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Abstract The present investigation deals with electrochemical
double layer capacitors (EDLCs) made up of ionic liquid (IL)-
based gel polymer electrolytes with chemically treated activated
charcoal electrodes. The gel polymer electrolyte comprising of
poly(vinylidine fluoride-co-hexafluropropylene) (PVdF-HFP)-
1-ethyl-2,3-dimethyl-imidazolium-tetrafluroborate [EDi-
MIM][BF4]-propylene carbonate (PC)-magnesium per-
chlorate (Mg(ClOy),) exhibits the highest ionic conductivity
of ~8.4x10>Scm ™" at room temperature (~20 °C), showing
good mechanical and dimensional stability, suitable for their
application in EDLCs. Activation of charcoal was done by
impregnation method using potassium hydroxide (KOH) as
activating agent. Brunauer—-Emmett—Teller (BET) studies re-
veal that the effective surface area of treated activated
charcoal powder (1,515 m?g ') increases by more than
double-fold compared to the untreated one (721 m’g ).
Performance of EDLCs has been tested using cyclic vol-
tammetry, impedance spectroscopy, and charge—discharge
techniques. Analysis shows that chemically treated activat-
ed charcoal electrodes have almost triple times more ca-
pacitance values as compared to the untreated one.
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Introduction

Supercapacitors, known as important charge storage devices,
offer an interesting and technologically relevant compromise
with respect to energy density and power density [1-4].
Supercapacitors are attracting recent attention due to the in-
creasing demand of a new kind of electric power sources
having high specific power and long stability/cycle life for
their use in electrochemical vehicles and many other applica-
tions [5—7]. Basically, there exist two types of supercapacitors
which are differentiated on the basis of energy storage mech-
anisms: electrochemical double layer capacitors (EDLCs) and
redox supercapacitors [8]. In EDLCs, charge storage mecha-
nism is electrostatic in nature and different types of carbona-
ceous materials and their derivatives like activated carbon
powder/fiber/fabrics [9—12], activated carbon composites like
AC/PbO,, AC/NiO, [13, 14], etc. are used as electrode mate-
rials. On the other hand, electroactive oxides like manganese
oxide (MnO,) [15-19], iron oxide [20], vanadium oxide
(V,05) [21], and nickel oxide [22] or conducting polymers
like polypyrrole [23-26], polyaniline [27-29], polythiophene
[8, 24, 30], etc. are used as active electrodes in redox super-
capacitors. In redox supercapacitors, faradic redox reactions at
electrode/electrolyte interfaces take place which leads to pseu-
docapacitance. For the fabrication of EDLCs, liquid electro-
lytes including aqueous and organic solutions are extensively
chosen and are reported in literature [31]. However, devices
with liquid electrolytes have the risk of liquid leakage, pollu-
tion to the environment, bulky design, corrosion, and loss of
electrolyte through drying. As a result, gel polymer electrolyte
is greatly needed to replace the liquid one because of its high
ionic conductivity, wide operation temperature, electrochem-
ical window, and almost no leakage [32]. A few recent reports
include the EDLCs based on different polymer/gel electrolyte,
for e.g., PMMA-—cthylene carbonate (EC)—propylene
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carbonate (PC)-NaClO,4 [33], PVA-H3;PO, [34], PEO-PEG-
LiCF5S0j; [35], etc. Mostly, lithium salts were used to syn-
thesize polymeric electrolytes in order to achieve good ionic
conductivity and mechanical stabilities for their application in
electrochemical device fabrication, particularly lithium-ion-
based batteries [36]. Nowadays, in substitution to lithium
salts, magnesium ion-based gel electrolytes were showed
more attention due to its comparable results in terms of its
ionic conductivities, mechanical stabilities, environment
friendliness, and nonexplosive natures. Magnesium ion-
based polymer gel electrolyte has not been widely reported,
except for few systems with aprotic organic plasticizers such
as EC, PC and diethyl carbonate (DEC) [37, 38].

In recent years, room temperature ionic liquids (RTILs)
have been proposed as nonvolatile polar media in a variety
of electrochemical systems [39, 40]. They are room-
temperature molten salts that typically consist of bulky
asymmetric organic cations and inorganic anions. They have
many interesting properties like nonvolatility, nonflamma-
bility, excellent thermal stability, high ionic conductivity,
and wider electrochemical potential window, which make
them suitable for application as electrolyte in energy storage
devices like batteries and supercapacitor [39—44].

