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A B S T R A C T

The ultrathin two-dimensional structure and unique properties of graphene make it highly attractive for high-
performance asymmetric supercapacitors (ASCs), which are generally constructed by two different materials as
positive electrode and negative electrode, respectively, in an asymmetric configuration. Here, a deep insight into
the recent advances of graphene-based materials for high-voltage and high-energy asymmetric supercapacitors
(ASCs) is presented. First, the critical aspects that directly affect the performance of ASCs and how they have
been tackled in terms of the assembly principle of ASCs and standard methods of accurate performance
evaluation are discussed. Second, the major categories and the state-of-the-art positive and negative electrode
materials of ASCs are described. Third, the latest advances of different graphene-based nano-architectures, such
as reduced graphene oxide, porous graphene, graphene quantum dots, graphene nanoribbons, graphene fibers,
graphene films, graphene aerogels, graphene foams, and various hybrids of graphene/carbon nanotubes,
graphene/metal oxides and graphene/conducting polymers, for ASCs are summarized. Fourth, major
performance parameters, including high voltage, high capacitance, high power and high energy devices, as
well as new device geometry of planar and all-solid-state devices, are described in details, highlighting the
uniqueness and superiority of graphene for hybrid energy storage. Fifth, The elaborated screening of graphene-
based materials with controllable morphologies, two-dimensional and three-dimensional well-defined nanos-
tructures, and tailored compositions, architectures of the electrode, selection of electrolytes, and optimized
integrity of different device components are overviewed. Finally, future perspectives and challenges of
graphene-based ASCs are discussed.

1. Introduction

The continuously increasing concern on the world energy con-
sumption and environmental pollution has promoted the rapid devel-
opment of electrochemical energy storage devices, e.g., lithium ion
batteries and supercapacitors, for various important uses, in particular,
in electric vehicles, hybrid electric vehicles (HEV), plug-in HEV, and
smart grids [1,2]. Although lithium ion batteries with high energy
density of 100–250 W h kg−1 are currently the best product for these
zero-emission applications, but still suffer from low power density,
limited cycle life, safety issue, high cost and limited availability of

lithium resources [3]. As a prime promising replacement or equivalent
complement for lithium ion batteries, supercapacitors with high power
density and long life span have been attracting more and more
attention for next-generation, safe, clean energy storage systems, which
can provide sufficient peak power and increase power efficiency when
they work individually or together with high-energy batteries and fuel
cells [4].

Supercapacitors or electrochemical capacitors have three cate-
gories, including electric double layer capacitors (EDLCs), pseudoca-
pacitors and hybrid supercapapcitors [5]. In principle, EDLCs electro-
statically store charges on the interface of high surface area carbon
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electrodes, e.g., activated carbon (AC), carbon aerogel, porous carbon,
carbon nanotube (CNT), and graphene, which characterizes the
performance of rapid charge storage and limited specific capacitance
[6]. Pseudocapacitors mainly store charges from reversible redox
reactions of transition metal oxides/hydroxides, such as RuO2,
MnO2, Ni(OH)2, and electrically conducting polymers (polyaniline
(PANI), polypyrrole (PPy), etc) that could deliver high specific capaci-
tance, but present poor cycle stability [7]. In efforts to enhance their
energy density, hybrid supercapacitors combining the advantageous
merits of EDLCs and pseudocapactiors have been developing since they
can maintain high power feature. According to the disparity of two
electrode materials used, hybrid supercapacitors could be generally
divided into composite symmetric supercapacitors, battery-type super-
capacitors, and asymmetric supercapacitors (ASCs) [8]. It is worthy to
note that ASCs consisting of two different electrodes are becoming a
more attractive class of supercapacitors, which can possibly achieve
high energy density that approaches that of batteries and obtain high
power density of supercapacitors, and fill up the gap between batteries
and supercapacitors (Fig. 1) [9,10]. Besides this, ASCs possess
excellent stable cyclability, wide range of operating temperatures with
low maintenance cost, safe operation and environmental friendliness.
Consequently, ASCs are acknowledged as one of the most advanced
hybrid energy storage devices that not only are very attractive for
various high power applications, but also properly overcome the
intractable issues of energy density observed from traditional EDLCs
[11].

In light of this, herein we review the latest advances of high-voltage
and high-energy ASCs based on graphene-based materials. We will first

focus on the key aspects for the efficient assembly principle of ASCs
with the full consideration of main device components, selection of
electrolytes, and optimized integrity of different device components,
and performance evaluation. Then we mainly concentrate on the prime
negative electrodes and positive electrodes of graphene-based nano-
architectures, such as reduced graphene oxide (rGO), porous graphene,
graphene quantum dots (GQD), graphene films, graphene aerogels
(GAs), graphene foams (GF), various hybrids of graphene/CNT,
graphene/metal oxides and graphene/conducting polymers in term of
the major performance parameters, including high voltage, high
capacitance, high power and high energy devices as well as new-type
device geometry of planar and all-solid-state devices, highlighting the
uniqueness and superiority of graphene for ASCs. Finally, future
perspectives and challenges of graphene-based ASCs are briefly high-
lighted.

2. Assembly principle and performance evaluation of ASCs

2.1. Main device components

The configuration of an ASC device is schematically shown in Fig. 2,
composing of two different electrodes, a separator, two collectors, and
an electrolyte as well as external electric circuit and sealed packaging.
In principle, the entire device with a stacked geometry of collector/
positive electrode/separator/negative electrode/collector is con-
structed [11]. Electrolyte (aqueous, organic electrolyte) is a conductive
liquid mixture of an aqueous or organic solvent that is able to rapidly
migrate into and out of positive and negative electrodes during charge
and discharge. To prevent short circuiting, an ion-permeable insulating
membrane acting as a separator is placed between these two electrodes.
To accelerate the transport of electrons, metallic collectors as the
input/output terminals of electricity to an outside circuit are applied to
increase the electrical contact with the film electrodes. Nevertheless,
the overall performance of ASCs is strongly dependent on the
elaborated screening and integrity of all device components [12].

2.2. Design consideration

Elaborated screening and integrity of different main device compo-
nents (e.g., electrodes, electrolyte, current collectors, and separator) for
designing high-performance ASCs are greatly challenging. As we all
have known, the improvement of the overall performance of ASCs is
dependent not only on the intrinsic properties of positive and negative
electrode materials, but also on the reasonable design, mass/kinetics
match and compatible combination of each isolated device component
in one single device [9]. As to graphene-based ASCs, the following three
aspects need to be fully considered before assembly:

Fig. 1. Ragone plot of ASCs with various typical electrochemical energy storage devices.
Times given in the plot are the time constants of the devices, obtained by dividing the
energy density by the power.

Fig. 2. Schematic of a ASC cell.
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(1) Materials fabrication of high-quality graphene and unique nanos-
tructural graphene hybrids is the key perquisite to ensure good
performance of ASCs [13]. It is well known that the performance of
a device is directly dependent on the intrinsic properties of the
electrode materials employed in asymmetric system. In particular,
the advantageous properties of combining high specific surface
area, excellent conductivity, rich hierarchical porous structure and
robust electrochemically active sites into one single given electrode
are the main target for the construction of high-performance
graphene-based ASCs. Vice versa, the good performance of the
ASCs can’t be achieved [14].

(2) Rather than focusing on materials, the mass balance between
positive and negative electrodes and the kinetics match of the two
electrodes must be considered to fabricate a stable and efficient
ASC system [11]. To realize this, making a balance of the charges
stored between positive electrode (QP) and negative electrode
(QN) in ASCs is highly required [15]. Otherwise, the assembled
device cann't ensure to work reversibly during the charge and
discharge process. Usually, one can follow the relationship of
charge balance, Q Q=P N , to calculate the ratio of positive and
negative electrodes (m+/m−) with the equation below:

m m C ΔV C ΔV/ = ( × )/( × )+ − − − +

The optimal mass ratio (m+/m−) between positive and negative
electrodes should be perfect to be closed to 1 in a two-electrode cell if
taking into consideration of volumetric and gravimetric
capacitance. Regarding the match of the charge-storage kinetics of
two electrodes, the fundamental understanding of two electrodes in
ASCs is still in a very early stage. It is generally accepted that if working
on a non-faradaic//non-faradaic process, e.g., carbon//carbon, the two
matched electrodes always possess fast ionic diffusion and electron
transport, and generate a high-power and very stable ASC [16].
However, faradaic//non-faradaic electrodes if combining a fast re-
dox reaction kinetics with EDLC mechanism, e.g., intercalation metal
oxide//carbon, and polymer//carbon, potentially produce a high-
energy ASC without compromising the power density [17]. The third
combination is an ASC with faradaic//faradaic reaction mechanism,
e.g., oxide//oxide and polymer//polymer, which are promising to
achieve high capacitance and energy density but the exploration is
very limited [18].
(3) For any given electrode material and ASC system, a matching

electrolyte must be carefully selected to maximize their electro-
chemical performance [19]. In principle, the nanopores of porous
graphene-based materials and the interspace of electrochemically
active species (e.g., CNT, RuO2, MnO2, Co3O4, Mn3O4) should be
matched with the accessible electrolyte ions. Thereby the reason-
able choice of a complemented electrolyte is important for the
improvement of the performance of ASCs in addition to the match
of both mass and charge-storage kinetics of two electrodes.
Currently, the electrolytes used in ASCs are mainly categorized
into aqueous electrolytes and nonaqueous electrolytes [20]. The
latter using organic electrolytes with a large electrochemical
window of up to 3 V or even more are widely used in commercial
supercapacitors. However, some major issues associated with high
flammability, low ionic conductivity, and easy short-circuiting of
organic electrolytes eventually result in high safety risks and low
capacitance and power density [20]. In fact, the practical energy
density is not high, below 5 W h kg−1 for most available super-
capacitors in organic electrolytes [21]. In comparison with organic
electrolytes, aqueous electrolytes (Na2SO4, K2SO4) used in ASCs
present the advantages of high ionic conductivity, low cost, non-
flammability, good safety and convenient assembly in air. More
importantly, aqueous based ASCs could offer much higher power
density than organic based ASCs because of their high ionic
conductivity and suitable size of ions, in addition to environmental
friendliness particularly operating in neutral aqueous electrolytes

[15].

2.3. Performance evaluation

The capacitance values are usually calculated from discharge cyclic
voltammetry (CV) and galvanostatic charge–discharge (GCD) curves
according to the following Eqs. (1) and (2), respectively:

∫C
v V V

I V dV= 1
( − )

( )
f i V

V

i

f

(1)

C I Δt
V V

=
( − )

dis

IR drop0 − (2)

where ν is the scan rate (V/s), Vf and Vi are the integration potential
limits of the voltammetric curve, and I(V) is the voltammetric
discharge current (A). Idis is the constant discharge current (A), and
Δt is the discharge time corresponding to the discharge change
Vo−VIR-drop. Vo is the cell voltage and VIR-drop is the voltage
induced by the IR drop that is inevitable in GCD test. To calculate
more accurately the capacitance, it is recommended to adjust the actual
cell voltage after excluding the IR drop.

To evaluate the performance of a single electrode (positive electrode
or negative electrode), specific capacitance is calculated based on the
area (Aelectrode) or the volume (Velectrode) or the mass (melectrode) of the
single electrode according to the following formula:

C C A= /electrode
areal

electrode (3)

C C V= /electrode
volumetric

electrode (4)

C C m= /electrode
gravimetric

electrode (5)

where Celectrode
areal (F/cm2), Celectrode

volumetric(F/cm3) and Celectrode
gravimetric(F/g) refer to the

areal capacitance, volumetric capacitance and gravimetric capacitance
of the single electrode, respectively.

Specific emphasis is given to thin-film electrodes with thickness of
submicrometer to micrometers for supercapacitors and micro-super-
capacitors. A key consideration is that the mass of these thin film
electrodes, often a small fraction of the total mass of a device, is almost
negligible, making gravimetric capacitance and energy density inap-
propriate performance metrics [22]. In such cases, it is recommended
that using areal capacitance, volumetric capacitance, volumetric energy
density and volumetric power density, rather than the gravimetric
ones, is more appropriate and reliable to evaluate their performance. In
these systems, thin films are able to offer a very high gravimetric
capacitance and power density, but those characteristics will not
increase linearly with the thickness of the electrode [23].

Most recently, volumetric performance has becoming the focus over
gravimetric performance, since future electric vehicles and electronics
tend to require power sources delivering the maximum energy in a very
limited space, in particular, which critically represents the intrinsic
energy storage ability of the electrode materials stored in a unit volume
of a packed cell. Among the volumetric parameters, it is considered that
volumetric capacitance as a critical indicator can better understand the
intrinsic properties of the electrode material and compare the perfor-
mance of different materials.

