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Micro-Supercapacitors Based on Interdigital Electrodes 
of Reduced Graphene Oxide and Carbon Nanotube 
Composites with Ultrahigh Power Handling Performance
 A novel method for fabricating micro-patterned interdigitated electrodes based 
on reduced graphene oxide (rGO) and carbon nanotube (CNT) composites for 
ultra-high power handling micro-supercapacitor application is reported. The 
binder-free microelectrodes were developed by combining electrostatic spray 
deposition (ESD) and photolithography lift-off methods. Without typically used 
thermal or chemical reduction, GO sheets are readily reduced to rGO during the 
ESD deposition. Electrochemical measurements show that the in-plane interdig-
ital design of the microelectrodes is effective in increasing accessibility of electro-
lyte ions in-between stacked rGO sheets through an electro-activation process. 
Addition of CNTs results in reduced restacking of rGO sheets and improved 
energy and power density. Cyclic voltammetry (CV) measurements show that the 
specifi c capacitance of the micro-supercapacitor based on rGO–CNT compos-
ites is 6.1 mF cm  − 2  at 0.01 V s  − 1 . At a very high scan rate of 50 V s  − 1 , a specifi c 
capacitance of 2.8 mF cm  − 2  (stack capacitance of 3.1 F cm  − 3 ) is recorded, which 
is an unprecedented performance for supercapacitors. The addition of CNT, elec-
trolyte-accessible and binder-free microelectrodes, as well as an interdigitated 
in-plane design result in a high-frequency response of the micro-supercapacitors 
with resistive-capacitive time constants as low as 4.8 ms. These characteristics 
suggest that interdigitated rGO–CNT composite electrodes are promising for 
on-chip energy storage application with high power demands. 
  1. Introduction 

 Recent development in miniaturized electronic devices has 
increased the demand for power sources that are suffi ciently 
compact and can potentially be integrated on a chip with 
other electronic components. Miniaturized electrochemical 
capacitors (EC) or micro-supercapacitors have great potential 
to complement or replace batteries and electrolytic capacitors 
in a variety of applications. [  1–10  ]  Among all the desired proper-
ties of a micro-supercapacitor device, high power density and 
more importantly high frequency response and rate capability 
are crucial for their future applications. These properties are 
particularly important if the micro-supercapacitors were to be 
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coupled with micro-batteries, micro-fuel 
cells, and energy harvesters to provide 
peak power; or if they were to replace elec-
trolytic capacitors in applications such as 
fi ltering voltage ripples in line-powered 
electronics (ac line-fi ltering). [  11  ]  Achieving 
a high frequency response and rate capa-
bility is dependent on the various con-
stituents of a supercapacitor including 
the electrode materials, the electrolyte, the 
method of assembly of materials on the 
current collectors, and the architecture of 
the device. 

 ECs are categorized into two types based 
on their energy storage mechanism, elec-
trical double-layer capacitors (EDLCs) and 
pseudo-capacitors. EDLCs store charge by 
adsorption of electrolyte ions on the surface 
of an electrode with high specifi c surface 
area. Different types of high surface area 
carbon materials are usually used as elec-
trode materials for EDLCs. Pseudo-capaci-
tors store charge by faradic reactions that 
takes place on the surface or sub-surface of 
the electrodes. Metal oxides such as Ruthe-
nium oxide, [  2  ]  Manganese oxide, [  3  ]  and 
Vanadium oxide [  4  ]  conducting polymers 
such as Polypyrrole (PPy) [  5  ]  and Polyaniline (PANI) [  6  ]  are reported 
as pseudo-capacitive materials for micro-supercapacitors. 
Although pseudo-capacitive materials show promising volu-
metric capacitance, the slow charge storage mechanism 
immensely impacts their frequency response and rate handling 
capabilities. Carbon nanomaterial such as, activated carbon 
(AC), [  7  ]  carbide derived carbon (CDC), [  8  ,  9  ]  onion-like carbon 
(OLC), [  10  ]  carbon nanotube (CNT), [  11  ]  and graphene [  12  ]  have been 
used to fabricate EDLC micro-supercapacitors. Micro-superca-
pacitors based on AC show medium stack capacitance, however 
due to the use of polymeric binders and limited ion transfer 
in the porous network of the electrode materials, AC micro-
supercapacitors show a relatively poor frequency response. [  7  ]  
The CDC based micro-supercapacitors show high volumetric 
capacitance at low scan rates (about 180 Fcm  − 3  volumetric 
capacitance of one electrode at 20 mVs  − 1 ), however the capaci-
tance drops to almost half of its initial value by increasing the 
scan rate to 500 mVs  − 1 , suggesting the poor rate handling capa-
bility of these micro-supercapacitors. [  9  ]  Among all the reported 
EDLC micro-supercapacitors, those based on OLCs are particu-
larly notable as they offer ultra-high power handling capability 
4501wileyonlinelibrary.com
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    Figure  1 .     FTIR absorbance spectra of: a) as-purchased GO powder, and 
b) ESD deposited rGO.  
www.afm-journal.de

with a resistance capacitance (RC) time constant of only 26 
ms. [  10  ]  The combination of micrometer-sized interdigital elec-
trode design with a binder free deposition technique and the 
non-porous morphology of OLC materials was responsible for 
the excellent frequency response of OLC based micro-superca-
pacitors. The drawback of OLC based micro-supercapacitors is 
their modest specifi c capacitance (1.7 mFcm  − 2 ) and their high 
temperature processing requirements ( ∼ 1800  ° C). [  10  ]  