Activated charcoal is quite cheap and an easily available
material on the commercial scale, which is mostly used for
medical purposes, particularly, as an adsorbent of particles
and gases in the digestive system. It is also used as an
electrode material for device fabrication in different types
of energy storage devices, particularly, supercapacitors, be-
cause of its high electrical conductivity and large specific
surface area with almost the same charge storage capability
as compared with the reported devices based on the other
carbonaceous electrode materials.

In the present study, suitability of ionic liquid (IL)-based
gel polymer electrolytes comprising of poly(vinylidine
fluoride-co-hexafluropropylene) (PVdF-HFP)-1-ethyl-2,3-
dimethyl-imidazolium-tetrafluroborate [EDIMIM][BF,]-
PC—magnesium perchlorate (Mg(ClO,4),) has been tested
successfully with chemically treated activated charcoal
powder-based electrodes for the fabrication of EDLCs.
The performance characteristics of the EDLCs in the present
study have been carried out using a.c. impedance spectros-
copy, linear sweep cyclic voltammetry, galvanostatic
charge—discharge test and prolonged cyclic tests.

Experimental details
Electrolyte preparation
[EDiIMIM][BF,], (PVdF-HFP) as polymer and Mg(ClO,),

as salt were purchased from Sigma-Aldrich and used as
received. Solution cast technique was used to prepare the
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film of polymer gel electrolyte. In the process, initially, the
liquid electrolyte was optimized and prepared by dissolving
0.3 M magnesium salt (Mg salt) in PC. The polymer PVdF-
HFP and IL [EDiMIM][BF,4] were separately dissolved in
acetonitrile. The liquid electrolyte was then mixed with the
solution of PVdF-HFP/[EDiMIM][BF,]/acetonitrile in dif-
ferent weight ratios and stirred magnetically for 4-5 h. The
concentration of PVdF-HFP and [EDIMIM][BF 4] was opti-
mized and controlled at a ratio of 7:3. The viscous mixture
was cast over glass petri dishes and acetonitrile was allowed
to evaporate slowly, thereafter, free standing polymer gel
electrolyte films (thickness ~400—450 pm) were obtained.
Finally, the optimized polymer gel electrolyte of the follow-
ing composition: {PVdF-HFP (70 wt.%)-[EDiMIM][BF4]
(30 wt.%)} (20 wt.%)—{PC-Mg(ClOy), (0.3 M)} (80 wt.%)
was used for the fabrication of supercapacitor cell.

Synthesis of chemically treated activated charcoal powder

Activated charcoal (Loba Chemie) was used as a precursor
in the present study. Five grams of activated charcoal was
mixed by stirring a solution containing 15 ml of double
distilled water with activating agent KOH for 2 h at 60 °C
in 1:1 ratio. The resulting slurry was dried at 110 °C for 12—
14 h in an oven. Then, the resulting mixture was used for
activation, carried out in a muffle furnace, and the sample
was heated (10 °Cmin” ") from room temperature to the final
carbonization temperature (7;.,1,=600 °C) in the presence of
nitrogen flow (150 mlmin'). The sample was kept at the
final temperature for 1 h before cooling down to room
temperature under same nitrogen flow. The pyrolyzed sam-
ple was washed repeatedly with 5 M HCIl solution and later
with double distilled water until it is free from chloride ions.
After removal of activating agent, the sample was dried at
110 °C for 12-14 h.

Preparation of electrodes

The electrodes were prepared by making slurry of chemi-
cally treated activated charcoal powder and PVdF-HFP in
the ratio 90:10 (w/w) in a common solvent acetone by
thorough mixing. Fine films of electrodes were coated by
spraying the slurry on carbon cloth (Ballard, USA) and kept
in oven at 70 °C for 10—12 h. The same procedure was
followed for making untreated activated charcoal powder-
based electrodes on the same carbon clothes.

Characterization of electrodes

The morphology of the chemically treated and untreated
activated charcoal powder electrodes was examined using
scanning electron microscopy (SEM) with the help of JSM-
6360, JEOL/EO. Nitrogen adsorption—desorption isotherms
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were measured at 77 K using Micromeritics Instruments,
Gemini Model 2380 analyzer after heating the sample at
100 °C for 2 h. The Brunauer—-Emmett—Teller (BET) surface
area of the samples was measured using nitrogen adsorption
data over a relative pressure ranging from 0.05 to 1.0.

