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Performance enhancement of single-walled 
nanotube – microwave exfoliated graphene 
oxide composite electrodes using a stacked 
electrode configuration. 
 

Dennis Antiohos, Mark S. Romano, Joselito M. Razal, Stephen Beirne, Phil 
Aitchison, Andrew I. Minett, Gordon G. Wallace*, Jun Chen* 

We  report  the development of a  stacked electrode  supercapacitor  cell using  stainless  steel meshes as 

the current collectors and optimised single walled nanotubes  (SWNT)  / microwave exfoliated graphene 

oxide (mw rGO) composites as the electrode material. The  introduction of mw rGO  into a SWNT matrix 

creates  an  intertwined  porous  structure  that  enhances  the  electroactive  surface  area  and  capacitive 

performance  due  to  the  3‐D  hierarchical  structure  that  is  formed.  The  composite  structure  was 

optimised by  varying  the weight  ratio of  the SWNTs and mw  rGO. The best performing  ratio was  the 

90%  SWNT  –  10% mw  rGO  electrode  which  achieved  a  specific  capacitance  of  306  F/g  (3  electrode 

measurement calculated at 20 mV/s). The 90% SWNT‐10% mw rGO was then fabricated  into a stacked 

electrode configuration (SEC) which significantly enhanced the electrode performance per volume (1.43 

mW.hcm
‐3
, & 6.25 Wcm

‐3
). Device  testing showed excellent switching capability up  to 10 A/g, and very 

good stability over 10 000 cycles at 1.0 A/g with 93% capacity retention. 

 

1. Introduction 1 

Supercapacitors or electrochemical capacitors are an intensely 2 
researched area for energy storage and conversion due to their 3 
high power densities, high energy densities, and long life cycles 4 
[1]. Current commercial uses of supercapacitors include 5 
personal electronics, mobile communications, back-up power 6 
and storage and industrial power and energy management [2, 7 
3]. A recent application is the use of supercapacitors in the 8 
emergency doors on the Airbus A380, highlighting their safe 9 
and reliable performance[3]. Supercapacitors can have designs 10 
including stacked and spiral wound which maximises the 11 
performance and efficiency [1].  12 
 An ideal graphene sheet is a single-atom thick 13 
nanostructured sheet arranged in a two dimensional honeycomb 14 
lattice exhibiting a theoretical surface area of 2630 m2/g, giving 15 
it the potential for the use in electrochemical devices [4, 5]. 16 
Economically speaking, graphitic forms of carbon are widely 17 
available, while large scale synthesis of graphene (and its 18 
derivatives such as graphene oxide) being readily simple 19 
procedures to perform [5, 6]. The advantage of graphene is its 20 
ability to be used as a high surface area conducting scaffold in a 21 

given electrode system, which not only provides good electrical 22 
properties but a robustness and support of the structure [6]. Its 23 
disadvantage is that the conductivity of polycrystalline 24 
graphene is limited by the high resistance of the grain 25 
boundaries [7]. CNTs are materials of also a great interest in the 26 
area of energy storage and conversion due to their favourable 27 
electrical and mechanical properties, as well as low cost and 28 
abundance [8]. The theoretical amount of current a CNT can 29 
carry is 109 A/cm2 along its length, while Young’s modulus 30 
ranges from 1054 – 1200 GPa [9, 10]. CNTs are thus able to 31 
enhance the conductivity of electrode systems [11]. 32 
 The mechanical, chemical, and electronic properties, 33 
coupled with the high aspect ratio of graphene make it 34 
attractive for applications in composite materials [12]. 35 
Composites containing CNTs and graphene are materials of 36 
particular interest in the energy storage and conversion area due 37 
to their favourable properties, which can result in unique 38 
optical, electrical, magnetic and chemical properties 39 
substantially different from the individual components[4, 13-40 
16]. It has been shown that the combination of both CNTs and 41 
graphene allows an expressway of electron transport from the 42 
electrode material to the current collector [17]. The ability of 43 
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the CNTs to wrap around the graphene sheets helps to create a 44 
high electroactive surface area (ESA) electrode while 45 
increasing electrical conductivity and mechanical stability [4, 46 
17-19]. The combination of high surface area and nanoscopic 47 
charge separation can potentially lead to a material with high 48 
energy and power density [12, 19].  49 
In this paper, we describe a facile method to develop electrodes 50 
of SWNT and exfoliated graphene oxide (mw rGO) with 51 
varying compositions via sonication, centrifugation and 52 
vacuum filtration. These composites are then optimised with 53 
the best performing weight ratio used in the fabrication of a 54 
supercapacitor with a stacked electrode configuration (SEC). 55 
The reason for the SEC is to increase the amount of material 56 
that can be used in a single device, while still allowing the 57 
electrolyte to interact with as much surface area as possible. In 58 
current commercial supercapacitor systems, multiple devices 59 
are configured in series and / or parallel depending on the 60 
voltage and current needs [20]. This leads to a certain space 61 
requirement, and the more devices needed the more space that 62 
is used. By employing a SEC, it is possible to reduce the 63 
amount of space needed for supercapacitor systems which is 64 
important for industrial applications where device foot print 65 
needs to be minimised [1]. Based on the properties and 66 
performance described in this paper, the composite created has 67 
potential to significantly enhance the energy density of 68 
supercapacitors systems. 69 

