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Flexible energy storage systems have substantial inherent advantages in comparison with many currently employed systems due
to improved versatility, performance and potentially lower cost. The research within this field is currently undergoing tremendous
developments as new materials, composites and large-scale assembly strategies are being developed. In this review, we summarize
recent progresses toward the development of flexible electrodes based on carbonaceous nanomaterials with particular emphasis on
rational electrode design. Strategies to assemble flexible electrodes, both with and without inert mechanical supports, are reviewed
and compared. Depending on their composition, the flexible electrodes can be used in important energy storage systems including
supercapacitors and lithium ion batteries. The trend on future developments is also analyzed.
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1. Introduction The continued growth of global pop-
ulation and economy has placed increasing demand for
energy and the worldwide energy consumption is pre-
dicted to double by the middle and triple by the end of the
century.[1] Currently, the majority of energy consumed
is derived from fossil fuels (∼70%).[2,3] However, the
worldwide fossil fuel reserves are limited and their con-
sumptions result in production of greenhouse gases that
are usually considered as the primary source for global
warming. Hence, there are strong interests to develop effi-
cient, clean and renewable energies (such as wind and
solar energy).[4] However, the electricity generated from
these sources is generally intermittent and geographi-
cally limited and therefore they often require efficient
electrical energy storage (EES) systems.[5] Addition-
ally, efficient EES systems are also required to progress
from today’s hybrid vehicles to plug-in hybrids or even
all-electric vehicles and for consumer electronics.[6]
Electrochemical energy storage systems, such as batteries
and supercapacitor, are among the leading EES technolo-
gies nowadays.[7] Their capabilities to store and release
energy are usually compared on the basis of energy and
power densities. Energy density is the amount of energy
stored per unit volume or mass, whereas power density is
the amount of power (time rate of energy transfer) that can
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be released per unit volume or mass. Due to different oper-
ation mechanisms, batteries have high energy densities
but with low power densities, whereas supercapacitors
have high power densities with low energy densities.[8]
With the existing technologies, however, neither of them
could fully meet the requirements for providing elec-
tricity efficiently for the various applications described
above. Therefore, the performance of batteries and super-
capacitors need to be substantially improved in order to
enable the required properties of high specific power and
energy densities, long cycle life, low cost and improved
safety.[9,10]

Conventionally, electrodes for batteries and super-
capacitors are fabricated by casting a mixture of active
materials, conducting additive and binder on a piece of
metallic current collector.[11,12] Using this approach,
the active materials only represent a small fraction
(∼30 wt%) when considering the total weight of elec-
trolyte, separator and other functional components.[13]
As a consequence, the device-level performance met-
rics are substantially reduced since only the active
materials can contribute to energy storage. Hence, in
addition to improving the activity and efficiency of the
active materials, another type of promising approaches
for high-performance energy storage is to reduce the
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total weight of functional components. Among these
approaches, the fabrication of flexible electrodes received
particular interests. One reason is that heavy metallic
current collectors, conducting additive and binder are
usually not necessary for flexible electrodes, thus could
reduce the total weight of the device.[14,15] The removal
of metallic current collectors also has benefits includ-
ing improved cycling stability and corrosion resistivity.
Additionally, flexible electrodes offer better manufactura-
bility since they can be folded, twisted or cut to fit any
desired spaces. The continued developments in consumer
electronics, including flexible displays, wearable elec-
tronics and portable devices, also desire advanced flexible
energy storage systems.[16]

Recent developments in carbon nanotubes (CNTs)
and graphene bring substantial opportunities for devel-
oping advanced flexible electrodes given their strong
mechanical strength, superior electrical conductivity,
lightweight and compatibility with a variety of redox-
active materials.[4,17] Over the past decades, many
approaches have been developed to fabricate flexible
electrodes in which the electrode materials have been
either pure carbon [18–20] or a combination of car-
bon and redox-active materials, such as TiO2, MnO2
and activated carbon (AC).[14,21] Depending on their
composition, such electrodes can be used for appli-
cations including batteries and supercapacitors. In the
subsequent sections, we review recent progresses toward
the fabrication of flexible electrodes for energy stor-
age. Strategies to assemble electrodes, both with and
without inert mechanical supports, are reviewed and com-
pared. Since device data reported in the literature have
been acquired using different types of configurations (two
or three electrodes) and calculation of specific capac-
itances are often based on the weight of electroactive
material only, it is generally difficult to obtain direct
and clear comparisons of the flexible electrodes fabri-
cated in different studies. Additionally, different electrode
parameters (size, thickness, active material loading, etc.)
often lead to very different results even using the same
electrode testing system. In the present review, we there-
fore particularly focus on the rational design of flexible
architectures and, when possible, highlight the method
of measurements and calculations used to obtain these
results.

2. Flexible Electrodes Based on Pure Carbon
Materials This section summarizes recent develop-
ments on the fabrication of flexible electrodes using
pure carbon nanomaterials, where CNTs and graphene
are mostly applied due to their remarkable properties
including high mechanical strength, high surface area
and superior electrical conductivity that are required for
energy storage.[22,23] Such electrodes are mainly used in
supercapacitors owing to the physiochemical properties

of carbon and store electricity through the electrical
double-layer capacitance mechanism in either aqueous
or nonaqueous electrolytes. There are also some studies
on applying these electrodes as anodes for lithium ion
batteries as discussed in the following sections.