Electrochemical measurements

The electrical conductivity of gel polymer electrolyte
films was evaluated by means of an AC impedance
technique using a computer-controlled LCR HiTester
(Hioki 3522-50, Japan model) over the frequency range
of 100 kHz to 1 Hz with a signal level of 10 mV. The
EDLCs were fabricated using chemically treated and
untreated activated charcoal powder-based electrodes
with optimized composition of polymer gel electrolyte
which was sandwiched between two symmetrical
electrodes.

In AC impedance measurements, the overall capaci-
tance C of the capacitor cells was evaluated by using
the relation:

C=-1/wz" (1)

where w is the angular frequency and Z” is the imagi-
nary part of the total complex impedance. The single-
electrode specific capacitance of the capacitor cells was
evaluated by multiplying the overall capacitance by a
factor of two and dividing the result by the mass of the
single-electrode material.

The linear sweep cyclic voltammetry was carried out by
using a computer-controlled CHI 608C (CH Instruments,
USA). The capacitance values from this technique were
evaluated by using the relation:

C=ils (2)

where i is the measure of constant current and s is the scan
rate.

The charge—discharge characteristics of the capacitor
cells were performed at constant current and its discharge
capacitance Cyq was calculated from the linear part of the
discharge curves using the relation:

Cq = iNt/AV 3)

where i is the constant current and A¢ is the time interval for
the voltage change AV.

The Coulombic efficiency, 1, was calculated using the
following equation, when the same current is used for
charging and discharging:

n = (tp/tc) x 100% (4)

where fp and ¢ are the galvanostatic discharging and charg-
ing times, respectively.

Results and discussions
Characteristics of gel electrolytes

The composition of {PVdF-HFP (70 wt.%)—[EDi-
MIM][BF4] (30 wt.%)}(20 wt.%)—{PC-Mg(ClOy4),
(0.3 M)}(80 wt.%)-based polymer gel electrolyte was opti-
mized to get highly conducting, mechanically stable, and
flexible films for their application as electrolyte materials in
EDLCs. Synthesis and optimization of gel polymer electro-
lytes has been carried out in three different stages, which
broadly includes synthesis and optimization of liquid elec-
trolytes, polymer blend, and finally, gel polymer electro-
lytes. For this purpose, first of all, liquid electrolyte
comprising of PC-Mg(ClO,4), was synthesized and opti-
mized by the addition of Mg salt in PC. Figure 1 shows
the variation of ionic conductivity of liquid electrolyte PC—
Mg(ClOy), as a function of salt concentration. Initially, the
conductivity of pure solvent, PC was measured at room
temperature (~25 °C) and found to be 8.3x10 °Sem™'. A
gradual increase in conductivity is observed, when Mg salt
is added in PC up to 0.3 M and thereafter, conductivity
remains almost constant up to 0.8 M. Further addition of
salt beyond the concentration of 0.8 M leads to the decrease
in conductivity of liquid electrolytes. It can be explained in
the following manner. Initially, as the salt concentration
increases, the number of free mobile ions also increases,
which leads to the increase in conductivity. At higher con-
centrations of the salt, ion aggregation is likely to play a
major role in limiting the ionic conductivity of the electro-
lyte [45]. Hence, in this way, we have chosen the optimized
composition of liquid electrolyte as PC-Mg (ClOy,), (0.3 M)
for the synthesis of polymeric gel electrolytes.
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Fig. 1 Variation of ionic conductivity of liquid electrolyte as a func-
tion of salt concentration
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In the second stage, a blend of polymer PVdF-HFP and
IL [EDIMIM][BF,4] was synthesized and optimized sepa-
rately in common solvent acetonitrile. Figure 2 shows the
variation of ionic conductivity of (polymer + IL) (PVdF-
HFP + [EDiIMIM][BF4]) blend as a function of IL concen-
tration measured in different weight percents with respect to
the host polymer, PVdF-HFP. In this process, first of all,
conductivity of the host polymer, PVdF-HFP, was measured
and it was found to be ~10'°Scm™'. A gradual increase in
conductivity is observed by the addition of IL [EDi-
MIM][BF,4] up to 30 wt.%, which is measured as 4x10°
Scm'. On further addition of IL in the host polymer be-
yond 30 wt.%, conductivity of the polymer blend system
decreases and thereafter, it remains constant, as can be
depicted from Fig. 2. The possible reason of enhancement
in conductivity is due to the combined effect of plasticiza-
tion, which leads to the enhanced flexibility in the polymer
backbone and the generation/introduction of mobile-
charged species, namely, [EDiMIM]" and [BF,4], in the
polymer IL blend system. The decrease in conductivity
observed after ~30 wt.% of IL, [EDIMIM][BF,], is due to
the ion association effect of the component ions of the IL
[EDiIMIM][BF,]. In this way, we have chosen the optimized
blend as PVdF-HFP (70 wt.%) + [EDIMIM][BF,4] (30 wt.%)
for further synthesis of polymer gel electrolyte by maintain-
ing the polymer to IL weight ratio of 7:3.

