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Abstract: Energy crisis and global warming are two greatest 
challenges that our society is facing nowadays, requiring an 
immediate solution which involves the development of clean, 
efficient, sustainable and cheap energy storage devices. These 
energy storage devices are highly desirable for applications in 
electrical vehicles, portable electronic devices, and power grids, 
etc. The electrochemical performance of the devices largely 
depends on the chemical compositions and structures of the 
electrode materials. Graphene/polymer hybrid nanocomposites 
have gained a great attention as electrodes for energy storage 
because of their excellent mechanical, electrical and 
electrochemical properties, originating from the synergistic effect 
of the two components. In this review, we present a general 
overview and recent advances of graphene/polymer 
nanocomposites as high performance electrode materials for 
supercapacitors. Major challenges to be tackled and future 
perspectives are also highlighted. 

1. Introduction 

Nowadays, highly efficient and environmentally benign energy 
storage devices with reasonable costs are highly desirable in our 
daily life, in order to solve the two challenging issues of 
exhaustion of fossils fuels and climate change.[1-4] 
Supercapacitors, also named as electrochemical capacitors or 
ultracapacitors, have attracted a huge attention in recent years 
as storage device for applications in electrical vehicles, portable 
electronic devices, and power grids, etc. Based on the 
mechanism of energy storage, supercapacitors can be divided 
into two kinds: electric double-layer capacitors (EDLCs, physical 
absorption/desorption processes) and pseudo-capacitors (fast 
faradaic redox processes).[2, 3, 5] Supercapacitors can deliver 
energy in a shorter time scale with a high power density, but the 
energy density is usually low. The final electrochemical 
performance of supercapacitors is determined by several factors, 
including pore size distribution and geometry, specific surface 
area, electrical conductivity, wettability and doping of electrodes. 
Hitherto, a variety of materials have been employed as electrode 
materials for supercapacitors, such as carbon-based materials, 
metal oxides, and conducting polymers, etc. Carbon-based 
materials have the storage mechanism of EDLCs. These 
materials normally have high power densities, good cycling 
performance but unsatisfied energy densities. Metal oxides and 
conducting polymers are the typical materials showing a 
pseudo-capacitive behaviour. These kinds of materials usually 
possess high specific capacitance yet limited cycling stability.  
Graphene, a 2D sp2 carbon arrangement with one-atom 
thickness, is appealing for supercapacitors due to its excellent 
electrical conductivity, large specific surface area, superior 
mechanical properties and good electrochemical performance.[6] 

When graphene is used in supercapacitors, it is often combined 
with other materials to further increase its electrochemical 
performance.[7, 8] 
Polymers such as polyaniline (PANI), polypyrrole (PPy), 
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 
(PEDOT:PSS) have already been widely employed as active 
electrodes for supercapacitors possessing high pseudo-
capacitance.[9] However, they suffer from poor rate and cyclic 
stability due to swelling and shrinkage of the polymers during 
long term charge/discharge cycles. These problem can be 
solved by integrating them with other materials such as 
graphene to yield more robust functional nanocomposites.[10, 11] 
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conductive coating, catalysts, sensors, memory devices, 
particularly in energy conversion and storage.[12] Hybrid systems 
combining of graphene and polymer show obvious advantages. 
The nanocomposite electrodes can combine both EDLCs from 
graphene and pseudo-capacitance from polymers, therefore 
increase the overall electrochemical performance of the 
nanocomposites by taking full advantage of both energy storage 
mechanisms. The presence of graphene can enhance the 
mechanical stability and electrical conductivity of polymers. 
Graphene with high electrical conductivity facilitates the electron 
transfer during redox reactions in conducting polymers. On the 
other hand, polymers can act as spacers to further separate 
graphene sheets, they can function as surfactants to improve 
the dispersibility and processibility of graphene in solvents, and 
they can also enhance the final electrochemical performance via 
pseudo-capacitance effects. 
In this focus review, the preparation methods of 
graphene/polymer nanocomposites will be briefly presented. The 
recent advances of graphene/polymer nanocomposites as high 
performance electrodes for supercapacitors will be mainly 
discussed. Finally, the future directions of this area will be also 
highlighted. 

2. Preparation of graphene/polymer 
nanocomposites 

Graphene can be prepared using several methods,[13] including 
mechanical cleavage,[14] reduction of graphene oxide,[15-18] 
ultrasound-induced liquid phase exfoliation (UILPE),[19-24] 
electrochemical exfoliation,[25, 26] and chemical vapour deposition 
(CVD),[27, 28] etc. Mechanical cleavage using scotch tape 
produces the highest quality graphene sample but is unsuitable 
for large scale preparation. UILPE can produce a large amount 
of mono- and few-layer graphene flakes, however, the size of 
the nanosheets is limited and the content of monolayer is rather 
low. The CVD method can produce large-area graphene but 
requiring high temperature growth process and the cost is high. 
Electrochemical exfoliation can yield large graphene flakes with 
relatively low defects. Among all the methods, reduction of 
graphene oxide yielding reduced graphene oxide (rGO) is the 
most commonly used method to fabricate graphene/polymer 
nanocomposites. 
Graphene/polymer nanocomposites can be prepared via either 
noncovalent or covalent approaches (Scheme 1), by tailoring the 
interactions between the two components.[29] The 
functionalization can be carried out either in a liquid media or on 
dry samples (e.g., ball milling).  