2.1. Flexible Electrodes Without Inert Mechanical
Support.

2.1.1. CNT Buckypaper. When assembled, the strong
interactions between interconnected nanocarbon pieces
enable the formation of freestanding films with var-
ied degrees of mechanical strength depending on the
structure of carbon materials and their engineering
process.[24] Several early studies have demonstrated
that upon simple vacuum filtration, CNTs readily form
freestanding films that are known as CNT mat or bucky-
paper (Figure 1).[27–29] Buckypapers have remarkable
mechanical strength and could withstand large forces
before plastic deformation. For example, single-walled
carbon nanotube (SWNT) buckypapers typically have
tensile strength of 80–100 MPa and Young’s modu-
lus of 5–10 GPa. Buckypapers can be directly used
as electrodes for storing electricity without any cur-
rent collectors or binders [30] owing to their remark-
able mechanical strength, inherent high surface area
(up to ∼1,000 m2/g) and excellent electrical conductiv-
ity (∼ 5 × 105 S/m) of CNTs.[31] Depending on the
type of nanotubes, buckypapers exhibit specific capac-
itance as high as ∼100 F/g in aqueous electrolyte and
∼80 F/g in nonaqueous electrolyte (Table 1).[32,33,40]
The primary difference between aqueous and nonaqueous
electrolytes is different operation voltages. Supercapac-
itors have higher operation voltages with nonaqueous
electrolyte (e.g. ∼2.7 V with acetonitrile-based elec-
trolyte) and thus higher energy densities (E = CV2/2)
as opposed to aqueous-based electrolytes that exhibited
more limited potential windows (∼1 V).[41] However,
the use of aqueous electrolytes could support high-
power operations because of their high ionic conduc-
tivity and high concentration of ions, as well as cost
and safety advantages. Additionally, with aqueous elec-
trolyte the need for extensive electrolyte purification and
handling under a controlled atmosphere is minimized
and the fabrication and packaging process are greatly
simplified.[42]

In addition to the most widely used vacuum filtration
approach, freestanding CNT films can also be obtained
by directly peeling off the vertically aligned CNT forests
that were pre-synthesized using the chemical vapor depo-
sition (CVD) method.[30,43,44] The flexible electrodes
fabricated using this method usually have similar specific
capacitance as the buckypaper (Table 1), but they have
the additional advantage of controlled alignment.[26,30]
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Figure 1. (a) Photograph of a freestanding SWNT buckypaper prepared using the vacuum filtration method. (b) scanning electron
microscopy (SEM) image of the buckypaper. (c) Image of SWNT paper strips that are bent around a curved surface. Adapted
from Landi et al.[25] (d) Cyclic voltammogram of buckypaper measured at 50 mV/s. (e) Galvanostatic charge–discharge curves
measured at 5 mA. Adapted from Ci et al.[26]

Freestanding electrodes could be readily obtained with
the methods described above. However, the fabrication
of flexible electrodes with arbitrary larger sizes is chal-
lenging because the sizes of filtration membrane and
CVD systems are both limited. Recently, Xie and co-
workers.[45] developed a scalable process to end-by-end
assemble individual buckypapers with a tensile strength
of 250 MPa (Figure 2). Supercapacitor electrodes assem-
bled using this method showed a specific capacitance of
35 F/g, high energy and power densities (43.7 Wh/kg,
197.3 kW/kg) in an organic electrolyte using the two-
electrode testing system.[33] This approach is also poten-
tially applicable to assemble large electrodes for other
flexible systems. The inherent advantage of buckypaper-
based electrodes for supercapacitors is ultrahigh power

densities (>100 kW/kg) compared with other materials
such as graphene and AC because of their highly con-
ductive and porous characteristics.[46] However, their
energy densities are relatively low because of limited
surface area. Various strategies have been developed to
improve their energy densities.[46–48] For example, the
specific capacitance of buckypapers was increased from
75 to 290 F/g after plasma treatment.[49]

Besides working as supercapacitor electrodes, CNT
papers were also studied as flexible anodes for lithium
ion batteries. They can deliver reversible capacities of
250–500 mAh/g depending on the type of nanotubes
and testing conditions with substantially improved rate
capabilities compared with traditional graphite-based
electrodes.[25,50–52]
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Table 1. Typical results obtained from flexible electrodes assembled using pure carbon nanomaterial for supercapacitors or lithium ion batteries.

Material Support Fabrication technique Capacity Voltage/electrolyte Remarks Ref.

CNTs – Vacuum filtration 102 F/g @ 1 Hz 1 V in 38% H2SO4 Power density >8 kW/kg [32]
CNTs – Direct CVD growth 51 F/g at 5 mA 6 M KOH Measured using two electrodes setup [26]
SWNTs – Spray coating 35 F/g at 0.75 A/g 3V in 1M LiClO4

(EC/DEC/DMC)
Measured using two electrodes setup

energy density 43.7 Wh/kg, power
density 197.3 kW/kg

[33]

MWNTs – Direct CVD growth and
domino push method

81 F/g at 3 mA 1.2 V [30]

Macroporous
grapheme

– ‘Breath-figure’ method 103 F/g at 100 mV/s 0.8 V in 1 M H2SO4 Nitrogen doped graphene perform better [34]

Reduced graphene
oxide

– Vacuum filtration and
leavening strategy

110 F/g 0.8 V in 1 M H2SO4 measured using two electrodes setup [35]

Reduced graphene
oxide

– Vacuum filtration with
sacrificial polystyrene
spacer

202 F/g at 1 A/g 1 V in 1 M Na2SO4 [36]

Reduced graphene
paper

– Vacuum filtration 215 F/g at 1.08 A/g 1 V in H2SO4 ‘Wet’ graphene paper with low stacking
power density 414 kW/kg

[20]

Graphene/MWNTs – Vacuum filtration 265 F/g at 0.1 A/g 1 V in 6 M KOH 16 wt% of CNTs work best [37]
Carbon nanohorn

and SWNTs
– Vacuum drying using a

dish
46 F/g at 0.1 A/g 2.5 V in 1 M

Et4NBF4/PC
High power density (990 kW/kg,

396 kW/l) with 20% SWNT, 6.5%
capacitance loss in 100 k cycles

[18]

AC/CNT – Vacuum filtration 267.6 F/g 1 V in 6 M KOH Energy density 22.5 Wh/kg and 7.3 kW/kg
97.5% retention after 5,000 cycles

[38]

