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Abstract: Graphene is a promising electrode material for supercapacitors mainly because 

of its large specific surface area and high conductivity. In practice, however, several 

fabrication issues need refinement. The restacking of graphene flakes upon being packed 

into supercapacitor electrodes has become a critical challenge in the full utilization of 

graphene’s large specific surface area to further improve the device performance. In this 

review, a variety of recent techniques and strategies are overviewed for the prevention of 

graphene restacking. They have been classified into several categories to improve and 

facilitate the discussion on the underlying ideas. Based on the overview of the existing 

techniques, we discuss the trends of future research in the fields. 

Keywords: graphene; supercapacitor; restacking; spacer; conducting polymer;  

carbon nanotube; pseudo-capacitive metal oxide; ternary; three dimensional (3D) network; 

hierarchical structure  

 

1. Introduction 

Energy storage systems have been playing an important role in our lives. There are a great deal of 

applications, including portable electronics, hybrid electric vehicles and large industrial equipment [1]. 

At present, batteries are the most widely used systems which may store energy at densities as high as 

180 Wh/kg [1,2]. However, batteries suffer from many limitations, such as low power density (only 

50–200 W/kg), long charging time (0.3–3 h), limited cycle life, abrupt failure, poor low-temperature 

OPEN ACCESS



Crystals 2013, 3            

 

 

164

kinetics, and safety concerns caused by the usage of lithium [3,4]. In many applications, 

supercapacitors are expected to complement or even replace batteries. Supercapacitors, also called 

electrochemical capacitors or ultracapacitors, typically comprise two electrodes immersed in an 

electrolyte with a thin layer of separator in between, and two current collectors (metal) connecting the 

electrodes [3]. They store energy using the simple charge separation at the electrochemical interface 

(double layer) between the high-surface-area electrode and the electrolyte, and/or using  

pseudo-capacitance resulting from fast surface redox reactions. Consequently, supercapacitors are 

often of high power density (1–10 kW/kg), short charge/discharge time (in seconds), and long life 

cycles (over 105 times). As compared with batteries, the main shortcoming for supercapacitors is their 

relatively low energy density (1–10 Wh/kg). Further improvement of their performance mainly relies 

on advanced electrode materials, which should possess high electrical conductivity, large specific 

surface area, and long-term electrochemical stability [3]. 

Graphene, a flat monolayer of carbon atoms tightly packed into a two-dimensional (2D) honeycomb 

lattice [5], has high electrical conductivity (minimally of the order of 4e2/h [5,6]), large specific 

surface area (2630 m2/g), good resistance to oxidative processes, and high temperature stability [7]. 

Therefore, graphene has been considered an ideal electrode material for supercapacitors [7–15]. 

As a matter of fact, a flood of papers have demonstrated the promise of graphene in supercapacitor 

applications. They cover almost all aspects of the performance boost of supercapacitors. As discussed 

above, supercapacitors store energy mainly relying on two kinds of mechanisms. One is the 

electrochemical double-layer capacitance (EDLC), which results from charges absorbed in the 

interfaces between the electrodes and the electrolytes, i.e., the double layers. A high EDLC requires 

electrodes with high electrical conductivity and large surface area. In theory, supercapacitors based on 

graphene electrodes can achieve EDLC as high as ~550 F/g [16]. The other is the pseudo-capacitance, 

which is produced by highly reversible redox (faradic) reactions in electrode surfaces.  

Pseudo-capacitive materials typically include conducting polymers and a variety of transition metal 

oxides (e.g., RuO2, MnO2 and IrO2). In general, pseudo-capacitive materials can achieve higher 

capacitance than EDLC, despite their poor cycling stability [2,17]. Although graphene itself is not  

pseudo-capacitive, composites incorporating graphene with pseudo-capacitive materials represent an 

important possibility to fabricate high-performance and low-cost supercapacitors [11]. 

Recently, more attention has been paid to supercapacitors with asymmetric electrodes [1,2,10,18], 

one of which is a capacitor-like electrode (as the power source), whereas the other is a battery-like 

faradaic electrode (as the energy source). An appropriate combination of electrodes in asymmetric 

supercapacitors can offer the advantages of both supercapacitors (charging rate and cycle life) and 

batteries (energy density). In particular, asymmetric supercapacitors may have evidently increased 

operation voltage that further improves the energy and power densities. Advanced asymmetric 

supercapacitors based on graphene electrodes have also been demonstrated to be of high energy 

density [18,19]. 

Consequently, the high electrical conductivity, large specific surface area, great incorporation with 

various pseudo-capacitive materials, and suitability for asymmetric supercapacitors make graphene a 

highly suitable material for supercapacitors. These points have been well demonstrated in many other 

review papers [8–15]. However, in practice, people still have not been able to utilize the full potential 

of graphene for supercapacitors. The specific EDLC (typically around 100–200 F/g) for practical 
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Figure 10. (a) and (b) Photographs of the as-formed flexible self-stacked solvated 

graphene films; (c) Schematic illustration of the cross-section of a solvated graphene film; 

(d) SEM image of the cross-section of a free-dried solvated graphene film; (e) XRD 

patterns of as-prepared and free-dried solvated graphene films. Reprinted with permission 

from [32]. Copyright 2011 John Wiley and Sons. 

 

2.3.4. Pseudo-Capacitive Metal Oxide Nanoparticles 

Pseudo-capacitive metal oxide nanoparticles are an important sort of spacers for graphene. Not only 

can they separate graphene nanosheets for more assessable surface area, but they also provide extra 

pseudo-capacitance to further improve the capacitance. A shortcoming of metal oxide is their poor 

conductivity. Usually, these metal oxides include RuO2, MnO2, Ni(OH)2, NiO, Fe3O4, CeO2, Co3O4, 

ZnO, SnO2, and so on [10,15]. Recent studies concerning the involvement of these metal oxides in 

more complicated graphene composites are introduced in this review, as discussed below. 