 Graphene has recently become a material of interest in 
supercapacitor application due to its high theoretical surface 
area and electrical conductivity. [  13–17  ]  Miller and coworkers [  13  ]  
demonstrated that vertically oriented graphene grown on nickel 
foam has excellent frequency response with an RC time con-
stant of less than 0.2 ms. However, this was achieved at the 
cost of low specifi c capacitance resulting from the low den-
sity of electrode materials. [  13  ]  Sheng et al. [  14  ]  reported a very 
similar frequency response with an RC time constant of about 
0.23 ms for interpenetrating graphene electrodes prepared by 
electrochemical reduction of graphene oxide. However, this 
performance was also achieved for electrodes with a very low 
mass density, resulting in a maximum capacitance of only 
0.325 mFcm  − 2  at a low frequency of 1 Hz. [  14  ]  The performance 
of graphene-based supercapacitor materials is usually hindered 
by the fact that graphene sheets tend to aggregate and restack 
during processing and the actual accessible surface area of 
the electrodes is much lower compared to the theoretical sur-
face area (more than 2600 m 2 g  − 1 ). One of the effective strate-
gies to avoid this problem is the addition of spacers such as 
carbon nanotubes (CNTs) between graphene sheets to prevent 
their restacking. [  18–20  ]  Another interesting approach to increase 
the accessibility of electrolyte ions to graphene sheets is the 
approach reported by Yoo and coworkers [  21  ]  where the in-plane 
design of the two supercapacitor electrodes resulted in a dra-
matic increase in capacitance compared to the conventional 2D 
stacking of the electrodes. The authors suggested that the in-
plane design will increase the accessibility of ions to the sur-
face of the graphene sheets and thus improve the capacitive 
properties. [  21  ]  It can be anticipated that the effi ciency of the in-
plane design of the electrode can be increased if the electrodes 
were made in micro meter scale sizes. There have been some 
efforts to utilize graphene as an electrode material for micro-
supercapacitors. Gao et al. [  12  ]  reported a direct write process 
to fabricate micro-supercapacitors with interdigital electrode 
design and hydrated graphene oxide (GO) as the electrolyte 
and separator. While this fabrication method is promising, the 
electrodes demonstrated in this work was fabricated in millim-
eter scales with the maximum capacitance of only 0.51 mFcm  − 2  
for an in-plane design of electrodes. It remains a challenge to 
develop micron-size patterned graphene electrodes through a 
scalable and reliable fabrication method. 

 In this work we report on ultra-high power micro-
supercapacitors based on binder-free reduced graphene oxide 
(rGO) and rGO/CNT hybrid as electrode materials. The micro-
supercapacitors with interdigital microelectrodes (100  μ m width 
and 50  μ m spacing) are readily fabricated through the combi-
nation of electrostatic spray deposition (ESD) and photolitho-
graphy lift-off. We fi rst demonstrate that ESD can be used for 
simultaneous deposition and reduction of GO. Next, in order 
to maximize the accessibility of electrolyte ions to electrode 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
materials, we demonstrate the effects of the addition of CNTs 
between rGO sheets when integrated in micron-sized in-plane 
electrodes. The electrochemical properties of micro-supercapac-
itors were examined by cyclic voltammetry (CV), galvanostatic 
charge-discharge (CD), and electrochemical impedance spec-
troscopy (EIS). The micro-supercapacitors show exceptionally 
high rate capability and power handling performance and can 
be charged and discharged at a CV scan rate of 50 Vs  − 1  and a 
CD rate of 100 mAcm  − 2  ( ∼ 450–600 Ag  − 1 ). These rates are about 
three orders of magnitude higher than the charge and discharge 
rates of conventional supercapacitors. EIS measurements show 
a very high frequency response of micro-supercapacitors with 
characteristic frequencies as high as 290.76 Hz, higher than the 
recently reported state of the art micro-supercapacitors.   