Finally, the polymer gel electrolyte comprising of PVdF
(HFP)-[EDiMIM][BF,4]-PC-Mg(ClO,4), was synthesized
and optimized by immobilizing different weight percents
of the optimum concentration of polymer IL blend {PVdF-
HFP (70 wt.%) + [EDIMIM][BF4] (30 wt.%)} in the solu-
tion of optimized liquid electrolyte PC—-Mg(ClOy), (0.3 M)
system as shown in Fig. 3. It can be clearly depicted from
the figure that the initial conductivity of liquid electrolyte
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Fig. 2 Room temperature ionic conductivity of polymer ionic liquid
blend as a function of ionic liquid concentration
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Fig. 3 Variation of ionic conductivity of polymer gel electrolyte as a
function of polymer ionic liquid blend concentration

without blend is 3.63x10Scm™'. On the addition of opti-
mum blend {PVAF-HFP(70 wt.%) + [EDiMIM][BF,]
(30 wt.%)} in the optimized liquid electrolyte PC-Mg
(ClOy4), (0.3 M) solution, the ionic conductivity of gel
polymer electrolyte initially increases (slightly) and shows
a maxima (~8.4x107°Scm ') at 20 wt.% of blend and then
it decreases on its further addition. It has been observed that
when the concentration of blend varies between 0 and
20 wt.%, the film of the polymer gel electrolyte is found
to be mechanically unstable. The stable film is obtained only
after 20 wt.% of the blend concentration. Such type of
increase in conductivity behavior of the polymer gel elec-
trolyte on addition of polymer concentration has been
reported earlier by some workers [46, 47] in a different
polymeric system. The distinct initial increase in the con-
ductivity due to the addition of a host polymer blend in the
liquid electrolyte may be explained by the ‘breathing chain
model’ as proposed by Chandra et al. [47, 48]. According to
this model, polymeric gels are considered to consist of
dissociated ions (free ions), ion pairs, undissociated salts,
solvents, and polymeric chains existing either in folded or
partially/fully unfolded form. At lower concentration of the
blend, the system behaves like liquid electrolytes as a result
of dissociation of salts. With an increase in blend contents
beyond 20 wt.%, the viscosity of the electrolyte solutions
increases and it tends to decrease the mobility of free ions
which further leads to the decrease in the conductivity of the
gel electrolytes. In a lower concentration region below
20 wt.% of the blend content, it is assumed that at a micro-
scopic level, the polymer chain ‘breathes’ when it opens or
folds by occupying different volumes at different time
spans. Hence, folding and unfolding of the polymeric chain
leads to the localized pressure fluctuations in the surround-
ing volumes and this localized turbulent pressure leads to
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the further dissociation of ion pairs and hence, enhances the
mobility and conductivity of the system. Due to this reason,
the higher conductivity of polymer gel electrolyte as com-
pared to pure liquid electrolyte is observed at lower concen-
tration of the polymer IL blend. In this way, the final
composition of polymer gel electrolyte {PVdF-HFP
(70 wt.%)—-[EDIMIM][BF,] (30 wt.%)}{20 wt.%}—{PC—
Mg(ClO4), (0.3 M)} {80 wt.%} has been chosen as electro-
lyte materials for the fabrication of EDLCs.

