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Solution-based Synthesis of Two-dimensional Materials for Electrochemical Capacitors
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Abstract

Two-dimensional (2D) materials, especially graphene and MoS, sheets, have gained much attention and shown great promise
for the application in supercapacitors. To widely use the 2D materials for supercapacitors, highly efficient, low cost, and envi-
ronmentally friendly synthetic methods for the preparation of 2D materials should be developed. Here, we will review recently
developed solution-based processes for preparing 2D materials for supercapacitors. Chemical exfoliation-reduction, chemical
intercalation, and liquid phase exfoliation methods will be introduced. Moreover, the electrochemical characteristics of gra-
phene and MoS;-based electrodes for supercapacitors are summarized. In addition to solution-based processes, other challenges

and opportunities are discussed in terms of controlling nanosheet compositions, sizes, and thicknesses.
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1. Introduction

The rapid growth of the global population and economy requires re-
newable and sustainable energy sources, such as solar cells, fuel cells,
batteries, and supercapacitors[1-5]. As one of the major energy storage
devices, supercapacitors or electrochemical capacitors (ECs) are emerg-
ing, which can provide high power density, fast charge/discharge, and
excellent cycle life[6-9]. The energy and power densities of ECs bridge
the gap between conventional capacitors and batteries. The gravimetric
energy (E) and power (P) densities are indicated by the following
equations[8] :
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E = 12C(Var) Q)]

P = (Vax - Varop) 14RM 2)
where, C is specific capacitance, Vmax is the cell voltage, R is the in-
ternal resistance from IR drop (= Vaop/2l), and M is the total weight
of both electrodes. ECs can be divided typically into two kinds of ECs
based on charge storage mechanisms[10]. One is electrical double layer
capacitors (EDLCs) that can accumulate charges by ion adsorption
from an electrolyte to the surface of carbon-based electrodes (e.g., acti-
vated carbons, carbon nanotubes, and graphene). Another is pseudoca-
pacitors, in which energy is stored by fast surface redox reactions in
pseudo-capacitive materials, including metal oxides, metal hydroxides,
and conducting polymers. Note that the energy and power perform-
ances of ECs strongly depend on the features of electrode materials,
such as surface area, porous structure, electronic and ionic con-
ductivity, and mechanical properties[11-13].



Two-dimensional (2D) nanomaterials have been attracted much at-
tention as a great potential as electrode materials for super-
capacitors[14-17]. They have a large surface area, ultrathin thickness,
reactive basal planes and edges. So far, various 2D nanomaterials, in-
cluding graphene, transition metal oxides, transition metal dichalcoge-
nides, and transition metal carbides and nitrides (MXenes), have been
extensively explored as electrode materials for development of
ECs[16]. For instance, graphene, a one-atom-thick 2D single layer of
spz-bonded carbon, has showed extraordinary electrochemical perform-
ances compared to the graphite counterparts. Inspired by the great ach-
ievements of graphene-based materials in the past decade, 2D metal di-
chalcogenides are showing great promise for energy storage
applications. In particular, MoS; is one of the most common transition
metal dichalcogenides for application of ECs. Recently, Chhowalla et
al. demonstrated that Li-ion intercalated MoS, nanosheets, mostly con-
sisted of 1T phase (~70%) delivered as high as 650 F/em® at scan rate
of 20 mV/s and excellent cycle life (> 5,000 cycles)[18].

To optimize properties and enhance electrochemical performances in
EC applications, rational design and synthesis of 2D nanomaterials
should be carefully considered. Until now, 2D nanomaterials can be
prepared by various methods, including mechanical exfoliation, chem-
ical vapor deposition (CVD), chemical synthesis, Li-intercalation and
exfoliation, chemical exfoliation and reduction, liquid exfoliation, and
sonication-assisted exfoliation[15,16,19]. Although mechanical exfolia-
tion and CVD method can yield 2D nanomaterials with high quality,
small amounts of their products are limited to the preparation electrode
and practical EC devices. Among various methods for preparing 2D
nanomaterials, solution-based processes are more suitable for applica-
tion of ECs because of their high yield, large scale, and facilitated
process.

In this review, our aim is to describe the solution-based methods for
preparation of 2D nanomaterials for energy storage of ECs. Synthesis
methods are focused on graphene and MoS, nanomaterials because
they are mostly studied for development of high-performance ECs.
First, chemical exfoliation and reduction method for graphene nano-
materials are described with supercapacitive properties of gra-
phene-based electrodes. Next, we summarized Li-intercalation and ex-
foliation, liquid exfoliation, and sonication-assisted exfoliation methods
for preparation of MoS, nanomaterials with highlights on the out-

standing electrochemical performances of MoS;-based electrodes.