 2. Results and Discussion 

 A homogeneous and stable solution of GO in 1,2 propanediol 
was used as the precursor solution for ESD deposition of GO 
on preheated (250  ° C) substrates. The studies of the surface 
chemistry of deposited fi lms with Fourier Transform Infrared 
Spectroscopy (FTIR) and X-ray photoelectron spectroscopy 
(XPS) show that the GO reduced to rGO during the deposi-
tion. The FTIR Spectra of GO before and after deposition are 
shown in  Figure    1  . The broad adsorption peak centering at 
around 3300 cm  − 1  in the spectrum of GO is assigned as iso-
lated hydroxyl groups and water, which also signals an H-O-H 
bending at 1635 cm  − 1 . [  22  ,  23  ]  The peak at 1054 cm  − 1  is consistent 
with C-O stretching vibration. The presence of phenol and car-
boxylic acid groups was signaled by the phenolic C-O peak at 
1222 cm  − 1  and the mode at 1726 cm  − 1  which is assigned to C  =  O 
stretching vibrations from carbonyl and carboxylic groups. 
Based on the structural model of GO, these groups are placed 
on the periphery of GO sheets. [  23  ,  24  ]  The spectrum also shows 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4501–4510
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    Figure  2 .     Wide-range XPS spectra of: a) GO, and b) rGO. The C1s spectra were deconvoluted into their corresponding components using a Gaussian 
function for c) GO, and d) rGO.  
the presence of epoxy C-O (970 cm  − 1 ) and O-H bending in ter-
tiary alcohol (1361 cm  − 1 ) groups which are reported to be located 
on the basal plane of GO. [  23  ,  24  ]  After the deposition, the intensi-
ties of modes from water and oxygen functionalities were sig-
nifi cantly reduced. The FTIR spectrum of deposited rGO shows 
mainly bands originating from C-O stretching, phenolic C-O 
stretching and C = O stretching while the signals from tertiary 
alcohol and epoxy C-O on the basal plane of GO disappeared 
after deposition. The FTIR analysis suggests that the remaining 
oxygen groups after reduction are the functional groups that 
are mainly attached to the periphery of rGO sheets. [  23  ,  24  ]   

 The surface chemistry of GO and the as-deposited rGO were 
studied by X-ray photoelectron spectroscopy (XPS). The XPS 
spectra of GO and rGO are shown in  Figure    2  a,b. The O1s peak 
intensity has decreased for deposited rGO and the overall C/O 
ratio has increased to 5.75 compared to 1.77 for the GO powder. 
This seemingly mediocre increase in C/O ratio represents a 
large decrease in oxygen content ( ∼ 70%) on the surface rGO 
sheets. The C1s spectrum of GO can be deconvoluted to four 
components corresponding to four types of carbon bonds within 
GO. The peaks centered at 284.6, 286.6, 288.1 and 289.7 eV, cor-
respond to C-C in aromatic rings, C-O (epoxy and alkoxy), C  =  O 
(carbonyl and carboxylic) and COOH groups, respectively. [  22–24  ]  
The C1s spectrum of rGO shows all these four peaks with dif-
ferent proportions. The proportion of C-C bond has increased 
from 50% for GO to about 61% for deposited rGO. The propor-
tion of the peak corresponding to C-O groups (286.6 eV) has 
decreased after the deposition. The proportion of C-O groups 
is 32% for GO and about 19% for the rGO. The remaining C-O 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 4501–4510
groups should correspond to peripheral phenolic and carboxyl 
functionalities. The proportion of the C  =  O groups shows a 
slight decrease after deposition, from 15% for GO to 12% for 
rGO. In addition to these four peaks, a  π − π  ∗  shake up satel-
lite peak was observed for rGO at around 291.4 eV. This is a 
characteristic of aromatic or conjugated systems which indi-
cates that there are less defects in the structure of rGO after 
the deposition. [  25  ,  26  ]  The XPS results confi rm the FTIR results 
and show the reduction of GO after the ESD deposition. This 
is in agreement with previous studies regarding the reduction 
of GO at low temperatures (150−250  ° C) in air or in organic 
solvents. [  22  ,  27  ]  The remaining oxygen content after the reduction 
should correspond to phenolic, carbonyl, and carboxyl groups 
in the periphery of deposited rGO sheets. [  23  ]  The reduction of 
GO after ESD deposition was also confi rmed by electrical con-
ductivity measurements where conducitvity was increased from 
 < 10  − 3  Sm  − 1  for GO to about 93 Sm  − 1  for ESD deposited rGO 
samples.    

 Figure 3  a schematically shows the procedure used to inte-
grate electrode materials on interdigital Ti/Au microelectrodes 
to fabricate micro-supercapacitors. Before the ESD deposi-
tion, the working area of the microelectrodes was defi ned by 
a removable microfabricated photoresist mask that covers the 
contact pads and the space between the microelectrodes. After 
the deposition and removal of the mask, a micro-supercapacitor 
with 20 in-plane interdigital microelectrodes (10 positive and 10 
negative microelectrodes) was constructed. Each microelectrode 
was 100  μ m in width and 2500  μ m in length and the distance 
between adjacent microelectrodes were 50  μ m. The samples 
4503wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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    Figure  3 .     a) Schematic drawing of fabrication procedures of micro-supercapacitors (inset shows a digital photograph of a fabricated device). b,c) Top 
view SEM images of rGO–CNT-based interdigital microelectrode arrays.  
labeled as rGO and CNT were fabricated from the deposition 
solution containing 100% GO and 100% CNT, respectively. 
The samples labeled as rGO-CNT-9-1 and rGO-CNT-8-2 had 
GO:CNT weight ratios of 9:1 and 8:2, respectively. The thick-
nesses of all electrodes were kept around 6  μ m by adjusting 
the deposition rate for each type of electrode materials. 
Figure  3 b,c show the scanning electron microscopy (SEM) 
images of a typical fabricated micro-supercapacitor. The micro-
electrodes had well-defi ned and defect-free patterns and no 
short circuits between the electrodes were detected.  