2. Experimental 70 

Preparation of microwave exfoliated GO.  71 

 Graphene oxide was synthesised using a modified Hummers 72 
method as outlined by Marcano et. al. [21]. In detail, 1 g of 73 
graphite powder (Bay Carbon Inc.) was added to 60 ml of 74 
concentrated (98% w/v) H2SO4 (Univar) and mixed thoroughly 75 
for a few minutes. Then 3.5 g of KMNO4 (Sigma-Aldrich) was 76 
added in small aliquots so as the temperature did not exceed 77 
100 0C. This mixture was left stirring overnight for 18 hours. 78 
300 ml to 500 ml of distilled H2O was added (ice bath 79 
condition) to hydrolyse the intercalation compound that forms 80 
graphite oxide. Lastly, 30% aqueous H2O2 (Univar) (drop wise, 81 
approximately 3 ml) is added until a complete colour change is 82 
observed. The H2O2 is added after hydrolysis to decompose 83 
permanganate ions into manganese (IV) ions where after the 84 
manganese (IV) ions are removed by vacuum filtration (PVDF 85 
membrane, 0.22 micron pore size) by washing twice with 86 
concentrated (36 % w/v) HCl (Univar), water, and ethanol. The 87 
HCl ensures no undesirable manganese hydroxides form, which 88 
can get trapped in between the graphene / graphite layers[22]. 89 
After vacuum filtration the slurry is dried in a vacuum oven 90 
overnight at 50 0C. 91 
 Exfoliated GO (mw rGO) was formed by using a 92 
commercial microwave-chemistry system (APEX, Shanghai 93 
EU Microwave Chemistry Technology, Co. Ltd.). After an 94 
irradiation time of approximately 5 - 10 sec under the power of 95 
1000W, the GO glowed red-hot accompanied by fuming and 96 

sparking, leading to a remarkable volume expansion caused by 97 
the violent expulsion of the volatile species from the interlayer 98 
spaces of the graphene intercalation compound [23, 24]. 99 

Synthesis and fabrication of SWNT‐ mw rGO electrodes.  100 

 SWNTs (HiPCo,Continental Carbon Nanotechnologies Inc 101 
and mw rGO were dispersed using 1-cyclohexyl-2-pyrrolidone 102 
(CHP) at a concentration of 1 mg/ml using a combination of 103 
probe sonication at 30% amplitude for 60 minutes, (Branson 104 
probe sonifier) and bath (Branson B1500R-MT) for 90 minutes. 105 
The dispersion was left overnight for reaggregation to occur 106 
after which centrifugation (Eppendorf Centrifuge 5415 D) was 107 
carried for 90 minutes at 2500 rcf / 4000 rpm. The 108 
concentration of the supernatant was determined via Ultra 109 
Violet-Visible Spectroscopy (UV-VIS) using a Shimadzu UV-110 
1800. The sample was then diluted to a concentration of 0.4 111 
mg/ml. 112 
 SWNT-mw rGO composites were prepared at the following 113 
weight ratios: 100-0, 95-5, 90-10, 85-15, 80-20, 50-50, 40-60, 114 
and 0-100. Dispersions of SWNT and mw rGO were mixed via 115 
a combination of probe sonication for 30 minutes at 30% 116 
amplitude (1 sec on / 1 sec off pulse), bath sonication for 90 117 
minutes. Films having varying thicknesses of 1, 1.5, 2.5, 4.5, 118 
6.5, 10.5, 17, and 21.5 micron were made using vacuum 119 
filtration onto platinum sputter coated (100 nm thickness) 120 
Millipore PVDF membrane with a pore size of 0.1 um and 121 
thickness of 100 µm. All electrodes were plasma treated for 20 122 
minutes to enhance the wettability of the electrode in aqueous 123 
environments. The plasma treatment used a Harrick Plasma 124 
Cleaner PDC-32G-2 and Plasmaflo PDC-FMG. Air flow was 125 
kept at 1100 mTorr for 20 minutes. The composite was 126 
removed from the platinized PVDF membrane for device 127 
testing. 128 

Electrochemical characterisation.  129 

 Electrochemical studies of the fabricated electrodes with 130 
varied weight ratios and thicknesses were performed using a 131 
three electrode set up with a Pt mesh counter (2cm2), and 132 
Ag/AgCl reference electrode in 1 M NaNO3 in order to 133 
determine the optimum electrode composition electrochemical 134 
response and kinetic response as a function of thickness. Upon 135 
optimization of electrode composition and thickness of 136 
90%SWNT-10% mw rGO was determined, supercapacitor 137 
device testing occurred using a Swagelok system where a nylon 138 
union tube fitting was modified to house two stainless steel 139 
current collectors as can be seen by Figure 6a. This type of cell 140 
is commonly used in supercapacitor device testing as shown by 141 
Demarconnay et. al. and Malak-Polaczyk [25, 26]. The material 142 
to be studied was sandwiched between these two electrodes, 143 
with the PVDF membrane acting as a separator. The electrolyte 144 
used was 1 M H2SO4 that was inserted through the top nut. For 145 
the stacked cell configuration, each layer of the 90% SWNT – 146 
10% mw rGO were each stacked in between stainless steel 147 
mesh, with each electrode comprising of five layers. Material 148 
loading was dependent on the film thickness of the active 149 
electrode material with 1 µm equalling 0.108 mg/cm2 up to 4.91 150 