SWNT Office paper Direct casting SWNT ink 200 F/g 1.0 V in H2SO4 47 Wh/kg and 200 kW/kg in organic
electrolyte (3V). 3% (in H2SO4) and
0.6% (organic) loss for 40 k cycles

[39]

Active carbon
(YP17)

Woven cotton/
polyester fabrics

Screen printing 85–95 F/g @ 20 mV/s
0.43 F/cm2 @
5 mA/cm2

1 M Na2SO4 or 2 M
Li2SO4

Screen printing coat more active material
than dip coating carbon coating:
∼4.9 mg/cm2 8% drop after 10 k cycles

[16]
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Figure 2. Schematic diagram of assembling compact-designed supercapacitor using freestanding flexible SWNT films. Reproduced
with permission from Niu et al.[33]

2.1.2. Flexible Graphene Paper. Graphene is under
intense research in recent years because of their unique
properties including much higher surface area than
nanotubes and outstanding electric conductivity.[53–
55] Similar to buckypapers, freestanding graphene
papers can also be prepared through either vacuum
or pressure filtration where stable dispersions are fil-
tered through a porous inert membrane.[56] Graphene
papers usually have remarkable strength due to strong
inter-sheet van der Waals attractions between adja-
cent graphene sheets.[17,57] However, they cannot be
directly used as electrodes for double-layer capacitors
because of their low surface area caused by restacking
of graphene sheets.[58] A possible approach to mini-
mize restacking is to use a ‘spacer’ to separate adjacent

graphene sheets during the preparation of graphene
papers.[59] The spacers can be dissolved afterwards
to obtain highly porous graphene paper. For example,
porous graphene papers with specific capacitance up to
202 F/g was obtained at 1 A/g with polystyrene par-
ticles as the spacer, whereas pristine graphene papers
only have 97 F/g.[36] Noticeably, some spacers could
also contribute to energy storage and work together
with graphene to enable improved performance toward
storing electricity (Table 1). For example, flexible elec-
trodes made with graphene and carbon black nanopar-
ticles were able to deliver 138 and 83 F/g in aqueous
and nonaqueous electrolytes, respectively, which are
both higher than pure graphene papers without carbon
black.[60]
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Figure 3. Characterization of self-stacked, solvated graphene (SSG) film. (a,b) photographs of the as-formed flexible SSG film,
(c) schematic of the cross-section of the SSG film, (d) CV curves obtained at 10 mV/s and (e) gravimetric capacitances measured
at various charge–discharge currents. Reproduced from Yang et al.[20]

Alternatively, restacking of graphene can also be
effectively minimized by controlling the preparation
process of graphene papers.[20,34,35] In one study, wet
graphene papers that were prepared just after vacuum
filtration without drying were directly used as superca-
pacitor electrodes and showed better performance than
dried papers. The ‘wet’ graphene papers, with water serv-
ing as the spacer, were able to deliver specific capacitance
as high as 215 F/g, which is much higher than dried
graphene films (Figure 3).[20] In another study, porous
graphene papers were prepared from dried graphene
oxide papers using an autoclaved leavening and steam-
ing strategy. In this case, the controlled release of gases
leads to the formation of highly porous graphene papers.
Flexible electrodes prepared using this method were able
to deliver ∼110 F/g using the two electrode measurement
method.[35] Recently, Xu et al. fabricated flexible super-
capacitors using 185 μm graphene hydrogel thin films
and demonstrated remarkable areal specific capacitance
of up to 402 mF/cm2 as well as excellent cycling sta-
bility and mechanical flexibility. These results show that
graphene hydrogels can also be used for high performance
flexible energy storage devices.[61]

2.1.3. Flexible Electrodes Based on Composite Carbon
Nanomaterials. Composite flexible electrodes consist-
ing of more than one type of carbon nanomaterials
were actively pursued to take the advantages of differ-
ent materials.[62] CNTs and graphene composites, in
particular, have high surface area and porous structure
that are both beneficial for electronic and ionic trans-
port. Furthermore, previous studies have established that
graphene oxide could work as an efficient surfactant to
disperse CNTs and therefore uniform mixture of CNTs
and graphene could be prepared.[63] When prepared as
flexible electrodes, such composites generally have bet-
ter performance than either of CNTs or graphene alone,
and a remarkable specific capacitance of 265 F/g was
achieved for electrodes with 16 wt% of multiwalled car-
bon nanotubes (Figure 4).[37] In another similar study,
326 F/g was obtained for composite electrodes with 10%
CNTs, which is also substantially higher than pure CNTs
and graphene electrodes.[64]

Composite flexible electrodes other than graphene/
CNTs were also actively studied. In a recent study,
flexible electrodes were fabricated using SWNTs and
nanohorns. The combined contributions from nanotubes
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Figure 4. (a) digital and (b) SEM image of CNT and
graphene composite electrode (16% CNTs), (c) specific capac-
itances of nanotube/graphene composites with different nan-
otube percentages measured within −1.0 to 0 V vs. saturated
calomel electrode at 0.1 A/g in 6 M KOH. Adapted from Lu
et al.[37]

and nanohorns enable flexible electrodes with high
meso–macro pore volume (2.6 ml/g) and facilitated ion
transport. High power density of 990 kW/kg in 1 M
Et4NBF4/propylene carbonate electrolyte with outstand-
ing stability (6.5% decline in 100,000 cycles) was suc-
cessfully demonstrated.[18] AC is currently widely used

in the production of supercapacitors because of their high
specific surface area and high specific capacitance in both
aqueous and nonaqueous electrolytes.[65] The fabrica-
tion of flexible electrodes based on AC is particularly
attractive due to their existing wide applications. This
can be achieved by vacuum filtration of the stable suspen-
sion containing both CNTs and AC particles.[15,38,66]
Experimental results also demonstrated that the flexi-
ble composite electrodes have much better performance
compared with other electrodes made with traditional
approaches. Flexible and binder-free CNTs/AC elec-
trodes containing 95 wt% of AC were able to reach
specific capacitance of 268 F/g at 200 mV/s in 6 M
KOH. The rate performance was also improved and the
capacitance retention ratio was increased from 21.8% for
the AC/carbon black electrode (traditional approach) to
59.3% for the AC/CNT flexible electrodes when the scan
rates were increased from 10 to 200 mV/s. Energy density
of 22.5 Wh/kg and power density of 7.3 kW/kg, along
with remarkable stability of 97.5% retention for 5,000
cycles were also demonstrated.[38]