 The microstructure of deposited rGO microelectrodes 
( Figure    4  a) showed stacked layers of graphene sheets with 
micron-sized wrinkles that are probably the result of GO sheets 
bending during the deposition. Figure  4 b, a tilted view from 
the side of an interdigital electrode, shows the local folding and 
non-uniform stacking of the rGO layers. Several to hundreds of 
stacked graphene sheets can be observed locally with extended 
irregular porous structures, which could act as diffusion chan-
nels and facilitate easy penetration of ions in the bulk of the 
microelectrodes. However, heavily stacked rGO sheets could 
prevent the full access of electrolyte ions to the surface rGO 
sheets. Figures  4 c-f show the SEM images of rGO–CNT hybrid 
electrodes. The tilted view SEM images clearly show uniformly 
packed fi lm with the appearance of CNTs between the rGO 
sheets throughout the thickness of deposited fi lms with almost 
no sign of stacked rGO sheets.  

 In order to study the electrochemical performance of fab-
ricated micro-supercapacitors, CV was conducted in 3 M KCl 
aqueous electrolyte and at the potential range of 0 to 1 V. 
During the initial CV cycles of the rGO micro-supercapacitor 
at a 0.1 Vs  − 1  scan rate, the CV current during cycling constantly 
increased up to 200 cycles, with the average current density 
increasing by more than 7 times compared to the fi rst cycle 
( Figure    5  a). After about 200 cycles the rate of the increase in 
average current dropped and for the following cycles up to the 
1000 th  cycle, an increase of less than 5% in current density was 
noted (Figure  5 a,b). A similar phenomenon has been reported 
4 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
by Cheng et al. during long time cycling of graphene elec-
trodes and was referred to as “electro-activation”. [  18  ]  The authors 
detected a 60% increase in specifi c capacitance of pristine 
graphene electrodes during longtime cycling. It was suggested 
that the intercalation of electrolyte ions between the graphene 
sheets increases the spacing between the sheets and therefore 
increases the accessibility of ions to the surface of graphene. 
It should be noted that the effect of electro-activation is much 
more pronounced in the case of the interdigital rGO electrodes 
compared to the planar electrodes reported by Cheng and cow-
orkers. [  18  ]  In general, the in-plane design of the graphene elec-
trodes increases the accessibility of ions in between graphene 
sheets. [  21  ]  In the case of rGO micro-supercapacitors, in addition 
to the side by side design of the electrodes, the smaller size 
of the electrodes and the shorter distance between them fur-
ther facilitate the accessibility of ions to the graphene sheets, 
resulting in a more effi cient electro-activation. In contrast to the 
rGO microdevice, the average CV current density of rGO–CNT 
micro-supercapacitors did not increase during the cyclic test for 
1000 cycles showing that the electro-activation did not occur 
in the case of these microdevices (Figure  5 b). This observation 
leads us to conclude that the addition of CNTs had effectively 
prevented the restacking of rGO sheets and thus the inter-
calation of ions during cycling could not further increase the 
spacing between the rGO sheets. Furthermore, the micro devices 
with hybrid rGO–CNT electrodes show higher CV current den-
sities, implying that compared to electro-activation, using CNTs 
as a spacer between graphene sheets is a more effective way to 
increase the accessible surface area of the electrodes.  

 The rate capability and power handling of the micro-
supercapacitors was tested by CV at very high scan rates (1 to 
50 Vs  − 1 ). Before performing the tests at higher scan rates, each 
microdevice was cycled for 250 cycles at 0.1 Vs  − 1  to ensure that 
the CVs were stable and in the case of the rGO microdevices 
the electro-activation was completed.  Figure    6  a–e show the CV 
curves of rGO, rGO-CNT-9-1 and rGO-CNT-8-2 microdevices 
at different scan rates. The rGO micro-supercapacitor showed 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4501–4510
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    Figure  4 .     Scanning electron images showing the morphology of the deposited electrodes. Top view and tilted 35 °  view, respectively of: a,b) rGO micro-
electrodes; c,d) rGO-CNT-9-1 microelectrodes; e,f) rGO-CNT-8-2 microelectrodes.  
near rectangular CV curves, which is typical of EDLCs, at scan 
rates of 1 and 5 Vs  − 1 . Upon increasing the scan rate to 10 Vs  − 1 , 
the CV curve deviated from a rectangular shape which indi-
cates a more resistive behavior. At much higher scan rates of 
25 and 50 Vs  − 1 , the rGO microdevice still showed some capaci-
tive behavior, but the resistive behavior was dominant and the 
capacitance dropped quickly at these scan rates. In the case of 
microdevices with rGO–CNT electrodes, the CV curve showed 
a rectangular shape with pure capacitive behavior even at a very 
high scan rate of 50 Vs  − 1 .  

