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Abstract The ionic liquid 1-butyl-2,3-dimethylimidazo-
lium bis(trifluoromethylsulfonyl)imide (BDMIM-TFSI)
showed a conductivity of 1.65 mS cm−1 and an electrochem-
ical stability window of 4.4 V at room temperature. Two
types of electrodes based on carbon nanomaterials were
prepared: (1) with alternating layers of two oppositely
charged functionalized double-walled carbon nanotubes
(DWCNTs) and (2) with the functionalized DWCNTs and
graphene oxide nanoplatelets. The electrodes presented a
porous morphology and a connected pathway between the
carbon nanotubes and graphene oxide platelets. Electro-
chemical capacitors based on the carbon nanomaterials and
BDMIM-TFSI were produced in a stacking configuration
and were characterized at 25 °C, 60 °C, and 100 °C. The
supercapacitors with electrodes based on the three alternating
layers of two oppositely charged DWCNTs and graphene
oxide presented higher values of capacitance, which were
attributed to a morphology favorable to providing ionic access
to the carbonaceous surface. Box-like voltammetric curves
were used to calculate the capacitance in a 4-V potential
window at 100 °C.

Keywords 1-Butyl-2,3-dimethylimidazolium bis
(trifluoromethylsulfonyl)imide . Double-walled carbon
nanotubes . Graphene oxide nanoplatelets . Electrochemical
capacitors

Introduction

The current electric double layer capacitors or supercapaci-
tors can operate at very high charge–discharge rates and can
have lifetimes of over a million cycles [1, 2]. However,
some specific problems must be overcome to ensure broader
applications of these devices. Some of the limitations are as
follows: (1) lower energy storage than batteries [1–3], (2)
failure to filter voltage ripple [4], and (3) instability in
applications at temperatures of 60 °C and higher [5, 6].
The use of ionic liquids as an electrolyte can contribute to
the safer use of supercapacitors for harvesting energy; for
instance, when vehicles must be stopped, their operation
involves temperatures of at least 60 °C.

Ionic liquids of cyclic cations exhibit unique properties
including inflammability, negligible vapor pressure, high
thermal and chemical stability, and conductivity values
higher than 1 mS cm−1 [7–11]. These ionic liquids have
been used in many electrochemical devices such as lithium
batteries [7, 12, 13], capacitors [3, 5, 7, 14], solar cells, fuel
cells, and others [7]. The ionic liquid 1-butyl-2,3-dimethy-
limidazolium bis(trifluoromethylsulfonyl)imide (BDMIM-
TFSI) and other similar ionic liquids have been studied by
groups interested in their basic physicochemical properties
[8, 15, 16] and their applications in batteries [13] and super-
capacitors [5].

Carbonaceous materials, and high surface area amor-
phous carbon in particular, are widely used as electrodes in
supercapacitors [6, 17, 18]. Ionic liquids have larger anions
and cations than aqueous electrolytes, and the size of the
ionic species should be paired with the porosity range of the
carbonaceous at the electrodes to be able to take advantage
of the double layer capacitance [19–21].

Carbon nanotubes (CNT) have been extensively investi-
gated for applications in electrochemical capacitors [22–26].
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Nanotubes can have high electrical conductance along the
tubes and can have a morphology tailored to allow a suitable
range of porosity [25]. Recently, graphene and its derivates
[3, 4, 27–31] have been raised as promising candidates for
use in supercapacitor electrodes. Graphene oxide nanopla-
telets are one of the materials that can be solution processed
to prepare electrodes.

This work presents an investigation of supercapacitors
based on an ionic liquid with an imidazolium cation and two
different types of electrodes. The morphological and elec-
trochemical characteristics of the electrodes based on func-
tionalized double-walled carbon nanotubes (DWCNT) and a
mixture of DWCNTwith graphene oxide nanosheets (GON)
(DWCNT_GON) were studied. The mixed carbonaceous
electrodes may present changes in the morphology of the
carbonaceous packing because the 1D and 2D nanomaterials
adopt specific configurations under deposition differently
than those produced by the self-arrangement of nanotubes
alone. The primary goal is to produce a supercapacitor that
works with increased safety and shows improved perfor-
mance at higher temperatures.

Experimental

Materials and sample preparation

The commercial ionic liquid 1-butyl-2,3-dimethylimidazo-
lium bis(trifluoromethylsulfonyl)imide (Iolitec—Germany)
with 99 % purity and water content of less than 100 ppm,
according to the supplier, was used as received. Handling of
the ionic liquid was carried out in a glove bag under a
nitrogen atmosphere.