2.2. Flexible Electrodes with Electrochemically Inert
Mechanical Supports. Another type of attractive
approach for fabricating flexible electrodes is using flex-
ible and porous substrates as mechanical supports. The
introduction of mechanical supports brings improved
stability and integrity to electrodes during operations.
The most widely applied supports are based on flexible,
porous and lightweight materials. An excellent example
of such supports is paper (printer paper or newspaper),
which was developed by Cui et al.[39,67–70] In this
case, a piece of paper conformably coated with conduc-
tive CNT ink or graphene ink was studied as the flexible
electrodes for supercapacitors (Figure 5). A high spe-
cific capacitance of 200 F/g was obtained in aqueous
electrolyte. Specific energy of 30–47 Wh/kg and specific
power of up to 200 kW/kg on the basis of active nan-
otubes were obtained when operated at 3 V in an organic
electrolyte (Figure 5). When using the total weight of
the complete device, a specific energy of 7.5 Wh/kg was
determined. The device exhibited good cycling stabil-
ity, with ∼3% capacitance loss in aqueous electrolyte
and ∼0.6% in organic electrolyte after 40,000 charge–
discharge cycles.[39] Furthermore, they can also be used
as flexible current collectors as discussed in detail in the
following sections.

Besides paper, stretchable and porous cotton tex-
tiles and sponge were also been studied as substrates for
flexible energy storage.[71,72] Active materials includ-
ing nanotubes and graphene can be coated with their
inks using a ‘dipping and drying’ process, resulting in
highly conductive textiles (up to 125 S/cm) which could
be utilized directly as flexible electrodes for superca-
pacitors or as current collectors (Figure 6). Compared
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Figure 5. (a) schematic illustration of a paper-based CNTs supercapacitor device, (b) charge–discharge curves in aqueous (lower
curve) and nonaqueous (upper curve) electrolytes, (c) CNT weight normalized capacitance as a function of the charge–discharge
current, (d) Ragone plot based on active mass, (e) device specific Ragone plot and (f) cycle life of the supercapacitor device. Adapted
from Hu and Cui.[69]

with paper, CNT-coated cotton textiles (fibers) have
outstanding elasticity and full-textile supercapacitors
are highly stretchable, showing excellent capacitance
retention after being stretched to 120% strain for 100
cycles.[72] Specific capacitance of up to 140 F/g with
3 V voltage was achieved in 1 M LiPF6 electrolyte. Com-
pared with papers, porous and highly absorbable cotton
and sponge could absorb much more CNTs or graphene
and reach about ∼30 wt% of the electrode total weight.
This means that they have significant improvements on
the device-level performances since more active mate-
rial can be loaded. Similarl to cotton textile, cellulose

fiber-based paper was also been used to fabricate flexible
and stretchable supercapacitors using a vacuum filtra-
tion method with graphene as the active material.[74]
Specific capacitances of 120 F/g and 81 mF/cm2 were
obtained with excellent mechanical integrity (6% loss
after 1,000 bending cycles). To further increase the active
material coating, a ‘screen printing’ method was applied
in another study using AC (YP17) as the active mate-
rial and woven cotton/ polyester fabrics as the flexible
substrate. In that study, active material coatings up to
∼4.9 mg/cm2 was achieved. The composite electrodes
were able to deliver specific capacitance of 85–95 F/g
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Figure 6. Textile-based electrodes for flexible energy storage: (a) Dipping a piece of textile into aqueous CNT ink. (b) SEM image
of CNT-coated textile. (c) SEM image of MnO2–CNT–textile. (d) Specific capacitances at different scan rates for MnO2–CNT–textile
electrodes with different areal mass loadings of MnO2. (e) SEM image of graphene-coated textile with uniform MnO2 coating (scale
bar 200 μm). (f) SEM image of a typical microfiber with conformal coating of MnO2 nanostructures (scale bar 5 μm). Adapted
from Yu et al.[73]

in aqueous electrolyte with areal specific capacitance of
∼0.43 F/cm2 and 92% retention for 10,000 cycles, indi-
cating that such a screen printing method is very attractive
for large-scale applications.[16]

Planar flexible substrates made with plastic also
showed substantial promise as supports despite they
usually load much less active materials compared with
porous paper and textiles. By spraying CNTs onto
a polyethylene-therephthalate (PET) substrate, flexi-
ble electrodes were successfully made and demon-
strated with specific capacitance of 90–120 F/g using
solid electrolytes.[75] Similarly, functionalized reduced
graphene oxide thin films that were prepared by vacuum
filtration were combined with Au-coated PET films. Flex-
ible all solid-state supercapacitors fabricated using such
electrodes were able to deliver specific capacitance of
118 F/g at 1 A/g and remarkable rate capability (90%
retention at 30 A/g).[76]

3. Flexible Electrodes Based on Composites with
Carbon Nanomaterials The amount of energy (energy
density) that can be stored in flexible electrodes consisting

only carbon materials (CNTs and/or graphene) is ulti-
mately limited by the specific surface area of active
materials.[77] To further increase their energy densities,
flexible electrodes consisting of both carbon and redox-
active materials such as metal oxides and/or conducting
polymers have been actively pursed. The introduction of
redox-active materials enables electricity to be stored via
redox reactions that have a much higher capacity than the
double-layer capacitance as described previously.[78] In
the subsequent sections, we will review the design and
fabrication of hybrid flexible electrodes for supercapaci-
tors, with particular emphasis on inorganic electroactive
materials. Readers may refer to several previously pub-
lished reviews for conducting polymer-based flexible
electrodes.[79,80]