 The stack capacitance (volumetric capacitance) of the micro-
supercapacitors were calculated from the CV curves at various 
scan rates and by taking into account the volume of both elec-
trodes and the space between them (Figure  6 f). As suggested 
by Gogotsi and Simon, [  28  ]  the volumetric or areal capacitance 
or energy density are much more reliable performance metrics 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 4501–4510
for supercapacitor devices compared to gravimetric capacitance. 
This is more pronounced in the case of microdevices as the 
weight of the material of a thin fi lm electrode on a chip is negli-
gible. [  28  ]  As it is evident from Figure  6 e, all micro-supercapacitors 
with different compositions showed capacitive behavior even at 
a very high scan rate of 50 Vs  − 1 . However, the rGO–CNT micro-
supercapacitors showed better performance in terms of capaci-
tance and rate capability. The rGO micro-supercapacitor showed 
a stack capacitance of about 4.4 Fcm  − 3  ( ∼ 27.2 Fcm  − 3  volumetric 
capacitance of one electrode) at a scan rate of 0.01 Vs  − 1  which 
dropped to 3.2 Fcm  − 3  at a 1 Vs  − 1  scan rate. At a higher scan 
rate of 50 Vs  − 1 , the stack capacitance decreased to 0.7 Fcm  − 3  
( ∼ 4.4 Fcm  − 3  volumetric capacitance of one electrode). This 
value at a 50 Vs  − 1  scan rate is about 16% of the initial stack 
capacitance recorded at a 0.01 Vs  − 1  scan rate. The rGO-CNT-9-1 
micro-supercapacitor showed the highest stack capacitance at 
4505wileyonlinelibrary.combH & Co. KGaA, Weinheim
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    Figure  5 .     a) CV curves at various cycles of a rGO micro-supercapacitors 
tested at 0.1 Vs  − 1  scan rate. b) Variation of average CV current density with 
cycle number for rGO, rGO-CNT-9-1, and rGO-CNT-8-2.  
all CV scan rates. At the low scan rate of 0.01 Vs  − 1 , the stack 
capacitance was about 6.1 Fcm  − 3  which is equivalent to 37.5 
Fcm  − 3  volumetric capacitance of one electrode. When the scan 
rate was increased to 1 Vs  − 1  the stack capacitance dropped to 
about 5.0 Fcm  − 3 . At the scan rate of 50 Vs  − 1  the stack capaci-
tance was about 3.1 Fcm  − 3  which is 50% of its value at the 0.01 
Vs  − 1  scan rate and 62% percent of its value at the 1 Vs  − 1  scan 
rate. The rGO-CNT-8-2 micro-supercapacitor showed a stack 
capacitance of about 2.4 Fcm  − 3  at a scan rate of 50 Vs  − 1  which is 
46% of the capacitance at a 0.01 Vs  − 1  scan rate (5.2 Fcm  − 3 ) and 
70% of the capacitance at the scan rate of 1 Vs  − 1  (3.4 Fcm  − 3 ). 
The lower capacitance of rGO-CNT-8-2 micro-supercapacitors 
could be explained by the effect of additional CNT which has 
lower capacitance compared to rGO sheets (Figure  6 f). How-
ever, the lower drop in stack capacitance of rGO-CNT-8-2 
micro-supercapacitors (30%) compared to the rGO-CNT-9-1 
micro-supercapacitor (38%) upon increasing the scan rate from 
1 to 50 Vs  − 1  indicates that additional CNT has improved the rate 
6 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag Gm
capability of the microdevice. The micro-supercapacitor based 
on 100% CNT shows much lower capacitance compared to rGO 
and rGO–CNT micro-supercapacitors at all scan rates (Figure  6 f). 
The areal specifi c capacitance of the rGO-CNT-9-1 micro-
device (calculated by taking into account the total area of both 
electrodes) is about 2.8 mFcm  − 2  at a 50 Vs  − 1  scan rate. The signif-
icance of the electrochemical properties of the rGO–CNT micro-
supercapacitors can be further revealed when they are compared 
to the performance of other reported micro-supercapacitors. 
Even at a high scan rate of 50 Vs  − 1  the rGO–CNT micro-super-
capacitors showed higher specifi c capacitance compared to 
the majority of reported EDLC micro-supercapacitors (specifi c 
capacitance of 0.4-2 mFcm  − 2  at very low CV scan rates of 0.01 
to 0.1 Vs  − 1 ). [  7  ,  11  ,  12  ,  29  ]  Some other reported EDLC micro-superca-
pacitors such as graphene-cellulose paper supercapacitors and 
CDC micro-supercapacitors show higher specifi c capacitance 
but poor rate capability and frequency response. [  9  ,  30  ]  Finally, 
the high power OLC based micro-supercapacitors reported by 
Pech et al. [  10  ]  show similar high rate capability but have lower 
capacitance compared to rGO–CNT micro-supercapacitors. For 
instance, a stack capacitance of about 0.9 Fcm  − 3  was measured 
at a 50 Vs  − 1  scan rate for OLC based micro-supercapacitors 
(please see Table S1 for a more detailed comparison of different 
EDLC micro-supercapacitors). 