The commercial double-walled carbon nanotubes
(Nanocyl—Belgium) were synthesized by chemical vapor
deposition and functionalized with carboxylic (DWCNT–
COOH) and amine groups (DWCNT–NH2) as stated by the
supplier. The extent of modification of these carbon nano-
tubes was characterized by thermogravimetric analysis, and
the results will be discussed later in “Functionalized double-
walled carbon nanotubes and graphene oxide nanosheets”
section. In a previous work from our group, we reported a
detailed characterization of the DWCNT–COOH sample
[32]. These carbon nanotubes were used to prepare the
electrodes for use in electrochemical capacitors.

Commercially available expanded graphite (Nacional de
Grafite—Brazil) was used to produce oxidized graphene
nanosheets synthesized by modified Hummers method [33,
34]. Concentrated sulfuric acid was added to the expanded
graphite power with sodium nitrate in an ice bath followed
by the gradual addition of KMnO4. The mixture was stirred
for 4 h and diluted with de-ionized (DI) water. Graphite
oxide was obtained after addition of H2O2. The graphite

oxide was re-dispersed in DI water and exfoliated to gener-
ate graphene oxide nanosheets by ultrasonication. The sam-
ple was filtered and washed with a diluted acid solution to
remove metal ions and then washed with DI water until its
pH reached 7. Finally, the graphene oxide nanoplatelets
were dried at 100 °C over 12 h. All reagents were used as
received. As with the carbon nanotubes, GON was used to
prepare electrodes for use in electrochemical capacitors.

The carbon nanotubes electrodes were prepared by
dispersing each type of functionalized DWCNT in dis-
tilled water using a low-power ultrasonic bath for 4 h until
stable dispersions were obtained. Then, the dispersions
were deposited onto stainless steel substrates by drop
casting, alternating a coating of DWCNT–NH2 with a
coating of DWCNT–COOH. Samples with 20 coatings,
10 of each nanotube type, were dried at 100 °C. The use
of alternating layers of –NH2– and –COOH–modified
DWCNTs allows for improved electrode quality because
these functional groups create CNT interactions based on
opposite charges [35]. The electrodes based on alternating
layers of functionalized DWCNTs are referred to as
DWCNT electrodes for conciseness.

The previously described method was also used to pre-
pare mixed electrodes; however, in this case, the electrodes
were prepared with three different layers: DWCNT–NH2,
DWCNT–COOH, and GON. The samples were prepared
with 10 trilayers and dried at 100 °C. The electrodes
exhibited a thickness in the micrometer range.

Electrochemical capacitors were prepared in a stacked
configuration with two carbon electrodes (in contact with
stainless steel current collectors) with an ionic liquid layer
in-between as an electrolyte. A paper disk separator was
used to support the ionic liquid.

Measurements

Thermal characterization of the ionic liquid was obtained by
thermogravimetric measurements (TG) and differential
scanning calorimetry (DSC). Thermogravimetric measure-
ments were performed with a TA Instruments SDT 2960 in
nitrogen atmosphere at a heating rate of 10 °C min−1. DSC
measurements were carried out with a TA Instruments 2920
DSC. The sample was first heated from room temperature to
150 °C, then cooled to −150 °C, and heated to a temperature
of 150 °C at a heating rate of 5 °C min−1 under a helium
atmosphere. Approximately 15 mg of ionic liquid was used
in TG and DSC measurements.

Electrical measurements were performed with an AUTO-
LAB PGSTAT 30 ECOCHEMIE frequency analyzer. The
impedance measurements were conducted using a frequency
range of 0.5 MHz to 0.1 Hz at 0 V with amplitude of 10 mV.
Cyclic voltammetry experiments were performed in differ-
ent potential windows ranging from 0.5 V to 5 V with a scan
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rate of 50 mV s−1. A silver wire was used as a pseudo-
reference electrode for the ionic liquid characterization.

The quality of the carbon nanotubes and graphene oxide
nanoplatelets was studied by transmission electron micros-
copy (TEM) and thermogravimetric measurements. TEM
images were obtained on a FEI TECNAI® G2 with a
thermo-ionic gun at 200 kV. The TEM sample preparation
was conducted by dispersing the carbon nanotubes in iso-
propyl alcohol and graphene oxide nanosheets in THF using
a low-power ultrasonic bath. Drops of the dispersions were
deposited onto holey carbon-coated copper grids. TG meas-
urements were performed with a TA Instruments SDT 2960
in an air atmosphere at a heating rate of 5 °C min−1.