3.1. Manganese Oxides (MnO2) Based Flexible
Supercapacitors. MnO2 have been widely studied for
pseudocapacitive supercapacitors during the last decade
owing to their attractive features, including natural
abundance, environmental benign and high theoretical
capacitance (∼1,380 F/g).[81,82] Hence, the fabrication
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of flexible MnO2-based supercapacitors is particularly
attractive. Electrochemical deposition of MnO2 on con-
ductive and flexible substrates is one of the most
widely used approaches to fabricate flexible MnO2
electrodes.[83] The mass loading densities and structure
of deposited MnO2 can be readily controlled by tuning
the deposition voltage, current and electrolyte and prop-
erties of the flexible substrates have significant influences
over their energy storage performance.[84,85] Kang
et al. deposited MnO2 onto CNTs coated printer paper
and found that the specific capacitance of such flexible
electrode was able to reach 540 F/g at 2 mV/s. However,
the active MnO2 loading was only 0.38 mg/cm2 and
therefore the electrode-level performance metrics, when
considering its total weight, were actually quite poor.[86]
Therefore, highly conductive and porous substrates are
desired for depositing MnO2 with higher mass densities.
In this case, cotton textiles and polyester fabrics coated
with CNTs or graphene that was discussed in the previ-
ous section are excellent choices (Figure 6).[71,87–89]
The macroporous nature of these substrates making them
capable of loading much more MnO2 and densities up to
∼8 mg/cm2 was successfully demonstrated using CNTs
coated textiles.[87] Using these substrates, a high capac-
itance of 410 F/g was obtained when the MnO2 loading
was 0.06 mg/cm2. Even though the gravimetric capac-
itance of MnO2 was decreased along with the increase
in MnO2 loading (<100 F/g when MnO2 loadings
were >1 mg/cm2), the areal capacitance was increased
and reached 2.8 F/cm2 when 8.3 mg/cm2 MnO2 was
used.[87] Using a similar approach, CNTs coated sponges
were examined as the flexible substrate for deposit-
ing MnO2. Experimental results demonstrated that the
lightweight and highly absorbing sponges were able to
load MnO2 as high as 12.8 mg/cm2. High specific capac-
itances of ∼1,000 F/g was obtained when MnO2 loading
was less than 0.1 mg/cm2. As the density of MnO2 was
increased, its specific capacitance was also decreased
to ∼200 F/g.[71] The MnO2–CNT–sponge supercapac-
itors show only 4% degradation after 1,000 cycles at
charge–discharge specific current of 5 A/g and their spe-
cific power and energy are high with values of 64 kW/kg
and 31 Wh/kg, respectively. Following these studies, a
three-dimensional conductive wrapping strategy using
CNTs ink or conducting polymers was developed to fur-
ther increase the performance of MnO2/graphene/textile
electrodes. Specific capacitances of the flexible elec-
trodes were substantially increased by ∼20% and ∼45%
after wrapping with CNTs and conducting polymers,
respectively, with values as high as ∼380 F/g being
achieved. Moreover, the wrapped electrodes also exhib-
ited remarkable cyclic stability with >95% retention over
3,000 cycles.[70] These results demonstrated that the
conductive coating approach is a promising approach for
enhancing the device performance of metal oxide-based
electrochemical capacitors and can be generalized for

designing next-generation high-performance flexible
energy storage devices.

Also using the electrodeposition method, many other
flexible substrates were also used to fabricate MnO2-
based flexible electrodes. Some typical examples are
summarized as follows (as well as in Table 2): carbon
cloth (MnO2 specific capacitance up to 425 F/g with good
stability for over 3,000 cycles under bending test) [90];
carbon fabric with carbon nanoparticles (MnO2 capaci-
tance up to 800 F/g, areal capacity up to 109 mF/cm2)

[91]; Zn2SnO4-coated carbon microfiber (621.6 F/g at
2 mV/s) [92]; ZnO-coated carbon cloth (138.7 mF/cm2,
1,260.9 F/g and 87.5% retention after 10,000 cycles)
[99]; CNTs buckypaper (516 F/g at 77 mA/g)[94] and
graphene 3-D network that was obtained by direct growth
using 3-D Ni foam as the sacrificial substrate (465 F/g
with 0.1 mg/cm2 of MnO2, 1.42 F/cm2 with 9.8 mg/cm2

MnO2).[95]
Most of the approaches described above for fabri-

cating flexible electrodes involved an ‘electrochemically
inert’ component in their electrode structures (such as
cotton textile and printer paper). These inert compo-
nents, however, did not contribute to energy storage and
therefore will reduce device-level energy storage met-
rics. Hence, there are rising interests on the fabrication
of flexible electrodes without using inert supports. Li
et al. fabricated flexible electrodes using graphene/MnO2
composites simply by vacuum filtration of their aqueous
dispersion. Their study indicates that flexible electrodes
with 24% of MnO2 were able to deliver 256 F/g at
0.5 A/g but the MnO2 loading is very low (∼0.1 mg).[93]
Electrodes with low MnO2 loadings generally have
high electrochemical activity, but practical applications
require high MnO2 loadings.[13] In general, however,
fabrication of flexible electrodes with both high MnO2
loading and high specific capacitance is very challeng-
ing as any increases in MnO2 loading will lead to
decreases in performance. In a recent study, Cheng
et al. developed a strategy to fabricate flexible elec-
trodes with high specific capacitance at thick MnO2
coatings by enabling the synergistic effects from graphene
and CNTs.[14,15] In that work, functionalized CNTs
were used to link the pre-synthesized graphene/MnO2
pieces (Figure 7). The introduction of highly con-
ductive CNTs brings about remarkable conductivity
(∼ 5�/�) and mechanical strength (Young’s modulus
of 2.3 GPa and tensile strength of 48 MPa) to the free-
standing electrodes. Moreover, the energy storage activ-
ity was substantially improved with the interconnected
CNTs working as the nanoscale current collector. Specific
capacitances as high as ∼200 F/g at the areal density of
8.8 mg/cm2, together with remarkable rate performance,
was achieved. Additionally, such graphene and CNTs
enabled flexible electrodes exhibited excellent cycling
performance with>95% retention over 1,000 cycles. Fur-
thermore, the significant thickness-dependence activity
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Table 2. Examples of flexible electrodes enabled by carbon nanomaterials for supercapacitors reported in the literature.