SEM studies

SEM was used to investigate the surface morphology of the
treated and untreated activated carbon-based electrode.
Figure 4a shows the surface morphology of chemically
treated activated carbon. The external surface is full of
cavities and has large surface area. According to the micro-
graph, it seems that the cavities resulted from the removal of
potassium hydroxide during preparation, leaving the space
that was previously occupied by the activating agent,

Fig. 4 SEM image of a chemically treated activated charcoal electrode
and b untreated activated charcoal electrode

thereby providing larger surface area which is believed to
be desirable for the application of supercapacitor; hence, it
shows eximious electrochemical performances. The carbon-
ization temperature for chemical activation was quite low to
cause the agglomeration of the char structure. It is clear from
the SEM image that chemically treated activated charcoal
resembles honeycombed surface which helps in providing
rapid access of the electrolyte into the bulk phase of the
electrode material, thereby increasing the utilization ratio of
the active substance; hence, the specific capacitance of the
electrode material is aggrandized. Figure 4b shows the SEM
micrograph of untreated activated charcoal that lacks poros-
ity; texture has less active site for electrostatic charge accu-
mulation which does not facilitate the charge transfer with
the electrode materials.

Porous texture characterization

The adsorption isotherm shown in Fig. 5 was employed
to calculate the BET surface area and porous volumes
and the results are summarized in Table 1. Both sam-
ples have type I isotherms, which is characteristic of
microporous solids. As expected from N, adsorption
data at 77 K, the surface area and pore volume have
remarkably increased upon activation. The surface area
for chemically treated activated charcoal is 1,515 m? g_l,
whereas it is 721 m?g ' for untreated charcoal powder.
It is clear from the values that chemically activated
charcoal powder has almost double BET surface area
as compared to untreated charcoal powder. The treated
activated charcoal powder has relatively broader knee
which indicates the presence of pores of larger size. The
volume of micropores is also higher for treated activated
charcoal powder which suggests that activating agent
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Fig. 5 N, adsorption isotherms of chemically treated activated char-
coal powder and untreated charcoal powder at 77 K
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Table 1 BET surface areas and micropore volume of treated and
untreated activated charcoal powder

Sample BET surface area Micropore volume
(m’g ) (em’g ")

AC(T) 1,515 0.329924

AC 721 0.252381

AC (T) Treated activated charcoal, 4C untreated activated charcoal

promotes the development of new micropores and wid-
ening of the already developed ones. The isotherm of

the chemically treated activated charcoal powder shows:
(1) a sharp adsorption at very low relative pressures that
is a typical feature of materials having micropores and
(2) a hysteresis at medium to high relative pressure
indicating the presence of mesopores.

Characteristics of EDLCs

Different EDLC cells of the following configuration have
been constructed using chemically treated and untreated
activated charcoal powder electrodes with optimized poly-
meric gel electrolyte:

Cell A : AC(T)|{PVdF — HFP(70 wt.%) — [EDiMIM][BF4] (30 wt.%) }{20 wt.%} — {PC — Mg(Cl0O4),(0.3 M)}{80 wt.%}|AC(T)
Cell B : AC|{PVdF — HFP(70 wt.%) — [EDiMIM][BF4] (30 wt.%) }{20 wt.%} — {PC — Mg(ClO4),(0.3M) } {80 wt.%}|AC

where AC (T) is chemically treated activated charcoal pow-
der electrode on carbon cloth, and AC is untreated activated
charcoal powder electrode on same carbon cloth.

In order to characterize EDLCs, different physical tech-
niques like ac impedance spectroscopy, linear sweep cyclic
voltammetry (with prolonged cyclic tests), galvanostatic
charge—discharge tests have been adopted.

