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 High-Volumetric Performance Aligned Nano-
Porous Microwave Exfoliated Graphite Oxide-based 
Electrochemical Capacitors  
 With the fast growing demand for portable electronic devices, 
there has been a desire to design and fabricate miniaturized 
energy storage devices that can simultaneously deliver high 
energy and power. Since supercapacitors or electric double 
layer capacitors (EDLCs) fi ll a gap between conventional dielec-
tric capacitors (high power density, low energy density) and 
batteries (high energy density, low power density), they have 
attracted much attention in recent years for a variety of energy 
storage applications ranging from memory back-up to con-
sumer electronics to industrial power supplies. [  1–3  ]  They store 
electrical energy in a double layer interface that is usually com-
posed of a very high surface area conductive material such as 
carbon materials and aqueous or organic electrolytes. [  4  ]  The 
high specifi c surface area allows the storage of large amounts 
of charge in the double layer for a given weight and volume of 
the device that results in the moderate energy and large power 
density of supercapacitors. Consequently, numerous studies 
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have been focused on introducing new material systems with 
very high surface area, which provides an extensive interface 
between the electrode and electrolyte. [  4–14  ]  

 Activation of carbon materials is one of the most widely used 
approaches for increasing the surface area of the carbon elec-
trode materials. [  6  ,  7  ]  Recently, the activation of microwave exfoli-
ated graphite oxide (MEGO) with KOH was reported by Zhu et 
al. where a surface area of 3100 m 2  g  − 1  has been achieved and 
because of the nano-sized pores (bimodal distribution  ≈ 1 nm 
and 4 nm), the new activated MEGO (aMEGO) material was 
named as the ‘nano-porous MEGO’. [  8  ]  Indeed, this new mate-
rial with high gravimetric surface area used as electrode for 
symmetric supercapacitor devices demonstrated very high 
gravimetric capacitances of 165 and 200 F g  − 1  using 1-butyl-3-
methyl-imidazolium tetrafl uoroborate (BMIM BF 4 ) and 1-ethyl-
3-methyl-imidazolium bis (trifl uoromethylsulfonyl) imide 
(EMIM TFSI) in acetonitrile (AN) as the electrolytes, respec-
tively. [  8  ]  Nevertheless, the outstanding high surface area of 
newly developed electrode materials such as this aMEGO 
does not necessarily translate to high volumetric performance 
for a supercapacitor since their density is typically less than 
0.5 g cm  − 3 . In other words, even though these high surface area 
materials may exhibit high gravimetric capacitance, and thus 
high energy or power densities per weight of the active material, 
their volumetric performance is less compelling. Volumetric 
performance that requires high density electrode materials is 
an important metric since technological demands require the 
design and fabrication of small scale energy storage devices. [  9  ]  

 One method to overcome the low density of the carbon mate-
rial based electrodes is to mechanically compress porous carbon 
powders for capacitor electrodes. [  10–14  ]  Such a mechanical den-
sifi cation process will inevitably produce micrometer-sized 
pores, for example, in packing the ‘nano-porous MEGO’ or 
aMEGO fl akes that are micrometer-sized in lateral dimensions 
and several nanometers thick, as shown in the SEM images of 
 Figures    1   a and  1 b. Consequently, the aMEGO electrodes fabri-
cated using the normal mechanical packing method have a low 
density of 0.34 g cm  − 3 , well below the crystallographic density 
of graphite (2.2 g cm  − 3 ), and thus exhibit only a moderate volu-
metric capacitance of 60 F cm  − 3 . [  8  ]   

 More recently, Murali et al. reported on the use of high pres-
sure to compress the aMEGO for achieving high volumetric 
capacitance and energy density since compression, as one of 
the easiest approaches, increases the bulk density of carbon 
materials ( < 0.5 g cm  − 3 ). [  10  ]  By using 25 tons of compression 
force, a bulk density of 0.75 g cm  − 3  was obtained. The electrode 
bH & Co. KGaA, Weinheim 1wileyonlinelibrary.com
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     Figure  1 .     Low and high magnifi cation SEM images of (a) and (b) mechanically densifi ed 
aMEGO and (c) and (d) aligned aMEGO.  
exhibited a high volumetric capacitance of 110 F cm  − 3  using 
BMIM BF 4 /AN as the electrolyte at 3.5 V. Similarly, the volu-
metric energy density was increased from the uncompressed 
samples of 23 Wh l  − 1  to 48 Wh l  − 1  for the compressed samples. 