Materials Flexible support Fabrication method Active material loading Results Remarks Ref.

MnO2 CNT-coated paper Electrodeposition 0.38 mg/cm2 540 F/g in 0.1 M Na2SO4 at
2 mV/s

20 Wh/kg and 1.5 kW/kg 5% drop for
1,000 cycles

[86]

MnO2 Graphene-coated
textile

Dip coating +
electrodeposition

∼0.4 mg/cm2 315 F/g in 0.5 M Na2SO4 [88]

MnO2 Carbon cloth Electrodeposition 0.2–1.2 mg/cm2 425 F/g 230 mF/cm2 in 0.1 M
Na2SO4

∼6% loss during 1,000 cycles [90]

MnO2 CNT-coated sponge Electrodeposition up to 12.8 mg/cm2 ∼1,000 F/g at 1 mV/s
for MnO2 <
0.1 mg/cm2 ∼200 F/g
for MnO2 > 0.5 mg/cm2

∼4% loss for 1,0000 cycles. 63 kW/kg
and 31 Wh/kg

[71]

MnO2 CNT-coated textile Electrodeposition up to 8.3 mg/cm2 2.8 F/cm2 at 0.05 mV/s for
8.3 mg/cm2 MnO2 185 F/g at
0.8 mg/cm2 of MnO2

50% retention for 50,000 cycles
13 kW/kg and 5–20 Wh/kg

[87]

MnO2 Graphene-coated
textile

Electrodeposition NA 380 F/g at 0.1 mA/cm2 20% and 45% capacitance increase
with CNT and PEDOT wrapping,
respectively

[70]

MnO2 Carbon nanoparticles
coated carbon fabric

Electrodeposition 0.072–0.562 mg/cm2 109 mF/cm2 with 0.562 mg/cm2

MnO2

15 min deposition lead to highest
capacity (800 F/g)

[91]

MnO2 Zn2SnO4-coated
carbon microfiber

Chemical plating with
KMnO4

NA 621.6 F/g at 2 mV/s in 1 M
Na2SO4

36.8 Wh/kg and 32 kW/kg. active
material loading is low

[92]

Graphene/ MnO2 NA Vacuum filtration ∼0.07 mg 256 F/g with 24% of MnO2 at
0.5 A/g

74% retention for 1,000 cycles [93]

Graphene/
MnO2/CNTs

NA Vacuum filtration Up to 8.8 mg/cm2 372 F/g at 10 mV/s, 130 F/cm3 ∼200 F/g at 8.8 mg/cm2 strong film:
tensile strength 48 MPa; Young’s
modulus: 2.3 GPa

[14]

MnO2 CNT buckypaper Electrodeposition ∼20% of the whole
electrode

516.2 F/g at 77 mA/g 88% retention for 3,000 cycles [94]

MnO2 3-D graphene grown
by CVD using Ni
foam

Electrodeposition Up to 9.2 mg/cm2

92.9% of the
130 F/g and 1.42 F/cm2 Load with upto 92.9% of MnO2 (entire

electrode)
[95]

Co(OH)2 CNTs/textile Hydrothermal reaction 11.22 F/cm2 at 15 mA/cm2 4% loss for 2,000 cycles [96]
V2O5 CNTs buckypaper Atomic layer

deposition
Up to 1,550 F/g in 8 M LiCl 8% loss for 5,000 cycles [97]

CuO SWNT film Natural drying ∼ 2 mg/cm2 ∼75.7 F/g in 1 M
LiPF6/EC:DEC at 5 A/g

Slow decay for 1,000 cycles [98]
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Figure 7. (a) Schematic illustration of the structure of the graphene/MnO2/CNT electrode; (b) SEM image and digital image
(inserted) of the fabricated flexible electrode; (c) typical stress–strain curve for the flexible electrodes; (d) CV curves for a
30 μm flexible electrode (2.02 mg/cm2) acquired at different scan rates and (e) comparison of the specific capacitance of the
graphene/MnO2/CNTs and the graphene/MnO2 electrodes at different areal densities tested at 50 mV/s. Adapted from Cheng
et al.[14]

of MnO2 electrodes was effectively minimized using this
architecture. Such rationally designed flexible architec-
ture presents a general direction for fabricating flexible
electrodes with improved performances.

3.2. Flexible Supercapacitors Using Other Metal
Oxides/Hydroxides. Several metal oxides/hydroxides,
in addition to MnO2 as described in the previous section,
also have outstanding pseudocapacitive activities and
therefore there are many studies on using these redox-
active materials for flexible electrodes. Yuan et al.
developed a process to fabricate flexible and porous

cobalt hydroxide electrodes using conductive cotton
textiles.[96] The conductive cotton textile was prepared
by uniformly coating CNTs onto textiles also using
the dip-coating process. Afterwards the textile was sub-
jected to hydrothermal reactions to coat with the active
Co(OH)2. Electrochemical results show that such com-
posite flexible electrodes were able to deliver high areal
specific capacitance of 11.22 F/cm2 at 15 mA/cm2 and
even 7.71 F/cm2 at 60 mA/cm2 with good stability of 4%
capacity loss after 2,000 cycles at high rates. In another
study, flexible electrodes were prepared by electrodepo-
sition of porous Co(OH)2 nanoflake films on a stainless
steel mesh. Such electrodes were able to deliver high
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specific capacitance of 609.4 F/g, good rate capability
(less than 15% as current was increased by 10 times) and
remarkable cyclic stability for 3,000 cycles.[100]