The morphology of the carbon-based electrodes was
studied by scanning electron microscopy (SEM). Images
were obtained with a FEI QUANTA 200® scanning electron
microscope in a low-vacuum mode, without any cover over
the samples.

Electrochemical capacitors were studied by impedance
spectroscopy, cyclic voltammetry (CV), and galvanostatic
charge–discharge tests. All measurements were carried out
with an AUTOLAB PGSTAT 30 ECOCHEMIE frequency
analyzer. The impedance measurements were conducted
using a frequency range of 1 MHz to 0.1 Hz at 0 V with
an amplitude of 10 mV. Cyclic voltammetry experiments
were performed in potential windows varying between 1 V
and 4 V with scan rate of 100 mV s−1. Impedance and cyclic
voltammetry were performed at 25 °C, 60 °C, and 100 °C.
Galvanostatic charge–discharge curves were obtained by
applying a current density of 1 mA cm−2 between two
different voltage ranges: 0–2 V or 0–3 V. Measurements
were carried out at 60 °C over 2,000 cycles.

Results and discussion

The results will be presented in three parts: the character-
ization of the ionic liquid, the characterization of the differ-
ent carbon nanomaterials and the electrodes prepared with
them, and, finally, the investigation of electrochemical fea-
tures of the supercapacitors.

Ionic liquid

Thermogravimetric measurements for 1-butyl-2,3-dimethy-
limidazolium bis(trifluoromethylsulfonyl)imide (BDMIM-
TFSI) indicated high thermal stability with a maximum
value of derivative mass loss (DTG) at 484 °C. The onset
of thermal decomposition was observed at 355 °C. Previous
work reported similar ranges in the ionic liquid thermal
decomposition [13, 36]. DSC results showed that the ionic
liquid BDMIM-TFSI presented one glass transition (Tg) at
−79 °C. Nadherna et al. [13] determined Tg for BDMIM-

TFSI to be −81 °C, which can be considered equivalent due
to differences in experimental conditions.

Impedance spectroscopy was applied to investigate the
ionic liquid conductivity in the range of 25 °C to 110 °C as
shown in Fig. 1a. The Arrhenius plot in Fig. 1a shows a
quasi-linear increase in conductivity values with an increase
of temperature. A conductivity value of 1.65 mS cm−1 was
observed for BDMIM at room temperature. The value of
conductivity reached 7.5 mS cm−1 at 100 °C. Previous
reports [11, 13] obtained an identical value for the conduc-
tivity at room temperature, or 20 °C. However, Nadherna et
al. [13] observed a more pronounced increase in the con-
ductivity as a function of temperature than the trend showed
in Fig. 1a and obtained by Bazito et al. [11].

Cyclic voltammetry measurements (Fig. 1b) were used to
determine the electrochemical stability of the ionic liquid.
The ionic liquid has a water content of less than 100 ppm,
according to supplier. BDMIM-TFSI showed an electro-
chemical stability window value of 4.4 V. This result is in
general agreement with other studies regarding ionic liquids
that are reported in literature [5, 8, 10, 11, 13].

Functionalized double-walled carbon nanotubes and gra-
phene oxide nanosheets

The thermogravimetric curves for carbon nanotubes and
graphene oxide nanosheets (Fig. 2) indicate high carbon
purity for all samples: the residues at 900 °C, associated
with metal oxide from the catalysts, show only 3 mass% for
DWCNT–COOH and GON and 9 mass% for DWCNT–
NH2. The profiles in Fig. 2 present two stages of decompo-
sition in air atmosphere. The first stage is associated with the
functional groups and is observed from ∼100 °C up to 300 °
C for all samples. The amounts of the functional groups that
decompose were as follows: 8 mass% for DWCNT–COOH,
2 mass% for DWCNT–NH2, and 12 mass% for GON. The
second stage corresponds to the thermo-oxidation of carbon
materials, and this stage shows a maximum rate of reaction
at 500 °C and 670 °C for carbon nanotubes and graphene
nanoplatelets, respectively.