2.1. Noncovalent approach 

Noncovalent functionalization of graphene is carried out by 
physical adsorption of molecules onto graphene through π-π, 
hydrophobic or electrostatic interaction.[29, 30] This method largely 
preserves the intrinsic properties of graphene: it does not alter 
its chemical structure, but on the same time it allows to modulate 
its properties. The approach can be realized by mixing 

components, or via in situ polymerization of monomers in the 
presence of graphene. The techniques include vacuum filtration, 
layer-by-layer assembly, etc. Thanks to the noncovalent 
modification with polymers, the dispersibility and processibility of 
graphene in solvents can be greatly improved. For example, 
rGO nanosheets can be stably dispersed in water in the 
presence of sulfonated polyaniline due to the π-π interaction 
between the two components.[31] 

 

Scheme 1. Functionalization of graphene with polymers using noncovalent 
and covalent approaches. 

2.2 Covalent approach 

Covalent functionalization of graphene with polymers can be 
achieved via chemical reactions, including condensation or 
cycloaddition reactions (grafting to: polymers with reacting 
groups are chemically attached onto graphene),[32, 33] or radical 
polymerization (grafting from: chemically attached initiators onto 
graphene to initiate polymerization),[34] etc. Compared to the 
noncovalent approach, covalent modification provides more 
stable and robust composite systems.[34-36] For instance, PANI 
can be chemically attached onto rGO via in situ oxidation 
polymerization aniline monomers in the presence of 
(NH4)2S2O8.[34] 

3. Graphene/polymer nanocomposites for 
supercapacitors 

Polymers, especially conducting polymers, have received 
considerable attention due to their unique properties which 
makes them key components for potential applications in 
sensors, drug carriers, electrochromic devices, energy 
conversion and storage.[37] Hybrid nanocomposites combining 
graphene and polymers with excellent mechanical, electrical 
properties and large specific surface areas are particularly 
suitable for supercapacitor applications. For this purpose, 
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polymers with a good electrical conductivity and a high pseudo-
capacitance are generally required. Among various polymers, 
PANI and PPy have been the most widely used ones in 
combination with graphene as electrodes for high performance 
supercapacitors. Besides, PEDOT:PSS and other kinds of 
polymers were also employed. Below, we will discuss their 
supercapacitor performances based on graphene with different 
polymers. 

3.1. Graphene/PANI 

PANI itself possesses a very high theoretical specific pseudo-
capacitance of 2,000 F g–1 and unique fast redox and acid-base 
doping/dedoping properties. High performance supercapacitors 
based on graphene/PANI nanocomposites have been well 
studied by many groups.[34, 38-70] 

In situ polymerization has been widely employed to fabricate 
graphene/polymer nanocomposites. Cheng and coworkers have 
fabricated a freestanding and flexible noncovalent 
graphene/PANI composite paper through an in situ anodic 
electrochemical polymerization of aniline monomers into a PANI 
film on a graphene paper.[38] The as fabricated composite paper 
showed a tensile strength of 12.6 MPa, a volumetric capacitance 
of 135 F cm−3 and a gravimetric capacitance of 233 F g−1 , which 
is very promising for flexible supercapacitors. Compared with 
oxidation polymerization in the solvents, composite films formed 
via electrochemical polymerization can be directly employed as 
electrodes without other binders for supercapacitors, thus 
avoiding the step of fabrication electrodes.  

 

Figure 1. a) Images and schematics of the flexible supercapacitor based on 
3D rGO/PANI nanowire arrays at different bending states: 0°, 90°, and 
180°; b) CV curves of the film supercapacitor at a scan rate of 20 mV s−1 
when the device was bent by 0°, 90°, 180°; c) Area specific capacitance of 
the flexible supercapacitor at different current densities. Copyright 2013, 
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

Hierarchical nanocomposites were prepared by aligning 1D 
PANI nanowire arrays physisorbed on GO nanosheets.[40] The 
morphology of PANI nanowires can be adjusted by varying the 
ratios between aniline monomers and GO. When used as 
electrode materials in supercapacitors, the hierarchical 
nanocomposite showed a specific capacitance of 555 F g‒1 at a 