2.3.5. Conducting Polymers 

Conducting polymers, such as polyaniline (PANI), polypyrrole (PPy), and  

poly(3,4-ethylene-dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), have attracted great interest 

in studies on supercapacitors because of their very high pseudo-capacitance. Note that  

pseudo-capacitance relies on fast reversible redox reactions in the electrode surfaces, differing from 

EDLC, which arises from direct charge separation at the electrode/electrolyte interface. Conducting 

polymers often possess various oxidation states and the redox reactions involve transitions between 

different oxidation states. For example, redox reactions in PANI-based supercapacitors often involve 

two transitions: one is between a semiconducting state (leucoemeraldine) and a conducting state 

(polaronicemeraldine), and the other is between the emeraldine and pernigraniline forms [33,34]. Both 

of them can be identified by the peaks in cyclic voltammograms. A shortcoming of conducting 

polymers is their relatively poor cycling stability. Composites of conducting polymers with 
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graphene [35] have been demonstrated as ideal electrode materials for supercapacitors because they 

can work synergistically to achieve both high energy density and improved cycling stability. Recently, 

advanced techniques [33–38] have also been developed to utilize conducting polymers as effective 

spacers for graphene electrodes to further increase the EDLC. The techniques include electrostatic 

interaction leading to PPy-sandwiched layered graphene [38], and grafting [33,34], direct coating [37], 

and vertically planting conducting polymers onto graphene [36]. 

A general problem for conducting polymer spacers is their weak interaction (van der Waals force) 

with graphene, which easily causes phase separation and hence degrades electrochemical performance. 

An effective way to enhance the graphene/polymer interaction is to graft conducting polymers into 

graphene sheets [33,34]. As illustrated in Figure 11, one strategy is that 4-aminophenol [33] is first 

introduced into GO sheets by covalent functionalization and subsequently polymerized in the presence 

of aniline monomer. Due to the thionyl chloride vapor used in the graft process, GO is reduced 

concomitantly, thereby yielding highly conducting networks. Another strategy [34] may involve a first 

graft of amide groups into GO sheets by covalent functionalization, followed by reaction of the GO 

derivative with PANI nanofibers and reduction of GO by hydrazine. The covalent functionalization 

ensures the compatibility of graphene with conducting polymer (PANI) and minimizes phase 

separation. As a result, a high specific capacitance over 600 F/g has been attained [34]. 

Figure 11. Schematic illustration of the formation process of polyaniline-grafted graphene 

composites. Reprinted with permission from [33]. Copyright 2012 American 

Chemical Society.  
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Zhang et al. [38] proposed another general route to fabricate layered graphene oxide with 

sandwiched conducting polymer. It is mainly based on electrostatic interactions between negatively 

charged GO sheets and positively charged surfactant micelles. Consequently, the surfactant micelles 

are adsorbed onto the graphene surface to form sandwiched structures (Figure 12). In addition, the 

hydrophobic cores of the surfactant micelles can attract conducting polymer monomer and after 

polymerization, layered GO structures pillared with the conducting polymers can be obtained. The 

demonstrated GO/PPy composite can provide a specific capacitance over 500 F/g. 

Figure 12. Schematic illustration of the formation process of the sandwich-structured 

GO/PPy composites. Reprinted with permission from [38]. Copyright 2010 American 

Chemical Society. 

 

Like carbon nanotube, one attractive strategy for effective spacers is the vertical growth of 

conducting polymers onto graphene sheets. Xu et al. [36] introduced a facile method to fabricate such 

a composite (Figure 13). The aligned PANI nanowires were produced by dilute polymerization of 

aniline monomer in the GO aqueous solution. The morphologies of PANI nanowires were strongly 

affected by the aniline concentration and the polymerization temperature. Under an optimal 

concentration of 0.05 M aniline and 0.36 mg/mL GO in aqueous solution and with a low temperature 

of –10 °C, nucleation and vertical growth of PANI can uniformly take place on GO sheets. These 

composites of vertically oriented PANI on GO sheets can provide a high specific capacitance of  

555 F/g and good cycling stability. 

Finally, further discussions are still necessary in order to fully understand the systems of 

graphene/conducting polymers and graphene/metal oxides. Although in this review we emphasize the 

function of conducting polymers and metal oxides as the spacers for graphene, they actually work 

synergistically, which means graphene actually also helps to disperse conducting polymers better or 

prevent metal oxides from agglomeration. 
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Figure 13. SEM images of vertically grown polyaniline on graphene oxide sheets. 

Reprinted with permission from [36]. Copyright 2010 American Chemical Society. 

 

2.3.6. Ternary Graphene Structure 

Although carbon nanotubes, metal oxides and conducting polymers are all excellent spacers for 

graphene electrodes, each of them has a significant shortcoming. Carbon nanotubes cannot provide 

pseudo-capacitance, metal oxides have low conductivity and conducting polymers are poor in cycling 

stability. Recent research tends to adopt the ternary structure which involves two kinds of the above 

spacers in addition to graphene so as to overcome the shortcoming and enhance the performance of  

the supercapacitors. 

Rakhi et al. [39] demonstrated a ternary graphene-(γ-MnO2/carbon nanotube) structured 

nanocomposite (Figure 14). Firstly, γ-MnO2/carbon nanotube composites were synthesized by 

dispersing functionalized carbon nanotubes in an aqueous solution containing MnSO4 through 

ultrasonication at an elevated temperature, followed by addition of KMnO4 under agitation. Then the 

graphene-(γ-MnO2/carbon nanotube) composites were synthesized by ultrasonicating the mixture of 

chemically functionalized few-layered graphene nanosheets and the γ-MnO2/carbon nanotube 

composites. The ternary graphene structure provides a high specific capacitance of ~300 F/g and 

excellent cycling stability (90% retention after 5000 cycles). 