2. Preparation Methods for Graphene

Owing to the high surface area (~2630 mz/g), high electrical con-
ductivity, and mechanical strength, graphene has been used as one of
the most promising electrode materials for ECs. Since Ruoff et al. re-
ported great potential of reduced graphene oxide (rGO) for application
of ECs, tremendous efforts have been devoted to synthesis of
rGO-based electrode materials[20]. The rGO sheets have been synthe-
sized by oxidation-exfoliation-reduction of graphite bulk powders
[21,22]. This method renders high yield, easy functionalization, and
tunable properties of GO nanomaterials in solution without the need
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Figure 1. Schematic illustration of GO and rGO sheets obtained from
chemical exfoliation-oxidation-reduction process (Photo image is GO
dispersion).

for special equipment. During this process, graphene oxide (GO) and
rGO sheets were produced. The main challenge in chemical exfoliation
and reduction process is to prevent aggregation of rGO sheets origi-
nated from interactions and increase electrical conductivity of rGO
sheets. In this section, synthesis of GO and rGO sheets obtained from
oxidation-exfoliation-reduction of graphite bulk powders was briefly

summarized.

2.1. Synthesis of GO

GO materials can be synthesized by exfoliation of graphite oxide
prepared by chemical oxidation of bulk graphite using strong oxi-
dants[23-25]. Graphite oxide was usually synthesized by the modified
Hummers method. Briefly, graphite powder dispersed in concentrated
H,SO, solution was strongly oxidized by adding Na,NO3; and KMnO4
[23]. The resulting graphite oxide was obtained by adding H,O,. GO
sheets dispersed in aqueous solution were obtained by exfoliation of
graphite oxide using mild ultrasonication. As-prepared GO solution
was purified by centrifugation and dialysis to remove aggregates and
impurities. As-synthesized GO contains oxygenated functional groups,
such as, hydroxyl, epoxy, carbonyl, and carboxyl groups. Figure 1
shows chemical structure of GO and rGO sheets obtained from chem-
ical exfoliation-oxidation-reduction process. The GO solution is highly

stable colloidal suspension (Figure 1).

2.2. Synthesis of rGO

The rGO sheets can be prepared by reducing GO sheets using vari-
ous reduction methods, such as chemical, thermal, electrochemical, and
microwave irradiation reductions. Chemical reduction was widely used
to prepare rGO sheets where acidic and alkaline agents were used. In
particular, Li and co-workers reported that a stable rGO colloidal sus-
pension is prepared by reduction of GO sheets dispersion in ammonia
solution using hydrazine[26]. The residual oxygenated groups effec-
tively prevent re-stacking of rGO sheets and enhance the repulsion
force, resulting in good dispersion in aqueous solution. Alternatively,
Ruoff et al. reported that acidic media of hydriodic acid is employed
as reducing agent to prepare rGO sheets[27]. The resulting rGO sheets
had a high electrical conductivity of 300 S/cm. This acidic media en-
abled to produce better graphitization of rGO sheets with lower struc-
tural defects compared to the rGO sheets obtained from hydra-
zine-based reduction process. These chemical reduction methods pro-
vide mass production of rGO sheets under solution-based process.
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Table 1. Summary of Electrochemical Properties of Graphene and MoS; Nanosheets

Materials Electrochemical performances Electrolyte Configuration Ref.
rGO 100 F/g Tetracthylammonium tetrafluoroborate/MeCN full cell 20
a-MEGO 166 F/g, 70 Wh/kg, 250 kW/kg [BMIM]BF4+/MeCN full cell 35
N-doped rGO 284 Flg [Bu4N]BFs/MeCN full cell 36
3D MnOy/rGO film 389 F/g 1 M H,SO4 half cell 12
N,B-doped rGO 488 F/em’ 1 M HySO4 half cell 37
Undoped rGO 181 F/g 1 M H,SO4 half cell 47
3D Fe,03/rGO 260 F/g 2M LiOH half cell 31
IT Mo$S; 650 F/em’, 0.11 Whicm®, 51 W/em’ IM H,SO4 half cell 18
N-doped MoS, 158 F/g IM Na,;SO4 half cell 44
3D MoSy/rGO aerogel 268 F/g IM Na,SO4 half cell 45
MoS; nanosheets 8 mF/cm’ IM NaOH half cell 46
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Figure 2. (a) SEM images of rGO particles. (b)) HADDF-STEM image
of 3D porous rGO film. (c¢) Scheme of 3D rGO/MnO,/rGO as-
ymmetric ECs. (d) Raonge plot of asymmetric ECs of 3D
rGO//MnQO,/rGO with energy and power densities. (a) Reproduced
with permission[20]. Copyright 2008, American Chemical Society.
(b-d) Reproduced with permission[12]. Copyright 2012, American
Chemical Society.