low current density of 0.2 A g‒1, which is much higher than each 
individual component, due to a synergistic effect of PANI and 
GO. In another example, PANI nanowire arrays were grown on a 
3D rGO film via physisorption using a dilute polymerization 
process to yield a hierarchical composite.[44] The composite 
possessed a specific capacitance of 385 F g−1 at a current 
density of 0.5 A g−1, with a capacitance retention of 88% over 
5000 cycles. When the supercapacitor was bent by 90o and 180o, 
no obvious changes in the cyclic voltammetry (CV) curves were 
observed, indicating the performance is stable at different 
bending states (Figure 1). The flexible hierarchical composite 
proves to be a good electrode material for flexible or rolling-up 
devices.  
Li et al. fabricated hierarchical nanostructured materials 
consisting of stacked PANI nanowire forests noncovalently 
interconnected by monolayer graphene sheets using a bottom-
up nanofabrication process.[45] The as-prepared hierarchical 
nanostructures were used as supercapacitor electrodes, 
showing a specific energy density as high as 137 Wh Kg‒1 and a 
power density of 1980 W Kg‒1 for the three-stacked 
nanostructured electrode. This work demonstrated a simple 
pathway to tailor electrode architecture for supercapacitors with 
excellent electrochemical performance. Recently, PANI/rGO 
composites with a macroscopically phase-separated structure 
were prepared via electrochemical deposition of PANI physically 
absorbed outside the rGO hydrogel.[50] The composite electrode 
exhibited a high specific capacitance of 783 F g‒1 (8773 mF cm‒2) 
at a high current density of 27.3 A g‒1 (305.7 mA cm‒2), which is 
99% of the value at a current density of 1.14 A g−1, 
demonstrating an excellent rate performance. The authors 
attributed that the phase-separated structure is beneficial to the 
diffusion of electrolyte, thus can significantly improve the 
electrochemical performance of the composites. 
Physical mixing of graphene and polymers in a given solvent is 
another commonly used method since it is simple and enables 
facile solution processing. Layered composite films were 
prepared by vacuum filtration of the mixed dispersions of both 
rGO and PAIN nanofibers.[39] The film was mechanically stable 
and showed a good flexibility. When tested in supercapacitor 
devices the composite film showed large electrochemical 
capacitance of 210 F g−1 at a low discharge rate of 0.3 A g−1.  
Currently available printing techniques allow to directly 
depositing electrode materials from inks. As a good example, a 
series of nano graphene platelet/PANI inks with different weight 
ratios were prepared by a mixing process.[46] These inks were 
further used to produce thin-film electrodes by screen printing, 
which possesses the advantages of inexpensive, rapid and 
capable of a large scale production. Supercapacitors were 
fabricated based on these electrodes, showing a specific 
capacitance of 269 F g−1 at a scan rate of 20 mV s‒1, a power 
density of 454 kW kg−1 and an energy density of 9.3 Wh kg−1, 
with no obvious capacitance loss over 1000 cycles. This work 
demonstrates an important step towards the industrial 
application of printable supercapacitors. Other techniques such 
as inkjet printing, spray coating and roll-to-roll printing can be 
also used to fabricate electrodes from inks. However, uniformity, 
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mechanical stability and adhesion ability to substrates of the 
formed films must be optimized for a large scale production. 
Interestingly, Lai et al. studied in detail the effect of graphene 
surface chemistry on the electrochemical performance of 
graphene/PANI composites as supercapacitor electrodes.[42] GO, 
rGO, nitrogen-doped rGO and amine-modified rGO were used 
as carriers and loaded with PANI through noncovalent 
interactions. The surface chemistry indeed played an important 
role in the growth of PANI that further influenced the final 
specific capacitance. Under a a three-electrode configuration, 
the amine-modified rGO showed the largest increase in specific 
capacitance with a value as high as 500 F g–1 at a very low scan 
rate of 2 mV s‒1 and a factor of 1.19 increase in capacitance 
over 680 cycles. When nitrogen-doped rGO and amine-modified 
rGO/PANI were used as the cathode material as the anode 
material, respectively, the supercapacitor cell showed a specific 
capacitance of 79 F g‒1.  This research highlights the importance 
of graphene surface chemistry in determining the final 
electrochemical performance. 
Asymmetric supercapacitors can be operated at higher cell 
voltages than symmetric supercapacitors, and can largely 
increase the energy densities at the same time maintaining the 
power densities. An asymmetric supercapacitor was fabricated 
by using rGO-RuO2 and rGO-PANI (prepared via in situ 
polymerization of aniline monomers in the presence of rGO) as 
the anode and cathode, respectively.[41] The asymmetric 
supercapacitor showed a more than two-fold increase in energy 
density compared with the symmetric supercapacitors using 
rGO-RuO2 or rGO-PANI as the electrodes. The improvement in 
electrochemical performance can be attributed to the wider 
potential window in the aqueous electrolyte. 
The current trend of miniaturization of electronic devices leads to 
a big demand for microscale energy storage devices with 
smaller sizes and high energy densities. Micro-supercapacitors 
hold the potential to fulfil the energy requirements of 
miniaturized flexible electronic devices on chips. Cao and 
coworkers reported a wet chemical approach to deposit PANI 
nanorods physisorbed on the thin films of patterned rGO, which 
was used to fabricate a flexible solid state micro-supercapacitor 
device.[43] The structures of the PANI nanorods can be adjusted 
by modifying the concentration of aniline monomers in the 
solution and the deposition time of the in situ electrochemical 
polymerization step. The micro-supercapacitor showed a high 
specific capacitance of 970 F g−1 at a current density of 2.5 A g−1, 
and a capacitance retention of 90% over 1700 cycles. 
Efforts have been also devoted to fabricate multicomponent 
graphene/polymer based nanocomposites. A ternary 
nanocomposite consisting of vertically aligned tunable PANI and 
rGO/zirconium oxide has been prepared by Giri et al.[47] The 
morphology and the alignment of the physisorbed PANI can be 
tuned by simply changing the ratio of aniline monomers to 
Graphene/ZrO2, and also the polymerization time. The 
nanocomposites showed a specific capacitance of 1178.6 F g−1 
at a current density of 0.3 A g−1, an energy density of 104.76 Wh 
kg−1 and a power density of 0.8 kW kg−1, with a capacitance 
retention of ~ 93% over 1000 cycles. The vertically aligned PANI 