Figure 14. (a) Schematic diagram of the ternary graphene-(γ-MnO2/carbon nanotube) 

structure; (b) SEM image of the ternary graphene-(γ-MnO2/carbon nanotube) composite. 

Adapted with permission from [39]. Copyright 2012 John Wiley and Sons. 

 



C

 

(

c

p

c

th

P

w

>

te

g

m

te

c

c

3

p

w

te

g

e

g

c

r
 

Crystals 201

Yu et 

graphene/M

composites 

porous texti

controlled e

hrough aga

PEDOT:PSS

wrapping. S

>95% capac

ernary (gra

graphene/M

method, and

ernary com

capability in

Figure

(graph

(graph

(graph

from [

Du et al

composite 

3D-pillared 

prepare the 

was treated 

emperature 

graphene/ca

electrochem

graphene/ca

capacitance 

retention aft

13, 3  

al. [4

MnO2)-cond

were synth

le fibers wi

electrochem

ain the “di

S) can be 

Such a terna

citance rete

aphene/MnO

nO2 compo

d then mixe

mposite. This

n the absenc

e 15. (a) S

hene/MnO2)

hene/MnO2)

hene/MnO2)

[40]. Copyri

l. [43] rep

(Figure 16

architecture

ternary com

with acid an

through ga

arbon nanot

mical deposi

arbon nanot

as high as

ter 20,000 c

 

40] demo

ducting poly

hesized throu

ith graphene

mical deposit

ip and dry

effectively 

ary graphen

ention over 

O2)-carbon 

osite was fi

ed with few

s composite

ce of current

Schematic d

)-conducting

)-carbon n

)-PEDOT:P

ight 2011 A

ported the 

6). In parti

e where car

mposite, fir

nd heated to

as flow to 

tube archite

ition of Ni

tube comp

 1065 F/g 

cycles. 
 

 

onstrated 

ymer structu

ugh a two-

e nanosheet

tion of Mn

y” process,

coated to 

ne structure

3000 cycl

nanotube 

rstly prepar

w-walled ca

e provides a

t collectors 

diagram of 

g polymer

nanotube c

SS compos

American Ch

fabrication 

icular, the 

rbon nanotu

rst the bina

o become th

form a SiO

ecture was 

(OH)2 was

posite (Figu

even at a h

ternary 

ured compo

step solutio

ts through a

nO2 onto the

, carbon n

the graphe

e provides a

les. Similar

structured 

red using a

arbon nanot

a high speci

and binders

the ternary

r structure

composite;

site. Scare 

hemical Soc

of a terna

binary (g

ubes are ver

ary graphen

hermally ex

O2 coating o

produced b

 employed 

ure 16c,d).

high curren

 

(graphene/

osites (Figur

on-based co

a simple “d

e as-prepar

nanotubes o

ene/MnO2 t

a high spec

rly, Cheng

composite 

a sonication

tube suspen

ific capacita

s. 

y (graphene

e; (b) SE

(c) SEM

bar: 1 µm

ciety. 

ary (graphe

graphene/ca

rtically grow

e/carbon na

xpanded gra

on the grap

by pyrolysi

to produc

 This 3D 

nt density o

/MnO2)-car

re 15). Firs

oating proce

dip and dry”

ed conduct

or conducti

textiles to 

cific capaci

et al. [42] 

in a diffe

n-assisted ch

nsion under

ance of 372

e/MnO2)-ca

M image 

M image 

m. Adapted

ene/carbon 

rbon nanot

wn on grap

anotube wa

aphite, SiCl4

phene layer

is of iron p

e the Ni(O

architectur

of 22.1 A/g,

  

rbon nan

stly, the gra

ess [41]: Co

” process, fo

ive textile 

ing polyme

form a 3D

tance of ~3

also fabric

erent way. 

hemical co-

r sonication

2 F/g with e

arbon nanot

of the 

of the 

d with perm

nanotube)-

tube) comp

hene (Figur

as synthesiz

4 was introd

rs, and then

phthalocyan

OH)2-coated

re provides

, with 96%

 17

notube an

aphene/MnO

oating highl

ollowed by 

fibers. Then

ers (such a

D conductiv

380 F/g wit

cated such 

The binar

-precipitatio

n to form th

excellent rat

tube or 

ternary 

ternary 

mission 

 

-metal oxid

posite is o

re 16a,b). T

zed: Graphit

duced at hig

n 3D-pillare

nine. Finally

d 3D-pillare

s a specif

% capacitanc

 

77

nd  

O2 

ly 

a 

n, 

as 

ve 

th 

a 

ry 

on 

he 

te 

de 

of  

To 

te 

gh 

ed 

y, 

ed 

fic 

ce 



C

 

(

n

p

d

g

s

m

e

2

th

e

e

s

Crystals 201

Figure

(b) SE

image

permis

Yan et a

Figure 17),

nanotubes w

polymerized

deposition 

graphene/PA

stability be

mechanical 

extremely hi

Figure

structu

Adapt

2.4. 3D Grap

A 3D gra

hese structu

etched poro

electrochem

structure for

13, 3  

e 16. (a) Sc

EM image o

s of the tern

ssion from [

al. [44] dem

, using a si

were dispers

d in the solu

of PANI 

ANI particle

cause, dur

strength of 

igh specific

e 17. (a) S

ure; (b) SEM

ed with perm

phene Netw

aphene netw

ures, most 

ous structu

mical perfor

r supercapac

 

chematic di

of the 3D pi

nary Ni(OH

[43]. Copyr

monstrated 

imple in sit

sed in water

ution. In the

particles 

es (Figure 1

ring doping

the electrod

c capacitanc

Schematic i

M image of

mission fro

works 

work refers

graphene s

ures/networ

rmance. Sev

citor applica

 

iagram of th

illared grap

H)2-coated g

right 2011 A

a ternary (

tu polymeri

r through ult

e ternary str

and carb

17a). This st

g/de-doping

de, can be m

ce of 1035 F

illustration 

f the ternary

om [44]. Cop

s to a 3D f

sheets stand

rks) so as

veral techn

ations. 

he 3D-pillar

phene/carbo

graphene/ca

American C

(graphene/P

ization meth

trasonicatio

ructure, gra

bon nanotu

tructure imp

g processes

maintained.