Impedance spectroscopy

Figure 6a—b shows the complex impedance plot of EDLC
cells (A-B). The impedance spectroscopy is a well-known
technique for electrochemical characterization of supercapa-
citors, which enables the evaluation of various parameters
that are associated with bulk properties of electrolytes and
electrode interfaces including equivalent series resistance
(ESR) of the capacitors, potential dependent faradic resis-
tances, low frequency capacitance values, etc. to be evalu-
ated in different frequency ranges [5]. It should be noted that
the impedance behavior of an ideal capacitor is a straight
line parallel to the imaginary axis of the complex impedance
plots. However, in real capacitors, the steep rising capacitive
impedance response is observed in the lower frequency
region along with the high frequency semicircular features
owing to the bulk and interfacial properties of the capacitor
cells. In the present studies, an almost ideal behavior of
impedance plot is observed for chemically treated activated
charcoal powder-based electrodes, i.e., steep rising behavior
in the lower frequency region as can been seen from
Fig. 6a-b and semicircular spurs have also been distinctly
observed in higher frequency region (inset of Fig. 6a) and
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depressed spur is observed in case of untreated activated
charcoal powder-based electrodes. This response is associ-
ated mainly with the interfacial characteristics having a
specific porous structure of the electrode material in contact
with the highly flexible and mechanically stable polymeric
gel electrolyte. The impedance response of various possible
geometries for the porous structure of the electrode material
has been described theoretically by some workers [5, 49].
Keiser et al. [49] derived relations for the impedance as a
function of frequency for various geometries of a single pore
and applied the results to the case of porous electrodes. A
comparison of the impedance response observed in the
present case with the theoretical studies mentioned above
[49] reveals that the chemically treated activated charcoal
powder electrodes possess almost cylindrical geometry of
the pores accessible to the gel electrolytes. Such overall
response of the EDLCs indicates that the equivalent circuit
should be represented by a modified Randles circuit as can
be seen from the Fig. 6¢c. The semicircle which is slightly
suppressed towards the real axis is attributed to the parallel
combination of double layer capacitance, Cy, and charge
transfer resistance, R, in series with Warburg impedance.
The Warburg impedance is related with diffusional process
of ions at the porous electrode—electrolyte interface, which
corresponds to the transmission line type RC equivalent
circuit [5]. Various electrical parameters such as bulk resis-
tance, Ry, charge transfer resistance, R, total resistance, R,
and capacitance C (as calculated using Eq. 1) at frequencies
10 mHz and 1 mHz is summarized in Table 2. An attractive
aspect of the present study is that there is a tremendous
improvement in the values of capacitance and almost
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negligible values of Ry, R, and R is observed for treated
activated charcoal powder-based electrodes as compared to
the untreated one. In the forthcoming section, utility of
supercapacitors is also validated by analyzing its impedance
data by using complex capacitance and complex power
method.

Complex capacitance and complex power analysis

Bode plots, the real C'(w) and imaginary part C"(w) of the
complex capacitance C(w) as a function of frequency, are
useful for gaining insight into the electrochemical properties
of EDLCs [50]. Bode plots for C'(w) for cell A—B are shown
in Fig. 7a-b. The dielectric relaxation time or relaxation
time constant, Ty of the supercapacitor [51] corresponds to
the figure of merit of the electrochemical devices [52]. This
is also one of the most important parameters which shows
discharge characteristics and has been calculated by other
workers for various cell assemblies based on complex ca-
pacitance and complex power analysis by using impedance
data [53, 54].

The overall complex capacitance is calculated by using
the relation:

C(o) = C'(0) —jC"(@). (4)

C'(w) and C"(w) are calculated by using the relations:

C'(0) = ~2"(0) [{o1z()} (5)

C"(0) = Z'(@) [{olZ(@)’} (6)

where Z'(w) and Z"(w) are, respectively, real and imaginary
parts of the complex impedance, Z(w) and w is the angular
frequency which is given by w=27f.

At low frequency, C'(w) corresponds to the capaci-
tance of the electrode material and C”(w) represents the
energy dissipation by an irreversible process that repre-
sents the hysteresis of the materials [54]. From Fig. 7a—
b, it can be seen that at lower frequency of 1 mHz, the
values of capacitance is found to be 812 mF cm > for
treated activated charcoal-based EDLCs, which is appre-
ciably higher than that of the untreated one having
capacitance of the order of 106 mF cm 2. With the
increase of frequency, the capacitance exhibits a fre-
quency dependency behavior, and C'(w) drops sharply
in the region of 5-50 mHz. At higher frequency, the
capacitance is insignificant and the EDLCs behave like
a pure resistance. The C"(w) with frequency is given in
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Table 2 Electrical parameters of

different EDLC cells from im- Cells R s Ry, s 10 mHz 1 mHz
pedance analysis (Qem?)  (Qem”)
R(Qem?) C R(Qem?) C
(mF cm )" (Fg")° (mF em )" (Fg")°
*Overall capacitance of the cells A 4.6 2.3 13.8 618.3 4122 51.2 868.4 578.9
*Single-electrode specific B 48.4 30.5 303.2 70.6 20.2 755.8 215.1 61.5
capacitance of the cells

Fig. 8a—b. As per the convention, the maximum point
of the curve represents the complete system, which
describes the transition point at which the circuit

changes its behavior from purely resistive to purely S() = Plo) +j0(@)
capacitive character [50].