can easily contact with electrolyte ions and provides numerous 
redox active sites during the charging and discharging process. 

 
Figure 2. a) CV plots recorded at a scan rate of 10 mV s−1 and b) 
galvanostatic charge/discharge plots of supercapacitors using PANI-rGO/CF 
paper (PANI deposition time: 72 h), compact rGO/CF paper, and 
nanostructured rGO/CF paper at a current density of 1 A g−1. c) Comparison of 
the normalized specific capacitance of PANI-rGO/CF composite paper (the 
deposition time of PANI was 72 h), compact rGO/CF paper, and 
nanostructured rGO/CF paper at different scan rates. d) Specific capacitance 
of the PANI-rGO/CF papers using different PANI deposition time. Scheme of 
ion diffusion path for e) the compact rGO/CF paper sample and f) the 
nanostructured rGO/CF paper sample. Copyright 2014, Wiley-VCH Verlag 
GmbH & Co. KGaA, Weinheim. 

In another study, a hierarchical nanostructured PANI-
rGO/cellulose fibers (CF) composite paper was prepared via 
“dipping and drying” using a hydrothermal treatment.[48] Two 
redox peaks can be seen in the CV curve of the PANI-rGO/CF 
paper sample (Figure 2a), coming from the faradic reaction of 
PANI. The PANI-rGO/CF paper with a PANI deposition time of 
72 h exhibited a specific capacitance of 464 F g−1 at a current 
density of 1 A g−1, being greater than the nanostructured 
rGO/CF paper and compact rGO/CF paper (Figure 2b). Further 
increase of the physisorbed PANI deposition time resulted in a 
drop of the specific capacitance for the PANI-rGO/CF paper, due 
to the lower specific surface area and reduced electrical 
conductivity (Figure 2d). In contrast to the compact rGO/CF 
composite paper, the nanostructured rGO/CF composite paper 
displayed a less abrupt drop in specific capacitance when the 
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scan rate was increased (Figure 2c), and the porous structure of 
the nanostructured rGO/CF paper can effectively inhibit the rGO 
sheets from aggregation and facilitate ion diffusion (Figure 2e 
and 2f). Flexible and foldable all-solid-state supercapacitors 
were fabricated using the PANI-rGO/CF composite paper, 
showing a specific capacitance of 224 F g−1 at a low current 
density of 0.1 A g−1, with a capacitance retention of ~ 89% over 
1000 cycles. 
Textiles are porous, flexible and stretchable, making them 
suitable for wearable electronic devices. A rGO/PANI 
supercapacitor textile was fabricated by using a wet chemical 
and printing-based route.[49] A polyester textile was firstly 
immersed into a GO dispersion, followed by a chemical 
reduction step to form rGO/polyester composite textile. PANI 
was further physically deposited onto the textile through an in 
situ polymerization process. Silver paste (as current collector) 
was then deposited on the textile using screen printing. 
Remarkably, the designed supercapacitor textile system can 
even reach an effective area of 100 cm2, showing a remarkable 
capacitance (69.3 F), power (80.7 mW), and energy ( 5.4 mW h), 
representing an important step towards real-world applications. 
The method can be potentially extended to other textile-based 
energy devices such as batteries and solar cells. 