F/g with 94%

of the tern

y composite

pyright 201

framework

d on the su

 to dimin

niques have

 

red graphen

n nanotube

arbon nanotu

hemical So

PANI)-carb

hod: Graph

on, and then

aphene nano

ubes as c

proves the c

s, the high

As a result

% capacitan

nary (graph

e (Inset is a

0 Elsevier. 

with assem

upporting fr

nish the re

e been intr

ne/carbon n

composite

ube compos

ciety. 

on nanotub

hene (rGO) 

n aniline mo

osheets act 

conductive 

composite c

hly conduc

t, the ternary

nce retention

hene/PANI)

a correspond

 

mbled 2D gr

ramework (

estacking 

oduced to 

  

nanotube str

; (c) and (d

site. Adapte

be structure

nanosheets

onomers we

as support 

wires int

conductivity

ctive path, 

y composite

n after 1000

)-carbon na

ding TEM i

raphene nan

(usually cro

problem a

fabricate 3

 17

ructure; 

d) SEM 

ed with 

ed composit

s and carbo

ere added an

materials fo

terconnectin

y and cyclin

as well a

es achieve a

0 cycles. 

anotube 

image). 

 

no-sheets. I

oss-linked o

and improv

3D graphen

 

78

 

te 

on 

nd 

or 

ng 

ng 

as 

an 

In 

or 

ve 

ne 



C

 

2

th

g

T

r

s

o

g

(

e

h

2

b

1

li

te

b

h

g

f

a

1
 

Crystals 201

2.4.1. Graph

The simp

he one-step

graphene hy

Teflon-lined

randomly di

stack. If th

overlapping 

generated y

Figure 18b)

entrap ampl

hydrogel can

Figure

hydrot

(c) Sc

Adapt

2.4.2. Graph

Graphene

been propos

Niu et al

19a. Leaven

ighter, more

echnique, g

by peeling o

heated. The 

gaseous spec

foams are co

also improv

110 F/g. 

13, 3  

hene Hydrog

plest way to

p hydrotherm

ydrogel [45]

d autoclave

ispersed in w

he graphen

of graphen

yielding a 

). Simultan

le water in

n provide a 

e 18. (a) P

thermal red

chematic ill

ed with perm

hene Foams

e foams rep

sed to fabric

l. [46] intro

ning is the p

e easily che

graphene ox

off. The free

hydrazine v

cies which 

ontinuously

ves the inte

 

gels 

o assemble 2

mal reductio

]. The reduc

 and maint

water (Figu

ne concentr

ne nanoshe

3D networ

eously, the 

nto the grap

specific cap

Photograph

duction; (b

ustration of

mission fro

 

present anot

cate graphen

duced a lea

process of a

ewable brea

xide films ar

e-standing G

vapor initia

result in po

y cross-linke

er-sheet con

 

 

2D graphen

on of graph

ction proces

taining at 

ure 18a,c). U

ration is h

ets (Figure 

rk with po

residual ox

phene netw

pacitance ab

hs of a 2 m

b) SEM im

f the propo

om [45]. Cop

her type of 

ne foams. 

avening stra

adding gas 

ad with a po

re first prep

GO films ar

ates the chem

orous graphe

ed, which e

ntacts. The 

ne nanoshee

hene oxide 

ss is typical

180 °C for

Upon reduct

high enoug

18c) and f

ore size ra

xygenated f

work to for

bove 150 F/

mg/mL GO

mage of th

osed format

pyright 201

f 3D graphen

ategy to pre

before or d

orous structu

pared throug

re put into 

mical reduc

ene foams. 

effectively p

specific ca

 

ets into com

aqueous dis

ly through s

r several h

tion, the fle

gh, cross-lin

finally mor

anging from

functional g

m a self-as

/g. 

O aqueous 

he self-ass

tion mechan

0 American

ne network

epare graph

during bakin

ure from the

gh vacuum 

hydrazine m

ction of GO 

As shown i

prevents the

apacitance 

mplex 3D m

spersion to 

sealing GO 

ours. Initia

xible graph

nking may

e and more

m sub-micr

groups on t

ssembled g

dispersion 

embled gr

nism for gr

n Chemical 

s. Several t

hene foams,

ng or steam

e more com

filtration of

monohydrat

to rGO wit

in Figure 19

e restacking

of these gr

  

macrostructu

produce se

aqueous di

ally, the GO

hene nanosh

y form thr

e cross-link

rometer to 

the graphen

graphene hy

before and

aphene hy

raphene hy

Society. 

echniques h

, as illustrat

ming in orde

mpact dough

f GO solutio

te in a seale

th the rapid

9b, the pore

g of graphen

raphene foa

 17

ures might b

elf-assemble

ispersion in 

O sheets ar

heets begin t

ough parti

king sites ar

micromete

ne sheets ca

ydrogel. Th

d after 

ydrogel;  

ydrogel. 

