake size (<5 wm)

Potentially scalable
Non-oxidative route
High yield

High dispersability
High processability
Scalable method

Limited dispersability
Limited processability
Poor quality and/or
defective structures
Potentially explosive
process

Time consuming

Use of toxic chemicals
Poor electronic
properties

Slight oxidation
Inhomogeneous flake
thickness

Graphene from
graphite oxide

Electrochemical
exfoliation

High yield

Fast production

Cost effectiveness

High processability
Environmentally benign
Scalable

Good electronic
properties

Potentially fast method
Ease of processing

Supercritical fluid
exfoliation

Low yield of thin
graphene layers
Electronic properties are
affected

dispersibility. The typical concentration of LPE graphene is less than
1 mg/mL in organic solvents and it is unclear if the processability
of such graphene can be further improved or not in the future. Fur-
thermore, once the exfoliated graphene sheets are solidified from
the solvents, they tend to strongly aggregate due to van der Waals
attraction, compromising the efforts made during exfoliation. On
the other hand, the graphene oxide route produces a high yield of
single layer graphene with excellent solution processability, but it
suffers from extremely poor quality or structural inhomogeneity.
So far, the best quality of reduced GO has a defect density (i.e.
Ip/I; ratio) of <1 and a field-effect mobility of only 250 cm?2/V's
which is comparatively lower than that of LPE and/or electrochem-
ically exfoliated graphene. Moreover, the defects within GO cannot
be fully restored with current reduction methods. In addition, the
preparation of graphene oxide requires the use of large amount
of acids and/or oxidizing agents and the process usually takes up
to several days, which hinders their industrial scale production.
Clearly, electrochemical exfoliation is an excellent approach for
producing high quality graphene via a wet chemical route. This
method appears to provide a solution for overcoming the lim-
itations of both the liquid-phase exfoliation and graphite oxide
methods by producing high-quality graphene at a large scale within
a short time period and in an environmentally friendly manner.
However, the remaining challenges for this approach are produc-
ing graphene with a homogeneous flake size and layer distribution.
Despite intensive research in this area, a deep understanding of
the fundamental mechanism during exfoliation is critical for future
studies to achieve size-controllable graphene with lower defects.
The supercritical fluid exfoliation technique is also a very promising
method for the preparation of graphene because ease of processing
and a significant number of monolayers can be obtained using this
method. Nevertheless, graphene prepared by a scalable method is
crucial for their real time applications in conductive ink, compos-
ite materials, supercapacitors, fuel cells, batteries, etc. In particular,
not only the application performance of graphene must outperform
but also the production cost should be less than the existing carbon
materials such as carbon black, carbon nanotubes, activated carbon,
in order to motivate the industries to adopt this new material.
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