Except the Eq. (4), another method for calculating the volumetric
capacitance Celectrode

volumetric(F/cm3) is:

C C ρ= ×electrode
volumetric

electrode
gravimetric (6)

where ρ (g/cm3) is the mass packing density of the film.
For an asymmetric two-electrode system, its cell capacitance Qc,

Q Q Q1/ = 1/ + 1/P Nc (7)

where Qc, QP and QN are the capacitive contribution from the cell,
positive electrode and negative electrode, respectively. According to the
relationship of Q C m m= × ( + )c Sc + − ,Q C m= ×P Sp + andQ C m= ×N Sn −,

S. Zheng et al. Energy Storage Materials 6 (2017) 70–97

72



where CSp and m+, CSn and m− are the specific capacitance and mass of
positive electrode and negative electrode, respectively, the specific
capacitance of the cell (CSc) by counting the mass for both electrodes
is converted to the equation:

C Q m m C m C m

m m C m C m

= /( + ) = × × × /

{( + )( × + × )}
Sc c Sp Sn

Sp Sn

+ − + −

+ − + − (8)

Energy density (E) is the most important parameter for ASCs, and
calculated by the following equation.

E C V= 1
2

× ×Sc
2

(9)

where CSc and V are the gravimetric specific capacitance (F g−1, mainly
based on two electrodes) and the maximum working voltage of ASCs,
respectively.

Power density (P) is another key parameter for evaluating the
performance of ASCs, which can be calculated with the following two
equations.

P E t= / (10)

P V ESR m= /(4 × × )M
2 (11)

where P is the power density of an ASC device, which is inversely
proportional to the energy density. PM is the maximum power density
of an ASC cell, and usually used to evaluate the maximum power output
in relation to the maximum cell voltage (V) after eliminating the IR
drop, the equivalent series resistance (ESR) and the average mass (m)
of two electrodes without the involvement of current collectors.

3. Major categories and electrode materials of ASCs

3.1. Major categories

In 2001, Amatucci et al. reported the first construction of a
nonaqueous ASC combining titanate negative electrode with an AC
positive electrode, which could deliver an exceeded energy density of
20 W h kg−1 in a bonded flat plate plastic cell configuration (Fig. 3)
[24]. In light of two electrode materials and charge-storage mechan-
ism, ASCs can be mainly classified into three categories. (i) The first
prototype consists of a pseudocapacitive active material (e.g., metal
oxide, conducting polymer) as positive electrode for energy source and
an EDLC carbon material (e.g., AC, CNT, graphene) with strong
electrostatically absorption/desorption as negative electrode for power
source [25]. In this regard, the constructed ASC could significantly
store charge by surface adsorption and desorption over the EDLC
material and by redox reaction on the faradaic material, providing a
wide electrochemical window to boost its energy density. (ii) The
second type includes a faradic lithium-insertion compound (e.g.,
LiCoO2, LiMn2O4, KMnO2, NaMnO2) as positive electrode and a
nonfaradaic carbon as negative electrode, generating a large voltage
window [17]. (iii) The third combines two different pseudocapacitive

(hybrid) materials as both positive and negative electrodes, in which
one exhibits high overpotential towards hydrogen evolution and
another has high overpotential for oxygen evolution, resulting in a
wide voltage window of the cell [18]. Through efficient combination of
the positive and negative electrodes, ASCs simultaneously promise high
energy density which approaches that of batteries and high power
density comparable to symmetric supercapacitors, accompanied with
stable cyclability.

3.2. Major electrode materials

Regardless of device assembly, screening of new high-performance
nanostructured electrode material is the core part in developing stable
high-energy ASCs. So far, great progress has been made and many
advanced energy materials have been applied as both positive and
negative electrode materials for ASCs. For instance, the positive
electrodes reported include nanocarbon materials (AC [26], graphite
[16]), metal oxides (MnO2 [18,27], PbO2 [28], NiO [29], RuO2 [30],
V2O5 [31], NiCo2O4 [32], NiMoO4 [33], Mn3O4 [34], Co3O4 [35], SnO2

[36]), hydroxide (Ni(OH)2 [37]), intercalation compounds (LiCoO2

[38], LiMn2O4 [39,40], KMnO2 [41], NaMnO2 [42,43], Li[NiCoMn]1/
3O2 [44]), conducting polymers (PANI [18], PPy [18], poly(3,4-
ethylenedioxythiophene) (PEDOT) [18]) and their hybrids. In contrast,
typical negative electrode materials basically cover all types of nano-
carbons (AC [25], porous carbons [29], CNT [45], graphene [15]),
oxides (e.g., Li4Ti5O12-[46], In2O3 [47], Li2Ti3O7 [48], MnO2 [39], TiO2

[49], LiTi2(PO4)3) [50], Bi2O3[51], MoO3 [52], Fe2O3 [53], V2O5 [54],
RuO2 [55], Nb2O5 [56]), conducting polymers (PANI [18], PPy [18],
PEDOT [18]), and their hybrids.

4. Graphene-based ASCs

Graphene is a perfect 2D form of single layer sp2-bond crystalline
carbon with unique intriguing properties, and hold a wide range of
potential applications [57,58]. Up to date, graphene has been demon-
strated to be a robust and attractive electrode material for super-
capacitors because of its excellent electrical conductivity, high surface-
to-volume ratio, and outstanding theoretical capacitance (550 F g−1)
[59–64]. Significantly, the symmetric supercapacitors based on gra-
phene-based materials, e.g., curved graphene [65], vertically oriented
graphene [66], activated graphene [67], heteroatom-doped graphene
[68,69], laser-scribed graphene films [70], graphene/metal oxide
hybrids [71], graphene-based porous carbon nanosheets[72–74], and
liquid electrolyte-mediated graphene compact films [75] as two same
electrodes have shown impressive performance superior to other
carbonaceous materials when processed into thin-films. In such
architectures, the gravimetric energy of 70 W h kg−1 and power density
of 250 kW kg−1 (per weight of active material) can be reached. On the
other hand, great efforts have also been devoted to developing new
ASCs using graphene and graphene based hybrids as main active
materials or components in one or two electrodes [15], exhibiting
enhanced electrochemical performance, as shown in Table 1. The
major unique roles of graphene for high-energy ASCs can be summar-
ized: (i) a superior active material, (ii) an ultrathin 2D flexible support
for uniformly loaded metal/metal oxide nanoparticles, and (iii) an
inactive yet electrically conductive component. Apparently, it can be
seen from Table 1 that a number of different graphene-based materials
for ASCs have been reported so far. From the materials perspective,
graphene-based materials for ASCs are usually divided into two
categories: one is the positive electrode (cathode), including pure
graphene, oxides/hydroxides of MnO2, Mn3O4, Co3O4, RuO2,
Ni(OH)2, and conducting polymers of PANI and PPy. Another is the
negative electrode (anode), which includes graphene, porous graphene,
graphene fibers, graphene films, GAs, GF, GQD, and the composites of
graphene/CNT and graphene/oxides (e.g., RuO2, V2O5, MoO3, Nb2O5),
for different ASCs targeting for high voltage, high capacitance, high

Fig. 3. Simplified schematic of electrode reactions of the earliest ASC based on activated
carbon (AC) and nanostructured Li4Ti5O12 in nonaqueous electrolyte [24].
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Table 1
Comparison of the performance of graphene-based ASCs.

Nagative
electrode
(anode)

Positive electrode
(cathode)

Electrolyte Voltage (V) Cell max. Cs
(F g−1)

Max. E (W h kg−1) Max. P (W kg−1) Cycling stability
(retention)

Ref.

G PANI 1 M HCl 0–1.0 35 4.86 8750 – [76]
G MnO2 nanowires/G 1 M Na2SO4 0–2.0 55.0 30.4 5000 1000 (79%) [15]
AC nanofiber G/MnO2 1 M Na2SO4 0–1.8 113.5 51.1 198,000 1000 (97.3%) [77]
rGO/RuO2 rGO/PANI 2 M H2SO4 0–1.4 100a 26.3 49,800 1000 (80%) [55]

2500 (70%)
G film RuO2/G film PVA/H2SO4 gel 0–1.8 175 19.7 6800 2000 (95%) [78]
CNT/G Mn3O4/G PAAK/KCl gel 0–1.8 72.6 32.7 9000 10,000 (86%) [79]
G hydrogel MnO2 nanoplates/

NF
0.5 M Na2SO4 0–2.0 41.7 23.2 10,000 5000 (83.4%) [80]

rGO Co0.45Ni0.55O/rGO 1.0 M KOH 0–1.5 124a 35.3 3614 1000 (96%) [81]
Porous G Ni(OH)2/G 6 M KOH 0–1.6 218.4 77.8 15,200 3000 (94.3%) [82]
FAC MnO/rGO 1 M NaNO3 0–1.1 51.5 2.6 9024 15,000 (82%) [83]
G MnO2 1 M Na2SO4 0–2.0 37 25.2 100 500 (96%) [84]
G/MoO3 G/MnO2 1 M Na2SO4 0–2.0 307 42.6 276 1000 (–) [52]
G/CNT G/CNT/PANI EMI-TFSI 0–4.0 271 188 26,700 1000 (82%) [85]
α-MnO2/GO CB/GO 1 M Li2SO4 0–2.0 153 23.6 4500 1000 (56%) [86]
α-MnO2(SDS)/GO 0–1.8 280 35.0 7200 1000 (70%)
CNT/PANI CNT/MnO2/GR PVP/Na2SO4 gel 0–1.6 70a 24.8 584a 1000 [87]
GO/CB GO/CoTPyzPz 1 M Na2SO4 0–1.4 160a 44 31,000 1000 (99%) [88]
GQDs PANI 0.5 M Na2SO4 0–1.0 667.5 mF m−2 0.029 mW h cm−2 7.46 mW cm−2 1500 [89]
rGO NiO nanoflake 1.0 M KOH 0–1.7 50 39.9 – 3000 (95%) [90]
G/Ag G/MnO2 1 M Na2SO4 0–1.8 112.8 50.8 90.3 – [91]
aGNS sGNS/cMWCNT/

PANI
1 M H2SO4 0–1.6 107 20.5 25,000 5000 (91%) [92]

RGO RGO/MnO2 1 M Na2SO4 0–1.5 113 mF m−2 11.5 µW h cm−2 3.8 mW cm−2 3600 (84%) [93]
Co3O4/GO AC 6 M KOH 0–1.5 114.1 35.7 225 1000 (95%) [94]
MnO2/porous G gel/

NF
Porous G gel/NF 0.5 M Na2SO4 0–1.8 0.89 F cm−3 0.72 mW h cm−3 – 10,000 (98.5%) [95]

rGO/Co/Al LDHs AC 6 M KOH 0–1.75 83.5 35.5 8.75 6000 (90%) [96]
GNR CoMn2O4/GNR 0.5 M Na2SO4 0–1.9 169 84.69 22 1500 (96%) [97]
MnOOH/rGO AC 6 M KOH 0–1.6 115.6 41.1 400 5000 (98.3%) [98]
GO LiCoO2 1 M LiClO4 0–1.5 59 19.2a 8.7 1500 (85%) [38]
GO/PPy AC 1 M Na2SO4 0–1.6 60.2 21.4 453.9 5000 (85.7%) [99]
MnO2/rGO/ITO PPy/rGO/ITO PVA/LiCl gel 0–1.7 39 13 7.4 2000 (75%) [100]
T-Nb2O5/G Mesoporous carbon 1 M LiPF6 0.8–3 70 16 45 5000 (92%) [56]
MnFe2O4/G MnO2/CNT 1 M Na2SO4 1.8 57.6 25.9 225 4500 (90%) [101]
Fe3O4/rGO NiOOH/Ni3S2/3D

G
1 M KOH. 0–1.6 233 82.5 930 1000 (111%) [102]

rGO Co/Al LDHs 6 M KOH 1.6 97.5 34.7 390 2000 (93%) [103]
GF/CNT/Ppy G foam/CNT/MnO2 0.5 M Na2SO4 1.6 64 22.8 860 10,000 (90.2–

83.5%)
[104]