 

have recentl

ted in Figur

er to produc

h [46]. In th

ons followe

ed vessel an

d evolution o

e walls in th

ne sheets bu

ams is abou

 

79

be 

ed 

a 

re 

to 

al 

re 

er 

an 

he 

ly 

re 

ce 

his 

ed 

nd 

of 

he 

ut 

ut  



C

 

u

(

F

o

c

N

p

f

m

s

s

o

o

a

th

3

T

Crystals 201

Figure

oxide 

Copyr

Cao et a

uses Ni fo

Figure 20b)

FeCl3 and H

of Ni foam (

coated onto

NiO/graphen

performance

Figure

image 

graphe

NiO. A

Zhao et a

foams were

monomers, 

solution. Th

suspension. 

on the surfa

of pyrrole w

accordingly 

hin connect

350 F/g at 

There is no e

13, 3  

e 19. (a) Sc

foams; (b) 

right 2012 J

l. [47] intro

am (Figure

) by CVD w

HCl solution

(Figure 20c

o the graph

ne composi

e without an

e 20. (a) Ph

of 3D gra

ene network

Adapted wit

al. [48] dev

e prepared 

followed by

he key step 

The conjug

aces and gal

will effectiv

increase th

tion walls (

a constant 

evident cap

 

chematic illu

SEM imag

ohn Wiley a

oduced a te

e 20a) as 

with ethano

ns, the rema

). In additio

hene foam 

ite exhibits 

ny capacitan

hotograph o

aphene netw

k after remo

th permissio

eloped a str

by hydrot

y electroch

to PPy-gra

gated structu

lleries of G

ely prevent

e amount o

(Figure 21b

current of 

pacitance los

 

ustration of

ge of the gr

and Sons.

emplate-ass

the sacrifi

ol as the carb

aining graph

on, for perfo

through e

a high spe

nce loss afte

of Ni foam 

work grown

oval of Ni fo

on from [47

rategy to fab

hermal red

emical poly

aphene foam

ure with ele

GO sheets th

t the self-sta

f available 

b). The spe

1.5 A/g. In

ss under a 5

f the leaven

raphene foa

sisted meth

icial templa

bon source.

hene sheets 

ormance enh

electrochem

ecific capac

er 2000 cyc

before and

n on Ni fo

foam; (d) SE

7]. Copyrigh

bricate PPy

duction of 

ymerization

ms is the in

ectron-rich N

hrough H-bo

acking beha

GO sheets f

ecific capac

n particular

50% applied

 

ing process

am. Adapted

hod to grow

ate. Graph

. After remo

replicate th

hancement, 

mical deposi

citance of a

les. 

d after the g

am after C

EM image o

ht 2011 John

y-mediated

GO aqueo

n of the pyr

ntroduction

N atom in p

onding or π

avior of GO

for forming

citance of th

r, they have

d strain, eve

s to prepare 

d with perm

w graphene

ene is gro

oval of Ni f

he 3D netwo

a metal oxi

ition (Figu

about 816 F

growth of gr

CVD; (c) SE

of graphene

n Wiley and

d graphene f

ous suspens

rrole monom

n of pyrrole

pyrrole mon

π–π interact

O during hyd

g large volum

hese PPy-gr

e excellent 

en after 1000

  

reduced gr

mission from

e foams. Th

own onto t

foam throug

ork and por

ide, such as

ure 20d). T

F/g and a st

raphene; (b

EM image 

e foam coate

d Sons. 

foams (Figu

sion contain

mer in NaC

e monomer 

nomer may 

ion. Thus, t

drothermal 

me of 3D gr

raphene foa

compressio

0 cycles. 

 18

raphene 

m [46]. 

 

his techniqu

the templat

gh etching i

rous structur

s NiO, can b

The obtaine

table cyclin

b) SEM 

of 3D 

ed with 

ure 21a). Th

ning pyrro

ClO4 aqueou

into the G

easily attac

the existenc

process, an

raphene wit

ams is abou

on toleranc

 

80

ue 

te  

in 

re 

be 

ed 

ng 

he 

le 

us 

O 

ch 

ce 

nd 

th 

ut  

e. 



C

 

2

lo

c

g

p

n

a

b

s

Crystals 201

Figure

the 3D

Copyr

2.4.3. 3D Na

Biener et

ow-cost pol

carbon netw

gel. After th

porous sp2-b

nanoplatelet

amorphous c

burn-off in 

specific capa

Figure

mecha

macro

(d) Int

Select

such a

Copyr

13, 3  

e 21. (a) Ph

D PPy-grap

right 2013 J

anographen

t al. [49] pr

lymer-deriv

work. The te

he gel is dri

bonded car

ts. The grap

carbon com

an oxidizin

acitance of 

e 22. (a) Sc

anical robus

porous netw

ternal struc

ed double-l

a double-lay

right 2012 J

 

hotographs 

phene foam

ohn Wiley a

ne Bulk Mat

roposed a t

ved carbon f

echnique sta

ied under a

rbon netwo

phene-base

mponents an

ng atmosphe

105 F/g. 

chematic of

stness of a c

work archi

cture of liga

layer region

yer region 

ohn Wiley a

 

of the as-pr

m (scale ba

and Sons.

terials 

top-down s

foams throu

arts with a m

ambient con

ork compris

d bulk mat

nd a partial 

ere at eleva

f the polym

centimeter-s

tecture com

aments com

ns are mark

is shown o

and Sons.

repared 3D 

ar: 1 µm).

strategy to 

ugh the cont

macroporou

nditions, py

sing both a

terials are 

etching of

ated temper

mer-based to

sized nanog

mposed of 

mposed of c

ked by oval

on the left.