Complex power of the fabricated cell was calculated by
using the relation:

(7)
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Fig. 7 Typical plots for the real part of complex capacitance [C'(w)] as (w)] as a function of frequency (in logarithmic scale) for different
a function of frequency (in logarithmic scale) for different EDLC cells. EDLC cells. a Cell A: AC(T) | PVdF-HFP-[EDiMIM][BF4]-PC—
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where P(w) is the real part of complex power which is also
known as active power and Q(w) is the imaginary part of
complex power and it is also known as reactive power. P(w)
and Q(w) are evaluated by using the relation:

P(w) = oC" (@0)| AV s (8)

Ow) = _wcl(w)mVrmS‘z 9)

where [AVms*> = AVinax / V2 with Vipax being the maximum
amplitude of the AC signal.

The insight of relaxation time constant, 7, is basically a
quantitative measure of how fast the device can be charged
and discharged reversibly. The relaxation time constant, 7o=
1/27fy can be calculated from the plots of C'(w) vs. frequen-
cy and C"(w) vs. frequency. From the frequency
corresponding to half of the maximum value of C'(w), the
relaxation time constant (7p) can be evaluated. The change
of C"(w) with frequency attains a maximum value at fre-
quency, fo, from which the value of 7y can be calculated.
Figure 8a and b shows the variation of C"(w) with frequency
for cells A—B. The plot shows a characteristic hysteresis for
both cells A and B which is under investigation. It can be
noted that chemically treated activated charcoal-based
EDLC shows a clear peak formation, whereas EDLC based
on untreated activated charcoal electrode have not even
reached the maxima even at the lowest frequency of
1 mHz, used in the present investigation.

The plots of |P|/|S| and |Q}/|S| of the complex power vs.
frequency (expressed in logarithmic scale) for cells A-B are
shown in Fig. 9a—b. From these plots, we can find out the
relaxation time constants for both cells (A-B). The power
dissipated into the system can be analyzed from the normal-
ized active power which is denoted by |P|/|S|. At high
frequency, when supercapacitor behaves like a pure resistor,
all the power is dissipated into the system (P=100 %); on
the other hand, at low frequency, no power is dissipated into
a pure capacitance. The intersection of two plots occurs at
frequency fo, which is also known as resonance frequency
with the help of which relaxation time constant 7y (=27fy)
can be determined explicitly. This time constant, 7, belongs
to the phase angle of 45° and it represents the behavioral
change of supercapacitor from purely resistive to purely
capacitive. It will act as pure resistor for the frequency f>
1/79 and pure capacitor for the frequency f<1/7.

From the crossing of two plots at a frequency f;, the value
of 7y has been calculated. The calculated relaxation time
constant 7 for cells A and B are 5.3 s and 8.0 s, respectively.
This clearly indicates that the chemically treated activated
charcoal-based EDLCs provide the faster delivery of stored
energy as compared to the untreated one at the higher power.
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Fig. 9 Plots of normalized active power |P| / |S| and reactive power ||
/ |S| as a function of frequency (in logarithmic scale) for different
EDLC cells. a Cell A: AC(T) | PVdF-HFP-[EDiMIM][BF,]-PC—
MgClOy), | AC(T). b Cell B: AC | PVdF-HFP-[EDiMIM][BF,]-PC—

It is the microporosity and small particle size of the chem-
ically treated activated charcoal powder that decreases the
ion transfer resistance and distances, which gives this mate-
rial the superior power output ability.