Figure 3 shows typical images from transmission electron
microscopy in which it is possible to observe the high
quality of the nanotubes (Fig. 3a, b) even after chemical
modifications. This characteristic is very important to appli-
cation of the materials in electrochemical devices because it
is associated with high conductivity. Figure 3a and b also
shows tubes of differing diameters; however, the diameter
values are always lower than 5 nm. TEM images of gra-
phene oxide nanoplatelets are presented in Fig. 3c and d.
Figure 3c shows the overview of one transparent and corru-
gated sheet. Figure 3d shows a GON region on edge with
seven layers. This image is typical of the GON obtained
using our preparation conditions. Platelets of less than 5 nm
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were frequently observed. This thickness of GON is also the
result typically obtained by other groups [27] employing
similar expanded graphite samples and exfoliation methods.

The carbon nanotubes electrodes were prepared by drop
casting alternating layers of the carbon nanomaterials
DWCNT–NH2 and DWCNT–COOH. This method is easy
to apply and was employed to allow interactions between
layers with the functional surface groups, –NH2 and –
COOH. The carbon nanotube electrodes were prepared as
shown in Fig. 4a, with alternating stacked layers of func-
tionalized nanotubes. These electrodes are referred to as
DWCNTs to be concise and to emphasize that these electro-
des were made using only functionalized, double-walled
carbon nanotubes. Mixed electrodes based on carbon nano-
tubes and graphene oxide nanoplatelets were prepared by
deposition of layers in the following order: DWCNT–NH2,
DWCNT–COOH, and then GON. Those mixed electrodes
were named DWCNT_GON (Fig. 4b). The surface mor-
phology and quality of the electrodes were analyzed by
scanning electron microscopy.

Figure 5 shows SEM images for the surfaces of the two
types of electrodes with distinct magnifications. The electro-
des based in functionalized carbon nanotubes (DWCNT),
Fig. 5a–b, exhibit a carbon nanotube porous network in
which bundles and single tubes overlap. The network com-
pletely covers the surface with a rough texture that produces
great contact with electrolyte. Furthermore, this porous mor-
phology helps large size ions to improve infiltration through

the electrodes. This morphology is similar to the electrodes
prepared with DWCNT–COOH in our previous work [32].

The second type of electrode, based in functionalized
carbon nanotubes and graphene oxide nanosheets
(DWCNT_GON), is shown in Fig. 5c–d. It is interesting
to note that the GON connected some agglomerates of

Fig. 1 a Arrhenius plot for 1-
butyl-2,3-dimethylimidazolium
bis(trifluoromethylsulfonyl)im-
ide (BDMIM). b Cyclic vol-
tammograms for BDMIM with
an increased potential window
with respect to Ag (pseudo-
reference)

Fig. 2 Thermogravimetric curves for DWCNT–NH2, DWCNT–
COOH, and GON in air

Fig. 3 Transmission electron microscopy with distinct magnification:
a DWCNT–NH2, b DWCNT–COOH, c and d GON
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carbon nanotubes and can operate as a support for the next
layers of carbon nanotubes as shown in Fig. 5d. Moreover,
in electrodes based on DWCNT_GON, it is possible to
observe some nanosheets of large areas. The surface mor-
phologies are slightly different when comparing DWCNT
electrodes (with alternating layers of functionalized nano-
tubes) and DWCNT_GON electrodes because the latter has

regions with a smoother, less porous, graphene oxide sur-
face. Furthermore, packing carbonaceous nanomaterials
with different morphologies (e.g., tubes and platelets) may
allow for a larger volume of open space in the electrode
bulk, as proposed in Fig. 4b, in comparison to the DWCNT
electrode.

The electrochemical study showed that some differences
correlated to the morphologies were observed in the behav-
ior of the device as discussed in the following section.

Electrochemical capacitors

The complete cell is composed of two electrodes of carbon
nanomaterials separated by one layer of ionic liquid
(BDMIM–TFSI) supported by a paper separator. Two dif-
ferent capacitors were produced; one with DWCNT–based
electrodes and one with DWCNT_GON-based electrodes,
both using functionalized nanotubes. The electrochemical
behavior of the different supercapacitors was studied by
impedance spectroscopy and cyclic voltammetry
measurements.