 

PPy-graph

 Adapted 

fabricate gr

trolled remo

us carbon ne

yrolysis tran

amorphous

obtained fr

multilayer 

ratures (Figu

op-down app

graphene bu

micrometer

curved and 

ls, and a ty

. Reprinted 

ene foam; (

with perm

raphene-bas

oval of carb

etwork, high

nsforms the 

regions an

rom etching

graphite co

ure 22). Th

proach; (b) 

ulk material

r-sized pore

intertwined

ypical intens

d with perm

 

  

(b) SEM im

ission from

 

sed bulk m

bon atoms fr

hly cross-lin

organic po

nd multilay

g off the m

omponents b

hese materia

Illustration

l sample; (c

es and liga

d graphene 

sity profile 

mission from

 18

mage of 

m [48]. 

aterials from

rom a porou

nked organi

olymer into

yer graphen

more reactiv

by controlle

als achieve 

n of the 

c) Open 

aments;  

sheets. 

across 

m [49]. 

 

81

m 

us 

ic 

a 

ne 

ve 

ed 

a 



C

 

2

f

b

(

s

g

s

d

a

2

o

F

th

to

in

p

p

o
 

Crystals 201

2.4.4. Electr

Sheng et 

fabricate 3D

by electrolyz

e.g., Au) at

self-assembl

graphene ne

so that they

double-layer

and high rate

Figure

by per

2.4.5. Inkjet

Recently,

on graphene

First, graphe

hrough dist

o extend the

nks were pr

polymer by 

protrude fro

of ~0.6 mF/c

13, 3  

rochemically

t al. [50] de

D graphene 

zing GO aq

t an applied

led to form

etworks, the

y are fully 

rs. These g

e (relaxatio

e 23. SEM 

rmission fro

t Printed Gr

, Li et al. [5

e electrodes

ene is direc

tillation (Fig

e stable per

rinted and d

annealing,

m the surfa

cm2 and a fa

 

y Reduced 

eveloped a 

network. T

queous susp

d potential.

m 3D interpe

e pore walls

exposed t

graphene ele

n time cons

images of 

om [50]. Cop

aphene Elec

51] develop

s. The graph

ctly exfolia

gure 24a) b

riod, some p

dried, the gr

, the remain

ace (Figure 

fast resistor–
 

 

Graphene O

simple tech

The electroc

pension con

. This proce

enetrating n

s are nearly 

to the elect

ectrodes ex

stant ~0.24 m

electrochem

pyright 201

ctrodes 

ed an inkjet

hene inks w

ated from g

by another s

polymers ar

raphene wa

ning graphe

24b,c). The

–capacitor t

Oxide 

hnique of e

chemically r

taining lithi

ess reduces

networks (F

vertical to 

trolyte for 

xhibit both h

ms).  

mically redu

12 Macmilla

t printing te

were prepare

graphite in 

solvent whic

re added int

as embedded

ene formed

e graphene e

time constan

 

electrochem

reduced gra

ium perchlo

s GO sheets

Figure 23) o

the surface

the access

high area-sp

uced graphe

an Publisher

echnology to

ed through 

a solvent, a

ch is compa

to the first s

d in the pol

d a 3D netw

electrodes e

nt of ~13 m

mically redu

aphene oxid

orate (LiClO

s and the re

onto the sub

e of current 

s of ions to

pecific cap

ene oxide e

rs Ltd. 

o print micr

a solvent ex

and then th

atible with 

solvent befo

lymer matri

work where

exhibit an a

ms. 

  

ucing graph

de electrode

O4) on a me

esulting rG

bstrate elec

collectors (

o form ele

acitance (~

electrode. A

ro-supercap

xchange tec

he solvent i

inkjet print

ore distillati

ix. Upon re

e most grap

area-specific

 18

hene oxide t

e is prepare

etal electrod

GO sheets ar

ctrode. In th

(Figure 23b

ctrochemic

~0.5 mF/cm

Adapted 

 

acitors base

chnique [52

is exchange

ting. In orde

ion. After th

moval of th

phene flake

c capacitanc

 

82

to 

ed 

de 

re  

he 

b), 

al  

m2) 

ed 

2]. 

ed 

er 

he 

he 

es 

ce 



C

 

2

o

(

n

b

a

o

la

2

c

Crystals 201

Figure

prepar

Elsevi

micro-

2.4.6. Laser 

Laser sc

oxide [16,53

Figure 25b

networks of

based on the

at a high cur

of 96.5% ca

aser scribed

Figure

image 

graphe

2012 A

2.4.7. Hierar

Recent s

combining m

13, 3  

e 24. (a) 

ration of g

ier; (b) an

-supercapac

Scribed Gr

cribing (Fig

3]. It is fou

b) into wel

f rGO (Figu

e laser scrib

rrent densit

apacitance r

d graphene m

e 25. (a) Sc

of the sta

ene network

American A

rchical Stru

tudies tend

more than o

 

Illustration 

graphene in

nd (c) SE

citor.  

raphene 

gure 25a) 

und [16] tha

ll-exfoliated

ure 25c), w

bed graphen

ty of 1000 A

retention af

may also ha

chematic ill

acked GO 

ks after las

Association 

ucture 

d to develop

ne of the ab

 

of the dis

nks. Reprin

EM images

has been 

at the low-

d few-layer

which preve

ne [16] prov

A/g, fast res

fter 10,000 

ave an area-

lustration of

sheets befo

ser scribing

for the Adv

p complex 

bove techniq

stillation-as

nted with p

s of inkje

accepted a

power infra

red rGO fi

ents the res

vides high a

sistor–capac

cycles. In a

-specific cap

f laser scrib

ore laser sc

. Reprinted

vancement o

structures 

ques for fur

 

ssisted solv

permission 

t printed 

as an effec

ared laser c

ilms. In pa

stacking of

area-specific

citor time c

addition, m

pacitance of

bing to redu

cribing; (c)

d with perm

of Science.

for 3D gra

rther perform

vent exchan

from [52].

graphene 

ctive metho

can change 

articular, th

f graphene 

c capacitanc

constant of 3

micro-superc

f 0.51 mF/c

uce graphen

 SEM ima

mission from

aphene netw

mance boos

  

nge techniq

. Copyright

electrodes 

od to redu

the stacke

he laser pro

sheets. Sup

ce of 1.84 m

33 ms and h

capacitors [5

cm2. 

ne oxide; (b

age of the 

m [16]. Cop

works by h

st. 