 In this paper, a vacuum-assisted self-assembly method was 
used to densify the aMEGO powder that increased the electrode 
density to 1.15 g cm  − 3 , signifi cantly higher than that produced 
by simple compression. Very high volumetric capacitances of 
158 F cm  − 3  and 177 F cm  − 3  were demonstrated for the aligned 
aMEGO (A-aMEGO) using BMIM BF 4 /AN and EMIM TFSI/
AN as the electrolytes, respectively, at 1 A g −  1  discharge rate 
and 3.5 V voltage peak. A minimal reduction in the gravimetric 
capacitance and energy density was obtained for the A-aMEGO 
samples showing the enormous improvement in the volumetric 
values. This is attributed to the highly dense and well-ordered 
structure of aligned aMEGO sheets, as observed in the SEM 
images in Figures  1 c and  1 d, which provides effi cient packing 
of the sheets while preserving the concentration and distribu-
tion of nano-sized pores, known to be responsible for charge 
storage. [  6  ,  11  ]  To our knowledge, the volumetric capacitances 
obtained here are the highest for any activated carbon-based 
electrochemical capacitors reported in the literature. [  3  ,  6–8  ,  10  ,  12–27  ]  

 The electrochemical energy storage performance of the 
A-aMEGO electrodes in BMIM BF 4 /AN and EMIM TFSI/
AN electrolytes was evaluated using cyclic voltammetry (CV) 
at different scan rates and voltages. The nearly rectangular 
CV curves for the electrodes with BMIM BF 4 /AN depicting 
the current and specifi c volumetric capacitance as a function 
of the applied voltage are shown in  Figure    2  . The volumetric 
capacitance obtained from the CV curve under 5 mV s  − 1  scan 
2 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, We
rate from 0 to 3.5 V was 155 F cm  − 3  which 
is much higher than other results reported 
to date. [  8  ,  10  ]  This is attributed to the drasti-
cally increased density of A-aMEGO elec-
trodes compared to similar systems. When 
increasing the scan rate to 20 and 100 mV 
s  − 1  only a slight decrease in the capacitance 
was observed with volumetric capacitances of 
146 F cm  − 3  at 20 mV s  − 1  and 141 F cm  − 3  at 
100 mV s  − 1  scan rates.  

 For the electrodes with EMIM TFSI/
AN (Figure S1, Supporting Information) 
the volumetric capacitance at 5 mV s  − 1  was 
175 F cm  − 3 , about three times the value 
reported for analogous material systems 
without high force mechanical compres-
sion. [  8  ]  Similar to the previous case, by 
increasing the scan rate to 20 and 100 mV s  − 1 , 
the volumetric capacitance values decreased 
to 163 and 157 F cm  − 3 , respectively. 

 To further investigate the capacitive perfor-
mance of A-aMEGO electrodes, constant cur-
rent galvanostatic charge/discharge cycling 
experiments were conducted at different 
discharge rates and the specifi c capacitance 
was calculated from the slope of the dis-
charging curve after the IR voltage drop. The 
charge/discharge curve for the A-aMEGO 
electrode with BMIM BF 4 /AN as electrolyte 
is shown in  Figure    3  a and the data obtained from the curve 
at 1 A g  − 1  along with the reported data for similar studies are 
presented in  Table    1   for comparison. The specifi c volumetric 
capacitance at 1 A g  − 1  discharge rate and a maximum voltage 
of 3.5 V was 158 F cm  − 3  which, consistent with the results from 
the CV curves, is much higher than any of the reported values 
(between 50 and 100 F cm  − 3 ) for different types of carbon mate-
rials including activated carbon, carbon nanotubes, and even 
carbide-derived carbon. [  3  ,  8  ,  10–27  ]  Similar values were obtained 
for higher discharge rates of 3, 5 and 10 A g  − 1  where volu-
metric capacitances of 153, 149 and 147 F cm  − 3 , respectively 
were obtained. Similar results were collected for the electrode 
with EMIM TFSI/AN as shown in Figure S2 and compared 
in Table  1 . At 1 A g  − 1  discharge rate and the same maximum 
voltage, the volumetric capacitance was 177 F cm  − 3 . The equiva-
lent series resistance (ESR) values were calculated from the IR 
voltage drop and at 1 A g  − 1  discharge rate the ESR values were 
found to be 14.1  Ω  and 10.8  Ω  for BMIM BF 4 /AN and EMIM 
TFSI/AN, respectively. This is consistent with the higher con-
ductivity of EMIM TFSI compared to that of BMIM BF 4 . [4]    