Figure 6a shows Nyquist plots for the two capacitors in
which it is possible to observe typical electrochemical ca-
pacitor behavior based on porous electrodes with large areas
of contact. In this case, a semicircle was obtained in the high
frequency region, followed by two linear regions at inter-
mediate and low frequencies with slopes of approximately
45° and 90°, respectively [37, 38]. The equivalent circuit

Fig. 4 Scheme for the stacking of carbonaceous layers in the two types
of electrodes produced by dropping: a DWCNT (DWCNT–NH2 and
DWCNT–COOH alternating layers), the final electrode was prepared
with 20 times the bilayer; b DWCNT_GON (also with alternating
layers of functionalized DWCNT and a third layer of GON), the final
electrode was prepared with 10 times the trilayer

Fig. 5 Scanning electron
microscopy with distinct
magnification for the surface of
the electrodes based on a, b
DWCNT (DWCNT–NH2 and
DWCNT–COOH alternated
layers) and c, d DWCNT_GON
(also with alternating layers of
functionalized DWCNT and a
third layer of GON)
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proposed for the complete cell is shown in Fig. 6b. The
circuit has two resistors connected in series (R1 and R2); the
second one is connected in parallel with one capacitor (C1),
followed by one constant phase element (CPE1) and a
second capacitor (C2).

The two high frequency resistors (R1 and R2) present
values that vary strongly over the temperature range studied
(Fig. 6); therefore, they may be assigned to ionic liquid charge
transport through the carbon electrodes and separator. A high
frequency capacitance (C1) can be attributed to polarization
involving the ionic liquid. The constant phase element (CPE1)
is used to describe the data with a slope of approximately 45°
in the intermediate frequency range. This behavior represents
the Warburg impedance of the system, present in porous
electrodes. The equivalent circuit that allows a good fit to
the impedance results has a low frequency capacitance (C2)
that is associatedwith polarization between the carbon electro-
des and the ions in the ionic liquids.

The Nyquist plots in Fig. 6a show that the capacitors with
DWCNT electrodes (alternated layers of functionalized
nanotubes) or with mixed DWCNT_GON presented similar

behavior, making all components in the equivalent electric
circuit (Fig. 6b) necessary to fit their impedance results. The
graphene oxide nanosheets appear to make a small contri-
bution to change the capacitance value; an increase from
37.9 Fg−1 to 39.1 Fg−1 at 100 °C was observed as shown in
Table 1. This result suggests that carbon nanotubes are
primarily responsible for electric double layer formation at
the carbon electrode/ionic liquid interface.

Moreover, it should be considered that the GON is not a
highly conductive material because a high content of oxy-
genated functions [27] disturbs its electrical behavior.
Therefore, the higher capacitance observed in the mix elec-
trode is probably the result of a change in morphology. The
nanoplatelets may have a contribution that extends the
availability of the carbonaceous surface to a double layer
formation. This contribution was attributed to looser pack-
ing of the carbonaceous, as shown in Fig. 4b.

In support of this discussion, it can be observed in Fig. 6a
that the lines at low frequency in the Nyquist plots tend to be
more vertical (near 90°) for the capacitor that includes GON
independent of the temperature. This may be interpreted as
an increase in the capacitance derived from a purely elec-
trostatic double layer, i.e., one in which ionic species have
easier access to the carbonaceous surface [19].

Figure 7 shows cyclic voltammograms for the superca-
pacitors at 25 °C and 100 °C with an electrochemical win-
dow of 4 V. Samples exhibit a box-like shape typical of
charge storage [25]. The devices present an increase in
capacitance of 15 % and 10 % for DWCNT-based electrodes
and mixed carbon-based supercapacitors, respectively, as a
function of temperature as shown in Table 1. The differences
in the capacitance values obtained by voltammetry and
impedance spectroscopy, as shown in Table 1, are related
to the experimental properties of each technique. Voltam-
metry is based on a linear sweep of potential. With imped-
ance spectroscopy, an alternating signal is applied, and the
phase difference between the applied and measured signal is
related to the contributions from different components of the
electrochemical cell.

The increase in capacitance as a function of temperature
(Table 1) was significantly lower than that obtained in our
previous work [32] using a polymer electrolyte and
DWCNT–COOH electrode. The polymer electrolyte-based

Fig. 6 Electrochemical behavior of complete cell using current col-
lector| carbon electrode| ionic liquid| carbon electrode| current collector
configuration: a Nyquist plots for supercapacitors at different temper-
atures, b equivalent circuit proposed for the impedance interpretation.
(DWCNT means layers of alternated functionalized nanotubes)

Table 1 Specific capacitance
for two different supercapacitors
from distinct electrochemical
measurements, at 25 °C and
100 °C

*Alternated layers of –COOH
and –NH2 functionalized
DWCNT

Device electrode Temperature (°C) Specific capacitance (F g−1)

Impedance Voltammetry (4 V)

DWCNT* 25 26.0 38.2

100 37.9 43.9

DWCNT*–GON 25 21.7 43.1

100 39.1 47.6
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supercapacitor in the previous work showed a better perfor-
mance improvement because polymer melting (>40 °C)
induces a significant increase in conductivity and electrode
wettability. The ionic liquid does not have a thermal transi-
tion in the temperature range studied; therefore, the temper-
ature dependence is less significant in the present work.