Page 2 of 11Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



Jou

This

mg151 
dev152 
eac153 
ma154 
foll155 
ele156 
EC157 
pot158 
per159 
spa160 
(rm161 
term162 
car163 
sof164 
stu165 
ele166 
con167 
res168 
Scr169 
dire170 
stab171 

Phy172 

Phy173 
mic174 
X-r175 
sur176 
the177 
spe178 
the179 
JSM180 

210 
Fig211 
Co212 

urnal Name 

s journal is © Th

g/cm2 for the 2
vice testing at 
ch electrode. T
ass of active m
lowed from G
ctrodes was m

Chem V2 sof
tential differe
rformed at ro
anned 100 kH
ms) at OCP us
m cyclability 
rried out with
ftware, able to 
died was betw
ctrolyte used 
nductivity and 
istance mode
ribner Associ
ectly before de
ble. 

ysical character

ysical charact
croscopy (SEM
ray diffraction
rface area and
e morphology 
ectroscopy wa
e hybrid mater
M-7500FA fie

gure 1: SEM i
mparison of th

e Royal Society o

21 µm thickne
17 µm with a 

Therefore the 
material equalli
Gogotsi et. al

measured using
ftware (ADI 
ence of 1.1 V
oom temperat

Hz to 0.1 Hz w
sing a Gamry 
of the device,

h a Neware p
record a point

ween 0 V and
was aqueous

d compatibility
elling was pe
ates. All plas
evice assembl

rization.  

terisation was
M), X-ray ph
n (XRD) and 
d Raman spect

of the SWN
as used to ass
rial. SEM ima
eld emission S

image (with in
he XPS C1s sp

of Chemistry 201

ess. Thickness
mass loading 
SEC had 5 la

ing 17.3 mg/cm
. [27]. The C

g an EDAQ Au
Instruments 

V. All EIS m
ure where th

with an AC am
EIS 3000TM

 Galvanostatic
potentiostat, T
t every 1 s. Th
d 1.1 V. In a
s 1 M H2SO

y with carbon s
erformed usin
sma treatmen
ly to ensure th

s achieved by
hotoelectron sp
Brunauer, Em
troscopy. SEM

NT- mw rGO 
sess the vibrat
ages were obta
SEM. For SE

nset) of GO an
pectra. 

12 

s was optimise
of 3.46 mg/cm

ayers, with the
m2. Guidelines
CV response o
ustralia system
Pty Ltd.) w

measurements 
he frequency 
mplitude of 1

M system. For 
c cycling tests
Test Control
he potential wi
all device test

O4 due to its 
surfaces [28]. S
ng ZView V
ts were perfo
e treatment rem

y scanning ele
pectroscopy (X

mmett, Teller (
M was able to 

composite. R
tional propert
ained from a 

EM the accele

nd mw rGO. (a

ed for 
m2 for 
e total 
s were 
of the 

m with 
with a 

were 
range 
0 mV 
long-

s were 
V.5.0 

indow 
ts, the 

good 
Series 

V 3.2, 
ormed 
mains 

ectron 
XPS), 
(BET) 
show 

Raman 
ties of 
JEOL 

erating 

volta241 
μA. 242 
Horb243 
out u244 
spect245 
from 246 
fixed247 
perfo248 
and 249 
meas250 
adsor251 
ASiQ252 

3198 

The S239 
and 240 
obser241 
is ver242 
reflec243 
micro244 
devel245 
porou246 
stack247 
 T218 
electr219 
devel220 
Optic221 
irradi222 
wher223 
 214 

a) Before & (b

age was 2.0 kV
Raman spectr

bia 800 using a
using Labspe
troscopy (PHO

SPECS) was
d analyser tran
ormed on a GB
current kept 

surements we
rption system

QWin V.1.11 s

3. Results &

SEM images o
mw rGO po

rvations can b
ry uniform, co
ct vast amou
owave irradia
lopment of a
us, forming a

king [24].  
The increased p
rochemical t
lopment and p
cal image co
iation) are sho
re the abrupt ch

b) After micro

V with the em
roscopy was 
a 633 nm laser
c V.5.45.09 s
OIBOS 100 h

done using A
smission mode

BC MMA XRD
at -40 kV an
re performed
 from Quant

software. 

& Discussion

of Figure 1a an
owders. From
e made. It can

ontaining valle
nts of sheet 
ation; the G

an accordion 
n interconnec

porosity and th
esting) could

preparation of c
omparisons (
own in the ins
hange in volum

owave irradiati

J. Name

mission curren
carried out o

r. The data an
software. X-r
hemispherical
Al Kα radiatio

de. X-ray diffra
D (λ = 1.54 Ǻ
nd 25 mA re

d using an A
tachrome Inst

n 

nd Figure 1b a
m Figure 1, 
n be seen that
eys and elevat

stacking. In 
GO expands 

type structur
cted network 

hus surface are
d play a k
composite ele
(before and 
sets of Figure 
me expansion 

 
tion. (c) XRD 

ARTI

., 2012, 00, 1‐3

nt being set at
on a Jobin-Y
alysis was car
ray photoelect

energy analy
on (1486.6 eV
action (XRD) 
) with the volt
espectively. B
Autosorb IQ 
truments ™ w

are of the raw 
some qualita
the GO struc

ed regions, wh
Figure 1b, a
leading to 

re that is hig
with minimal

ea (observed fr
ey role in 
ctrode materia
after microw
1a and Figure
is clearly visib

spectra. (d) &

ICLE 

3 | 3 

t 10 
Yvon 
rried 
tron 
yser 

V) in 
was 
tage 
BET 

gas 
with 

GO 
ative 
ture 
hich 
after 

the 
ghly 
 re-

from 
the 

als. 
wave 
e 1b 
ble. 