 The gravimetric electrochemical performance of electrodes, 
where only the mass of the active material is considered, has 
been widely used to compare different active material perfor-
mances. [  1  ,  4–12  ]  It is noted that in supercapacitor electrodes, 
besides the active materials, such as porous carbon, also the 
electrolyte is present. When the densities of the active materials 
in the electrodes do not differ noticably (the traditionally carbon 
based electrodes have a density of  ≈ 0.5 g cm  − 3 ), a comparison 
of the electrode performance in terms of per weight of pristine 
active material (gravimetric capacitance, energy density, and 
inheim Adv. Mater. 2013, 
DOI: 10.1002/adma.201301243
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     Figure  2 .     Cyclic voltammetry curves for A-aMEGO samples with BMIM 
BF 4 /AN as electrolyte. (a) Current and (b) volumetric capacitance as a 
function of applied voltage.  
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     Figure  3 .     (a) Galvanostatic charge/discharge curve under different con-
stant currents and a maximum voltage of 3.5 V for the A-aMEGO sample 
with BMIM BF 4 /AN. (b) Capacitance retention test after 5000 cycles for 
the same sample. Retention of 94% was obtained.  
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power density) is meaningful. [  11  ]  Nevertheless, for electrodes 
with large difference of active material density, a comparison of 
the electrode performance based on per weight or volume of the 
entire electrode will provide a more realistic picture of the real 
device performance. For instance, regarding electrodes with 
an active material density of 0.34 g cm  − 3 , on the one hand, the 
electrode density including BMIM BF 4 /AN (0.95 g cm  − 3 density) 
is actually 1.14 g cm  − 3 . [  8  ]  Consequently, only a small portion of 
the mass contributes to the energy storage. On the other hand, 
the density of the A-aMEGO electrode including BMIM BF 4 /
AN is 1.60 g cm  − 3 . Hence, a specifi c gravimetric capacitance of 
165 F g  − 1 for the low density aMEGO using the active material 
alone, as reported earlier, [  8  ]  translates to a gravimetric capaci-
tance of 49.2 F g  − 1  when the total electrode weight, including 
both the active material and electrolyte, is used. In contrast, for 
the A-aMEGO electrode possessing an active material density of 
1.15 g cm  − 3 , a gravimetric capacitance of 154 F g  − 1  for the active 
material alone is equivalent to a 110.7 F g  − 1  when including the 
entire electrode mass. In this paper, the gravimetric values of 
both the active material (ACT) and the electrode (ELD) are used 
to distinguish between these two gravimetric values of an elec-
trode. As shown in Table  1 , there is a close correlation between 
© 2013 WILEY-VCH Verlag GmAdv. Mater. 2013, 
DOI: 10.1002/adma.201301243
the specifi c gravimetric performance in terms of the entire 
electrode weight and the specifi c volumetric performance. 
The results also indicate the importance of the volumetric 
performance of a supercapacitor as a more meaningful device 
parameter for practical applications rather than the gravimetric 
performance in terms of the active material only. 