 18

que for 

t 2012 

for a  

 

uce graphen

d GO shee

oduces ope

percapacitor

mF/cm2 eve

high stabilit

53] based o

b) SEM 

porous 

pyright 

 

hierarchicall

 

83

ne 

ts 

en 

rs 

en 

ty 

on 

ly 



C

 

n

T

d

d

s

(

f

n

s

s

tr

c

e

a

 

Crystals 201

Chen et a

nickel foam

Therefore, t

decreases th

double laye

supercapacit

45.6 mF/cm

frequency ab

Figure

hydrog

of gra

Copyr

Dong et 

nanowires. 

substrate, an

synthesis. In

ransfer, an

composite s

enormous ac

at a current d

Figure

Co3O4

2012 A

13, 3  

al. [54] repo

m to form a 

the graphen

he device v

ers and the

tors with 

m2), excelle

bout 38 Hz)

e 26. (a) P

gel/nickel fo

aphene hydr

right 2012 J

al. [55] d

The graphe

nd then Co

n this structu

nd the Co3

structure, gr

ccessible ac

density of 1

e 27. (a) S

4 nanowire-

American C

 

orted a sim

graphene h

ne electrode

volume. Sim

e nickel fra

such elec

nt cycling 

). 

hotograph o

foam compo

rogel in th

ohn Wiley a

demonstrate

ene foam (

o3O4 nanow

ure, graphen

3O4 nanow

raphene sca

ctive area. C

10 A/g and b

SEM image

-coated grap

Chemical So

 

 

mple strategy

hydrogel/ni

 and curren

multaneousl

amework s

ctrodes (1 

stability (st

of a nickel 

osite electro

he composit

and Sons.

ed a hierarc

(Figure 27a

wires are co

ne foam pro

wires effect

affold surro

Consequentl

be stable aft

e of the CV

phene foam

ociety. 

y of deposit

ckel foam 

nt collectors

ly, graphen

shortens the

mm thic

table after 

foam; (b)

ode; (c) SEM

te electrode

chical struc

a) is fabric

oated onto 

ovides high

tively intro

ounded by 

ly, it can de

fter >500 cy

VD-grown 3

m. Reprinted

 

ting graphen

hierarchica

s (nickel fo

e hydrogel

e distances

ck) exhibit

10,000 cycl

Photograph

M image of 

e. Adapted 

cture of gr

ated throug

graphene fo

ly conducti

oduce pseu

Co3O4 nan

eliver a high

ycles. 

3D graphen

d with perm

ne hydroge

l composite

oams) are bu

effectively

 of charge

t high are

les) and hig

h of an as-p

nickel foam

with perm

raphene foa

gh CVD w

foam throug

ve pathway

udo-capacita

nowires (Fi

h specific ca

ne foam; (b

mission from

  

l into the m

e electrode 

uilt in one 

y forms ele

e transfer. 

ea-specific 

gh rate cap

prepared gr

m; (d) SEM

mission from

am coated 

with nickel 

gh in situ h

ys to ensure 

ance. Furth

gure 27b), 

apacitance o

b) SEM im

m [55]. Cop

 

 18

micropores o

(Figure 26

piece, whic

ctrochemic

As a resul

capacitanc

ability (kne

raphene 

M image 

m [54]. 

 

with Co3O

foam as th

hydrotherm

rapid charg

hermore, th

can provid

of ~1100 F/

mage of 

pyright 

 

84

of 

6). 

ch 

al 

lt, 

ce 

ee 

O4 

he 

al 

ge 

he 

de 

/g 



Crystals 2013, 3            

 

 

185

3. Performance Overview 

Table 1 reviews the electrochemical performance for most of the supercapacitors fabricated from 

techniques included in Section 2. The listed values for all the parameters stand for the best 

performance reported for the devices. The electrolytes are usually aqueous solutions, unless otherwise 

specified. The cycling stability is characterized by the capacitance retention after a certain number of 

cycles. Note that for some devices, the capacitance may increase after cycling. 

Table 1. Review of specific capacitance (Cs), specific power (Ps), specific energy (Es), 

cycling stability, equivalent series resistance (ESR) and resistor–capacitor time constant 

(t0) for a variety of graphene-based supercapacitors. In several references, some parameters 

are not available, but instead their corresponding parameters are listed with explicitly 

indicated units. 