& (e) 

Page 3 of 11 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



Jo

A

This

213 
Fig214 
mw215 
trea216 
 217 
 218 
the219 
gra220 
Fig221 
and222 
sha223 
cor224 
bro225 
of 226 
exf227 
10.228 

258 
Fig259 
sur260 
 261 

ournal N

ARTICLE 

s journal is © Th

gure 2: Raman
w rGO, and 
atment. Laser 

Microwave ir
e removal of v
aphene interca
gure 1c shows
d 22.0o, and o
arp peak at 
rresponds to a
oader peak at 2
graphite and 

foliation using
.2o is suppress

gure 3: SEM i
rface image (a)

Name 

e Royal Society o

n spectroscop
SWNT electr
line used was 

rradiation of t
olatile species
lation compou

s the two disti
one distinct pe
10.2o is cha

an interlayer d
2θ = 22o corre
amorphous c

g microwave ir
sed as a result 

images of SWN
) & (d) 100% 

of Chemistry 201

y of mw rGO
rodes after 2
632.81 nm.  

the GO led to 
s from the inte
und [23, 24]. T
inct peaks for
eak for mw rG
aracteristic of 
distance of 0.8
esponds to the
arbon [31]. It
rradiation, the
of the rapid ex

NT – mw rGO
SWNT, (b) & 

13 

 
O, 90% SWNT
20 minutes p

exfoliation th
erlayer spaces 
The XRD spec
r GO at 2θ = 

GO at 2θ = 22o

f GO powder
7 nm [29, 30]
(002) crystal 

t is clear that
e sharp peak at
xpansion of th

O composite w
(e) 90% SWN

T-10% 
plasma 

hrough 
of the 

ctra of 
10.2o 

o. The 
r that 
]. The 
plane 

t after 
t 2θ = 
he GO 

layer259 
most 260 
plane261 
sonic262 
shifte263 
(4.04264 
 T345 
90% 346 
The 347 
walle348 
betw349 
vibra350 
of th351 
from 352 
resul353 
direc354 
trans355 
SWN356 
the G357 
funct358 
of S359 
incre360 
becom361 
peaks362 
the m363 
When364 
chara365 
on th366 
 262 

with varying w
NT- 10% mw r

rs. The broadn
likely due to 

e direction an
cation [29]. Th
ed due to the 
4 Å compared 
The Raman spe

SWNT – 10%
SWNT respon

ed nanotubes w
een 150 cm-

ation of the C 
e D/G band (
defects in th

t of phonon w
tion of the nan
itions) of 0.15

NTs [32, 33]. T
G band (1591
tional groups o
SWNT is de
ased), it can 
mes broader. T
s associated w

mw rGO becom
n considering
acteristic of a 
he graphene / g

weight ratios. T
rGO, (c) & (d)

ness of the X
either an incre

nd/or structura
he (002) plane
smaller interp
to 4.43 Å).  
ectra observed

% mw rGO, an
nse is very m
where the radi
1 and 305 cm
atoms in the 
D band is the

he walls of th
wave confinem
notube that lea
50 indicates a
The shoulder 
1 cm--1) is m
on the sp2 bre
ecreased (and
be seen that 

This broadenin
with SWNT an
ming stronger 
g mw rGO 
sp2 hybridised

graphite basal p

Top row is cros
) 100%  mw rG

RSCPu

J. Name

XRD peak fro
ease in disord
al defects ind
e for 100% mw
planar spacing 

d in Figure 2 
nd SWNT com
much a charac
ial breathing m
m-1 represent
radial directio

e disorder indu
he nanotubes; 
ment along th
ads to tangenti
a high degree 
peak (1553 cm

most likely fro
eathing mode 
d subsequent

the D band 
ng is thought 

nd mw rGO w
as its weight 
only, the R

d material tha
planes. 

 
ss-sectional ar
GO. 

ublishin

., 2013, 00, 1‐3

om all sample
er of the throu
ducded by pr
w rGO is slig
of the GO sh

depicts mw rG
mposite electro
cteristic of sin
modes are loca
ing the cohe
on [32]. The r
uced band aris
the G band 

he circumferen
ial C-C stretch
of purity for 

m-1) to the lef
om the effect
[32]. As the r
ly mw rGO
of the compo
to be two D b

with the D band
ratio is increa

Raman spectra
t contains def

rea, bottom row

ng 

3 | 4 

es is 
ugh-
robe 
htly 

heets 

GO, 
des. 
ngle 
ated 
rent 

ratio 
sing 
is a 
ntial 
hing 

the 
ft of 
t of 
ratio 

O is 
osite 
band 
d of 
sed. 

