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This work reports a novel method for the fabrication of supercapacitors (SCs) which employs flexible gra-
phene electrodes (FGEs), an aqueous Li electrolyte, and a separator (semipermeable membrane) between
electrodes. In some devices, the Li electrolyte was improved with the addition of BMIMBF4-an Ionic liquid
(IL), which enhanced the gravimetric capacitance of the devices, reaching a maximum value of 1558 F/g.
Moreover, the presence of the IL enhanced from 272 to 800 min the discharge time, which suggests that
the SCs release their energy as slow as batteries. In addition, the thickness of the separator was increased
from 200 to 400 mm, which allows stabilizing the discharge time for at least 120 min. Thus, the proposed
combination of FGEs and electrolytes will open the opportunity to develop SCs with discharge cycles
comparable to Li-based batteries.

� 2019 Elsevier B.V. All rights reserved.
1. Introduction

The current research on energy storing devices has conducted
to the development of supercapacitors (SCs) and Li-ion batteries
(LIBs) with high energy densities (10 kW kg�1 for SCs and
100–300W kg�1 for LIBs) [1,2]. These devices employ toxic and
volatile organic electrolytes containing lithium salts such as
lithium perchlorate (LiClO4), lithium hexafluorophosphate (LiPF6),
lithium bistrifluoromethylsulfonyl imide (Li(CF3SO2)2N) and a mix-
ture of toxic solvents such as tetrahydrofuran (THF), 1,3-dioxolane
(DOL), dimethoxy ethane (DME) and tetra(ethylene glycol)
dimethyl ether (TEGDME), among others [3]. Additionally, these
SCs or LIBs use complex electrodes materials made of LiCoO2,
LiMn2O4, LiFePO4, and LiFeSO4 compounds [4]. To eliminate the
use of such dangerous Li compounds and to increase the efficiency
of these devices, graphene composite materials have been
developed as electrodes given their high conductivity, high poros-
ity and flexibility [5]. Some examples of graphene electrodes
capable to produce high capacitances (>400 F/g) and high cycling
(2000–6000 cycles) are graphene/Li4Ti5O12 (LTO) [5], reduced gra-
phene oxide (rGO) [6], rGO@Fe3O4 [7] and polypirrole/graphene
aerogels [2]. Although these last generations of graphene-based
LIBs and SCs have demonstrated power energies or energy
densities higher or comparable to commercial solid LIBs,
nobody has studied how to prolong the discharging times of SCs.
If the SCs can release their charge for long times (hours), they
would behave as a battery. Therefore, in this work, a SC device
made with graphene electrodes able to increase its discharge times
using a mixture of ionic liquid 1-butyl-3-methyl-imidazolium
tetrafluoroborate (BMIMBF4) and aqueous Li electrolyte is
presented.
2. Experimental section

The preparation of the flexible graphene electrodes (FGEs) was
reported in a previous publication [8]. The procedure to fabricate
the flexible supercapacitors is the following: two FGEs with
0.7 cm (width) � 1.0 cm (length) were coated on one side with a
gel electrolyte formed by an acrylate polymer, polyvinyl alcohol
(PVA), lithium trifluoromethanesulfonate (LiTf) and water. After-
wards, the samples were rinsed with distilled water and dried
for 50 min at 100 �C. Subsequently, a semipermeable acrylate
polymer membrane (APM) with 200 mm of thickness was sand-
wiched between the two electrodes and pressed. Next, the elec-
trodes are connected with copper wires and encapsulated. The
SCs fabricated without IL are named SCLi while the devices fabri-
cated with 5 wt% and 10 wt% of IL are named SCIL5 and SCIL10,
respectively.
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The samples were observed using scanning electron microscopy
(SEM Auriga 3916). X-ray diffraction patterns (XRD) were recorded
using a Bruker D8 equipment with radiation Ka of copper
(k = 1.54056 Å). X-ray photoelectron spectroscopy (XPS) spectra
were obtained by using a Thermo Scientific K-Alpha X-ray Photo-
electron Spectrometer System. The Fourier transform infrared
(FTIR) spectra of samples were recorded with a Perkin Elmer equip-
ment. Thermogravimetric analysis (TGA) was achieved by employ-
ing a Thermal Analyzer SDT 600 (TA Instruments) with nitrogen
atmosphere. Finally, cyclic voltammetry (CV) and galvanostatic
charging/discharging (GCD) curves were recorded using an electro-
chemical station (Galvanostat/Potentiostat Wavenow) with a two-
electrode configuration.
3. Results and discussion

The graphene nanoplates (GNPs) employed for the fabrication
of the porous FGEs have dimensions of 8 mm � 17 mm and are over-
lapped in the in-plane direction, see Fig. 1a. The pore size in the
graphene network is in the range of 10–65 mm (see red circles in
Fig. 1a). After coating the FGEs with the Li electrolyte (FGE-Li sam-
ple), the degree of coalescence increases, which reduces the pores
size to the 7–30 mm range (see Fig. 1b). This also improved the elec-
trical conductivity of the electrodes from 8 to 11.2 S/cm because
extra points of contact among GNPs are created. Inset in Fig. 1b
Fig. 1. a) and b) are SEM images of the FGEs with and without Li electrolyte, respectively
Fig. 1b shows a FGE. (For interpretation of the references to colour in this figure legend
shows a FGE that can be bent an angle of 90� a maximum of 317
times without breaking it.