GNR GNR–MnO2 PAAK/KCl gel 0–2.0 212 29.4 12.1 5000 (88%) [105]
rGO rGO/V2O5

nanosheets
1 M KCl 0–1.6 195 75.9 900 3000 (94%) [106]

rGO/CNT/PPy/CB Mn3O4 0.5 M NaNO3 0–1.6 40.2 14.3 6.62 3250 ( > 100%) [107]
G nanoplateletes MWCNT/NiS 6 M KOH 0–1.4 181 49 7000 1000 (92%) [108]
NiO/G foam N-doped CNT 1 M KOH 0–1.4 116 32 42,000 2000 (94%) [109]
rGO MnO2/ZnO

nanorod
PVA/LiCl gel 0–1.8 0.52 F cm−3, 0.234 mW h cm−3 0.133 W cm−3 5000 (98.5%) [110]

rGO hydrogel rGO/MnO2 1 M Na2SO4 1.6 59.6 21.2 6610 1000 (89.6%) [111]
AC rGO/Mn3O4 1 M Na2SO4 0–2 62 34.6 15,200 8000 (107%) [112]

6 M KOH 0–1.6 38 13.6 5100 8000 (150%)
rGO/cMWCNT carbon fiber paper/

PPy
PAAK/KCl gel 0–1.6 82.4 28.6 15,100 2000 (93%) [113]

CNT/G foam MnO2/G foam PAAK/KCl gel 0–1.8 69.4 31.8 9188.1 10,000 (84.4%) [114]
G/CNT hybrid fibers MnO2/G fiber PVA/LiCl gel 0–1.6 16.8 F cm−3 6.7 mW h cm−3 – 8000 (92.7%) [115]
PEDOT/CNT Activated G 2 M BMIBF4/PC 0–4 81.6 176.6 233,000 5000 (92%) [116]
rGO rGO/CNF/MnCO3 1 M Na2SO4 0–2 38 21 1070 1000 (97%) [117]
AC G foam/PVA-F 1 M Na2SO4 0–1.8 31.5a 14.2 174 2000 (98%) [118]
rGO/CB rGO/MnO2/CB 0.5 M Na2SO4 0–1.8 53.8 24.3 45,000 – [119]

PVA/LiClO4 gel 0–1.8 44.6 20 21,000 1000 (89%)
CuO/rGO sponge rGO sponge 1 M Na2SO4 0–1.7 77.84 31.4 4232 2000 (83%) [120]
3D porous G papers NiCo2O4/carbon

cloth
PVA/LiOH gel 0–1.8 71.32 60.9 11.36 5000 (96.8%) [121]

Ni/rGO/Ni3S2 Ni/rGO/Co3S4 6 M KOH 0–1.3 940 55.16 13,000 3000 (96.2%) [122]
rGO paper Mn3O4/rGO

nanohybrid paper
1 M Na2SO4 0–2 54.6 F cm−3 5.5 mW h cm−3 6.86 W cm−3 8000 (85%) [34]
1 M EMIMBF4 0–3 3.12 F cm−3a 3.9 mW h cm−3 10.95 W cm−3

AC NiO/G 2 M KOH 0–1.5 87.36a 27.3 17,800 8000 (87.2%) [123]
rGO Co9S8/G 1 M KOH 0–1.8 70.2 31.6 910 1000 (60%) [124]
Porous carbon rGO/Ni/NiO 6 M KOH 0–1.6 183.8 65.3 8000 – [125]
rGO MnO2/MnCO3/rGO 1 M Na2SO4 0–1.6 50.06 17.8 400 2000 (84.1%) [126]
rGO Ni(OH)2 2 M KOH 0–1.6 210.94a 75 40,000 10,000 (89%) [127]

(continued on next page)
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power density and energy density as well as planar and all-solid-state
asymmetric devices (Table 1).

4.1. High-voltage aqueous ASCs

Recently, increasing efforts have been made to the improvement of
the energy density of a ASC. From the Eq. (9) above, one can
understand that energy density is proportional to the specific capaci-
tance (CS) and the square of the operating voltage (V). Therefore, the
improvement of the energy density can be attained in two ways of (i)
increasing the specific capacitance of the electrode materials and/or (ii)
the voltage of the ASC cell by the elaborated selection of electrolytes.
Taking into consideration of electrolytes, ASCs in aqueous electrolytes
that could be assembled at atmospheric condition are more environ-
ment-friendly, and offer much higher power density than those in
nonaqueous electrolytes due to their higher ionic conductivity.
Although aqueous electrolytes are generally stable over a voltage
window of 1.23 V, aqueous ASCs that can take advantage of high
oxygen overpotentials of positive electrode and/or high hydrogen

overpotentials of negative electrode, could greatly widen the maximum
operating voltage of aqueous electrolytes (1.4–2.2 V). To highlight this
feature, high-voltage aqueous ASCs are referred to the ASCs that
operate at a large working voltage of ≥1.8 V in aqueous electrolyte.
In this section we mainly focus on the typical Mn-based oxides for
high-voltage ASCs with a working voltage of ≥1.8 V [157].

4.1.1. Graphene/MnO2 nanosheets
MnO2 is one of the most promising positive electrode materials for

low-cost and environment-friendly ASCs with high voltage [158].
Moreover, it can be used with high voltage of 1.8~2.2 V in neutral
aqueous electrolytes of e.g., Li2SO4, Na2SO4, K2SO4, unlike RuO2·xH2O
and NiOOH, both of which are usually working with a limited voltage
window (1.4–1.6 V) in strong acidic or alkaline electrolytes, resulting
in environmental issues [157]. For instance, a combination of a carbon
capacitive electrode with a MnO2 pseudo-capacitive electrode can
readily result in a 2 V high-voltage cell in aqueous electrolytes due to
the apparent water decomposition over-potential on MnO2 and the
high surface area of carbon [27,159]. Further, the use of nanostruc-

Table 1 (continued)

Nagative
electrode
(anode)

Positive electrode
(cathode)

Electrolyte Voltage (V) Cell max. Cs
(F g−1)

Max. E (W h kg−1) Max. P (W kg−1) Cycling stability
(retention)

Ref.

Nanoparticles/G
rGO h-BN/G 6 M KOH 0–1.4 145.7 39.6 4200 4000 (89%) [128]
Activated G SAC/G 6 M KOH 0.75–1.5 495a 88.9 16,500 10,000 (88%) [129]
AC CoS/G 2 M KOH 0–1.6 81.56a 29 800 10,000 (70%) [130]
MoS2/rGO/MWCNT rGO/MWCNT PVA/H2SO4 gel 0–1.4 4.8 F cm−3 1.307 W h cm−3a – – [131]
IL/CNT/rGO MnO2/G 1 M Na2SO4 0–1.8 56.89a 25.6 9070 10,000 (90%) [132]
G foam NiCo2O4/carbon

fiber paper
2 M KOH 0–1.6 97.5 34.5 547 10,000 (92.2%) [133]

GNR Co3O4/GNR 1 M KOH 0–1.6 180.56a 64.2 8300 2000 (94%) [134]
rGO CoMoO4 1 M NaOH 0–1.5 26.16 8.17 187.5 4000 (85%) [135]
G/Fe3O4/Carbon Co(OH)2

nanosheets/G
1 M KOH 0–1.6 210 75 400 8000 (72%) [136]

AC a-MnOx/rGO/CNT 0.25 M Na2SO4 0–2.0 32.4a 18 1000 – [137]
Fe2O3/G MnO2/G 1 M Na2SO4 0–2.0 91.26a 50.7 100 5000 (95%) [138]
NiCo2S4/G AC 6 M KOH 0–1.7 170.6 68.5 850 5000 (95.8%) [139]
Porous N-doped G CCH/N-doped G PVA/KOH gel 0–1.9 153.5 mF cm−2 0.77 W h m−2 25.3 W m−2 10,000 (94.2%) [140]
Hierarchical porous

carbon
3D Co3O4/rGO 6 M KOH 0–1.5 130 40.65 340 2000 (92.92%) [35]

rGO/MoO3

nanoparticle
rGO/MnO2

nanospheres
1 M LiCl 0–2.0 62.7 F cm−3 34.6 mW h cm−3 100 mW cm−3, 3000 (94.2%) [141]

CCG 3D Al/Ni/MnOx

nanospike
PVA/Na2SO4 gel 0–1.8 58.78 23.02 947.11 10,000 (96.3%) [142]

Fe2O3/3D G MnO2/3D G 2 M LiCl 0–1.8 9.6a 41.7 13,500 5000 (89%) [143]
NG/Porous carbon LiMn2O4 0.5 M Li2SO4 0–1.8 98 44.3 595 2000(93%) [144]
3D G network CNT/Ni(OH)2 KOH 0–1.6 124 19.6 16 000 8000 (83%) [145]
Pd/G aerogel MnO2 0.1 M Na2SO4 0–1.6 108.9 13.9 13,300 3000 (89.6%) [146]
AC Ni(OH)2/CFG 2 M NaOH 0–1.6 191.3 15 15,400 1000 (100%) [147]
Ni/G foam/PPy Ni/GF/MnO2 0.2 M NaClO4 0–1.8 175.2 1.23 mW h cm−3 5.54 mW cm−3 10,000 (90.2%) [148]
3D G hydrogels/

Copper wire
MnO2/G/Carbon
fiber

PAAK/KCl gel 0–1.6 2.54 F cm−3 0.9 mW h cm−3 200 W cm−3 10,000 (90%) [149]

3D porous carbon MnO2/GO 1 M Na2 SO4 0–2.0 84 46.7 100 4000 (93%) [150]
Activated GOs/

MWCNTs
PANI/GOs/
MWCNTs

1 M H2SO4 0–1.6 194a 69 6400 3000 (89%) [151]

rGO MnCO3/rGO 1 M Na2SO4 0–1.6 318 113 1600 10,000 (69%) [152]
Carbon cloth Ni–Co binary

hydroxide/G
6 M KOH 0–1.4 340 92 7000 10,000 (80%) [153]

AC NG/MnO2 PVA/LiCl gel 0–1.8 71.9 3.5 mW h cm−3 0.019 W cm−3 1500 (90%) [154]
3D porous carbon Ni-Co hydroxide/

rGO
6 M KOH 0–1.6 162 56.1 76 17,000 (80%) [155]

G hydrogels NiOOH/G
hydrogels

2 M KOH 0–1.6 188 66.8 800 800 (85.3%) [156]

Cs: Specific capacitance; E: Energy density; P: Power density; G: graphene; GO: graphene oxide; IL: ionic liquid; NF: nickel foam; FAC: functionalised AC; CB: carbon black; GNR:
graphene nanoribbon; CoTPyzPz: cobalt (II) tetrapyrazinoporphyrazine composite; sGNS: sulfonated graphene nanosheet; cMWCNT: carboxylated multiwalled CNT; PPy: polypyrrole;
PVP: polyvinylpyrrolidone; ITO: indium tin oxide; EMI-TFSI: 1-ethyl-3-methylimidazoliumbis(trifluoromethanesulfone)imide; PEDOT: poly-(ethylenedioxythiophene); CCG:
chemically converted graphene; Co/Al LDHs: CoAl layered double hydroxide; PAAK: potassium polyacrylate; PC: propylene carbonate; CNF: carbon nanofiber; aCNT: aligned CNT;
PVA: polyvinyl alcohol; PVA-F: polyvinyl alcohol-formaldehyde; SAC: sulfanilic acid azocromotrop; CCH: cobalt carbonate hydroxide; FGA: functionalized GAs; CFG: cellulose-fiber
covered with graphene.

a Calculation values.
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tured MnO2/carbon (e.g., graphene) composites as a faradic electrode
can improve the electrical conductivity of the electrode and thus
provides the potential for improvement in the cyclability of ECs.
Typically, Wu et al. reported the pioneer demonstration of a high-
voltage, high-energy ASC combined with a MnO2 nanowire/graphene
composite (MGC) as positive electrode in a neutral aqueous Na2SO4

solution as electrolyte (Fig. 4a–d) [15]. Such aqueous electrolyte-based
ASCs can be cycled reversibly in the high-voltage region of 0–2.0 V,
and exhibit a superior energy density of 30.4 W h kg−1, much higher
than those of symmetric supercapacitors based on graphene//graphene
(2.8 W h kg−1) and MGC//MGC (5.2 W h kg−1). Moreover, they pre-
sented a high power density (5000 W kg−1 at 7.0 W h kg−1) and

acceptable cycling performance of ~79% retention after 1000 cycles
(Fig. 4e–h) [15]. It should be noted that this work opens up the
possibility of graphene-based composites for applications in safe
aqueous electrolyte-based high-voltage ASCs with high energy and
power densities. Special emphasis is given to graphene that is first
considered as an advanced negative electrode material in this pioneer
work because of its high specific surface area and high EDLC nature of
graphene, and good stability with large resistance towards hydrogen
evolution.