a is 
fects 

w is 

Page 4 of 11Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



Jo

A

This

The262 
pea263 
pea264 
che265 
gra266 
com267 
Fig268 
 269 
90%270 
ele271 
(Fi272 
uni273 
agg274 
10%275 
lay276 
rGO277 
is 278 
Fur279 
act280 
as e281 
of 282 
mo283 
attr284 
sur285 
uni286 
is t287 
of 288 
100289 
ran290 
som291 
 292 
pow293 
res294 
imp295 
ES296 
SW297 
 298 
ele299 
we300 
pro301 
[36302 
inte303 
for304 
me305 
ele306 
afte307 
we308 

ournal N

ARTICLE 

s journal is © Th

e D band peak
ak is observed
ak is present
emically conve
aphene does 
mposites can b
gure S1. 

In Figure 3 
% SWNT – 1
ctrodes are sh
gure 3a and F
iform manne
glomeration be
% mw rGO c

yering effect d
O sheets are c
generated at 

rthermore, the
ting as anchor
evidenced by r
the 90%SWN

ost likely that 
racts the ends
rface image s
iformly disper
thought to bett
the system wh
0% mw rGO
ndom distribut
me restacking 

The BET su
wders have b
pectively. Wh
portant to tak
A for all the 

WNT-10% mw
Plasma treat

ctrochemical 
ttability of th

operties of the 
6]. This is 
eracting chem
rmation of oxy
easurements o
ctrodes (Figur
er plasma tre
ttability of the

Name 

e Royal Society o

k of GO occur
d at 1586 cm
t at 2616 cm
erted graphene
not occur [3

be seen in the 

cross-section 
0% mw rGO,

hown. When co
Figure 3d), the 
er with vary
eing apparent.
composite (Fig
due to π-π st
overed with S

t the interfac
e mw rGO pen
r sites which 
reduction of th

NT-10%mw rG
the high surfa

s of the SWN
shows mw rG
rsed throughou
ter tailor the m
hich maximise
 film (Figure

tion of sheets 
effects appare
urface areas 
been measure
hen consideri
e into accoun
composites (

w rGO films ha
tment of the
testing was 

he electrode 
bulk) through
achieved th

mically with th
ygen-rich func
of the 90% S
re S4a and Fi
atment (<1o) 

e electrodes tow

of Chemistry 201

rs at 1328 cm-

m-1 [34]. An e
m-1 which is
e oxide as full

34]. The Ram
supporting se

and surface 
, and 100 % m
onsidering the
SWNTs are d

ying bundle 
. Images of th
gure 3b and F
acking interac
WNTs. A high

ce of these 
netrates into th
improves elec
he series resist
GO film (Fig
ace energy of 

NTs and forms
GO islands /
ut the SWNT 
micro-porosity
es the availabl
e 3c and Fig
that are crum

ent.  
of the mw 
d at 893 m2

ing electrode 
nt the ESA. A
(Table S2) rev
as the largest E
e electrode m
done in orde
surface (with

h the addition o
hrough therm
he surface ato

ctional groups 
SWNT-10%m
igure S4b) pr
indicate an e
wards water [3

13 

1; while the G
extremely wea
s characterist
l conversion to
man spectra o
ction, Table S

images of SW
mw rGO comp
e 100% SWNT
distributed in a

sizes and 
he the 90% SW
Figure 3e) rev
ctions wherein
hly porous stru
two nano-car

he nanotube sy
ctrode conduct
tance to 4 Ohm

gure S3) [35].
the mw rGO 

s a connection
/ platelets tha
matrix. tThis 

y and meso-po
le surface area
ure 3f) conta

mpled in nature

rGO and SW
2/g and 1000 

performance,
A comparison o

veals that the
ESA (52.9 cm2

materials pri
er to improv
hout changin
of functional g

mal oxygen 
oms leading t
[36]. Contact 

mw rGO comp
ior to (54.5 o)

enhancement i
37].  

G band 
ak 2D 
tic of 
o pure 
of all 

S1 and 

WNT, 
mposite 

T film 
a non-
some 

WNT- 
veal a 
n mw 
ucture 
rbons. 
ystem, 
tivity; 
m.cm2 

. It is 
edges 

n. The 
at are 
effect 

orosity 
a. The 
ains a 
e with 

WNTs 
m2/g 

, it is 
of the 

e 90% 
2)  
or to 

ve the 
ng the 
groups 
atoms 
to the 
angle 

mposite 
), and 
in the 

314 

Figu345 
volta346 
Spec347 
incre348 
electr349 
micro350 
cm2)351 
 322 
 T338 
natur339 
rate 340 
achie341 

re 4: SWNT 
ammetry at 5
ific capacitanc
ased. (c) Ny
rodes with v
on. System is
) and 1 M NaN

The CVs obser
re indicative o
500 mV/s [

eved the highe

: mw rGO c
00 mV/s of 
ce calculated 

yquist plot of
varied thickne
 three electro

NO3 / H2O. 