Vanadium oxide is another widely studied material
for flexible pseudocapacitors. Boukhalfa et al. used an
atomic layer deposition method to deposit ultrathin vana-
dium oxides on the surface of CNTs that was assembled
as buckypaper. Flexible electrodes fabricated using this
method were able to deliver remarkable capacitance of up
to 1,550 F/g per active mass of the V2O5 and 600 F/g per
mass of the composite electrode at 1 A/g in 8 M LiCl.[97]
In another study, Perera et al. prepared flexible elec-
trodes consisting of V2O5 nanowires and CNTs using the
vacuum filtration method. Their study demonstrated that
supercapacitors fabricated using such flexible electrodes
as the anode and high surface area fiber electrode as the
cathode exhibited a power density of 5.26 kW/kg and an
energy density of 46.3 Wh/kg in an organic electrolyte
(LiTFSI in acetonitrile, 3 V voltage). They further pre-
pared Li+-doped V2O5 nanowires and showed that such
nanowire-based flexible electrodes have improved elec-
troactivity, reaching power density of 8.32 kW/kg and
energy density of 65.9 Wh/kg. Such electrodes also have
remarkable rate performance as they delivered nearly sta-
ble capacitance over a wide range of current densities
from 0.5 A/g to 10 A/g.[101]

Several other metal oxides are also being used to fab-
ricate flexible electrodes. Zhang et al. synthesized porous
CuO nanobelts with high surface area and small crys-
tal grains and integrated them into flexible electrodes by
depositing the mixture of CuO nanobelts and SWNTs
as network films onto pure SWNT films without any
binders. The flexible electrodes showed specific capac-
itance of 75.7 F/g when considering the total weight
of the electrode in 1 M LiPF6/EC:DEC at 5 A/g with
excellent cycling performances.[98] Chen et al. prepared
flexible In2O3 electrode by filtering its dispersion through
a pre-prepared SWNT film. The as-prepared flexible
electrodes showed a layered structure and were able to
deliver specific capacitance of 201 F/g.[102] They fur-
ther used this electrode to fabricate flexible asymmetric
supercapacitors (ASC) as discussed below.

3.3. Flexible ASC. Flexible single electrode can be
readily fabricated using the strategies described above.
Any working electrochemical energy storage devices,
however, require two electrodes with one working as
the positive electrode and the other one as the nega-
tive electrode. Therefore, the fabrication of supercapac-
itor devices also requires optimization of the positive
and negative electrodes. ASC that use different active
materials for the two electrodes have extended voltage
window and hence could have higher specific energy den-
sity (E ∝ V 2) compared with symmetric supercapacitors
(identical material for the two electrodes) and received

intense research focus over the past few years.[77,103] In
this section we will introduce some of the typical results
obtained on the fabrication of flexible ASC where in most
cases a flexible metal oxide-based electrode is used as the
positive electrode and a flexible carbon-based electrode
is used as the negative electrode. In principle, any pure
carbon electrodes described in Section 2 and any metal-
oxide-based electrodes described in Sections 3.1 and 3.2
can be used to fabricate flexible ASC as long as they can
operate in the same electrolyte.

The combination of positive electrodes based on
MnO2 and negative electrodes based on carbon is proba-
bly the most widely studied system for ASC.[77] In prin-
ciple, the combination of MnO2/carbon should be able
to afford ASC with voltages of ∼2.0 V in aqueous elec-
trolytes. Yu et al. assembled ASC using graphene/MnO2-
textile as the positive electrode and CNT-textile as the
negative electrode. The fabrication of such textile elec-
trodes is identical as discussed in the previous sections.
The devices can be operated with 1.5 V and were able
to deliver energy density of 12.5 Wh/kg and power
density of 110 kW/kg that are both higher then sym-
metric supercapacitors. The devices also have excellent
cyclic performance, with ∼95% capacitance retention
over 5,000 cycles at 2.2 A/g.[88] In a recent study, Cheng
et al. fabricated flexible ASC that have even a higher volt-
age of 2 V in an aqueous electrolyte.[15] These devices
were fabricated using a flexible graphene/MnO2/CNTs
film as the positive electrode and AC/CNTs film as the
negative electrode without using any current collectors
through the roll-up approach (Figure 8). As has been
discussed above, these electrodes have superior flexibil-
ity and outstanding mechanical strength owing to the
interconnected CNTs networks. The roll-up approach,
compared with the stack-up approach as being widely
used in conventional devices, has advantages of using
large-area electrodes and achieving large capacitance
without making the devices too heavy or bulky. There-
fore, the roll-up design could have substantial promises
in the fabrication of compact devices and being able
to be used for this design is another unique advantage
inherent to flexible electrodes. Electrochemical testing
revealed that the rolled-up ASC devices have superior
high rate performance owing to the interconnected and
highly conductive nanotubes, with 78% of the original
capacitance (46 F/g) retained when the scan rate was
increased from 2 to 500 mV/s. Therefore, these devices
were able to deliver much higher energy density under
high-power conditions compared with other systems,
reaching 24 Wh/kg at 7.8 kW/kg.[15] In a similar study,
Shao et al. used porous graphene/MnO2 nanorod and
graphene/Ag thin films that were both prepared using the
vacuum filtration method as positive and negative elec-
trode, respectively, in their fabrication of flexible ASC.
This study demonstrated that Ag nanoparticles is very
important in improving the performance of the graphene
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Figure 8. (a) Schematic illustration of the assembly of a flexible asymmetric supercapacitor using the roll-up approach. The
positive electrode is a flexible graphene/MnO2/CNTs film and the negative electrode is AC/CNTs flexible film. (b) CV curves of a
asymmetric supercapacitor acquired at increasing scan rates from 2 to 500 mV/s in 1 M Na2SO4, (c) galvanostatic charge–discharge
curves obtained under different current densities and (d) comparison of the Ragone plots for supercapacitor devices assembled using
different materials and/or different electrode structures. Adapted from Cheng et al.[15]

negative electrode because they can repair defects in the
graphene surface and enhance their electronic conduc-
tivities. Additionally, they can also work as a spacer
to eliminate the restacking between adjacent graphene
sheets. These devices exhibited a maximum energy den-
sity of 50.8 Wh/kg and still retain 7.53 Wh/kg at a
high power density of 90.3 kW/kg. Their bending tests
revealed that such devices are very promising as flexible
ASC, with only 2.8% decrease in specific capacitance
under bending conditions.[104]