Later, Fan et al. developed high-energy ASCs using G/MnO2 as
positive electrode and AC nanofibers (ACN) as negative electrode in a
neutral aqueous Na2SO4 electrolyte [77]. Interestingly, an optimized

Fig. 4. (a) Schematic of the assembled structure of ASCs based on (b) graphene as negative electrode and (c) MGC as positive electrode. (d) CV curves of graphene and MGC electrodes
performed in a three-electrode cell in 1 M Na2SO4 solution at 10 mV s−1. (e) CV curve measured at 10 mV s−1, (f) GCD profile tested at 200 mA g−1 and (g) cycle performance of the
graphene//MGC ASCs. (h) Ragone plot of graphene//MGC ASCs with various voltage windows, graphene//graphene and MGC//MGC symmetric supercapacitors [15].
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ASCs could be cycled reversibly in the voltage range of 0–1.8 V, and
exhibited maximum energy density of 51.1 W h kg−1, and excellent
cycling durability, with 97% capacitance retention after 1000 cycles due
to the synergistic effects of high capacitance, excellent rate perfor-
mance of G/MnO2 and ACN electrodes. These encouraging achieve-
ments show great potential in developing G/MnO2 hybrids for aqueous
ASCs with high energy for practical applications. It should be pointed
out that the pH of the electrolyte plays an important role in the
discharging behavior of MnO2, which can be illustrated by the
Pourbaix's diagrams that display the relationship between potential
and pH level [160]. For instance, MnO2 shows relatively rectangular
CVs in neutral electrolyte while a battery-like behaviour is observed in
alkaline solution such as KOH due to the reduction of MnO2 to
Mn(OH)2 at a higher pH of the electrolyte [9].

4.1.2. Graphene/MnO2 films
Layer-structured graphene films possess high mechanical strength,

high chemical stability, high electrical conductivity and remarkable
capacitive performance, therefore it can be directly used as free-
standing flexible electrodes [161]. However, serious stacking and
aggregation of graphene layers in compact graphene films greatly
reduce their electrochemical performance [162,163]. To fully utilize
graphene, high electrochemically active nanospacers, such as CNT,
metal, and metal oxide nanoparticles, are introduced to efficiently
avoid or decrease the possibility of serious agglomeration and restack-
ing of GS ensembles and consequently enable higher available electro-
chemically-active surface area for increasing EDLC energy storage
[164,165].

Combining with a second component, e.g., highly-pseudocapacitive
MnO2 as nanospacers, electrically conductive graphene hybrid films
with effective specific surface area and tunable porous structure could
be achieved. For instance, Shao et al. used a filtration assembly
approach for the preparation of flexible, free-standing hybrids of a
graphene/MnO2 nanorod film as positive electrode and a graphene/Ag
film as negative electrode (Fig. 5) [91]. The as-fabricated ASC showed a
maximum voltage of 1.8 V, resulting in high energy density of
50.8 W h kg−1 and power density of 90.3 kW kg−1 at an energy density
of 7.53 W h kg−1 [91]. This exceptional performance is attributed to the
synergistic effect produced between two components of graphene and
MnO2 (or Ag), which could accelerate ion and electron transport by
providing low ion-transport resistance and short diffusion-distance,
and eventually improve the electrochemical performance of the hybrid
films for energy storage.

In another example, Sumboja et al. reported a template-free
method for flexible rGO/MnO2 paper electrode by vacuum filtration
of GO/MnO2 suspension and H2N4-modified vapor reduction of GO/
MnO2 paper, which aims to manufacture large areal mass, flexible,
free-standing electrodes that combine high conductivity of flexible
graphene and large specific capacitance of MnO2. Remarkably, the
areal capacitance achieved is as high as 897 mF cm−2 from the rGO/
MnO2 paper [93]. The assembled rGO/MnO2//rGO ASCs working at
1.5 V, with total active mass of 15 mg and tested in bent condition,
could yield a capacitance of 0.34 F, indicative of excellent mechanical
robustness of the resultant device.

Furthermore, high conductive flexibility is another intriguing
feature of graphene for assisting the manufacture of metal oxide
flexible electrode for ASCs. Li’s group assembled the multiscale active
material/nanocarbon paper electrodes for flexible ASCs based on CNT/
MnO2/graphene paper as positive electrode and CNT/PANI paper as
negative electrode separated by aqueous gel electrolyte, representing
an operating voltage of 1.6 V and an energy density at 24.8 W h/kg
[87]. It is worthy to note that nanocarbon paper of graphene and/or
CNTs with 3D nanoarctectures not only are the robust scaffold loading
MnO2 nanospheres but also a conductive network for efficient ionic and
electronic transport for flexible supercapacitors.

4.1.3. 3D Graphene/MnO2 frameworks
3D graphene-based frameworks, e.g., GAs represent a new class of

ultralight and porous carbon materials that are associated with high
strength-to-weight and surface-area-to-volume ratios [69]. More im-
portantly, monolithic GAs consisting of a 3D porous framework can
provide multi-dimensional electron transport pathways, easy access to
electrolyte, and minimized transport distance between bulk electrode
and electrolyte [166,167]. Typically, three-dimensional (3D) GAs can
be readily assembled using GO as precursors to form hydrogel via
hydrothermal reaction and freeze-drying processes [168]. The resultant
3D GAs have been qualified for additive/binder-free electrodes in ASCs
[69]. For instance, Duan’s group constructed high-energy and high-
power ASCs by using 3D porous interconnected graphene hydrogel
(GH) as negative electrode and vertically aligned MnO2 nanoplates on
3D nickel foam (MnO2-NF) as positive electrode in a neutral aqueous
Na2SO4 electrolyte (Fig. 6a) [80]. Benefiting for the desirable porous
structure, high specific capacitance and rate capability of GH and
MnO2-NF (Fig. 6b–e), and complementary potential window of these
two electrodes (Fig. 6f), the ASCs can be cycled reversibly in a wide
potential window of 0–2.0 V (Fig. 6g) and exhibited higher energy
density of 23.2 W h kg−1 and power density of 1.0 kW kg−1, in compar-
ison with those of symmetric supercapacitors based on GH
(5.5 W h kg−1) and MnO2-NF (6.7 W h kg−1). Even at a high power
density of 10.0 kW kg−1, the ASCs still provided a high energy density
of 14.9 W h kg−1. Further, the ASCs also presented stable cycling
performance with 83.4% capacitance retention after 5000 cycles [80].
Zhai et al. synthesized MnO2 on a porous graphene gel/Ni foam
(MnO2/G-gel/NF) as supercapacitor electrode, delivering a large areal
capacitance of 3.18 F cm−2 at a high mass loading of 13.6 mg cm−2 of
MnO2. Moreover, an ASC based on MnO2/G-gel/NF as positive
electrode and G-gel/NF as negative electrode achieved a remarkable
energy density of 0.72 mW h cm−3, excellent cycling stability, with
capacitance retention of 98.5% after 10000 cycles [95]. In addition, a
surfactant-assisted hydrothermal strategy was also developed to fabri-
cate 3D flower-like Ni2S3/GAs as cathode for ASCs [169]. The
remarkable electrochemical properties of these ASCs are attributed to
the enhanced conductivity and improved accessible surface area for
electrolyte ions in the 3D interconnected porous framework, which
offers new opportunities for assembling high-voltage ASCs with large
mass loading, high areal capacitance and superior energy density.

4.1.4. Graphene/Mn3O4

As the potential alternative of MnO2, Mn3O4, as a manganite, is
considered as another most promising manganese oxide material for
ASCs, in which can lead to a high cell voltage of up to 2 V with
combination of nanocarbons for ASCs [34,112]. For example, Xiao
et al. reported the composites of Mn3O4 nanoparticles anchored on
graphene sheets (Mn3O4@GR) synthesized by a solvothermal approach
[112]. Subsequently, an ASC was constructed with Mn3O4@GR as a
positive electrode and AC as a negative electrode, displaying improved
charge storage performance, high energy density of 34.6 W h kg−1,
maximum power density of 15.2 kW kg−1 with a widen voltage region
of 0–2 V [112]. Also, it is challenging to process the Mn3O4 oxide into
flexible electrodes without adding inactive supporting materials to
address the limited power density of Mn3O4 in ASCs. To overcome this,
Hu et al. fabricated Mn3O4 nanofibers loaded on rGO paper (MG) by
hydrothermal method and electrochemical reduction, and used MG as
cathode and rGO as anode to assemble the flexible ASCs, which
possessed a large cell voltage of 2 V, high volumetric capacitance of
54.6 F cm−3, remarkable volumetric energy density of
0.0055 W h cm−3, and excellent cycling ability in aqueous Na2SO4

electrolyte. Very interestingly, such ASC tested in ionic liquid electro-
lyte showed the highest volumetric power density of 10.95 W cm−3,
which is the highest among the reported results for MnOx-based
flexible ASC devices. The impressive results is mainly assigned to the
hybrid nanostructure, which can effectively accelerate the charge
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transfer for a fast pseudoreaction even with high mass loading [34]. It
is mentioned that, except the Mn-based oxides, other graphene-based
hybrids of such as RuO2/G [78], NiCo2O4/carbon cloth [121], Co9S8/G
[124] for the aqueous ASCs with a high voltage of 1.8 V were also
developed.

4.2. High-capacitance ASCs

As mentioned above, increasing the specific capacitance of electrode
materials is acknowledged as one of two important approaches to the
improvement of the energy density. Considering the fact that the low
EDLC capacitance of nanocarbons, recent studies for ASCs are focused
on graphene/oxide and graphene/polymer hybrids by introducing a
synergistic effect between graphene and second pseudocapacitive
species (oxide, polymer), which could serve as high-capacitance
positive electrode and/or negative electrode, resulting in the enhance-
ment of the energy density of an ASC cell. Considering the different
requirements for positive electrode and negative electrode in an
asymmetric configuration, in this section we mainly summarized the
positive electrodes with a superior theoretical capacitance of > 1000 F/
g and negative electrode with a larger capacitance than the typical
nanocarbons, e.g., graphene powder, graphene films and GAs, respec-
tively.

4.2.1. High-capacitance positive electrode

4.2.1.1. Graphene/Co3O4. Cobalt oxide (Co3O4) is one of the most
attractive positive electrode materials owning to ultrahigh theoretical

specific capacitance up to 3560 F g−1, good retention capability, and
high redox reactivity [170]. However, as an electrode material, Co3O4

suffers from relatively low electrical conductivity (10−4–10−2 S cm−1)
and a large volume change during charge/discharge, leading to sluggish
electrode kinetics and low specific capacitance [171]. To overcome
these issues, the general strategy is to reduce the size of the Co3O4

particles at a nanoscale and introduce these electrochemically active
nanoparticles into carbon matrices acting as an efficient buffer for
accommodating the volume change of nanoparticles and aggregation,
and eventually improve the electronic conductivity of the electrode. For
instance, Xie et al. prepared a 3D porous GA with embedded Co3O4

nanoparticles (3D Co3O4-RGO aerogel) by means of a solvothermal
approach, followed by freeze-drying and thermal reduction process
(Fig. 7a) [35]. The obtained 3D Co3O4-RGO aerogel showed a high
specific capacitance of 660 F g−1 at 0.5 A g−1 and high rate capability of
65.1% retention at 50 A g−1 in a three-electrode system. Moreover, an
ASC device was assembled based on 3D Co3O4-RGO aerogel as cathode
and hierarchical porous carbon (HPC) as anode in 6 M KOH aqueous
electrolyte (Fig. 7b). Notably, the as-prepared device operated at an
operating voltage of 1.5 V exhibited a maximum specific capacitance of
130 F g−1, an excellent energy density of 40.65 W h kg−1 at a power
density of 340 W kg−1, 23.7 W h kg−1 retained at a power density of
17 kW kg−1, and good cycling performance with 92.9% capacitance
retention after 2000 cycles. It should be mentioned that three CR2032
coin-type ASCs connected in series could readily power up a red LED
for 1 h after a 30 s charging, indicative of its huge application potential
for commercial viability (Fig. 7c). In another example, Ujjain et al.
successfully fabricated an aqueous high-voltage ASC, for which the

Fig. 5. (a–c) Side view and (d–f) high-magnification SEM images of (a, d) pure graphene, (b, e) graphene/MnO2 and (c, f) graphene/Ag hybrid films, respectively. (g) Schematic of a
fabricated ASC device, based on a graphene/MnO2 film as positive electrode and a graphene/Ag film as negative electrode in Na2SO4 electrolyte. (h) CV curves of the ASC measured at
different potential windows at 20 mV s−1 [91].
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Co3O4/graphene nanoribbons (GNR) hybrid with a noble specific
capacitance of ~525 F g−1 worked as positive electrode while GNR
film served as negative electrode [134]. The resultant ASCs showed
superior device performance with an energy density of 64.2 W h kg−1,
much higher than that of symmetric cell, and high power density of
8.3 kW kg−1 due to optimized the mass ratio of the electrodes. In
addition, long-term charge/discharge cycling stability was attained,
with ~94% capacitance retention after 2000 cycles. Except Co3O4,
Co(OH)2 is also an important cobalt-based positive electrode material.
For instance, Wang et al. successfully constructed a novel ASC using
mesoporous Co(OH)2 nanosheets arrays/GF with ultrahigh specific
capacitance of 1160 F g−1 (at 1 A g−1) as cathode and graphene/
Fe3O4@C with a maximum specific capacitance of 485 F g−1 (1 A g−1)
as anode [136]. Remarkably, the as-assembled ASC device showed an
extended cell voltage of 0.0–1.6 V, and acceptable cycle stability (72%
capacitance retention after 8000 cycles). More importantly, high
specific energy of 75 W h kg−1 is achieved at a specific power of

400 kW kg−1.