3.2 Graphene/polypyrrole (PPy) 

PPy, is emerging as promising electrode materials for 
supercapacitors due to facile synthesis and processing, low cost, 
environmental stability, high mechanical flexibility, and high 
pseudo-capacitance. During the past few years, graphene/PPy 
nanocomposites have been often employed as electrodes for 
supercapacitors.[71-85] 
Several graphene derivatives including GO, rGO, NH2‒modified 
rGO and N‒doped rGO were prepared, and were further 
physically combined with PPy as electrodes for supercapacitors 
to systematically investigate the effect of surface 
functionalization on the electrochemical performance.[71] N‒
doped rGO/PPy electrode showed a specific capacitance of 
394 F g−1, which is larger than those of NH2‒modified rGO/PPy 
(225 Fg−1), GO/PPy (165 Fg−1), rGO/PPy electrodes (150 Fg−1) 
under the same measurement conditions. N‒doping of graphene 
is believed to enhance electronic transfer efficiency and improve 
surface wettability, therefore leading to the highest 
electrochemical performance. 
Compression, a reversible process in contrast to stretching, is 
one of the most parameters evaluating the electrochemical 
performance of flexible supercapacitors under external forces. 
Qu and coworkers fabricated a highly compressible 
supercapacitor using 3D noncovalent rGO/PPy foam as 
electrodes (Figure 3a).[72] The as-prepared foam was durably 
tolerant to large compressive strains without any structural 
collapse or loss of springiness (Figure 3b). Highly compression-
tolerant supercapacitors based on the deformable foam 
electrodes performed a specific capacitance of 360 F g−1 at a 
current density of 1.5 A g−1, a good compression tolerance 
without obvious changes in capacity over 1000 compressive 
loading and unloading cycles (Figure 3c). This work indeed gave 

a good example of fabricating advanced supercapacitor devices 
exhibiting excellent tolerance to harsh conditions such as 
mechanical compression and concussion. 

 
Figure 3. a) Scheme of 3D rGO/PPy foam based compressible supercapacitor. 
b) Scanning electron microscopy (SEM) image of 3D rGO/PPy foam under 
unloading status. c) The specific capacitance under compression/release 
conditions over 1000 cycles. Copyright 2013, Wiley-VCH Verlag GmbH & Co. 
KGaA, Weinheim. 

Graphene/PPy hybrid composites were prepared by 
electrochemical deposition of PPy physisorbed on porous 
nanotubular graphene, which was grown on nanoporous nickel 
scaffold via CVD approach.[73] The bicontinuous nanotubular 
hybrid material was employed as free standing electrodes in 
supercapacitors, showing a specific capacitance of 509 F g‒1 at 
a low current density of 0.15 A g−1. Furthermore, all-solid-state 
flexible supercapacitors fabricated using the hybrid material and 
PVA/H2SO4 gel electrolyte showed a specific capacitance of 514 
F g‒1 at a low current density of 0.2 A g‒1, an energy density of 
21.6 Wh kg‒1 and a power density of 32.7 kW kg‒1. In another 
case,[76] a flexible rGO/PPy composite paper was prepared by 
physically mixing of GO and PPy, followed by vacuum filtration 
and chemical reduction. The as-fabricated rGO/PPy composite 
paper was directly used as binder-free electrodes for 
supercapacitors, showing an areal capacitance of 175 mF cm‒2 
at a low scan rate of 10 mV s‒1, with a capacitance retention of 
93% over 5000 cycles. 

3.3 Graphene/(PEDOT:PSS) 

PEDOT:PSS shows good electrical conductivity, transparency, 
ductility, and stability, and have been widely used in energy 
conversion and storage devices such as solar cells, fuel cells, 
supercapacitors, thermoelectric devices and stretchable 
devices.[86]  PEDOT:PSS can have electrostatic interactions with 
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graphene to form nanocomposites as electrodes for 
supercapacitors.[87-91] 
Wu et al. demonstrated ultrathin printable supercapacitors based 
on solution-processed electrochemically exfoliated 
graphene/(PEDOT:PSS) hybrid conductive ink (prepared via 
physical mixing) spray coated on an ultrathin poly(ethylene 
terephthalate) (PET) substrate.[87] The supercapacitor devices 
exhibited a very large volumetric capacitance of 348 F cm−3, an 
ultrahigh scan rate of 2000 V s−1, an excellent capacitance 
retention ability over 50000 cycles, a good flexibility under 
different bending states and alternating current (AC) line-filtering 
performance	with an ultrashort resistor–capacitor (RC) time 
constant of < 0.5 ms. The present method can be potentially 
used for large scale production of printable thin and lightweight 
supercapacitor devices. 

 
Figure 4. a) Comparison of area specific capacitance of hollow 
rGO/PEDOT:PSS composite fiber with other samples at different current 
densities. b) Electrochemical impedance spectroscopy (EIS) of hollow 
rGO/PEDOT:PSS composite and hollow rGO. c) Ragone plots based on the 
whole fiber supercapacitors using hollow rGO/PEDOT:PSS composite and 
hollow rGO. The inset image shows that a serial fiber supercapacitor is lighting 
up a red light-emitting diode (LED). d) Cycling performance of the entire fiber 
supercapacitors using hollow rGO/PEDOT:PSS composite and hollow rGO. 
The inset image shows that three fiber supercapacitors are connected in serial 
and stuck onto clothes to supply power to three LEDs. In the figure, RGO 
stands for rGO. Copyright 2016, Wiley-VCH Verlag GmbH & Co. KGaA, 
Weinheim. 