Flexible hybrid electrodes that could effectively uti-
lize the full potential of all the desired functions of
each component are particularly promising for devel-
oping high-performance electrodes. Lu et al. developed
a procedure to fabricate flexible solid-state ASC based
on one-dimensional core-shell nanowire hybrids. In their
approach, electroactive MnO2 (positive electrode) and
carbon shell (negative electrode) were uniformly coated
onto hydrogen-treated TiO2 that was pre-synthesized
on carbon cloths. Devices fabricated using these elec-
trodes were able to operate in 1.8 V and deliver a high
specific capacitance of 139.6 F/g with maximum volu-
metric energy density of 0.3 mWh/cm3 (59 Wh/kg) and
volumetric power density of 0.23 W/cm3 (45 kW/kg).

Moreover, the device has excellent cycling performance
(8.8% capacitance loss for 5,000 cycles) and good
flexibility.[105]

Other combinations of materials are also being stud-
ied besides the MnO2//carbon system as discussed above
to prepare flexible ASC with high power and energy den-
sities. A remarkable example is the flexible ASC based on
MnO2 and In2O3 and CNT films. The optimized devices
were able to operate in 2 V window and deliver specific
capacitance of 184 F/g, energy density of 25.5 Wh/kg
and power density of 50.3 kW/kg.[102] RuO2 is one of
the most widely studied materials for supercapacitors
due to its remarkable performances. In a recent study,
Choi et al fabricated flexible ASC using an ionic liquid
functionalized-chemically modified graphene (IL-CMG)
film as the negative electrode and a RuO2-IL-CMG
composite film as the positive electrode. A solid-state
electrolyte made with polyvinyl alcohol–H2SO4 was used
to fabricate all-solid-state devices. Such ASC with opti-
mized structure were able to operate with cell voltage up
to 1.8 V and deliver a high energy density of 19.7 Wh/kg
and power density of 6.8 kW/kg. More remarkably, such
devices can be operated with high rate of 10 A/g with
79.4% retention of specific capacitance.[106]

188



Mater. Res. Lett., 2013

4. Conclusion and Future Directions The signifi-
cant reliance on electrical energy for the progression
of society has attracted tremendous research efforts on
developing advanced energy storage systems. Making
electrodes flexible for storing electricity offers unique
advantages including much higher energy and power
densities, increased cycle life, lower cost and better manu-
facturability. Furthermore, many of the flexible electrodes
being developed are free from current collector and binder
and thus could dramatically reduce the total weight of the
electrodes. Flexible energy storage systems are currently
undergoing exciting developments, as new materials,
composites and large-scale assembly strategies are being
developed. Depending on the active materials being used,
the flexible electrodes can be used in either superca-
pacitors or lithium-ion batteries, where improved energy
storage metrics have been successfully demonstrated.

Flexible substrates (such as paper, textiles and plas-
tics) were widely used in the fabrication of flexible elec-
trodes and active materials were coated mostly through a
dip-coating or electrodeposition route. Meanwhile, flex-
ible electrodes can also be fabricated without using any
mechanical support by taking the advantage of freestand-
ing networks formed by interconnected CNTs and/or
graphene. Electrodes made using the latter approach
could have higher electrode-level energy and energy
densities as the weight percentage of active materials
were dramatically increased and therefore it is likely
that such type of approaches will attract more emphasis
for future developments, in which case further under-
standings regarding the rational assembly of porous,
lightweight and highly conductive carbon matric are criti-
cal. It is also evident that most of the previous works were
focused on single electrode design and hence additional
work is also needed to fabricate and evaluate complete
cells with both positive and negative electrodes inte-
grated. Furthermore, very little efforts were devoted to
study the self-discharge behavior associated with flexi-
ble electrodes even though self-discharge is one of the
most critical performance metric and several pervious
works have shown that supercapacitors generally have
much higher self-discharge rate than batteries. It is thus
evident that more fundamental work is needed to fully
understand the reasons for their self-discharge behav-
ior and to design electrodes with minimal self-discharge
rate.

As has been discussed in this review, many strategies
have been developed and shown promise toward the fabri-
cation of flexible energy storage devices. In these studies,
however, electrodes were usually fabricated with differ-
ent configurations (such as architecture, active material
loadings, thickness, etc.) and tested with different setups
(two vs. three electrodes, different voltage ranges and
electrolytes). As a consequence, it is generally difficult
or even impossible to directly compare results obtained
from different studies. This is further complicated by the

fact that the reported energy density and power den-
sity were usually calculated using different approaches
(for example, based on the active material only or whole
electrodes). Hence, it is necessary to develop clear rules
to report and evaluate the performance of flexible elec-
trodes in a consistent manner, by doing which results
published by different studies could be more compara-
ble. For example, reporting two sets of energy and power
densities, one set based on the total weight of active mate-
rials and the other set based on the weight of whole
electrodes, both calculated using results from the two-
electrode measurement method. Additionally, protocols
to study the flexibility of the electrodes are also required,
as mechanical strength is an important factor in deter-
mining the performance of flexible devices. Nevertheless,
flexible devices hold great promise for a number of new
applications, which are incompatible with conventional
contemporary battery and supercapacitor technologies.
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