ved in Figure 
of electric dou
13]. The 90%
est specific ca

RSCPu

J. Name

composite elec
100-0, 90-10

at 20 mV/s a
f 90% SWNT
esses from 1 
ode with a Pt 

4a display a h
uble layer capa
% SWNT-10

apacitance of 

ublishin

., 2013, 00, 1‐3

ctrode. (a) Cy
0 and 0-100 
s the thicknes
T-10% mw r

micron to 2
mesh counter

highly rectang
acitance at a s
%mw rGO f
120 F/g at a s

ng 

3 | 5 

yclic 
(b) 

ss is 
rGO 
21.5 
r (2 

ular 
scan 
film 
scan 

Page 5 of 11 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



AR

6 | 

rate322 
com323 
sur324 
(su325 
SW326 
esta327 
spe328 
aga329 
 330 
(Fi331 
the332 
Ho333 
all 334 
lim335 
off336 
be 337 
hig338 
res339 
sho340 
117341 
thic342 
cha343 

366 

Fig367 
Rag368 
In 369 
sho370 
low371 

RTICLE 

J.  Name., 2012

e of 500 mV
mparison of a
rface area is o
upporting secti
WNT – 10% m

ablish the ma
ecific capacita
ainst electrode

As the thickn
gure 4b), the 

ere is more 
owever, the cap

of the elect
miting current p
f after this poi
seen in the Ny

gh frequency s
istance (Rp) in

ows that Rp is
7.5 Ohm.cm2 
ckness due to
ange in the po

gure 5: (a) CV
gone plot of p
Figure 5b, ga

ow a symmetr
w current ra

2, 00, 1‐3 

V/s, and 306
all composites 
obtained by the
ion, Figure S

mw rGO were 
aximum amoun
ance was calc
e thickness as i
ness of the film

capacitive cu
material that 
pacitive curren
troactive surfa
per unit area i
int. The effect
yquist plot (Fi
semi-circle tha
ncreases with 
s 3.4 ohm.cm2

for  the 21.
o an increase 
orosity of the 

V at 20 mV/s 
ower density v
alvanostatic ch
rical behaviou
ates of 0.1 

6 F/g at 20 
reveals the l

e 90% SWNT
S2). In Figure

made with th
nt of utilisabl
culated at 20 
is shown in Fig

m increases fro
urrent per uni

interacts wi
nt per unit ma
ace area is b
is for the 17 m
ts of an increa
gure 4c) wher
at corresponds
thickness. The

2 for the 1 µm
.5 µm film. 
in diffusion l
electrode. Th

(1 M H2SO4 
versus energy 
harge / discha

ur, but with a 
A/g and 0

mV/s. A ful
argest electro

T-10%mw rGO
 4b, films of

hickness in ord
e surface area

mV/s and p
gure 4b.  

om 1 µm to 21
it area increas
ith the electr
ass decreases a
being utilized
micron as it pla
ase in thicknes
rein the width 
s to the polari
e inset of Figu

m film and sca
Rp rises with
ength, as wel
ese factors ha

/ H2O) (b) Ga
density. (d) C
arge (GCD) c
slight curvatu

.2 A/g indic

ll CV 
active 

O film 
f 90% 
der to 
a. The 
plotted 

.5 µm 
ses as 
rolyte. 
as not 

d. The 
ateaus 
ss can 
of the 

isation 
ure 4c 
ales to  
h film 
ll as a 
ave an 

adver384 
becom385 
21.5 386 
the ri387 
in th388 
sligh389 
indic390 
calcu391 
Supe417 
SWN418 
using419 
5a, th420 
rectan421 
capac422 
V are423 
funct424 
acid 425 
is th426 
electr427 
of p428 
suppo429 
  370 

alvanostatic ch
Csp versus cycle
curves 
ure at 
cating 

pseud382 
be se383 

T

rse effects on
mes more slug
µm thicknesse
ight; i.e. Rs is 

he middle freq
t extenuation 
ates sluggish 

ulations can be
ercapacitor dev
NT-10% mw rG
g a Swagelok t
he CV of 90%
ngular behav
citance, while 
e due to pseud
tional groups 
[28, 41]. Sulp
hought that 
rochemical re

pseudocapacita
orting Figure S

harge / discha
e number for v
docapacitance
een that the 90

This journal is © 

n the rate of
ggish [38]. Fur
es, the series r
greater for the

quency portio
of the Warbu
diffusion [39, 

e found in the s
vice fabricatio
GO electrode 
test cell as can
%SWNT-10%
vior due to 
the reversible

docapacitance 
of the compo
huric acid enh
H+ or OH-
actions accord

ance on the 
S5).  

arge curves for
varied current l
[27]. In the R
0% SWNT – 

The Royal Socie

f electrolyte 
rthermore, for
resistance (Rs)

he thicker film
on of the spec
urg diffusion r

40]. Specific 
supporting inf

on was carried
with a thickne

n be seen from
% mw rGO in

 the electri
e redox peaks 

arising from 
osite material 
hances the redo
- must be 
ding to the st

H+ concent

r different cur
loadings at 1.0

Ragone plot of
10% mw rGO

Journal Na

ty of Chemistry 2

diffusion; i.e
r the 10.5, 17, 
) slightly shift
s. Coupled to 
ctrum, there i
region which a
capacitance (F

formation. 
d out for the 9
ess of 17 micr

m Figure 5. Fig
n H2SO4 show
ic double la
at 0.3 V and 0
the interaction
and the sulph
ox behaviour a
involved in 
trong depende
tration [28] 