4.2.1.2. Graphene/Ni(OH)2. Ni(OH)2, as a non-noble metal
hydroxide, has been regarded as one of the most attractive
candidates of ASCs due to its low cost, simple synthesis process and
extremely high theoretical capacitance of 2082 F g−1 (within 0.5 V)
[172]. To further boost ion transfer among components of electrode
materials, Liu et al. has applied ultra-small Ni(OH)2 nanoparticles
decorated on rGO sheets (Fig. 8a) as cathode electrode and rGO as
anode electrode to fabricate a novel Ni(OH)2/rGO//rGO ASC [127].
Since the hybrid nanostructure can efficiently prevent the
agglomeration of Ni(OH)2 nanoparticles (Fig. 8b) and the stacking of
RGO sheet, and achieve ultrahigh specific capacitance of 1717 F g−1 at
0.5 A g−1 due to a synergistic effect of Ni(OH)2 nanoparticles and rGO.
As a result, the assembled ASCs delivered a superior energy density of
75 W h kg−1 and power density of 40 kW kg−1 with a high voltage

Fig. 6. Schematic of the ASC based on GH as negative electrode and MnO2-NF as positive electrode. (b, c) SEM images of freeze-dried GH. (d) SEM image of a bare nickel foam, and (e)
SEM image of MnO2 nanoplates electrodeposited on the nickel foam. (f) Cyclic voltammograms of GH (a) and MnO2-NF (b) electrodes in a three-electrode system at 20 mV s−1. (g) CV
curves of the ASC of GH//MnO2-NF measured at different potential windows at 20 mV s−1 [80].
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window of 0–1.6 V in 2 M KOH electrolyte (Fig. 8c) [127]. In another
key example, Zhang et al. assembled a typical ASC with hierarchical
flowerlike high-capacitance Ni(OH)2 anchored on graphene
(1735 F g−1 obtained at 1 mV s−1) as positive electrode (Fig. 8d and
e) and porous graphene as negative electrode, respectively [82]. In light
of its unique structure and efficient co-ordination of electrode
materials, the fabricated ASCs possessed a high voltage region of 0–
1.6 V in KOH aqueous electrolyte, and displayed high specific
capacitance of 218.4 F g−1, and maximum energy density and power
density of 77.8 W h kg−1 (at a power density of 174.7 W kg−1) and
15.2 kW kg−1 (at an energy density of 13.5 W h kg-1), respectively.
Moreover, the Ni(OH)2/graphene/porous graphene ASC exhibited
excellent cycling stability with capacitance retention of 94.3% after
3000 cycles [82]. More interestingly, Zhang et al. fabricated a
hierarchical nanostructure Ni(OH)2 with vertical and cross-linked
network structure, which was grown on 3D carbon support of
cellulose-fiber covered with graphene (CFG) (Fig. 8f–i). Notably, the
Ni(OH)2–CFG composite as a binder-free electrode revealed high mass
capacitance of 2276 F g−1, and good rate capability (Fig. 8j). And the
assembled ASCs of Ni(OH)2-CFG as positive electrode and AC as
negative electrode exhibited a robust cycle life with almost no
capacitance loss after 5000 cycles (Fig. 8k) [147]. The remarkable
performance of Ni(OH)2/graphene composite for hybrid energy storage
demonstrates their promising potential in application.

4.2.1.3. Graphene/NiO. NiO is an attractive pseudocapacitive positive
material for supercapacitors in aqueous alkaline solution because of its
high theoretical capacitance of 2584 F g−1 within 0.5 V, robust
reversibility, low cost, excellent chemical and thermal stability [173].
In order to achieve the demand of high capacitance and address its
poor conductivity, Liu et al. constructed a ternary system of RGO/Ni/
NiO consisted of rGO, nickel and nickel oxide nanoparticles with the
size of about 30 nm, strongly anchoring on graphene sheets [125],
which achieved a high specific capacitance of 1410 F g−1 at 1 A g−1 and
1020 F g−1 at a high current density of 15 A g−1. Furthermore, the ASCs

composed of RGO/Ni/NiO as positive electrode and porous carbon as
negative electrode exhibited an operation voltage of 1.6 V, large cell
capacitance of 183.8 F g−1, high energy density of 65.3 W h kg−1, and
high power density of 8000 W kg−1 in aqueous KOH electrolyte. Note
that this value of energy density was much higher than that of porous
carbon-based symmetric supercapacitor, e.g., 9.2 W h kg−1 at a power
density of 500 W kg−1. Moreover, the fabricated ASCs presented
superior cycling stability without capacitance decay after 3000 cycles.

To achieve high areal capacitance, Luan et al. developed an ASC
device with rGO electrochemically deposited on three-dimensional
(3D) nickel foam as anode and nickel oxide nanoflake arrays on a
flexible carbon cloth substrate as cathode in 1.0 M KOH electrolyte
[90]. Notably, the nanostructured electrodes with 3D porous structures
could offer large effective surface area for fast ion and electron
transport, and the porous NiO nanoflake-arrayed electrode with a
relatively high mass loading of 2.7 mg cm−2 showed a remarkable areal
capacitance of 1054 mF cm−2 (specific capacitance of 392 F g−1) at a
current density of 0.5 mA cm−2. The ASC device operates with a voltage
of 1.7 V and achieved a remarkable areal capacitance of 248 mF cm−2

and a maximum energy density of 39.9 W h kg−1. The enhanced charge
storage performance is assigned to the increased surface area of the
porous NiO nanoflake and rGO sheets. Special emphasis is given to
high mass loading of the active material in an ASC system that is
desirable for practical application.

4.2.1.4. Graphene/Ni,Co-binary hydroxide (Oxide). Ni,Co-binary
hydroxide (oxide) have been demonstrated enhanced electrochemical
performance and significant advantages over single element material,
in particular, with higher oxygen overpotential, lower resistance of the
corresponding electrode, and rich multiple redox reactions [174,175].
To integrate the combined benefits of Ni,Co-binary hydroxide and
graphene, Lee's group reported the facile synthesis of flower-like 3D
framework of nickel-cobalt binary hydroxide (Ni-Co-BH) on rGO (Ni-
Co-BH-G) sheets by a simple, cost-effective and additive-free ionic
layer adsorption method [153]. Taking the advantage of 3D conductive

Fig. 7. (a) Fabrication illustration of the 3D Co3O4-RGO aerogel. (b) Schematic of the structure of an ASC consisting of 3D Co3O4-RGO aerogel and HPC electrodes, a separator, and two
current collectors. (c) Ragone plot of the symmetric supercapacitors of 3D Co3O4-RGO//3D Co3O4-RGO, HPC//HPC and the ASCs of Co3O4-RGO//HPC [35]. The inset shows a red LED
powered by three ASCs connected in series.
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mesoporous open framework, the obtained Ni–Co–BH–G offered a
remarakable specific capacitance of 2130 F g−1 at 2 A g−1.
Subsequently, the ASCs were constructed with the optimized Ni-Co-
BH-G as cathode and concentrated nitric acid treated conducting
carbon cloth (CCN) as anode, which obtained an ultrahigh energy
density of ~92 W h kg−1, and high power density of 7 kW kg−1, and
capacitance retention of ~80% after 10,000 charge-discharge cycles.
The superior performance of this ASC was substantially ascribed to the
porous nanostructure of Ni-Co-BH-G that can sufficiently facilitate ion
diffusion and electron transport [153]. In addition, Xiao et al.
developed a bio-inspired approach for synthesizing Co0.45Ni0.55O
decorated on RGO sheets with a high capacitance of 823.0 F g−1, and
assembled Co0.45Ni0.55O/rGO//rGO ASCs at a cell voltage of 1.5 V
(Fig. 9). The assembled ASCs displayed high energy density of
35.3 W h kg−1, much higher than those of the symmetric cells
(Co0.45Ni0.55O/RGO)//(Co0.45Ni0.55O/RGO) (20.2 W h kg−1) and
RGO//RGO (4.5 W h kg−1) [81].

4.2.1.5. Graphene/V2O5. Vanadium pentoxide (V2O5) has a layered
structure and possesses mixed valence state, which makes it a versatile
electrode material for pseudocapacitors. Also, V2O5 has been studied as
one promising positive electrodes for ASCs, due to its high capacitance,
different redox peaks and high potential (~3.0 V vs. Li/Li+) [31]. To

enhance its electronic conductivity of V2O5, Nagaraju et al. reported the
synthesis of 2D heterostructures of V2O5 nanosheets and rGO
electrodes (G/V2O5) for ASCs (Fig. 10a). It is found that RGO/V2O5

showed a higher specific capacitance of 635 F g−1 than that of pure
V2O5 nanosheets (253 F g−1, Fig. 10b) [106]. Correspondingly, the
assembled G/V2O5//RGO ASCs exhibited a higher energy density of
79.5 W h kg−1 compared with V2O5//RGO ASCs (39 W h kg−1 at a
power density of 900 W kg−1) (Fig. 10c). Specific emphasis is placed on
the achievement of high energy density of G/V2O5//RGO ASCs, which
is much higher than any of those ASCs using V2O5 electrodes
previously reported [31].

4.2.1.6. Graphene/polyaniline. The conductive polymers such as
PANI and PPy have been considered as one class of the most
promising positive electrode materials for supercapacitors including
ASCs in terms of low-cost, ease of synthesis, good stability in air,
excellent conductivity, and high specific capacitance [161,176–178].
The main drawback of conductive polymer as supercapacitor electrode
is its poor electrochemical stability due to continuous swelling and
shrinkage occurring during charging/discharging process. As a result,
this will induce mechanical degradation of the electrode and weakening
of its electrochemical performance. One possible way to overcome this
issue is to fabricate the hybrid nanostructures of conductive polymer

Fig. 8. (a) Schematic illustration of the synthesis process of the RGO-Ni(OH)2 composite. (b) TEM image of the ultrasmall Ni(OH)2 on rGO sheets. Inset: an annular dark field scanning
TEM image. (c) CV curves at different scan rates. (d) TEM image of flower-like Ni(OH)2/graphene composite. (e) Specific capacitance of pure Ni(OH)2 and Ni(OH)2/graphene composite
as a function of the scan rates. (f) Schematic illustration of the fabricated process of the Ni(OH)2-CFG. (g, h) SEM images of (g) CFG and (h) Ni(OH)2-CFG. (i) Elemental mapping image
of Ni in the Ni(OH)2-CFG. (k) CV curves of the Ni(OH)2-CFG//AC in different voltage windows at 10 mV s−1.
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with nanocarbon material such as graphene. In this regard, Zhang et al.
assembled an ASC based on RGO sheets modified with PANI (RGO-
PANi, ~400 F g−1 at 0.3 A g−1) as cathode and RGO-RuO2 (340 F g−1 at
0.3 A g−1) as anode in an aqueous electrolyte, respectively [55],
exhibiting an energy density of 26.3 W h kg−1, and a power density of
49.8 kW kg−1 (at 6.8 W h kg−1). To improve the overall cell
capacitance, Cheng et al. demonstrated graphene and single-walled
CNT composites (graphene/CNT) as anode and graphene/CNT
composite coating by PANI nano-cones (graphene/CNT-PANI) as
cathode for safe aqueous high-energy ASCs [85], showing a superior
energy density of 188 W h kg−1 and maximum power density of
200 kW kg−1 achieved (Fig. 10d–i). The excellent performance of the
assembled ASCs is mainly attributed to the uniform and vertically
aligned PANI coating on graphene, offering increased electrical
conductivity and promoting the utilization of active material
(Fig. 10d–i). To further enhance the conductivity with increased
electron transfer rate and improved ion diffusion, Hao et al. reported
a new ternary composite, in which PANI nano-dots were orderly grown
on GO for the formation of the nano-ravines, and MWCNTs were
surrounded by PANI connected all components for enhancing the
conductivity, leading to outstanding specific capacitance up to
696 F g−1 at 20 mV s−1. Thus, the ASCs were assembled by PANI/
GO/MWCNTs composite as positive electrode and GO/MWCNTs as
negative electrode [151]. Notably, the ASC possessed an extended
working potential of 1.6 V, good rate capability, excellent cycling
stability (89% capacitance retention after 3000 cycles), and
impressive energy and power density (69 W h kg−1 and 6.4 kW kg−1)
[151]. It is suggested that strategy is also potentially useful for the
preparation of other graphene-based composites to meet diverse
application requirements ranging from supercapacitors to other
energy storage devices.