However, the use of chemical reduction reagents caused several issues
of toxic problem and sheet aggregation. To address these issues, more
advanced strategies have been suggested to prepare rGO sheets.
Hydrothermal and solvothermal reductions have been explored for pre-
paring rGO sheets[28-30]. These methods efficiently remove oxy-
genated groups from GO and repairing their graphitic structures. In ad-
dition, hydrothermal and solvothermal methods using GO dispersion
induced 3D architectures of rGO-aerogels and hydrogels. This 3D
structure provides graphene materials with high surface area, rapid ion
and electron transfer, porous structure, and strong mechanical strength.
These unique properties are advantageous in preparation of electrodes
for EC applications. Recently, Choi et al. described that the microwave
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irradiation allows GO sheets to reduction conversion into exfoliated
rGO sheets within a few seconds[31,32].

3. Application of ECs based on rGO Materials

The rGO sheets produced by chemical exfoliation and reduction
have been widely explored as electrode materials for constructing
EDLCs and asymmetric supercapacitors (ASCs). The rGO sheets can
be easily assembled into various promising structures, such as 1D fi-
bers, 2D films, and 3D aerogels and hydrogels, and these structures
dramatically enhanced electrochemical performances[33,34]. Previous
efforts have been devoted to construction of pore structures for ion
transfer and high pathway for electron transfer, leading to high energy
and power densities of EC devices. In this section, numerous kinds of
rGO-based electrode materials for EC applications are summarized
with electrochemical performances.

Ruoff et al. firstly have tried to use rGO sheets as electrode materi-
als for ECs (Figure 2a). The aggregated rGO with microsized ~20 pm
had an electrical conductivity of 200 S/m and a specific capacitance
of 100 F/g using organic electrolyte[20]. To incorporate pore structure
into rGO sheets, same group synthesized KOH-activated graphene
sheets with micro- and mesoporosity[35]. The resulting product was in-
troduced by “a-MEGO”. The a-MEGO was synthesized by microwave
exfoliation of graphite oxide and post-treatment of KOH activation at
800 C under argon gas. As-obtained a-MEGO had high surface are
of ~3000 m2/g and high electrical conductivity of 500 S/m. Using
a-MEGO materials, symmetric EDLC devices were constructed and
tested using a 1-butyl-3-methyl-imidazolium-tetrafluoroborate (BMIM
BF,)/acetonitrile (MeCN) electrolyte in a electrochemical window of
3.5 V. This EDLC delivered as high as gravimetric specific capacitance
of 166 F/g, a maximum energy density of 70 Wh/kg, and power den-
sity of 250 kW/kg.

On the other hand, 3D porous rGO structures have been suggested
to be effective in prevention of restacking of graphene sheets and in
facilitating the ion transfer through the pore structure. 3D rGO with

various structures, such as hydrogels, aerogels, foams, and 3D films,
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Figure 3. Top and bottom columns are corresponding cross-section SEM images, TEM images, XPS, and XRD pattemns of (a, ¢, and e) 3D
Fe;03/rGO and (b, d, and f) 3D MnO,/rGO films, respectively. (a-f) Reproduced with permission[31]. Copyright 2012, American Chemical Society.