 The electrochemical performance of micro-supercapacitors 
was further studied by CD at different current densities and 
EIS. The CD curves showed triangular shapes, typical of EDLC 
supercapacitors, with a very low  iR  drop even at a very high cur-
rent density of 60 mAcm  − 2  ( Figure    7  a). The  iR  drop, the sudden 
voltage drop at the beginning of the CD discharge, is a measure 
of the overall resistance of the cell and since its value is pro-
portional to discharge current, the small  iR  drop of the micro-
supercapacitors at a high discharge current indicates a very low 
cell resistance for all the tested micro-supercapacitors. The  iR  
drop slightly decreased with an increase in the amount of CNTs 
in the electrodes and its value was 0.024, 0.013 and 0.010 V for 
rGO, rGO-CNT-9-1, and rGO-CNT-8-2 micro-supercapacitors, 
respectively. The areal specifi c capacitances of the micro-
supercapacitors were calculated from CD curves at different 
discharge current densities and are shown in Figure  7 b. 
The results from CD experiments were in good agreement 
with the CV results in terms of specifi c capacitance and rate 
handling of micro-supercapacitors. The highest specifi c capaci-
tances at all discharge currents were achieved for the rGO-
CNT-9-1 micro-supercapacitor with a specifi c capacitance of 
5.1 mFcm  − 2  at a 3 mAcm  − 2  discharge current density which 
dropped only by about 30% at a very high current density of 
100 mAcm  − 2  (3.6 mFcm  − 2 ). In comparison, the rGO-CNT-8-2 
micro-supercapacitor showed a lower specifi c capacitance 
(3.4 mFcm  − 2  at 3 mAcm  − 2  current density), but slightly 
improved rate handling as its specifi c capacitance dropped by 
26% upon increasing the discharge current to 100 mAcm  − 2 . 
Based on our estimation of the weight of the electrode mate-
rials for each micro-supercapacitor ( ∼ 4.5–6.2  μ g), a discharge 
areal current density of 100 mAcm  − 2  approximately corre-
sponds to gravimetric current density in the range of 450 to 
600 Ag  − 1 , which is more than two orders of magnitude higher 
than the discharge current densities that are usually used in 
testing supercapacitors. [  31  ]   
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4501–4510
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    Figure  6 .     CV curves of rGO, rGO-CNT-9-1, and rGO-CNT-8-2 micro-supercapacitors at scan rates of: a) 1 Vs  − 1 , b) 5 Vs  − 1 , c) 10 Vs  − 1 , d) 25 Vs  − 1 , and 
e) 50 Vs  − 1 . f) Comparison of stack capacitances of micro-supercapacitors with different electrode compositions.  

    Figure  7 .     a) Charge-discharge curves of micro-supercapacitors based on rGO, rGO-CNT-9-1, and rGO-CNT-8-2 electrodes. b) Specifi c capacitances 
of micro-supercapacitor at different discharge current densities. c) Nyquist plots of different micro-supercapacitors (inset shows the Nyquist plots at 
higher frequencies). d) Phase angle vs frequency for the different micro-supercapacitors.  
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    Figure  8 .     Ragone plot showing the relationship of specifi c energy and the 
specifi c power of micro-supercapacitors.  
 The frequency response of the micro-supercapacitors was 
studied by EIS. The Nyquist plots of the micro-supercapacitors 
show typical features of EDCL supercapacitors (Figure  7 c). For 
an ideal EDLC the low-frequency region of the Nyquist plot is 
a straight line. The more vertical the line, the more closely the 
supercapacitor behaves as an ideal capacitor. [  15,16  ,  32  ]  The low-
frequency regions of Nyquist plots of rGO–CNT hybrid devices 
show straight lines with an almost 90 °  angle. The slope of 45 °  
segment of a Nyquist plot is called the Warburg resistance and 
is a result of frequency dependence of diffusion of the electro-
lyte ions into the bulk of the electrode. [  15  ,  16  ]  The much shorter 
Warburg regions of plots for rGO–CNT micro-supercapacitors 
show the better diffusion of ions into the bulk of electrodes 
compared to the rGO micro-supercapacitors. Furthermore, the 
rGO–CNT microdevices show lower equivalent series resistance 
(ESR) compared to the rGO microdevice (ESR can be calculated 
from the X-intercepts of Nyquist plots). 