Hastak et al. [39] recently reported a 26 % increase in the
specific capacitance as a function of temperature for a de-
vice based on a phosphoric acid electrolyte embedded in a
polymer membrane and an activated carbon electrode. They
attributed the improvement in the capacitance to the migra-
tion of free phosphoric acid to the smaller pores of the
carbon interface at higher temperatures. Their result was
possible because of the small size of the ionic species
involved, which are different than the ionic liquid-based
supercapacitors. Pseudo-capacitance at high temperatures
also contributed to their results [39].

Capacitance values obtained in this work are similar to
those obtained for supercapacitors using ionic liquids as
electrolytes that have been reported by other authors [6,
19, 23, 40]. The voltammetric curves obtained at 4-V po-
tential window and 100 °C (Fig. 7b) demonstrate the possi-
bility that the materials employed in the present work could
be used ender harsh condition.

Galvanostatic charge–discharge experiments were carried
out at 60 °C to evaluate the capacitor´s stability at a typical
temperature of use for application in vehicles. A current
density of 1 mA cm−2 was used, and different potential
ranges were studied (0–2 V and 0–3 V). Figure 8 shows
the variation in specific capacitance with the number of
charge–discharge cycles for both capacitors at a voltage of
2 V. Specific capacitance measured during discharge was
calculated by Eq. (1) [41] in which i, Δt, ΔV, and m denote
discharge current, discharge time, potential range, and car-
bon mass in electrode, respectively.

Csp ¼ i Δt

ΔV m

The capacitance decayed approximately 30 % after 2,000
cycles for both capacitors operating at 60 °C and at a voltage
of 3 V. This is probably associated with irreversible faradic
pseudo-capacitance. When the voltage was reduced to 2 V,

the capacitance decayed 17 % for DWCNT-based and 10 %
for DWCNT_GON-based supercapacitors after 2,000 cycles
as shown in Fig. 8.

The charge–discharge results at 2 V also showed higher
capacitance values for the mixed carbon nanomaterials-
based supercapacitor as previously indicated by the imped-
ance and voltammetry results (Table 1). The two capacitors
presented efficiencies of approximately 92 %, indicating a
reversibility of charge–discharge cycles. The supercapaci-
tors exhibited energy density values between 3 and
7 Wh kg−1.

Conclusions

The BDIMIM-TFSI ionic liquid exhibited desirable proper-
ties for use as a supercapacitor electrolyte, including suffi-
ciently high conductivity (1.65 mS cm−1 at 25 °C) and high
thermal and electrochemical stability.

Morphological and electrochemical studies of the electro-
des developed based on functionalized double-walled car-
bon nanotubes and the mixture of carbon nanotubes and
graphene oxide nanoplatelets showed that both systems
can be applied in capacitors. The DWCNT_GON electrodes
presented on surface regions with smother graphene

Fig. 7 Cyclic voltammograms
for supercapacitors at 100mV s−1

using a potential window of 4 V
at temperatures of a 25 °C and
b 100 °C. (DWCNT means
layers of alternated
functionalized nanotubes)

Fig. 8 Change in the specific capacitance as a function of the number
of charge–discharge cycles for DWCNT- and DWCNT_GON-based
supercapacitors at 2 V and 60 °C. (DWCNT means layers of alternated
functionalized nanotubes)

J Solid State Electrochem (2012) 16:3573–3580 3579



surfaces connecting carbon nanotube globules. A morphol-
ogy with less packing due to differences in the shapes of the
carbonaceous nanomaterials (e.g., nanotubes and platelets)
most likely allowed for better wettability of the carbona-
ceous nanomaterials by the ionic liquid.

The impedance and voltammetry characterization indi-
cated an improvement in the supercapacitor performance
with the use of a mixed carbonaceous electrode. An 8 %
increase in specific capacitance was observed by voltamme-
try at 100 °C. The two capacitors were submitted to galva-
nostatic charge/discharge measurements at 60 °C. These
capacitors showed a low capacitance loss after 2,000 cycles,
a Coulombic efficiency of 92 %, and an energy density of
7 Wh kg−1, indicating that this configuration can be consid-
ered for developing electrochemical capacitors that work
safely at high temperatures.
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