4.2.2. High-capacitance negative electrode

4.2.2.1. Graphene/RuO2. Ruthenium oxide (RuO2) is an important
electrode material for oxide-based supercapacitors [179]. Especially
hydrous and amorphous RuO2 has a high capacitance, reversible
charge-discharge feature and good electrical conductivity, making it
the focus of research and development of supercapacitors with great
potential for achieving higher energy and power densities than carbon-
based EDLCs and polymer-based pseudocapacitors, even at the
expense of its high cost [180]. However, RuO2 particles often tend to
form big agglomerates, resulting in the significant degradation of their
electrochemical performance. In this case, graphene sheets, especially
RGO possessing rich oxygen-containing functional groups, allow for
the formation and uniform anchoring of fine oxide nanoparticles via
strong chemical interactions between the functional groups of
graphene and the nanoparticles. As an typical example, Wu et al.
reported the synthesis of hydrous RuO2/graphene sheet (GS)
composites (ROGSCs) by combining sol-gel and low-temperature
annealing processes (Fig. 11a) [71]. Benefiting from the positive
synergistic effect of GSs and RuO2 (5–20 nm) nanoparticles, the
hybrid supercapacitors fabricated exhibited high specific capacitance
(~570 F g−1, Fig. 11b), enhanced rate capability, excellent
electrochemical stability (~97.9% retention after 1000 cycles), high
energy density (20.1 W h kg−1), and high power density (
10,000 W kg−1, Fig. 11c) in comparison with the pure GSs and RuO2

[71]. These findings demonstrate the importance and great potential of
graphene/oxide composites in the development of high-performance
energy storage systems. Later, Zhao’s group developed a novel ASC
using RGO modified with ruthenium oxide (RGO-RuO2, Fig. 11d) or
PANi (RGO-PANi) as the anode and cathode, respectively [55]. And the
specific capacitance of symmetric supercapacitors of RGO–PANi//
RGO–PANi and RGO-RuO2//RGO-RuO2 was calculated to be ~400
and ~340 F g−1, respectively, at 0.3 A g−1. The ASC exhibited a
significantly improved capacitive performance in comparison with
that of the symmetric supercapacitors fabricated with RGO-RuO2 or

Fig. 9. (a) Photograph of an assembled ASC consisting of RGO as anode and Co0.45Ni0.55O/RGO as cathode, and inset is the schematic of the ASC. (b) CV curves of RGO and
Co0.45Ni0.55O/RGO electrodes obtained at 5 mV s−1 in 1 M KOH electrolyte. (c) Schematic illustrating the formation process of CoxNi1−xO/RGO composite [81].
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RGO-PANi as electrodes (Fig. 11e). The improvement was attributed to
the broadened potential window in an aqueous electrolyte, leading to
an energy density of 26.3 W h kg−1, about two times higher than that of
the symmetrical supercapacitors based on RGO-RuO2 (12.4 W h kg−1)
and RGO-PANi (13.9 W h kg−1) electrodes. In addition, a power
density of 49.8 kW kg−1 was obtained at an energy density of
6.8 W h kg−1(Fig. 11f) [55].

4.2.2.2. Graphene/MoO3. MoO3 is one of the limited important
transition metal oxides with high capacitive performance for negative
electrode of ASCs. To improve the electrical conductivity, the
composites of nanocarbon and MoO3 nanostructures such as
nanoparticles, nanoplates and nanorods have been reported for ASCs
[52]. In particular, layer-structured α-MoO3 is proved to be a very
suitable negative electrode with fast intercalation pseudocapacitance
[181,182]. Combining the advantages of α-MoO3 and graphene, Lee’s
group developed a facile self-assembly method for the fabrication of
RGO-wrapped thin layered structure α-MoO3 (GrMoO3, 291 F g−1 at
2 mV s−1) for the negative electrode of ASCs, together with a self-
assembled graphene/MnO2 (GrMnO2, ~350 F g−1 at 200 mA g−1)
composite as a positive electrode in safe aqueous Na2SO4 electrolyte
(Fig. 12) [52]. The fabricated ASCs has an operation voltage of 2.0 V, a
maximum specific capacitance of 307 F g−1, and a high energy density

of 42.6 W h kg−1 at a power density of 276 W kg−1. Therefore, this
strategy through the reasonable choice of metal oxides supported on
graphene offers a new direction for next-generation low-cost and
environmental friendly ASCs with high energy and high power
densities.

4.3. High-power ASCs

Regarding the true performance metrics for ASCs and other energy
storage devices, power density and energy density are definitely
recognized as the most important two parameters. It is well accepted
that ASCs has a major merit of outstanding power performance, much
higher than that of batteries. The maximum power of an ASC cell is
widely calculated by the Eq. (11), which in principle can be realized by
increasing the working voltage (V) and reducing the equivalent series
resistance (ESR). It is worthy of note that, although the maximum
power density is commonly used for comparison, it is unable to
generally represent the actually deliverable power density of an ASC
device [5]. In this case, we can use another calculation method from the
Eq. (10) to compute the actual power capability. In addition, we should
keep in mind that the boosted power density of ASCs is intrinsically
originated from the optimal integration of all isolated device compo-
nents, in particular, the combination of high conducting activated

Fig. 10. (a) TEM image of rGO/V2O5 nanosheet. (b, c) CVs at different scan rates of (b) rGO/V2O5 electrode and (c) rGO/V2O5//RGO ASCs in aqueous 1 M KCl solution [106]. (d)
Comparison of various carbon structures of AC, CNT, graphene and graphene/CNT as electrode material for supercapacitors and models of the structure of EMI and TFSI ions with a size
correlation. (e) Illustration of fabrication of graphene/CNT and graphene/CNT-PANI composites. (f) Low- magnification and (g) high-magnification SEM images of graphene/CNT-
PANI. Inset in (g) is TEM image of a PANI nano-cone. (h) CV curves of graphene/CNT composite at different scan rates from 10 to 200 mV s−1 in 1-ethyl-3-methylimidazoliumbis
(trifluoromethanesulfone)imide (EMI-TFSI) electrolyte. (i) Ragone plot of graphene/CNT and graphene/CNT-PANI composite electrodes [85]. Inset is the cycling performance of
graphene/CNT-PANI at 2 A g−1.
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materials and current collectors, e.g., porous graphene and 3D
graphene framework.

4.3.1. Porous graphene
Porous graphene materials have spurred intensive interests because

of combining the merits from both porous materials and graphene,
such as large surface area, unique porous structure, tailored composi-
tion and excellent electronic conductivity. These fascinating character-

istics enable porous graphene materials to act as superior components
in high-performance electrochemical energy storage and conversion
devices such as supercapacitors [183]. The main synthesis methods
include chemical activation [67], template, hydrothermal assembly,
and chemical vapor deposition (CVD). For the use of ASCs, Shen et al.
developed a combined chemical foaming, thermal reduction and KOH
activation method to produce activated porous graphene (aGNS) with
high specific surface area of 1383 m2 g−1 for negative electrode, and

Fig. 11. (a) Preparation illustration of ROGSCs. (b) CV curves of GS, RuO2, and ROGSC electrodes measured at 5 mV s−1. (c) Ragone plot of GS, RuO2, and ROGSC supercapacitors
[71]. (d) TEM image of RGO-RuO2. (e) Specific capacitance and (f) Ragone plot of RGO-RuO2//RGO-PANi ASCs, RGO-RuO2//RGO-RuO2 and RGO-PANi//RGO-PANi symmetric cells
[55].

Fig. 12. (a) Schematic of an ASC of GrMoO3//GrMnO2 in neutral aqueous Na2SO4 electrolyte. (b) Schematic of work function of different metal oxides. (c, d) HRTEM images of (c)
GrMnO2 and (d) GrMoO3 composite. (e) Galvanostatic charge/discharge curves of a GrMoO3//GrMnO2 ASC at different current densities [52].
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used an interfacial polymerization method to synthesize sulfonated
graphene nanosheet (sGNS)/carboxylated multi-walled CNT/PANI
(sGNS/cMWCNT/PANI) composite for positive electrode [92]. The
fabricated ASCs could be cycled reversibly at a cell voltage of 1.6 V in
1 M H2SO4 aqueous electrolyte, and showed an energy density of
20.5 W h kg−1 at a power density of 25 kW kg−1 (Fig. 13a–d).
Interestingly, Yan et al. reported that porous graphene as negative
electrode was successfully grown on porous MgO sheets as a template
by CVD, and accordingly synthesized hierarchical flower-like nickel
hydroxide decorated on graphene as positive electrode for the assembly
of a high-voltage ASC device [82]. It should be pointed out that,
compared to rGO, porous graphene not only exhibits high specific
capacitance but also maintains it at high current density, e.g., 245, 236,
231, 220, and 209 F g−1 at different current densities of 1, 2.5, 5, 10,
and 25 A g−1, respectively (Fig. 13e–g), because of its narrow mesopore
distribution and open flat layer with high surface area. More impor-
tantly, the ASCs could be cycled reversibly in the high-voltage region of
0–1.6 V, and showed excellent performance with high specific capaci-
tance of 218.4 F g−1 and energy density of 77.8 W h kg−1 at a power

density of 174.7 W kg−1, and still kept 13.5 W h kg−1 at a power density
of 15.2 kW kg−1. Impressively, the ASCs maintained remarkable long-
life stability of 94.3% capacitance retention after 3000 cycles [82].
These impressive performances demonstrate that porous graphene is a
good candidate of high conducting activated material as negative
electrode for ASCs.

4.3.2. Graphene foam
Monolithic GFs consisting of a 3D porous framework can provide

multi-dimensional electron transport pathways, easy access to electro-
lyte, and minimized transport distance between bulk electrode and
electrolyte [166,167]. Moreover, 3D interconnected porous GF grown
by CVD possesses high electrical conductivity, low mass density,
superior flexibility, high mechanical stiffness [184], which has been
widely explored as a stable yet conductive substrate, a new 3D current
collector, for the efficient deposition of active materials to facilitate fast
electron and ion transportation, as a consequence, resulting in high
power density [185]. For instance, Wang et al. used a pulsed laser
deposition process for the growth of NiO nanoparticles on highly

Fig. 13. (a) Schematic of an ASC based on a sGNS/cMWCNT/PANI composite as positive electrode and aGNS as negative electrode. (b) Nitrogen adsorption–desorption isotherms and
(c) corresponding pore-size distributions of GNS and aGNS. (d) Specific capacitance as a function of current density of the GNS and aGNS. (e) TEM and (f) HRTEM images of porous
graphene. (g) Specific capacitance of porous graphene and chemically reduced GO as a function of current density.