 As shown in Table  1 , the gravimetric results of ACT for 
A-aMEGO samples are slightly lower than the reported values 
for similar electrode systems with lower densities. [  8  ]  This trend 
indicates that the presence of the macro- sized -pores in the low 
density aMEGO electrodes facilitates the ion transport. There-
fore, it becomes evident that the gravimetric accessible surface 
area per active material for a given discharge rate is higher 
than the high density A-aMEGO electrodes studied here. Com-
pared to the low density aMEGO or mechanically compressed 
samples, the average pore size is reduced in the A-aMEGO 
electrodes as a result of effi cient packing of graphene sheets 
during the self-assembly process. [  8  ,  10, 28  ]  This effi cient packing 
3wileyonlinelibrary.combH & Co. KGaA, Weinheim
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Sample Active Material 
Density 
[g cm  − 3 ]

Gravimetric 
Capacitance at 1 
A g  − 1  (per active 
material weight) 

[F g  − 1 ]

Gravimetric 
Capacitance at 1 
A g  − 1  (per whole 
electrode weight) 

[F g  − 1 ]

Volumetric 
Capacitance at 1 
A g  − 1  (per active 
material weight) 

[F cm  − 3 ]

Gravimetric Energy 
Density (per active 
material weight) 

[Wh kg  − 1 ]

Gravimetric Energy 
Density (per whole 
electrode weight) 

[Wh kg  − 1 ]

Volumetric 
Energy Density 

[Wh l  − 1 ]

Power 
Density 
[W l  − 1 ]

A-aMEGO/BMIM BF 4 /AN 1.15 137 99 158 58 42 67 119

A-aMEGO/EMIM TFSI/AN 1.15 154 104 177 66 45 75 130

aMEGO/BMIM BF 4 /AN [  8  ] 0.34 165 49 56 70 21 24 85

Compressed aMEGO/

BMIM BF 4 /AN [  10  ] 

0.75 147 70 110 63 34 48 17

     Figure  4 .     Ragone plot for A-aMEGO samples along with the highest 
reported values for graphene/ionic liquid combinations under similar 
voltage and discharge current values. (a) Volumetric values and (b) gravi-
metric values (per active material weight).  
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results in increased bulk density of the electrode and hence 
the volumetric capacitance values for A-aMEGO samples are 
signifi cantly higher than the reported values for carbon-based 
electrodes in the literature. [  8  ,  10–27  ]  

 The device performance in long term cycling was investi-
gated at a rate of 5 A g  − 1  and a maximum voltage of 3.5 V for 
5000 cycles. The specifi c capacitance retention as a function 
of cycle number for the electrodes with BMIM BF 4 /AN is pre-
sented in Figure  3 b. After a small decrease of specifi c capaci-
tance in the fi rst 1000 cycles, its retention value stayed nearly 
constant at 94% during 5000 cycles. For the electrodes with 
EMIM TFSI/AN, a similar trend was observed and the reten-
tion value was also 94% after 5000 cycles (Figure S4). This again 
confi rms that there are no electrochemical reactions involved in 
the capacitance process and also the pore accessibility for the 
aligned activated MEGO does not change by cycling. [  26  ,  28–    30  ]  

 Energy density and power density, as two governing metrics 
of supercapacitors, were investigated using the values obtained 
from galvanostatic experiments. The volumetric energy den-
sity for the A-aMEGO electrodes with BMIM BF 4 /AN from the 
data at 1 A g  − 1  was 67.0 Wh l  − 1 . For samples with EMIM TFSI/
AN the volumetric energy density was found to be 75.3 Wh l  − 1 . 
Increasing the discharge rate did not considerably infl uence the 
performance of the device in terms of energy density. The volu-
metric energy density values were found to be 65.1 Wh l  − 1  and 
63.2 Wh l  − 1 for electrodes with BMIM BF 4 /AN and 72.9 Wh l  − 1  
and 70.9 Wh l  − 1 for samples with EMIM TFSI/AN at 3 A g  − 1  and 
5 A g  − 1  discharge rates, respectively. 