 

rrent loadings.
0 A/g. 
f Figure 5c, it 
O displays a h

ame 

2012 

e. it 
and 

ts to 
this 
is a 
also 
F/g) 

90% 
rons 
gure 
ws a 
ayer 
0.55 
n of 

huric 
as it 
the 

ence 
(see 

. (c) 

can 
high 

Page 6 of 11Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



Jou

This

ene374 
MW375 
 376 
com377 
ele378 
Ge379 
ran380 
stab381 
and382 
dur383 
rete384 
cap385 
vol386 
 387 
90%388 

403 

Fig404 
sep405 
den406 
 407 
 408 
pow409 
Rag410 
ene411 
ene412 
90%413 
cur414 
Lon415 
A/g416 
init417 

urnal Name 

s journal is © Th

ergy density o
W/kg respectiv

To compar
mmercially av
ctric double l
nerally speak

nge from 0.1-1
bility testing (
d extremely st
ring the char
ention of 95%
pacitance is du
lume expansio
A SEC has b

% SWNT-10%

gure 6: (a) Op
parated by stai
nsities of the S

The volumetr
wer density is
gone plot of F
ergy density 
ergy output ov
% SWNT-10%
rrent supercapa
ng term stabili
g occurred fo
tial capacitanc

e Royal Society o

of 6 Wh/kg an
vely. 
re these si
vailable super
ayer capacitor

king the energ
10 Wh/kg to 
(Figure 5d) ove
table and reve
rge / dischar
% at cycle 1
ue to an initial 
on / contraction
een constructe
% mw rGO 

ptical image o
inless steel me

SEC with curre

ric energy den
s 6.25 W/cm3 
Figure 6d. He
indicating tha

ver the given p
% mw rGO d
acitor work (s
ity testing of t

or 10 000 cyc
ce is 271 mF

of Chemistry 201

nd a maximum

ingle electro
rcapacitors, M
rs range from 
gy and power
1-100 kW/kg 
er 10 000 cycl
ersible respon
rge process, 
10 000. The 
activation wh

n equilibrates t
ed by separatin

with a stain

of swagelok t
esh. (c) Csp ve
ent supercapac

nsity is 1.43 m
respectively 

ere, there is li
at this config
power range. 

device is on t
ee Figure 6d, R
he stacked ele

cles as shown 
F/cm2 while at

12 

m power densi

ode results 
Murata polyme

10 μF-470 m
density rang
18, 39. Long

les at 1.0 A/g s
nse of the elec

with the cap
initial increa

here full wettin
the system [40
ng five layers 
nless steel cu

test cell (b) R
ersus cycle nu
citor research [

mW.hr/cm3 an
as is shown b
ttle decrease 

guration has 
Comparatively
he upper regi
Ragone plot).

ectrode device 
in Figure 7a

t cycle 10 00

ity 1.9 

with 
er and 
mF 38. 
ge can 
g term 
shows 
ctrode 
pacity 
ase in 
ng and 
0]. 
of the 
urrent 

colle424 
(Figu425 
the e426 
impro427 
devic428 
curre429 
comm430 
 T426 
curre427 
the c428 
up to429 
1251430 
capac431 
 407 

Rendered imag
umber for vari
[42],[43]. 

nd the 
by the 
in the 
stable 
y, our 
ion of 

at 1.0 
a. The 
00 the 

capac468 
93%.469 
is ind470 
from 471 
The i472 
to the473 
not b474 
penet475 
volum476 
a fou477 

ctor on each e
ure 6b). The d
electrolyte ion
oving the ES
ce performanc
ent collector)
mercial standa

To demonstrat
ent rate has be
urrent rate ha

o 10 A/g (cyc
-1500) with th
city retention a

ge with zoome
ied current loa

citance is 251
. When compa
dicated once m
cycle 5000 to

initial Nyquist
e fact that the 
been fully we
trated into the 
me change[44
urfold increase

electrode as sh
design in this m
ns to access 
A and increa

ce (per electro
is increase

rds and applic
e the overall 

een switched o
s been switche
cle 1001-1250
he SEC showin
at 1.0 A/g was

ed in region s
adings. (d) Co

1 mF/cm2 indi
aring the Nyqu
more as there i
o 10 000 as the
t plot contains
all of the activ

etted, electroly
composite, an

]. The SEC co
e in performan

J. Name

hown in the sc
manner enhan
the active su

asing the ene
ode volume a
ed as this 
cations [1].  

performance 
over 1500 cyc

hed from 0.1 A
0) and back t
ng a reversible
s 97%. 

showing the s
omparison of e

dicating a capa
uist plots of F
is no change in
e Rp is identica
s a smaller Rp 

ve material of
yte ions have
nd there has b
onfiguration h
nce (250 mF/c

ARTI

., 2012, 00, 1‐3

chematic diag
nces the ability
urface area, t
rgy density. 