have been extensively explored as electrodes in development of
ECs[33,34]. A self-assembled rGO hydrogel was prepared by one-step
hydrothermal method. This 3D rGO hydrogel had a high specific sur-
face area of 964 mz/g and showed a high specific capacitance of 152
F/g[30]. In order to increase capacitance and energy density, various
active metal oxides and conducting polymers were incorporated into
rGO structures, including MnO,, polyaniline, polypyrrole, NiO,
Ni(OH),, and Co304[33,34]. Our group reports 3D rGO films by using
polystyrene colloidal particles as sacrificial templates (Figure 2b-2d).
This 3D porous film served as mechanical and electrical supports for
deposition of active MnO, layers onto the surface of 3D rGO films.
The resulting 3D MnO»/rGO composite films showed excellent electro-
chemical properties, such as a high specific capacitance of 389 F/g,
high energy density of 44 Wh/kg, and high power density of 25 kW/kg
under an asymmetric full cell. The porous rGO structure with a high
surface area facilitates fast ion and electron transport within the entire
electrode, leading to the high-performance of ECs[12]. More recently, our
group developed fast and simple method for preparation of 3D porous
heterostructured films using microwave irradiation[31]. Microwave irradi-
ation enabled exfoliation and reduction of GO sheets into rGO sheets
(Figure 3a-3f). In particular, a series of highly pseudocapacitive materi-
als of Fe,O3 and MnO, were simultaneously synthesized during micro-
wave irradiation. 3D MnO»/rGO films had a high specific capacitance of
382 F/g at scan rate of 5 mV/s, while 3D Fe;O03/rGO films showed 260
F/g. Moreover, when assembling two 3D composite films into asym-
metric cells, the asymmetric EC cells had a wide working potential win-
dows of 1.8 V, leading to the high energy density (41.7 Wh/kg) and
power density (13.5 kW/kg). A 2 M LiOH electrolyte was used.
Introduction of heteroatoms, such as N, S, O, and P, in rGO sheets
can increase specific capacitances because of the enhanced electron do-
nor-accepter abilities. N-doped rGo sheets were prepared by reaction of
GO with cyanamide, followed by thermal treatment[36]. The nitrogen
contents of 10 wt% increased dramatically specific capacitance of 284
F/g in a 1 M tetrabutylammonium tetrafluoroborate ([BusN]BF4)/MeCN

electrolyte. The resulting materials also delivered high rate capability;
the original capacitance was still maintained (226 F/g at 10 A/g).
Nitrogen and boron co-doped graphene films provided a high volu-
metric capacitance of ~488 F/cm3[37]. Heteroatom dopping not only
facilitate electron transfer by means of change of electronic structure,

but also alleviate sheet aggregation, resulting in facilitated ion transfer.

4. Preparation Methods for MoS;

Inspired by graphene materials, graphene-like other 2D materials
have showed a great potential for energy storage applications. Among
the 2D materials, MoS, is widely investigated in application of ECs.
MoS; has 2H (semi-conducting), 1T (metallic), both metastable, and 3R
(stable at standard conditions) polytypes[38-41]. MoS, sheets can be
obtained from various methods, such as mechanical exfoliation, chem-
ical intercalation followed by exfoliation, and liquid phase exfoliation
by direct sonication[38-41]. Thus, this section introduces preparation
methods, particularly solution-based process, for MoS,. Solution-based
exfoliation methods can be divided into three categories: (1) lithium in-
tercalation-exfoliation, (2) liquid exfoliation, and (3) surfactant-assisted
exfoliation via ultrasonication, shear force, or ball milling.

4.1. Li intercalation-exfoliation method for MoS,

To obtain large amounts of MoS; sheets, Li intercalation-exfoliation
method has been developed, including chemical and electrochemical in-
tercalation process. MoS; sheets can be easily intercalated using lith-
ium reactants, typically n-butyllithium diluted in hexane. Li slightly in-
tercalated into the MoS; sheets during 48 hours at room temperature
under argon gas according to the following reaction equation[40] :

MoS; + xLiC4Hy — LixMoS, + x/2 CgHis 3)

Figure 4 shows schematic illustration of lithium intercalation-exfolia-
tion method for preparation of MoS, sheets. The electron transfer from

Appl. Chem. Eng., Vol. 28, No. 3, 2017
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Figure 4. (a) Scheme of lithium intercalation-exfoliation method for
preparation of MoS; sheets. (b) SEM image of exfoliated MoS; sheets.

butyl to the MoS; layers indicates the insertion of Li' in the van der
Waals gap. To reduce reaction time of 48 hours, electrochemical Li-in-
tercalation method was also suggested. Using lithium ion battery sys-
tem, the amount of inserted Li" was obtained by the discharging. After
discharging, single or few layers of MoS, sheets were obtained by son-
icating LixMoS, in water or ethanol.

4.2. Liquid exfoliation method for MoS,

Liquid exfoliation method provides versatile, scalable, and sustain-
able approaches for preparation of 2D nanomaterials. The selection of
proper solvent is one of the most important factors for high yield of
exfoliation 2D MoS; nanosheets. Thus, solvents with high boiling
points, including N-methyl-2-pyrolidone (NMP), dimethylformamide
(DMF), and N-cyclohexyl-2-pyrrolidone (CHP), have been extensively
used to exfoliate MoS, sheets. In addition, the Hansen solubility pa-
rameter has been recognized as key factors for determining dispersive,
polar, and hydrogen-bonding components of the cohesive material en-
ergy density[42]. These parameters guide proper choice of solvents for
exfoliating 2D nanosheets. Liquid exfoliation method is accompanied
with centrifugation process to remove unexfoliated 2D bulk materials.
Although liquid exfoliation method enabled to exfoliated MoS; nano-
sheets in solvents, the yield is relatively low, which limit the scal-
ability of liquid exfoliation method.