Fiber-shaped supercapacitors have gained increasing attention 
because of their tiny volume, low weight, high flexibility, and 
good wearability. A hollow noncovalent rGO/PEDOT:PSS 
composite fiber is fabricated inside a glass pipe.[88] The fiber 
showed high mechanical and electronic properties and was used 
to fabricate novel fiber-shaped supercapacitors that displayed a 
high specific capacitance of 304.5 mF cm‒2 at 0.08 mA cm‒2 
(Figure 4a), an energy density of 27.1 µW h cm−2, and a long life 
stability over 104 cycles (Figure 4b). The curve of Ragone plots 
for the hollow rGO/PEDOT:PSS composite was relatively flat, 
suggesting that the high energy density of the fiber 
supercapacitor was retained with increasing the power output 

(Figure 4c). The equivalent series resistance (ESR) value of 
hollow rGO/PEDOT:PSS is much lower than hollow rGO, 
indicating higher electrical conductivity of the rGO/PEDOT:PSS 
sample (Figure 4b). Moreover, the fiber showed an electrical 
conductivity of 4700 S m‒1. The fiber supercapacitors can be 
woven into flexible powering textiles which can maintain 
electrochemical performances after cycling and bending, 
particularly promising for portable and wearable electronic 
devices. 

3.4 Graphene/other polymers 

Alongside the above discussed commonly used polymers, other 
polymers have been also combined with graphene as electrodes 
for supercapacitor devices.[92-104] 
Graphene-based 3D covalent networks (G3DCNs) with 
adjustable interlayer distance were prepared by reacting 
benzidines with graphene oxide at three different reaction 
temperatures without addition of any catalyst or template (Figure 
5).[92] The chemically reduced G3DCNs samples were tested as 
electrodes in supercapacitor devices. Using a two-electrode cell, 
the reduced form of G3DCNs-3 showed the highest specific 
capacitance of ~156 F g−1 at a current density of 1 A g−1, with no 
obvious capacitance loss over 5000 cycles. G3DCNs-3 
possessed the highest specific surface area and nitrogen 
content, leading to the highest electrochemical performance, 
even though its electrical conductivity was the lowest. The study 
gives a good example of smart design of graphene-based 3D 
functional nanocomposites, and helps to better understanding of 
structure–property relationship. 

 

Figure 5. Preparation of graphene-based 3D covalent networks (G3DCNs) 
with adjustable interlayer distance by reacting benzidines with graphene oxide 
at three different reaction temperatures. Copyright 2016, Wiley-VCH Verlag 
GmbH & Co. KGaA, Weinheim. 
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Conjugated polyfluorene imidazolium ionic liquids (PILs) 
noncovalently modified rGO composites were used as 
electrodes for high performance supercapacitors.[93] Two 
polyfluorene homo-polymer (hoPIL) and co-polymer (co-PIL) 
with hexyl imidazolium bromide side chains were synthesized. In 
the three-electrode configuration, the coPIL-rGO showed a 
specific capacitance of 222 F g−1 at a low current density of 
0.2 A g−1 in 6 M KOH and 132 F g−1 at a current density of 
0.5 A g−1 in ionic liquid electrolyte 1-butyl-3-methylimidazolium 
tetrafluoroborate (BMIMBF4), respectively. When assembled into 
a symmetric two-electrode cell using BMIMBF4/acetonitrile (1:1) 
as the electrolyte, the coPIL-rGO exhibited an energy density of 
14.7 Wh kg−1 at a current density of 0.5 A g−1. While a power 
density of 347 kW kg−1 was obtained for hoPIL-rGO at a current 
density of 5 A g−1. This study highlights the importance of 
polymer structure in affecting the electrochemical properties. 
Due to their widespread availability, low cost, excellent 
mechanical strength and flexibility, cellulose papers are 
particularly appealing in flexible energy storage devices. rGO-
cellulose paper membranes were fabricated using simple 
vacuum filtration of a rGO dispersion through a filter paper.[94] 
rGO can penetrate into the filter paper, forming a continuous 
physisorbed conducting network around the cellulose fibers. By 
absorbing electrolyte, the cellulose fibers in the filter paper can 
function as electrolyte reservoirs to largely facilitate ion transport 
during electrochemical process. The as-formed membranes 
were used as freestanding and binder-free electrode materials 
for flexible supercapacitor devices, showing a specific area 
capacitance of 81 mF cm−2 and capacitance retention of >99% 
over 5000 cycles. When the whole supercapacitor device was 
bent in a large angle, it still exhibited a specific area capacitance 
of 46 mF cm−2. These results clearly demonstrated that 
supercapacitors based on graphene and filter paper are quite 
versatile and can be applicable in flexible, wearable, and 
portable microelectronic devices. 

 

Figure 6. All solid-state supercapacitor based on graphene-polyselenophene 
nanocomposites. a) CV plots recorded at a scan rate of 200 mV s‒1	at different 
bending states and b) galvanostatic charge−discharge plots at a current 
density of 4 A g‒1 before (black curve) and after 100 bending cycles (red 
curve). c) The supercapacitor was used to power a LED under normal and 
bent states. Copyright 2014, American Chemical Society (ACS). 