 For a more informative analysis of EIS tests, the dependence 
of phase angle with frequency of the microdevices was plotted 
in Figure  7 d. The rGO micro-supercapacitor showed frequency 
independent phase angles close to  − 90 °  for frequencies up to 
2 Hz after which the phase angle increased with the increase 
in frequency. However, the rGO–CNT micro-supercapacitors 
showed frequency independent phase angle even at frequen-
cies as high as 20 Hz. A better comparison of the frequency 
response of the microdevices can be made by comparing their 
characteristic frequency (f 0 ) which is the frequency at a phase 
angle of  − 45 °  or its corresponding relaxation time constant 
( τ  0   =  1/f 0 ). The characteristic frequency marks the point at 
which the resistive and capacitive impedance are equal and at 
frequencies higher than f 0  supercapacitor shows a more resis-
tive behavior. [  32  ,  33  ]  The corresponding relaxation time constant 
( τ  0 ) is the minimum time needed to discharge all the energy 
from the device with an effi ciency of greater than 50%. [  10  ,  32  ]  The 
rGO-CNT-8-2 micro-supercapacitor showed the best frequency 
response with the characteristic frequency of about 290.7 Hz and 
time constant of 3.4 ms. The rGO-CNT-9-1 micro-supercapacitor 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
showed a slightly lower time constant of about 4.8 ms 
(f 0  ∼ 208.6 Hz). In contrast, the time constant of rGO micro-
supercapacitor was about 33 ms. To the best of our knowledge, 
so far, the best frequency response for a micro-supercapacitor 
was reported by Pech et al. [  10  ]  for OLC micro-supercapacitor 
tested in 1 M Et 4 NBF 4 /anhydrous propylene carbonate electro-
lyte. The OLC micro-supercapacitor, however, showed a time con-
stant of 26 ms and a modest specifi c capacitance of 1.7 mFcm  − 2  
at a CV scan rate of 1 Vs  − 1 , which are both improved in case 
of our micro-supercapacitors. The volumetric energy and power 
density of micro-supercapacitors were calculated from CVs at a 
scan rate of 1 to 50 Vs  − 1  and shown in a Ragone plot ( Figure    8  ). 
It is evident that the drop in energy density with increasing 
power density is very small in the case of rGO–CNT micro-
supercapacitors. At a scan rate of 1 Vs  − 1 , the highest energy 
density ( ∼ 0.68 mWhcm  − 3 ) was recorded for the rGO-CNT-9-1 
micro-supercapacitor. This device also shows the highest volu-
metric power density ( ∼ 77 Wcm  − 3 ) at a scan rate of 50 Vs  − 1 .  

 The high specifi c capacitance, exceptional rate capability 
and high frequency response of the rGO–CNT micro-superca-
pacitors can be explained by the synergic effects of electrode 
materials, method of electrode assembly and structural design 
of micro-supercapacitors. First, using CNT as a nano spacer 
inhibits the agglomeration and restacking of graphene sheet, 
thus providing a highly accessible surface area for the micro-
electrodes. Second, the binder-free deposition based on the ESD 
technique plays a role in high power handling of the micro-
supercapacitors. It is well known that the addition of poly-
meric binders that are typically used in the fabrication of the 
electrodes hinders their performance by increasing resistivity 
and the addition of dead weight. [  13  ,  33  ]  Third, another important 
factor affecting the high power capability of our micro-superca-
pacitors is the interdigital design of the electrodes. The small 
distance between the microelectrodes could minimize the elec-
trolyte resistance by reducing the mean ionic diffusion pathway 
between the microelectrodes. Finally, the small size of the elec-
trodes along with their side by side in-plane design facilitates 
the diffusion of electrolyte ions between the rGO sheets and 
in the entire thickness of the electrodes. The rGO–CNT micro-
supercapacitors are able to satisfy the power needs of certain 
miniaturized electronic devices. For instance, they can power 
radio frequency identifi cation (RFID) tags which generally 
require 1–100  μ W power. [  34  ]  Furthermore, the high frequency 
response of the rGO–CNT micro-supercapacitors makes them 
an ideal device to be coupled with other devices such as energy 
harvesters and micro-batteries to provide peak power. With fur-
ther optimization of the electrode compositions and structural 
design of micro-supercapacitors, they can potentially meet the 
necessary requirements to replace low energy and large electro-
lytic capacitors in ac line-fi ltering applications in portable elec-
tronics. [  11  ]  The reported fabrication method of micro-patterned 
rGO fi lms can also be utilized for the development of other 
graphene based functional devices.   

 3. Conclusions 

 We have demonstrated the development of micro-supercapacitors 
based on rGO and rGO–CNT patterned microelectrodes with 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 4501–4510
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superior electrochemical properties through the combination 
of photolithography lift-off and ESD deposition. The fabrica-
tion process involved the ESD deposition of electrode materials 
on masked interdigital current collectors. The GO sheets in 
the precursor solution were readily reduced to rGO during the 
low temperature deposition, eliminating the need for further 
thermal or chemical reduction of GO. In the case of the rGO 
micro-supercapacitors, the diffusion of electrolyte ions between 
the rGO sheets resulted in electro-activation of the microelec-
trodes that increased the average CV current by more than 7 
times during the fi rst 200 cycles. We further demonstrated that 
the addition of CNTs as nano spacers between rGO sheets could 
minimize their restacking. The electrochemical performance 
tests indicated that while rGO microdevices had reasonable 
specifi c capacitance and power handling ability, the rGO–CNT 
micro-supercapacitor exhibited exceptional performance. The 
best results were achieved when a composition of 90% GO 
and 10% CNT was used in the deposition solution. The stack 
capacitance of rGO-CNT-9-1 micro-supercapacitors was about 
5.0 Fcm  − 3  at a 1 Vs  − 1  CV scan rate, which dropped only by 40% 
at a very high scan rate of 50 Vs  − 1 . The excellent power response 
of these micro-supercapacitors was revealed by EIS experi-
ments when an RC time constant of only 4.8 ms was measured 
at a −45 °  phase angle, which is lower than any other reported 
micro-supercapacitors. Increasing the amount of CNTs to 20% 
slightly improved the power response and rate handling ability 
of the micro-supercapacitors, but had a negative impact on 
the specifi c capacitance. The developed micro-supercapacitors 
promise high energy micron-scale energy storage units that 
are able to provide enough energy and satisfy the peak power 
required for a number of applications. They can also potentially 
replace low energy electrolytic capacitors in miniaturized elec-
tronic devices. We anticipate that further improvement in the 
performance of micro-supercapacitors can be achieved through 
the optimization of ESD conditions, microelectrode design, and 
the composition of the electrode materials.   