The surface analysis of the FGEs by FTIR (Fig. 1c) indicates the
presence of peaks at 635 cm�1 (LiAC bond) and 1446 cm�1 (LiAO
bond) [9]. The rest of peaks 1251, 1527, 1692 and 2909 cm�1 cor-
respond to the acrylate polymer. Thus, the results from the FTIR
analysis indicate that the Li compound is chemically bonded with
the oxygen and C groups on the FGEs. Moreover, the TGA analysis
indicates that the presence of the dried Li electrolyte on the FGEs
(FGE-Li) reduces their decomposition temperature with respect
to the FGEs without Li electrolyte. The slope 1 in Fig. 1d is related
with the decomposition of the acrylate polymer in the FGE (with or
without Li) at 346 �C. However, the introduction of lithium chan-
ged the position of the slope related with the degradation of the
GNPs (from 663 �C to 333 �C), compare slopes 2 and 3. This sug-
gests that the attachment of the Li compounds on the surface of
the FGEs through the carbon functionalities weakens the p-
orbitals of graphene, which in turn, reduces the strength of its
CAC bonds [10]. A further analysis by XPS technique showed that
the deconvoluted spectrum of the C1s orbital for the FGEs pre-
sented three bonds: C@O (287.4 eV), CAO (286.3 eV), and CAC
(284.6 eV) [10], see Fig. 2a. Surprisingly, the XPS spectra of the
FGE-Li sample presented a new component related to the F3C-
group (289 eV), see Fig. 2b, which suggests the presence of CF3SO3

-

on the FGEs, see molecule in inset of Fig. 2c. Furthermore, the Li 1s
orbital for the FGE-Li sample presented a single peak at 55.5 eV
. b) and c) are FTIR and TGA curves of FGE and FGE-Li samples, respectively. Inset in
, the reader is referred to the web version of this article.)



Fig. 2. XPS spectra for: a) C1s orbital (FGE sample) while b), c) and d) correspond to the C1s, Li1s and Ni1s orbitals for FGE-Li sample, respectively.
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which is attributed to LiAO bonds [11], corroborating the presence
of Li on the FGE, see Fig. 2c. The analysis of the N1s orbital indicates
the presence of C@N bonds by the peak at 399.5 eV (see Fig. 2d),
that bond corresponds to the presence of the acrylate polymer
[11]. Hence, the detection of Li+ and CF3SO3

� ions by XPS suggests
that both types of ions can be stored on the surface of the FGEs,
which is an important characteristic for the electrochemical per-
formance of the SCs as explained below.

The flexible SCs are integrated by two FGEs separated by an
APM (dielectric layer which absorbs the Li electrolyte as a sponge)
and were encapsulated for physical protection, see Fig. 3a1.
Fig. 3a2 and a3 show the flexible supercapacitors in un-bended
and bended states, respectively. The electrochemical analysis of
the SCLi sample without IL indicates a capacitive behavior of elec-
tric double layer (EDL), since no faradaic peaks were observed (see
Fig. 3b). However, a faradaic peak is observed at 0.75 V in the SCIL5
and SCIL10 samples with 5 and 10 wt% of IL, respectively. Thus, the
introduction of the IL boosted the current and increased the capac-
itance of the SCs, since larger areas were observed in the CV curves.
Consequently, the values of gravimetric capacitance were 242,
1490 and 1558 F/g for SCLi, SCIL5 and SCIL10, respectively. These
capacitance values for the samples with IL are 2–4 times higher
than these reported in previous graphene based SCs which
employed electrode materials such as graphene/LTO, graphene/
LFPO and rGO [2–10]. The device SCIL with 10 wt% of IL had longer
discharge times than the SCLi sample (�2.5 times, compare black
and red curves in Fig. 3c). This increment of discharging time is
possible by two reasons: 1) to the increase of thickness of the solid
electrolyte interphase (SEI) on the FGEs, which is due to the forma-
tion of a wetting layer of the hydrophobic IL on the surface of the
FGEs) [12], 2) the presence of a heavier BF4� ion or 3) the increase of
viscosity of the Li electrolyte due to the presence of IL [13]. These
effects would increase the diffusion path length of Li ions, which in
turn, will delay the time for the transport of charge through the
APM. Finally, the cycle stability curve of SCIL10 sample in inset
of Fig. 3c (9 cycles obtained after 100 h) demonstrates that the per-
formance of the SCs is repeatable.

4. Conclusions

This work demonstrated that the presence of Li on the FGEs pro-
duced a higher coalescence of the GNPs, which in turn, improved
the electrical conductivity of the FGEs. The introduction of IL in
the Li electrolyte not only enhanced the capacitance of the SCs
but also increased their discharge times. We avoided the previ-
ously reported ways for the formation of EDL or pseudocapacitive
effects, which consisted in the use of expensive Li oxide-based
materials deposited on the graphene composites or the use of
rGO, since we employed two FGEs, which could reduce the cost
of the SCs with large discharge cycles. Hence, the results presented
here could pave the way for the development of flexible SCs whose
discharge behavior imitates these observed in Li based batteries.



Fig. 3. a) Schematic (image 1) and pictures of the flexible SCs in un-bended (image
2) and bended (image 3) states; b) and c) are the CV and charge-discharge curves,
respectively, for SCLi, SCIL5 and SCIL10 samples. Inset in Fig. 3c shows the cycle
stability curve for SCIL10. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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