Noncovalent rGO-polyselenophene nanocomposites were 
prepared using an in situ oxidation polymerization method 
between GO and selenophene monomers.[99] The as-prepared 
nanocomposites showed a high specific surface area, good 
electrical conductivity and remarkable mechanical properties. As 
a proof of concept, an all solid-state supercapacitor was 
fabricated. Using H2SO4−PVA gel as the solid electrolyte, the 
device exhibited a specific capacitance of ~ 293 F g−1 before 
bending, and ~ 288 F g−1 after bending at a current density of 
4 A g−1, in line with the CV measurement (Figure 6), indicating a 
stable electrochemical performance as flexible energy storage 
devices. 

 
Table 1. Summary of supercapacitor performance of graphene/polymer 
nanocomposites. 

Ref. Electrode compositions Electrolyte Capacitance, 
energy/power 

density 

Cycling 
stability 

43 PANI nanorod arrays on 
patterned rGO thin films 

H3PO4-
polyvinyl 
alcohol 

(PVA) gel 
electrolyte 

970 F g−1 at 
2.5 A g−1 

90% 
retained 

over 1700 
cycles 

44 rGO/PANI nanowires 1 M H2SO4 385 F g−1 at 
0.5 A g−1 

88% 
retained 

over 5000 
cycles 

46 Nano graphene 
platelet/PANI 

1 M H2SO4 269 F g−1 at 20 
mV s‒1, 454 
kW kg−1 and 
9.3 Wh kg−1 

Stable over 
1000 cycles 

48 PANI-rGO/cellulose 
fibers 

H2SO4-
polyvinylac

etate 
(PVA) gel 
electrolyte 

224 F g−1 at 
0.1 A g−1 

89% 
retained 

over 1000 
cycles 

72 3D rGO/PPy foam 3M 
NaClO4 

360 F g−1 at 
1.5 A g−1 

No change 
over 1000 

compression
/release 
cycles 

87 Electrochemically 
exfoliated 

graphene/(PEDOT:PSS) 

H2SO4-
polyvinylac

etate 
(PVA) gel 
electrolyte 

348 F cm−3 Stable over 
50000 
cycles 

88 rGO/PEDOT:PSS 
composite fiber 

H3PO4-
polyvinyl 
alcohol 

(PVA) gel 
electrolyte 

304.5 mF cm‒2 
at 0.08 mA 

cm‒2, 27.1 µW 
h cm−2 

Stable over 
104 cycles 

92 3D polymerized 
benzidines covalently 

1 M H2SO4 156 F g−1 at 1 No obvious 
loss over 
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linked rGO A g−1 5000 cycles 

94 rGO-cellulose paper H2SO4-
polyvinylac

etate 
(PVA) gel 
electrolyte 

81 mF cm−2 >99% over 
5000 cycles 

99 rGO-polyselenophene H2SO4-
polyvinylac

etate 
(PVA) gel 
electrolyte 

293 F g−1 at 4 
A g−1 

98.4% 
retained 
after 100 
bending 
cycles 

 
The above discussed preparation methods can be extended to 
new interesting polymer candidates combined with graphene as 
electrodes for supercapacitors. The most widely used method is 
the noncovalent approach, while few examples reported 
covalently linked graphene/polymer nanocomposites for use in 
supercapacitors.[34, 92, 103] This is reasonable, as supercapacitor 
cells require electrode materials with a high electrical 
conductivity, while the noncovalent method can largely reserve 
the intrinsic properties of graphene therefore leading to a high 
electrical conductivity of the formed nanocomposites. However, 
proper design of nanocomposites with good electrical 
conductivity by delicately covalent modification of graphene 
using polymers still holds a great potential for high performance 
supercapacitor applications. For example, covalent 
functionalization of GO using polymers through ring-opening and 
condensation reactions followed by a chemical reduction step to 
yield rGO/polymers nanocomposites, is a very promising route 
to realize supercapacitor devices with good electrochemical 
performance.[92] The electrochemical performance of some of 
the graphene/polymer nanocomposites is summarized in Table 
1. Graphene has a low packing density, leading to a low 
volumetric specific capacitance of the hybrid nanocomposites. 
Also, the energy density of the nanocomposites is still not high 
for practical applications. 