Graphene Type Cs (F/g) 
Ps 

(kW/kg)

Es 

(W h/kg) 

Stability 

(cycles/Cs 

retention) 

ESR 

(Ω) 

t0 

(ms) 
References

Vertical (CVD) 3 F/cm3 – – – 1.1 0.2 [21] 

In-Plane 247 – – 1500/~100% – – [22] 

Curved 250a 9.8 a 85.6 a – 3.31 – [23] 

Folded 172 – – >5000/>99% – – [24] 

Crumpled 302 – – – – – [25] 

Pt Spaced 269 – – – – – [26] 

Horizontal Carbon 

Nanotube (CNT) Spaced 

428 

290 

318 

50 

58.5 b 

– 

59.4 

155.6 a 

11.1 

10,000/98% 

1000/129% a 

1000/95% 

~2 

1.68 

– 

– 

– 

– 

[27] 

[28] 

[29] 

Vertical CNT Spaced 385 – – 2000/120% – – [30] 

Sponge-Like 80 48 a 21.4 a 10,000/98% ~7 25 [31] 

Solvated 273 a 776 a 150 a 100,000/97% – 13.3 [32] 

PANI-Grafted 
250 

623 

– 

– 

– 

– 

– 

500/>100% 

– 

– 

– 

– 

[33] 

[34] 

PPy Sandwiched 510 – – 1000/70% <5 – [38] 

Vertical PANI Coated 555 – – 2000/92% – – [36] 

graphene-(γ-MnO2/CNT) 308 26 43 5000/90% 1.2 – [39] 

(graphene/MnO2)-CNT 
320 

372 

– 

170 

– 

8.9 

3000/96% 

1000/95% 

41 

2.4 

– 

– 

[40] 

[42] 

(graphene/ 

MnO2)-PEDOT:PSS 
380 – – 3000/95% 27 – [40] 

Ni(OH)2-pillared 

graphene/CNT 
1384 8 35 20,000/96% 3 – [43] 

(graphene/PANI)-CNT 1035 – – 1000/94% 1.48 – [44] 

Hydrogel 175 – – – – – [45] 

Foam (leavening) 110 – – – – – [46] 

Foam (template)-NiO 816 – – 2000/120% – – [47] 

Foam (PPy-mediated) 350 – – 1000/~100% – – [48] 

Bulk (polymer-based) 105 – – – – – [49] 
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Table 1. Cont. 

Graphene Type 
Cs 

(F/g) 

Ps 

(kW/kg) 

Es 

(W h/kg) 

Stability 

(cycles/Cs 

retention) 

ESR 

(Ω) 

t0 

(ms) 
References

Electrochemical rGO 0.9 e – – 10,000/~100% 0.1 1.35 [50] 

Inkjet Printed  0.8 e 8.8 mW/cm2 41 nW h/cm2 – 8.7 12.5 [51] 

Laser Scribed 
276 a 

0.5 e 

~20 a,c 

~15 c 

1.36 a,d 

4 b,d 

10,000/>97%

10,000/65% 

16 

126 

33 

– 

[16] 

[53] 

Hydrogel on Ni Foam 46 e – – 2000/90% 0.9 26 [54] 

Co3O4-Graphene Foam 1100 – – 1000/>100% 3 – [55] 
a The electrolyte is ionic liquid. b The electrolyte is organic solution. c The unit is W/cm3;  
d The unit is mW h/cm3; e The unit is mF/cm2. 

From Table 1, it is clear that most techniques have significantly improved the specific capacitance, 

among which the ternary structures (spaced graphene with carbon nanotubes and pseudo-capacitive 

materials [43,44]) and hierarchical structure (graphene foam with metal oxide [55]) even have specific 

capacitance exceeding 1000 F/g. These devices also exhibit excellent cycling stability and relatively 

low ESR. However, one should note that both high specific power and high specific energy can be 

achieved even for low-specific-capacitance supercapacitors if they are compatible with ionic liquid as 

the electrolytes [23,28,32]. Therefore, it can be inferred that the combination between prevention of 

graphene restacking and introduction of pseudo-capacitance should represent a promising direction for 

design of supercapacitor electrodes, while the integration with ionic liquid as the electrolytes, which 

also benefits from the prevention of graphene restacking [23], is an important strategy to further 

improve the specific power/energy densities. 

4. Conclusions and Outlook 

We have reviewed recent research on preventing flake restacking for performance improvement in 

graphene-based supercapacitors. A variety of techniques and/or strategies have been demonstrated to 

make better use of the large specific surface area of graphene, ranging from proper placement of 

graphene (vertically oriented graphene), to modification of graphene (deformed graphene and spaced 

graphene), to construction of 3D graphene networks. These techniques have significantly improved the 

electrochemical performance of graphene-based supercapacitors. The performance boost can be clearly 

seen from the review in Table 1, where most techniques achieve a high specific capacitance over 

200 F/g (or equivalent). It further confirms that graphene is really a promising material for 

supercapacitor applications and that suppressing flake restacking provides an effective way to achieve 

higher performance for the supercapacitors. 

Because of more and more demanding requirements from emerging applications, a further 

performance boost is still indispensable for graphene-based supercapacitors. Based on the attained 

performance among all the techniques included in this review, we predict several trends for future 

researches in this field: (1) The development of novel techniques to prevent graphene restacking is of 

continuous interest. A technique is especially favorable if it can bring a thorough improvement of all 

the parameters, rather than only one or a few of them, including specific capacitance, specific power, 
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specific energy, cycling stability and frequency response, and so forth; (2) Incorporation of the existing 

techniques for preventing graphene restacking with other techniques/strategies may represent another 

important direction for future research. For example, many of the above techniques may be 

incorporated with ionic liquid electrolyte, and/or asymmetric-electrode architecture for further 

performance improvement; (3) Demonstration of new ternary structures for spaced graphene and 

hierarchical structures for 3D graphene network will continue to attract great interest since they are 

promising to synergistically take full advantage of the large surface area and excellent electrochemical 

stability of graphene, and the pseudo-capacitance of conducting polymers or metal oxides to 

simultaneously achieve high power/energy density, excellent cycling stability, and high rate. However, 

for such composite structures, the issues of co-existence and potential windows among different active 

materials should be carefully addressed; (4) More attention will be paid to research on  

application-oriented supercapacitors, such as current filters, compressible supercapacitors, flexible 

supercapacitors, and micro-supercapacitors. We hope this review can provide useful information and 

inspiration for future studies to expedite the development of graphene-based supercapacitors. 
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