 The power density for these samples was calculated from the 
IR drop.  Figure    4  a compares the volumetric and Figure  4 b the 
traditional gravimetric values (per active material mass only) 
for power and energy densities. As shown in the Ragone plot in 
Figure  4 a, the volumetric power density values from the data at 
1 A g  − 1  rate were 119 kW l  − 1  for the electrodes with BMIM BF 4 /
AN and 130 kW l  − 1  for the electrodes with EMIM TFSI/AN. 
These values are remarkably large for supercapacitors based on 
graphene/ionic liquid combinations and provoked by the dense 
morphology while maintaining the ordered pathway for ion 
propagation in the A-aMEGO supercapacitors. [  8  ,  13–18  ,  31–37  ]   

 These high volumetric energy and power densities render 
these high bulk density A-aMEGO electrodes suitable candi-
dates for practical large scale applications where an increased 
amount of this material can be included inside packaged 
supercapacitor devices. This is depicted in the Ragone plot in 
Figure S5 where the energy and power densities are plotted in 
4 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
terms of per total weight of the electrode (active material and 
electrolyte). A-aMEGO samples exhibit the highest energy and 
power densities per total electrode weight compared to the ones 
reported in the literature. 

 Understanding of the ion diffusion in the A-aMEGO elec-
trodes was obtained by conducting electrochemical impedance 
spectroscopy measurements in the frequency range of 10 mHz 
to 1 MHz and using DC bias voltages of 2.5 and 3.5 V, respec-
tively to evaluate the impedance dependency on the voltage. 
 Figure    5  a shows the Nyquist plot for the electrodes containing 
BMIM BF 4 /AN and the inset in the fi gure shows the high fre-
quency region of the Nyquist plot. Regardless of the bias voltage, 
mbH & Co. KGaA, Weinheim Adv. Mater. 2013, 
DOI: 10.1002/adma.201301243
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     Figure  5 .     (a) Nyquist plot for A-aMEGO samples at 10 mHz to 1 MHz 
frequency range and no DC potential, 2.5 V and 3.5 V DC bias. The inset 
is the data for high frequency region. Arrows show the frequency where 
 Z'  =  Z'' . (b) Real part of capacitance as a function of frequency, indicative 
of the high dependent capacitance at low frequencies.  
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the Nyquist plot has a similar shape for all three measure-
ments with all the plots showing a steep rise in the imaginary 
axis at low frequency which is a characteristic of the capacitive 
behavior (the imaginary part of the electric impedance is much 
larger than the real part of the electric impedance). At high fre-
quency region, similar shapes with a slight increase in the high 
frequency resistance with the bias voltage were observed, indi-
cating an increased resistive behavior of the electrode with the 
bias voltage. In the middle frequency range of the Nyquist plot, 
ion migration in the electrode can be investigated and the effect 
of electrode porosity and thickness on this migration can be 
studied. [  4  ,  30  ]  Additionally, the imaginary part of the impedance 
© 2013 WILEY-VCH Verlag GmAdv. Mater. 2013, 
DOI: 10.1002/adma.201301243
(in absolute value) decreases with the DC bias voltage. This 
result indicates that the capacitance value increases with the DC 
bias voltage, and this increase can be interpreted as a result of 
the increase in the dielectric constant of the electrolyte or the 
decrease in the charge separation distance induced by applying 
bias potential. This confi rms that the charge storage takes place 
nearly exclusively in the double layer and no evident electro-
chemical reaction takes place under 3.5 V DC bias voltage. [  38–39  ]   

 Very similar behavior was observed for the A-aMEGO elec-
trodes with EMIM TFSI/AN (Figure S6) with slightly lower 
resistive behavior for the sample with EMIM TFSI/AN. Since 
both A-aMEGO electrodes have a similar nano-morphology, this 
reduction in the resistance can be attributed to the higher ionic 
mobility of EMIM TFSI/AN in the A-aMEGO pores compared 
with that of BMIM BF 4 /AN (similar to the ESR results from 
charge/discharge cycles). The higher ion conductivity of EMIM 
TFSI/AN in A-aMEGO samples can also be observed at the 
high frequency range as it shows lower resistance compared to 
the electrodes with BMIM BF 4 /AN. The high frequency resist-
ance under open circuit condition was calculated to be 8.37  Ω  
for BMIM BF 4 /AN and 6.27  Ω  for EMIM TFSI/AN sample. 