4. Conclusions and outlook 

In the present review, the preparation method and recent 
progress of graphene/polymer nanocomposites for 
supercapacitors have been summarized. The nanocomposites 
show enhanced electrochemical performance in supercapacitor 
devices due to the synergetic effect of both graphene and 
polymers by combining the unique properties of the individual 
component. Although much progress has been made in this 
area, quite a few are the challenges to be tackled in the future. 
There is still inconsistence of the evaluation method for 
supercapacitors, either two- and/or three-electrode configuration 
was used for electrochemical measurement. For reliable 
measurements reflecting practical commercial applications, it is 
recommended to use a two-electrode configuration to test 
electrode materials following the industrial test standards and 

procedures. Also, test cells should have active materials with 
mass loadings on the order of 10 mg cm–2.[92, 105] When one 
compares the supercapacitor performance reported in literature, 
they also need to consider other parameters such as electrolytes, 
electrode compositions, mass loading, potential windows, 
electrode configuration, all of which can affect the final 
capacitance. For graphene/polymer nanocomposites based 
supecapacitors, volumetric specific capacitance is a more 
reliable indicator to evaluate their electrochemical performance 
when the total device volume is considered. 
Currently, supercapacitors have high power densities while still 
suffer from lower energy densities. The low ionic conductivities 
(especially solid electrolytes for flexible supercapacitors and 
organic electrolytes) and narrow potential windows of 
electrolytes limit the supercapacitor performances in both power 
density and energy density. This problem can be solved by 
using novel electrolytes with high ionic conductivities and larger 
electrochemical potential windows. Recently, new efforts have 
already been devoted to fabricate hybrid energy storage devices 
such as lithium/sodium-ion hybrid capacitors,[106, 107] composing 
of both battery-type electrodes and capacitor-type electrodes, 
which can possess both high energy and power density.  
The electrochemical performance of graphene/polymer 
nanocomposites depend very much on how the two components 
interact and on the resulting structures/morphologies. In this 
regard, optimization the structure and interface of electrode 
materials is imperative, in order to provide more electroactive 
sites and largely enhance the kinetics of ion transport. One of 
the main goals in designing new electrode materials is to 
improve their rate performance at high current densities, which 
requires electrode materials with high electrical conductivity. 
However, as the most widely used graphene derivatives for the 
preparation of graphene/polymer nanocomposites, rGO still 
contains a lot of defects, which reduce the electrical conductivity 
of the final nanocomposites. Electrochemical exfoliation of 
graphene with a few defects could be a better alternative to 
replace rGO. The CVD method can provide much higher quality 
samples, however, much efforts are needed to produce CVD 
graphene in a large scale and with a reasonable cost. More 
interesting polymers need to be further designed/synthesized to 
fabricate novel functional graphene based nanocomposites, 
which can lead to much better electrochemical performance. 
The preparation methods employed to generate 
graphene/polymer nanocomposites also play an important role 
in determining the structures/morphologies. Among the current 
used methods, in situ polymerization and physical mixing hold 
appear the most promising towards large scale production of 
graphene/polymer nanocomposites. Besides the already well 
established procedures reported in literature, novel preparation 
routes still need to be developed to fabricate advanced 
nanocomposites with superior electrochemical performance. 
Homogeneous dispersion of graphene within the polymer matrix 
is necessary but it is still a challenging goal.[108] Graphene itself 
has a strong tendency towards aggregation during processing 
mainly due to the strong π‒π interactions between the individual 
sheet, thus largely lowering the specific surface area and 
leading to a lower electrochemical performance. A possible 
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appealing solution is to build 3D graphene/polymer hybrids with 
controlled/tunable structures possessing large specific surface 
area and good permeability.[92] 
Furthermore, deeper understanding the mechanism of energy 
storage, the interfacial interactions between the electrode and 
electrolyte, the structure-electrochemical performance 
relationships, are highly desired.[109] All these will require in situ 
experimental characterization techniques combining with 
theoretical calculations. 
New types of supercapacitor devices such as micro-
supercapacitors and fiber-type supercapacitors have been 
widely demonstrated, which can meet the energy requirements 
of the next generation of smart electronic devices. Pushing 
further the size limit of micro-supercapacitors is needed towards 
more advanced on chip microelectronic devices. 3D printing 
could be very a useful technique for the fabrication of micro-
supercapacitors. Nowadays, developing free-standing, flexible 
supercapacitors that can remain excellent electrochemical 
performance under external mechanical deformation such as 
bending, twisting, stretching and compression, and/or against 
harsh environments such as very low/high temperatures or 
stress, is one of the hottest directions in flexible electronics. Safe 
operation should be always taken into seriously account 
especially for applications in wearable electronic devices and 
smart textiles. Integrated multifunctional systems combining 
supercapacitor devices with other kinds of energy harvesting or 
energy storage devices, such as solar cells, batteries, 
nanogenerators, or electrochromic devices to realize energy 
conversion and storage in a single unit,[110] is an emerging 
direction to fabricated advanced smart energy devices. 
With the continuous efforts on the research of graphene/polymer 
nanocomposites for supercapacitors, it is anticipated that the 
above discussed issues could be solved properly in the coming 
decades. Importantly, a closer joint effort between lab research 
and industry is highly desired to solve the challenges together 
and thus fulfil the ultimate goal of large scale fabrication of 
supercapacitors using graphene/polymer nanocomposites. This 
will finally lead to generate more advanced clean, efficient and 
renewable storage devices towards practical applications in our 
daily life. 
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