S. Zheng et al. Energy Storage Materials 6 (2017) 70–97

85



conductive 3D GF (Fig. 14a–c), displaying a high specific capacitance of
1225 F g−1. Using this NiO/GF as positive electrode and hierarchical
porous nitrogen-doped CNTs as negative electrode, the assembled
ASCs in aqueous KOH solution presented a working voltage of 0.0–
1.4 V and energy density of 32 W h kg−1 achieved at power density of
700 W kg−1 [109]. Notably, ultrahigh power density of 42 kW kg−1 was
attained at an extremely short charge-discharge time of 2.8 s. In
another example, Lou’s group reported a 3D GF/CNT hybrid film with
high flexibility and robustness as ideal support for deposition of a large
amount of electrochemically active materials per unit area (Fig. 14d–f)
[104]. To demonstrate the concept, MnO2 (Fig. 14g) and polypyrrole
(PPy) have been deposited on the GF/CNT film as positive and negative
electrode for lightweight and flexible ASCs in an aqueous electrolyte.
The ASCs could work with an output voltage of 1.6 V (Fig. 14h and i),
and delivered high energy/power density (22.8 W h kg−1 at 860 W kg−1

and 2.7 kW kg−1 at 6.2 W h kg−1), and exhibited remarkable cycling
stability (capacitance retention of 90.2–83.5% after 10000 cycles).
Moreover, the ASCs could retain their electrochemical performance at
different bending angles. Additionally, Ni(OH)2 nanoflakes were also

electrodeposited on Ni foam-supported vertically oriented graphene
sheets for ASCs [186]. These ASCs have great potential as power
sources for flexible and lightweight electronic devices [104]. Moreover,
the deposition of highly electrochemical active materials on 3D GFs is a
practical strategy to overcome the challenge of low volumetric capaci-
tance of GF.

4.4. High-nergy ASCs

The energy density of the ASCs as discussed above can be enhanced
by either increasing the device capacitance with novel graphene-based
electrode materials or broadening the cell voltage, which can be
significantly achieved by using nonaqueous electrolyte (e.g., ionic
liquids, organic electrolyte) because they can offer a wider operating
cell voltage, e.g., organic electrolytes (2.5–3.0 V) and ionic liquids (up
to 4 V) compared with these of aqueous electrolytes (1.0–2.0 V) [187].

Recently, graphene-based nonaqueous ASCs, particularly lithium-
ion ASCs (or hybrid supercapacitors) with a lithium-ion containing
organic electrolyte, also attracted much attention due to the combina-

Fig. 14. (a) Optical images of a GF and NiO/GF. (b, c) SEM images of the (b) GF and (c) NiO/GF [109]. (d) Photograph showing the large size and flexibility of a GF/CNT film. (e, f)
Typical SEM images of CNTs in a GF/CNT hybrid film. (g) SEM image of MnO2 nanosheets on a GF/CNT/MnO2 hybrid film. (h) Schematic of an ASC consisting of the GF/CNT/MnO2

positive electrode, electrolyte-soaked separator and GF/CNT/Ppy negative electrode. (i) GCD curves of the ASC at different current densities [104].
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tion of the rapid charge–discharge and long cycle life of supercapaci-
tors and high energy-storage capacity of lithium-ion batteries, with the
huge possibility to fill the gap between supercapacitors and lithium-ion
batteries (Fig. 15a) [188]. This is the reason why the nonaqueous ASCs
for hybrid energy storage systems can offer the considerably higher
energy density than the aqueous ASCs (Fig. 15b) [187]. And the main
redox potential of various intercalation compounds for nonaqueous
ASCs based on AC as a function of charge have been summarized
previously by Amatucci’s group (Fig. 15c) [189]. Interestingly, Ren
et al. reported the nonaqueous ASCs composed of pre-lithiated
graphene negative electrode and AC positive electrode can provide
higher energy and power density, for example, 222.2 W kg−1 at an
energy density of 61.7 W h kg−1 when compared pre-lithiated graphene
with graphite operated in the voltage range of 2.0–4.0 V [190]. It was
found that pre-lithiated graphene could provide low potentials to
negative electrodes and increased open circuit voltage for the enhance-
ment of the energy density of the device [190]. In this section, we
mainly discussed nonaqueous-based high-energy ASCs (or lithium-ion
capacitors) working in a lithium-ion containing organic electrolyte.

4.4.1. Graphene/Li4Ti5O12

It should be mentioned that Li4Ti5O12 anode with excellent rate
capability and low-temperature performance down to 40 °C for non-
aqueous ASCs using AC positive electrode present a breakthrough
material, in particular, ultrafast nanocrystalline Li4Ti5O12 nucleated
and grafted onto carbon nanofibers is regarded as an alternative for
commercial supercapacitors [191]. As a typical example, Xu et al.
reported a two-step method to synthesize graphene/Li4Ti5O12 (G/LTO)
that delivered a high specific capacity of 194 mA h g−1 at 0.1 C, and
90 mA h g−1 at 28.6 C (Fig. 16) [192]. Using G/LTO as the anode
material, the assembled AC/G/LTO Li-ion hybrid capacitors performed
well between 1 and 2.5 V, and exhibited a reversible capacity of
80 mA h g−1 at 0.1 C. The energy density based on the total active
material for these capacitors is 15 W h kg−1 at 4000 W kg−1, and
22 W h kg−1 at 1000 W kg−1 after 10,000 cycles [192]. Ye and co-
workers reported a 3D porous graphene macroform as positive
electrode and Li4Ti5O12/C hybrid as the negative electrode for the
construction of high-performance nonaqueous ASCs [193], delivering a

maximum energy density of 72 W h kg−1 at 650 W kg−1 in 1–3 V, and
offering an energy density of 40 W h kg−1 with a power density of
8.3 kW kg−1, and stable capacitance retention of 65% for 1000 cycles at
an extremely high current density of 10 A g−1. These results suggest
that the LTO/C composite is a promising candidate anode material for
Li-ion hybrid capacitors.

4.4.2. Graphene/Fe3O4

Except Li4Ti5O12-based ASCs, most of nonaqueous systems usually
suffer from poor rate capability and limited long-term cycling stability,
due to the poor conductivity of AC and sluggish Li+ diffusion of metal
oxides. In this regarding, graphene and graphene/metal oxides as new
electrode materials with both high specific surface area and high
conductivity possess numerous opportunities that are able to meet
the requirements for high-performance hybrid energy storage systems
in nonaqueous electrolyte [188]. As a typical example, Chen’s group
have designed and fabricated the pioneer work of graphene-based
nonaqueous ASCs, using an Fe3O4/graphene (Fe3O4/G) with high
specific capacity of 1000 mA h g−1 at 90 mA g−1 as negative electrode,
and 3D graphene-based porous carbon (3D Graphene) with high
surface area (3355 m2 g−1), high capacitance of 187 F g−1 in 0–2.7 V,
and excellent rate capability as positive electrode (Fig. 17a and b)
[194]. With these two graphene-enhanced electrode materials, the
fabricated hybrid supercapacitors offered an ultrahigh energy density
of 147 W h kg−1 (at a power density of 150 W kg−1), and kept
86 W h kg−1 even at high power density of 2587 W kg−1 (Fig. 17c)
[194]. It is pointed out that the energy density of this hybrid super-
capacitor is comparable to lithium ion batteries, and the power density
also reaches that of symmetric supercapacitors, suggestive of a very
competitive energy storage device for fast and efficient energy storage
system.

4.4.3. Graphene/Nb2O5

Orthorhombic Nb2O5 (T-Nb2O5) is one of the important intercala-
tion pseudocapacitive electrodes with extraordinary charge storage
ability, but suffers from poor electronic conductivity that greatly limits
the electrochemical utilization and high rate performance especially for
thick electrodes with high mass loading [195]. To this end, Kong et al.

Fig. 15. (a) Scheme showing the configuration of an nonaqueous ASC cell composed of an AC positive electrode and an intercalation electrode traditionally used in nonaqueous EDLC
and Li-ion battery, respectively [189]. (b) Typical voltage profiles for an EDLC cell (AC/AC) and a nonaqueous ASC cell (graphite/AC Li-ion capacitor) [187]. (c) Plot showing relative
potentials of the positive and negative electrodes of an AC EDLC as a function of charge vs. general redox potential of various intercalation compounds [189].
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reported that a layer-by-layer integrated electrode of anchoring T-
Nb2O5 nanocrystals on conductive graphene sheets had much shor-
tened ion transport paths and excellent electrochemical properties of
high capacitance, excellent rate capability and cycling stability
(Fig. 18a–d). Furthermore, ASCs were constructed using T-Nb2O5/
graphene and mesoporous carbon as the negative and positive elec-
trode, respectively, which could offer an energy density of 16 W h kg−1

at an unprecedented power density of 45 kW kg−1 (Fig. 18e–g). The
outstanding performance of the ASCs was attributed to the enhanced
high-rate Li insertion/extraction capability of the T-Nb2O5/graphene
electrode and appropriate electrode match of the mesoporous carbon
[56]. It is believed that with the continuous development of both
graphene and hybrid energy storage systems graphene-based nonaqu-
eous ASCs will open up a new platform as one of the important power
sources.

4.5. Planar ASCs

Recently, thin-film planar supercapacitors including micro-super-
capacitors with desirable performance have been attracted much
attention because they can take full advantage of the atomic layer
thicknesses and flat morphology of graphene to maximize the charge
storage [196,197]. In particular, planar supercapacitors are very
favorable for electrolyte ions to interact with the whole surface of the
graphene sheets in a short ion diffusion distance [198,199].

Combining the advantages of graphene and quantum dots, GQDs

present numerous outstanding features of abundant edge defects, large
specific surface area, good electrical conductivity, chemical stability,
and easy functionalization [200,201], which enable them good candi-
dates for supercapacitors. For example, Yan's group demonstrated that
GQD-based planar supercapacitors could be operated at ultrahigh scan
rates up to 1000 V s−1, and achieved fast frequency response with a
relaxation time constant of 103.6 μs in aqueous electrolyte and 53.8 μs
in ionic liquid electrolyte [202]. They also assembled aqueous planar
ASCs using GQDs as negative electrode and MnO2 nanoneedles as
positive electrode in an aqueous electrolyte of 0.5 M Na2SO4 (Fig. 19)
[202]. It was revealed that both specific capacitance (~1107.4 μF cm−2)
and energy density (~0.154 μW h cm−2) of the GQD//MnO2 ASCs are
twice those of symmetric GQD supercapacitors (~468.1 μF cm−2 &
0.074 μW h cm−2). Meanwhile, this group constructed all-solid-state
planar ASCs with a PVA/H3PO4 gel electrolyte through the electro-
deposition of GQDs as negative electrode and PANI nanofibers as
positive electrode on each side of a Au microelectrode [89]. The GQD//
PANI ASCs showed excellent rate capability of up to 700 V s−1, a short
relaxation time constant of 115.9 μs, and ~85.6% capacitance retention
after 1500 cycles in a solid-state electrolyte. Recently, El-Kady et al.
demonstrate 3D high-performance planar asymmetric micro-super-
capacitors based on 3D laser-scribed graphene (LSG) as negative
electrode and LSG-MnO2 as positive electrode by rationally designing
the electrode microstructure and combining active materials with in
1.0 M Na2SO4 electrolyte, exhibiting high areal capacitance approach-
ing 400 mF/cm2 and volumetric capacitance of 250 F/cm3 [203]. These

Fig. 16. (a) Schematic illustration of the fabrication of G/LTO composite. (b) Scheme of the three-electrode lithium-ion hybrid capacitors. (c,d) the make-up of the soft-packaged (c)
1+1 device and (d) 10+10 device. (e) SEM image and (f) Specific capacity–voltage profiles of G/LTO composite. (g) Potential profile of the AC electrode. (h) Cycling performance at 0.1 C
(Inset: potential profile of first 4 cycles) of the AC//G/LTO Li-ion hybrid capacitors [192].
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results demonstrate that graphene-based asymmetric micro-super-
capacitors with a planar geometry and high energy density are very
promising micro-electrochemical energy-storage devices that can take
full advantages of planar configuration and unique features of graphene

[196,199].

Fig. 17. (a) Schematic showing the synthesis of negative-electrode material Fe3O4/G nanocomposite and positive-electrode material 3D graphene, together with the configuration of a
Li-ion containing organic hybrid supercapacitor. (b) GCD curves at different current densities of 0.3–2.0 A g−1. (c) Ragone plot of Fe3O4/G//3D graphene ASCs compared with
commercial energy storage devices [194].

Fig. 18. (a) TEM image of T-Nb2O5/graphene. (b, c) SEM images of the cross-section of T-Nb2O5/graphene electrode films. (d) Schematic of a T-Nb2O5/graphene electrode. (e, f) CV
curves of (e) AC//T-Nb2O5/graphene and (f) MC//T-Nb2O5/graphene ASCs. (g) Ragone plot of MC//T-Nb2O5/graphene and AC//T-Nb2O5/graphene ASCs [56].
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4.6. All-solid-state ASCs

Currently, all-solid-state supercapacitors with unique promising
advantages of such as flexibility, shape diversity, and light weight, have
gained worldwide attention as an emerging candidate for smart energy
storage devices due to the increasing demand for wearable and
miniaturized electronics [69]. Therefore, considerable efforts have
been made to fulfill the multiple requirements of future flexible energy
storage devices [13]. Regarding this topic, it is emphasized that
graphene is ideally suited for the use in flexible all-solid-state energy
storage devices, including supercapacitors and ASCs [13].