 The real part of capacitances ( C  ′ ) as a function of frequency 
for the A-aMEGO electrodes are presented in Figure  5 b. The 
capacitance value at low frequencies for the electrodes con-
taining EMIM TFSI/AN was higher compared to that with 
BMIM BF 4 /AN, which is consistent with the slightly higher 
capacitance and energy density obtained from galvanostatic 
experiments for this sample. 

 The frequency dependence of the imaginary part of the 
capacitance provides information about the speed by which 
a capacitor can deliver its energy. This plot for the A-aMEGO 
samples is shown in Figure S7. The time constants for these 
samples were found to be 3.65 s for BMIM BF 4 /AN and 
2.51 s for EMIM TFSI/AN, which is consistent with the faster 
discharge rate and therefore higher power density for the 
sample containing EMIM TFSI/AN as an electrolyte. In addi-
tion, these time constants are very close to those from low bulk 
density aMEGO electrodes. [  8  ,  10  ,  29  ,  30  ]  

 In summary, aligned nano-porous aMEGO electrodes were 
fabricated using a vacuum-assisted self-assembly process fol-
lowed by slow infi ltration of PTFE binders which led to a tre-
mendous bulk density of 1.15 g cm  − 3 . The experimental results 
revealed the near optimal nano-morphology of the electrodes 
which eliminates the micrometer-sized pores (presented in the 
carbon based electrodes using traditional fabrication methods 
and do not contribute to the energy storage, therefore reduce 
the volumetric energy density of the devices) while main-
taining a high degree of nanometer-sized pores that are respon-
sible for the formation of an electric double layer and energy 
storage. Very high volumetric capacitance of 158 F cm  − 3  for the 
A-aMEGO with BMIM BF 4 /AN and 177 F cm  − 3  for the sample 
with EMIM TFSI/AN as electrolyte were obtained. The gravi-
metric capacitance in terms of the mass of the active mate-
rial was 137 F g  − 1  for the A-aMEGO with BMIM BF 4 /AN and 
154 F g  − 1  for sample with EMIM TFSI/AN as electrolyte, which 
are slightly lower than that (165 F g  − 1  and 200 F g  − 1  for the two 
electrolytes, respectively) obtained from the aMEGO electrodes 
using the traditional fabrication method. [  8  ,  10  ]  The A-aMEGO 
electrodes exhibited very high volumetric energy densities of 
5wileyonlinelibrary.combH & Co. KGaA, Weinheim
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 67.0 Wh L  − 1  and 75.3 Wh L  − 1  and power densities of 119 kW L  − 1  

and 130 kW L  − 1  using BMIM BF 4 /AN and EMIM TFSI/AN, 
respectively. The outsatnding volumetric performance of the 
A-aMEGO electrodes introduces a realistic energy storage 
device confi guration to meet various technological demands.  

 Experimental Section  
 Synthesis of nanoporous microwave exfoliated graphite oxide (aMEGO) : 

 a MEGO was prepared by activation of graphite oxide via a technique 
that has been reported in Ref. 8. Briefl y, microwave exfoliated graphite 
oxide (200 mg) was mixed with a 7 M solution (10 mL) of KOH for 24 h. 
After fi ltration and drying of the mixture, the solid part was activated at 
800  ° C in a tube furnace under an argon fl ow for 1 h. Finally, the mixture 
was washed with de-ionized water until neutral pH, followed by thermal 
annealing under 1100  ° C to remove any residual functional groups 
containing oxygen, such as carboxylic acid and hydroxyl groups.  

 Preparation of A-aMEGO : To fabricate high density aligned aMEGO 
electrodes, aMEGO was dispersed in N,N-dimethylformamide (DMF, 
Aldrich) and the mixture was vacuum fi ltered using a Buchner funnel 
and an Anodisc fi lter paper (Whatman, 0.02  μ m pore size). During 
this fi ltration process, aMEGO layers are pulled towards the Anodisc 
surface and these layers of nano-porous microwave exfoliated graphite 
oxide stack successively on top of each other [  40  ] . The thickness of the 
prepared samples was between 90 to 100  μ m. Then, the A-aMEGO disk 
was air dried for 2 h and vacuum dried at 110  ° C for 24 h before the 
experiments.  