4.3. Surfactant-assisted exfoliation for MoS; nanosheets

As an alternative method to liquid exfoliation method, shear mixing
and ball milling process have been developed. These methods allow
2D materials to produce mass production. Shear mixing process up to
high sear rates (> 104/5) enabled graphite to be effectively exfoliated
up to the hundred-liter scale (100 g/h)[19]. In addition, ball milling
process provides exfoliated 2D nanomaterials using shear forces and
mechanical collisions[43]. The addition of suitable surfactants promotes
exfoliation process. Although these methods produce large amounts of
2D nanosheet samples compared to other previous methods, the uncon-

trollable size and thickness are still big challenges.

5. Application of ECs Based on MoS, Materials

MoS; nanosheets have large surface area and active sites for charge
storage, leading to the high theoretical specific capacitance (> 1000
F/g). MoS; can accumulate charges by means of formation of double
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layers on inter- and intra-sheet of individual MoS, and faradic re-
actions on Mo transition metal centers using a wide range of oxidation
states from +2 to +6. However, the MoS,-based materials suffer from
poor electronic conductivity and strong tendency of intersheet
aggregation. Chhowalla et al. synthesized MoS, sheets using lith-
ium-intercalation-exfoliation method. After collecting 1T phase-MoS;
sheets (~70%), free-standing MoS; films were prepared by vacuum fil-
tration method[18]. This 1T-MoS; film high volumetric capacitance up
to 650 F/em® at scan rate of 20 mV/s with a good long-term stability
(97% retention of original capacitance over 5000 cycles). The max-
imum energy power densities of 1T-MoS; films were 0.11 Wh/cm® and
51 W/em’, respectively. This superior performance was attributed to
the enhanced electrical conductivity of 1T phase of MoS, sheets. In or-
der to increase electrical conductivity of MoS, sheets, nitrogen-doped
carbon layers were coated onto the surface of MoS, by self-polymer-
ization of dopamine followed by carbonization process[44]. As-synthe-
sized N-doped MoS; sheets showed high specific capacitance of 158
F/g, high rate capability, and excellent cycling performances when
measured in 1 M Na,SOy electrolyte. These superior electrochemical
performances should be attributed to the fast and efficient electron
transfer within MoS; sheets due to the N-doped carbon layers. 3D po-
rous MoS,/rGO aerogels were prepared to increase electrochemical per-
formances of ECs[45]. 3D porous MoS,/rGO aerogels were prepared
by a hydrothermal assembly and reduction reaction using a mixture of
pre-synthesized GO and MoS, dispersions. GO dispersion was prepared
by modified Hummers method, while MoS, dispersion obtained from
lithium intercalation method. The resulting 3D composite aerogels ex-
hibited superior supercapacitor performances of high specific capaci-
tance (268 F/g), high rate capability, and good cycle life (93% re-
tention for 1000 cycles).

6. Conclusions and Outlook

Solution-based process for 2D nanomaterials, such as chemical ex-
foliation, lithium intercalation-exfoliation, liquid exfoliation, surfac-
tant-assisted exfoliation methods, allows 2D materials to be effectively
exfoliated into stable colloidal dispersions. The stable dispersion en-
abled to facilitate further processes of vacuum filtration, spin-coating,
spray deposition, roll-to-roll process, which are commonly used to fab-
ricate bulk electrodes for application of ECs. Owing to unique proper-
ties, 2D nanomaterials, especially when exfoliated to ultrathin nano-
sheets, demonstrated their extraordinary electrochemical performances
for ECs. The composition, shape, size, and thickness of 2D nanosheets
significantly influence the electrochemical performances in energy stor-
age systems. In the case of rGO sheets, restacking phenomenon should
be addressed in electrochemical energy storage devices. Thus, porous
and curved structures are critical points that allow fast ion transport
through 2D channels, which are responsible for high energy density of
ECs. Drawbacks of 2D MoS, sheets are intrinsically poor electrical
conductivity of MoS,. Control of 1T phase, carbon coating, and hy-
bridization processes have been developed to support electron transfer
through MoS, sheets. Although 2D nanosheets produced by sol-



ution-based processes showed enhanced electrochemical performances
in ECs, the synthesis methods should be more improved in terms of
control of thickness, size, and yield. Meanwhile, low cost, scalable, en-

vironmentally friendly processes must be further developed.
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