 4. Experimental Section 
  Preparation of interdigital microelectrodes and removable mask : First, a 

Ti (20 nm)/Au (300 nm) layer was formed on a Si/(500 nm) SiO 2  by 
an electron-beam evaporation system. The interdigital current collectors 
were made by conventional photolithography and wet etching of the 
Ti/Au layer. To avoid deposition of materials in the space between the 
microelectrodes and on the contact pads, a removable mask was made 
on the samples by photolithography. The mask had two layers, a thin 
( ∼ 20 nm) Omnicoat sacrifi cial bottom layer and a thick ( ∼ 12  μ m) SU-8 
(Microchem, USA) top layer. First, the Omnicoat was spin coated on the 
substrate and was baked at 200  ° C for 60 s. Then the SU-8 layer was 
spin coated, and then baked for 180 s at 65  ° C and 300 s at 95  ° C. The 
mask was patterned by photolithography with an OAI 800 mask aligner 
(OAI, USA) to uncover the microelectrodes. The excess Omnicoat on 
the uncovered parts of microelectrodes was removed by oxygen plasma 
treatment at 200 mTorr with a power of 100 W for 30 s. 

  Preparation of precursor solutions : Single layer GO (6 mg, 0.7−1.2 nm 
thickness and 300–800 nm dimension, Cheaptubes, Inc., USA) was 
added to 1,2-propanediol (20 ml, sigma–Aldrich, USA) and dispersed by 
sonication for 30 min with an ultrasonic probe (750 W, 20 KHz, Sonics 
and materials Inc., USA) to form a 0.3 mgml  − 1  GO solution. The resultant 
homogenous solution is stable for several months. This solution was 
directly used in ESD deposition of rGO samples. In the case of GO-CNT 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 4501–4510
solutions, appropriate amounts of COOH-functionalized multiwalled 
CNT (8–15 nm diameter and 10-50  μ m length Cheaptubes, Inc, USA) 
was added to the above solution to form solutions with GO:CNT ratios 
of 9:1 and 8:2, respectively. The solutions were sonicated for 30 min after 
the addition of CNTs and were immediately used for ESD deposition. 

  Electrostatic spray deposition:  All the samples were deposited by the 
ESD for 2 h on the masked Ti/Au interdigital microelectrodes. The 
samples were preheated to 250  ° C before the deposition. The prepared 
precursor solutions were fed to a stainless steel needle using a syringe 
pump at the rate of 4–5 mlh  − 1 . The distance between the needle and 
the substrate was kept at 4 cm (Please see Figure S1 for the schematic 
drawing of the ESD set-up). The solution was sprayed onto the substrate 
by applying a voltage of 6–7 kV to the needle. After the deposition, 
the samples were soaked in remover PG (Microchem, USA) to remove 
the SU8 mask by etching the Omnicoat sacrifi cial layer. 

  Characterization of samples : The morphologies of as prepared samples 
were investigated using a JEOL 7000 fi eld-emission scanning electron 
microscope (FE-SEM, JEOL, Japan). In order to study the reduction of 
GO during deposition, FTIR (JASCO FT/IR 4100 spectrometer) was 
used to analyze the oxygen functionalities of the sample GO before 
and after deposition. XPS (Physical Electronics 5400 ESCA) was used 
to quantitatively analyze the chemical compositions of GO and the 
resulting rGO after the deposition. 

  Electrochemical testing : After the fabrication of the micro-
supercapacitors, the contact pads of each microdevice was connected to 
aluminum foil using silver paste. Then the microdevices were placed in 
a homemade Tefl on cell with sealed cavity for the electrolyte. After fi lling 
the cavity of the cell with 3 M KCL electrolyte, electrochemical studies 
were performed using a VMP3 multichannel potentiostat (VMP3, Bio-
Logic, USA) in the two-electrode mode and at room temperature. 
CVs were performed at scan rates ranging from 0.01 to 50 Vs  − 1  in a 
potential range from 0 to 1 V. CD measurements were carried out in 
the same potential window and with current densities ranging from 3 to 
100 mAcm  − 2 . EIS measurements were performed at open circuit voltage 
(OCV) by applying a sinusoidal signal of 10 mV amplitude at frequencies 
ranging from 100 kHz to 50 mHz. The calculation of specifi c capacitance 
and energy and power densities from the above tests are described in 
the Supporting Information.   
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 Supporting Information is available from the Wiley Online Library or 
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