 Fabrication of the device : In this study, 10 wt% poly(tetrafl uoroethylene) 
(PTFE) was used as binder. In order to infi ltrate PTFE into the A-aMEGO 
structure, a commercially available 60 wt% dispersion of PTFE in water 
(Aldrich) was used to prepare a very dilute (0.6 wt%) dispersion of this 
polymer in a 50/50 water/isopropyl alcohol (Aldrich) mixture. Then, 
an appropriate amount of this dispersion was added to an A-aMEGO 
disk and was left for a week for effi cient and uniform PTFE infi ltration 
and well-controlled solvent removal. Finally the disk was annealed 
at 140  ° C. The electrodes with 3mm lateral dimensions were cut and 
used for measurements. For electrochemical characterization, the 
samples were soaked in 2M solutions of 1-butyl-3-methyl-imidazolium 
tetrafl uoroborate (BMIM BF 4 ) or 1-ethyl-3-methyl-imidazolium bis 
(trifl uoromethylsulfonyl) imide (EMIM TFSI) (Iolitec) in acetonitrile (AN; 
Aldrich) and a three-layer capacitor composed of A-aMEGO electrode/
polypropylene separator (Celgard 3501)/A-aMEGO electrode was 
prepared. This capacitor was then sandwiched between two gold current 
collectors and fi nally two stainless steel electrodes. All samples were 
baked at 110  ° C for minimum of 72 h in order to remove any residual 
moisture or other volatile impurities prior to measurements.  

 Characterization : Scanning electron microscopy images were acquired 
using an FEI NanoSEM 630 FESEM. The porous characteristics of 
A-aMEGO electrodes were obtained by N 2  adsorption/desorption 
experiments at 77.1 K using ASAP 2020 V4.00 (V4.00 H). The specifi c 
surface area (SSA) was measured according to the Brunauer–
Emmett–Teller (BET) method and the pore size distribution was 
calculated using the non-local density functional theory (NLDFT). 
Electrochemical experiments on the A-aMEGO-based supercapacitors 
were carried out using a two electrode system under an inert 
nitrogen fi lled glove box controlled environment. The electrochemical 
performance was evaluated by cyclic voltammetry measurements 
using a Princeton Applied Research Versastat 4 potentiostat at 5, 20, 
and 100 mV s  − 1  scan rates and a maximum voltage of 3.5 V. The same 
equipment was used to investigate the galvanostatic charge/discharge 
behavior of the samples at 1, 3, 5 and 10 Ag  − 1  discharge rates and a 
maximum voltage of 3.5 V. The gravimetric capacitance (per active 
material only) values were calculated from

 
C =

4I

M �V
�t   

(1)

   
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
where  I  is the constant discharge current,  M  is the active material mass 
for both electrodes, and   Δ V/ Δ t  is the slope of the discharge curve after 
the IR drop. The volumetric values were calculated by multiplying the 
gravimetric values by 1.15, the density of the A-aMEGO electrodes. 
Using the values for the capacitance, the energy density was calculated 
using

 
E =

1

8
C (�V )2

  
(2)

   
where   Δ V  is the discharge potential window. Power density was 
calculated by

 
P =

(�V )2

4E S R  
(3)

   
where  ESR  is the equivalent series resistance from the IR drop in 
galvanostatic charge/discharge test. Electrochemical Impedance 
Spectroscopy (EIS) was performed by a Princeton Applied Research 
PARSTAT 2273 potentiostat over a frequency range from 10 mHz to 
1 MHz. EIS experiments were carried out both at open circuit voltage 
as well as at DC bias potentials of 2.5 V and 3.5 V with a 5 mV AC 
signal amplitude. From the impedance data, both the real and imaginary 
capacitance can be obtained as,

 
C ↑ (ω) = −Z (ω) ω| Z (ω) | ↑2

  
(4)

   

 C
↑ (ω) = Z ↑ (ω) ω | Z (ω) | ↑2   (5)   

where  Z  ′  and  Z  ′  ′  are the real and imaginary parts of the 
impedance as a function of frequency ( ω ), respectively. 
 | Z (ω)| ↑2 = Z ↑2 + Z 2 [29, 41, 42]]][[   .   
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