4.6.1. Graphene-based films
The flexible and highly-conductive graphene open numerous op-

portunities for the preparation of binder-free film hybrid electrodes
structurally integrated with transition metal oxides or conducting
polymers for flexible all-solid-sate ASCs. For instance, Duan's group
reported all-solid-state ASCs based on free-standing CNT/graphene
(CNTG) and Mn3O4 nanoparticles/graphene (MG) paper electrodes
with a polymer gel electrolyte of potassium polyacrylate/KCl (Fig. 20a–
e) [79]. The composite paper electrodes with CNTs or Mn3O4 nano-
particles uniformly intercalated between graphene sheets exhibited
excellent mechanical stability, greatly improved active surface area,
and enhanced ion transportation, in comparison with the pristine
graphene paper. The CNTG//MG ASC endowed an increased cell
voltage of 1.8 V (Fig. 20f–h), a stable cycling performance (86.0%
capacitance retention after 10000 cycles), more than 2-fold increase of
energy density (32.7 W h kg−1) compared with the symmetric super-
capacitors, and importantly a distinguished mechanical flexibility [79].

As discussed above, RuO2 is also a very promising positive electrode
material for ASCs. As a typical example, Choi et al. reported the
fabrication of the hydrous RuO2 coated on the ionic liquid functiona-
lized chemically modified graphene nanosheets (RuO2-IL-CMG) as
positive electrode and IL-CMG as negative electrode for the assembly of
all solid-state ASCs with polymer gel electrolyte as a separator
(Fig. 21a–h). Importantly, the fabricated all solid-state ASCs exhibited
a maximum voltage window of 0–1.8 V (Fig. 21i and j), and possessed

high energy density of 19.7 W h kg−1 and high power density of
6.8 kW g−1 at an energy density of 15.5 W h kg−1, both of which are
much higher than that of the corresponding symmetric supercapacitor,
IL-CMG//IL-CMG [78]. Furthermore, the capacitance retention was
attained as high as 95% after 2000 cycles even at the condition of harsh
twist and bend states (Fig. 21k). This result is mainly attributed to the
enhanced interfacial contact and good electrical conductivity of the IL-
CMG films. Therefore, graphene based films show great promise for
flexible energy devices in terms of electrochemical properties.

4.6.2. Graphene-based fibers
Recently, great efforts have been made to fabricate macroscopic

graphene fibers from the direct self-assembly and chemical modifica-
tion of graphene sheets by facile and scalable spinning processes. Very
importantly, these graphene fibers as a novel class of one-dimensional
porous interconnected monolith present high specific surface area,
excellent electrical conductivity, high mechanical strength, outstanding
flexibility and light weight, and remarkable electrochemical properties
[204–207]. Therefore, graphene fibers were widely regarded as a
promising electrode for fiber-based supercapacitors with flexibility
and weavability [204–207]. As a typical example, Gao’s group devel-
oped a facile wet-spinning assembly approach to process two different
graphene-based fiber electrodes. One is a MnO2-coated core-sheath
graphene fibers (GMF, Fig. 22a–d), another is a graphene-CNT (GCF)
hybrid [115]. Using the advantages of the pseudocapacitance of MnO2

and the conductivity of graphene, GMFs can reach a high areal
capacitance of 59.2 mF cm−2, five times that of the neat graphene
fiber. Accordingly, the GCFs delivered an improved areal capacitance of
32.6 mF cm−2 due to the synergistic effect of graphene and CNTs.
Furthermore, they assembled a novel flexible graphene fiber-based ASC
using these two fibers as positive and negative electrodes in a PVA/LiCl
gel electrolyte (Fig. 22e–i). Remarkably, the fiber-based ASCs had a
wide potential window of 1.6 V (Fig. 22e and f), and achieved high areal
energy density of 11.9 μW h cm−2 and volume energy density of
11.9 mW h cm−3, which are among the highest values reported for
fiber-based supercapacitors. Additionally, the resultant fiber-based
ASCs exhibited good cycling stability with capacitance retention of

Fig. 19. (a) High-resolution TEM image of an individual GQD. (b) Top-view SEM image of the GQDs deposited on interdigital electrodes. (c–e) CV curves of GQD//MnO2 planar ASCs
in 0.5 M Na2SO4 at (c) 1, (d) 100, and (e) 1000 V s−1, respectively. (f) Charge current density of GQD//MnO2 ASCs as a function of scan rate [202].
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92.7% after 8000 cycles (Fig. 22g), and could be readily integrated into
a fiber-like device to realize the flexibility of fibers (Fig. 22h and i)
[115], To achieve high energy density without compromising their rate
stability, Sun et al. reported that, by incorporating MoS2 and rGO
nanosheets into a well-aligned multi-walled CNT (MWCNT) sheet
followed by twisting (Fig. 22j–l), MoS2-rGO/MWCNT fiber as cathode
and rGO/MWCNT fiber as anode were fabricated for all-solid-state
flexible ASCs [208]. These fiber-based ASCs can operate in a wide
potential window of 1.4 V with high Coulombic efficiency, good rate
and cycling stability, and improved energy density. This result is
attributed to the wide potential window, electrochemical activity of
MoS2, electrical conductivity of well aligned MWCNT fiber, and the
incorporation of rGO. It is demonstrated that this fiber-based asym-
metric device might have promising applications in flexible and
wearable electronics.

5. Perspective and challenges

Recent advances in research and development of state-of-the-art
graphene-based ASCs are reviewed, including the critical assembly
principle (e.g., electrode, electrolyte, current collector, separator, and
interfacial integrity), standard methods of performance evaluation,
major categories of ASCs, positive and negative electrode materials,
and the prime graphene-based materials for high-voltage, high-capa-
citance, high-power and high-energy asymmetric devices as well as
new-type device geometry of planar and all-solid-state ASCs. It is
emphasized that the combination of the elaborated screening of
graphene-based materials with controllable structures, highly activated
compositions, nanoarchitectures of electrode, selection of electrolytes,
and the integration of different isolated device components are the key
for the development of high-performance graphene-based ASCs with
targeted performance metrics of high voltage, high capacitance, high

Fig. 20. (a) Fabrication illustration of a flexible all-solid-state ASC based on free-standing CNTG and MG paper electrodes. (b, c) Cross-section SEM images of CNTG paper. Inset in (b)
is the photograph of CNTG paper. (d, e) Cross-section SEM images of MG paper. Inset in (d) is the photograph of MG paper. (f) A green LED lighted by two CNTG//MG ASCs in series.
(g) Photographs of the ASC at normal, bending, and twisting states. (h) Galvanostatic charge/discharge profiles of the ASC at normal, bending, and twisting states and after being bent
repeatedly [79].
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power density and energy density.
It is highlighted from material aspects that the tailored physical and

chemical properties of graphene provides numerous opportunities in
the designing and developing on a series of novel graphene-based
nanoarchitectural electrodes, such as rGO, GQDs, graphene films, 3D
graphene networks, various hybrids of graphene/CNT, graphene/metal
oxide, and graphene/conducting polymer, which are widely considered
as prime positive and negative electrodes for high-voltage, high-
capacitance, high-power and high-energy asymmetric devices as well
as new-type planar and all-solid-state ASCs.

Another key emphasis is given to the hybrid approach of graphene-
based materials, which definitely allows for generating a positive
synergic combination of the advantageous properties of different
components of graphene and capacitive/pseudocapacitive materials
[59]. It is well known that pseudocapacitive materials of transition
metal oxides and conducting polymers are key electrode components to
boost the capacitance and energy density of ASCs. To overcome the
shortcomings of pseudocapacitive materials in ASCs, it is undoubtedly
said that the presence of graphene with superior electrical conductivity
and mechanical flexibility in these hybrids can not only increase their
very low electrical conductivity, introduce more electrochemically
active sites and shorten the transport path length for both electrons
and ions, but also mechanically withstand the microscopic stress of
electrodes during charging and discharging processes, leading to the
performance improvement in long-life electrochemical stability. It is
pointed out that, from graphene-based hybrid materials to hybrid
energy storage devices, this hybrid approach could pave a feasible way
to boost the electrochemical performance of ASCs.

Regarding the device aspect, the working cell voltage is the major
issue of ASCs, which should be considered completely in order to
address high energy storage capacity and power output capability. A

matching electrolyte from aqueous electrolytes, organic electrolytes or
ionic liquids must be considered how to maximize the electrochemical
working voltage with the possible combination of both positive
electrode and negative electrode in an optimized ASC device. In order
to reach the highest cell voltage, the charges stored in both electrodes
must be balanced, even under high-rate charging and discharging
process. Furthermore, considering the simultaneous improvement in
thermodynamics and kinetics of a single ASC device, new-concept
hybrid energy storage devices made with a graphene-like capacitor-
type electrode and a battery-like hybrid electrode of graphene/metal
oxide (polymer) could essentially help to improve the poor electro-
chemical reaction kinetics of ASC systems consisting of pure carbon
capacitive electrode and pseudocapacitive electrode (e.g., metal oxide).
Much attention is paid to the volumetric performance over gravimetric
one especially for performance evaluation of thin-film planar ASCs and
micro-supercapacitors [209].

Further research and development of graphene-based ASCs will
undoubtedly extend the full coverage of all device components (e.g.,
graphene electrode materials, electrolytes, separators, current collec-
tors, package), the integration of ASC devices with low cost for their
perceived applications in the increasing civil and industrial filed for
clean energy. To this end, some remarks on future perspectives and
challenges of graphene-based ASCs should be considered:

(1) Graphene-based ASCs are a very fundamental yet challenging
topic. It may become a new, complementary or alternative
technology that holds great potential to fill up the gap in the
specific power and energy spectrum between supercapacitors and
lithium ion batteries.

(2) Deeper understanding of the electrochemical charge-storage me-
chanism of graphene-based ASCs is the core part to process the

Fig. 21. (a) Schematic illustration of all-solid-state ASCs and (b) the synthesis of water-soluble IL-CMG and RuO2-IL-CMG hybrids. (c) TEM and (d) HRTEM images of RuO2-IL-CMG
hybrid. Inset in (d) is histogram of the size distribution of RuO2. (e) Photograph images of an ASC device (top) and a bent ASC device (bottom). (f) Stress and strain curves of IL-CMG
and RuO2-IL-CMG films. (g,h) Cross-sectional SEM images of (g) the interface between the IL-CMG film and PVA–H2SO4 electrolyte and (h) RuO2-IL-CMG film in ASC device. (i) CV
curves of IL-CMG and RuO2–IL-CMG at 50 mV s−1 in 1 M H2SO4. (j) GCD curves of ASC and IL-CMG-based symmetric supercapacitors at 1 A g−1. (k) Cycling stability of the ASC
devices under normal, twisted and bent states [78].
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optimized interfacial interactions of electrode and electrolyte,
fabricate well-defined graphene-based nanostructures to enhance
charge diffusion and electron transfer, and consequently obtain
high cell voltage as well as high capacitance and rate capability in a
single device. Proper evaluation of these new graphene materials
and their charge storage mechanisms will promote progress in this
important field of ASCs.

(3) The prospect of developing novel devices, based on graphene-
based materials, with energy density of batteries and power density
of supercapacitors is an exciting research direction that has yet to
be realized. Considering the fact that the great effect of both the
composition and nanostructures of graphene-based electrodes on
the electrochemical prosperities of ASCs, continuous research on
graphene based nanoarchitectures with highly activated compo-
nents and controlled nanostructures with open porous yet con-
ductive networks should be further implemented [210,211].
Besides graphene, special attention should be paid to other novel
classes of 2D nanomaterials. Particularly transition metal oxides,
dichalcogenides, and carbides, are also the very important elec-
trode materials for high-energy ASCs.

(4) Considering final possible applications, it should be highlighted
again that the overall performance of ASC devices will not only
depend on graphene-based electrode materials, but also on their

efficient combination with other device components such as
electrolytes, separators, current collectors, packages as well as
other practical aspects that influence the overall cell performance.
As a consequence, the integration of electrode design and device
engineering will become intensively required in the near future.

It is believed that ASCs are a very emerging and environment
friendly technology that may become a green and alternative solution
to the existing energy storage devices of commercial supercapacitors
and lithium ion batteries, offering the significant contribution to the
ongoing energy crisis and environmental problems. Therefore, ASCs
are considered as a novel competitive pure-electric power source or a
complement alternative with batteries to power electric vehicles, HEV,
plug-in HEV and other portable electronics in the future.
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