and excluding 
is important 

of the SEC, 
cles. In Figure
A/g (cycle 1-2
to 0.1 A/g (cy
e behaviour as

 

stacked electro
energy and po

acity retention
igure 7b, stabi
n the Nyquist
al (15.7 Ohm.c
5.8 Ohm.cm2

f the electrode 
e not sufficie
een no signific

had approxima
cm2) as compa

ICLE 

3 | 7 

ram 
y of 
thus 
The 
the 
to 

the 
e 6c, 
50), 
ycle 
s the 

odes 
ower 

n of 
ility 
plot 

cm2) 
due 
has 
ntly 
cant 

ately 
ared 

Page 7 of 11 Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



AR

8 | 

to 428 
SE429 
is n430 
SW431 
cyc432 
by 433 
and434 
con435 
bet436 

445 

Fig446 
of 447 

Co448 

 449 
and450 
into451 
opt452 
SE453 
inte454 
me455 
 456 
res457 
The458 
rati459 
mw460 
cap461 
wit462 

RTICLE 

J.  Name., 2012

the single ele
M image of Fi
no observable 

WNT – 10% 
cles of GCD. I
SWNTs. How

d Figure 7d,
nfiguration th
tween the stain

gure 7: (a) Lon
1 layer from th

onclusions 

In summary,
d mw rGO ha
o a composi
timised as an 
M showed a 
ertwined in a 

eso-porosity w
Raman spectr

ponse, while 
e D band peak
io of mw rGO

w rGO. The op
pacitance was 
th 20 minutes 

2, 00, 1‐3 

ectrode config
igure 7c and F
difference in 
mw rGO ele

In both cases m
wever, it is app
, the electrod
hat presses 
nless steel plat

ng term cyclab
he stacked elec

, a composite
as been succes
ite electrode 
electrode ma
structure wh

a SWNT matr
hich maximise
roscopy showe
the mw rGO 

k of the compo
O increased du
ptimum ratio fo

calculated to 
plasma treatm

guration (60 m
Figure 7d, it ca
the physical s
ctrode before
mw rGO is cov
parent that afte
de is denser
both electrod
tes. Overall th

bility at 1.0 A/
ctrode configu

e material com
ssfully synthes

material. Th
aterial for use 
herein sheets 
rix, thus tailor
es the ESA. 
ed SWNT to h
showed a lar

osite also broa
ue to the large
for the electrod

be 90% SWN
ment time in or

mF/cm2). From
an be seen that
tructure of the
 and after 10
vered and sepa

er GCD in Figu
r due to the
des and sep
e electrode is 

/g using GCD.
uration before 

mprised of SW
sised and fabr
he composite
in supercapac
of mw rGO 

ring the micro

have a characte
rge D/G band 
dened as the w
e D/G ratio of
de which maxi
NT – 10% mw
der to maximi

m the 
t there 
e 90% 
0 000 
arated 
ure 7c 
e cell 
parator 

stable 

and r472 
charg473 
pract474 
guara475 
powe476 
a fun477 
suppo478 
 449 

. (b) Nyquist p
(c) and after (

WNTs 
ricated 
e was 
citors. 

were 
ro and 

eristic 
ratio. 

weight 
f pure 
imises 

w rGO 
ise the 

wetta498 
was f499 
to en500 
Long501 
10 00502 
of lon503 
robus504 
 475 
 A516 
show517 
wher518 
displ519 
super520 
displ521 
over 522 
plots 523 
comp524 

T

robust thus m
ge / discharge
tical applicatio
anteed. Equati
er density (P) 
nction of ma
orting informa

plot prior to an
d) 10 000 cycl

ability of the
found that a th
nsure that the
g term testing 
00 cycles with
ng term testing
st electrode. 

A SEC with 5 l
w that our mat
re volumetric 
ays a perfor
rcapacitor dev
ayed high reve
10 000 cycle
showed littl

posite structur

This journal is © 

maintaining its
e process whi
ons where con
ions for capac
and maximum
ass or unit v
ation section [3

nd after 5000 a
les of GCD. 
electrode sur

hickness of 17
capacitance 

of the device 
h 95% capacity
g showed little

layers per elec
terial is suitab

density is 
rmance that 
vice performa
ersibility up to
s with 93% c
le change wh
re showed n

The Royal Socie

s integrity as 
hich is extrem
nsistency and r
citance (C), en
m power densit
volume can b
38, 45]: 

and 10 000 cyc

rface (capacita
7 micron was 
per unit area
showed excel

y retention. EI
e change indic

ctrode was emp
ble for real w
important. T
is up at th

ance per tota
o 10 A/g and l
capacity retent
hile the SEM

no visual cha

Journal Na

ty of Chemistry 2

it undergoes 
mely importan
reliability mus
nergy density 
ty (Pmax) as ei
be found in 

 

cles. SEM ima

ance 306 F/g)
optimum in or
was maximi

lent stability o
IS over the cou
cating a stable 

ployed in orde
world applicati
The Ragone 
he top range 
al volume. G
ong term stabi
tion. The Nyq

M images of 
anges. This S

ame 

2012 

the 
t in 

st be 
(E), 
ther 
the 

ages 

). It 
rder 
sed. 
over 
urse 
and 

er to 
ions 
plot 
 of 

GCD 
ility 

quist 
the 

SEC 

Page 8 of 11Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 2012  J. Name., 2012, 00, 1‐3 | 9 

showed a 4 fold increase in the specific capacitance as 480 
compared to the single electrode device 481 
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