Cyclic voltammetry

Cyclic voltammetry is an effective tool to reveal the
capacitive behavior of the given material. Large current
and rectangular forms of the voltammogram, symmetric
in anodic and cathodic directions are indications of an
ideal capacitive nature [5]. It is carried out either in
three-electrode configuration for liquid-based electrolytes
or in two-electrode configuration in the case of solid
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state-like devices. This technique gives us various kinds
of information including nature of charge storage at the
individual interfaces in the anodic and cathodic regions
and the overall behavior of the capacitor cell.
Figure 10a—b shows the cyclic voltammograms (in
two-electrode configuration) for the EDLCs (A-B) at
different scan rates. In linear sweep cyclic voltammetry
technique, the profile is ideally rectangle when capaci-
tance is constant, i.e., it is potential independent. On the
other hand, a peak structured voltammogram is observed
in the case of potential-dependent capacitance showing a
differential profile. In the present study, cyclic voltam-
mogram for both EDLCs (A-B) shows almost feature-
less characteristics. Also, cyclic voltammetric loops in
our experiment are almost rectangle in the case of
chemically treated activated charcoal powder electrodes
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-0.02 T T T v T T T T T
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Current/ (A)
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and nearly rectangle in the case of untreated charcoal
powder-based electrodes which confirm the capacitive
behavior. It can be seen that capacitive performance of
chemically treated activated charcoal-based EDLCs is
obviously better than those of untreated charcoal
powder-based EDLCs. The featureless characteristics of
voltammogram indicates that the electron transfer be-
tween the electrodes and gel electrolyte occurs at a
constant rate which gives fairly good mirror image of
the current responses about the zero current line be-
tween the charging and discharging processes of the
capacitor cell. The response of each capacitor cell has
been found to depend on scan rate, which is the basic
characteristic of capacitor cell. The capacitance values
of all the cells as calculated using Eq. 2 in the present
study have been found to be 738 mF cm 2 (equivalent
to single-electrode-specific capacitance of 492 Fg ') for
EDLC cell A and 92 mF cm ? (equivalent to single-
electrode-specific capacitance of 26 Fg ') for EDLC
cell B. These values are almost in good agreement with
the values obtained from impedance analysis and
charge—discharge measurements. This larger value of
capacitance for chemically treated-activated charcoal
powder is due to its larger surface area as compared
to the untreated charcoal powder. The variation of ca-
pacitance as a function of scan rate for capacitor cell A
has been shown in Fig. 11. Initially, a slight decrease in
the values of capacitance has been found at the lower
scan rates. Then, almost stable and constant capacitance
values have been observed even for a higher scan rate,
which indicates the fast ion switching behavior at the
interfaces in such gel electrolyte-based EDLCs. This
assures the suitability of gel electrolyte for their use in
the fabrication of EDLCs/electrochemical supercapacitor.

. . . . .
-1.0 -0.5 0.0 0.5 1.0
Potential / (V)

Fig. 10 Cyclic voltammograms of different EDLC cells at different
scan rates. a Cell A: AC(T) | PVdF-HFP-[EDiMIM][BF,]-PC—

MgClOy), | AC(T). b Cell B: AC | PVAF-HFP-[EDiMIM][BF,]-PC—
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Stability and reproducibility

Long cycle life is a crucial and important parameter for
EDLC, over rechargeable batteries from the application
point of view as an alternative power source to the batteries.
The electrochemical stability of chemically treated activated
charcoal electrode-based EDLC was evaluated by repeating
the cyclic voltammetry test at a scan rate of 100 mV's™' for
5,000 cycles. The curves of cell A before charge/discharge
test and after 5,000 cycles are shown in Fig. 12 (inset). The
specific capacitance of the electrode material as a function
of cycle number is presented in Fig. 12. The chemically
treated activated charcoal electrode has excellent long cycle
life in the entire cycle numbers. It has been observed that
almost stable and constant values of capacitance is obtained
for cell A up to 5,000 cycles and even more. A slight
fluctuation in capacitance values has been observed for
initial few cycles, which can be explained by irreversible
charge consumption due to some faradic reaction associated
with the possible oxidation and reduction of loosely bound
surface groups (particularly, hydroxyl group) at the elec-
trode/electrolyte interfaces [5]. After several hundreds of
cycles, the interaction force between electrode and electro-
lyte remain unchanged, implying that the transfer ability of
charges would remain fairly constant.

The reproducibility of cell A has also been tested by
repetitive recording of cyclic voltammetry (CV). It has been
observed that relative standard deviation (RSD) of the specific
capacitance for 15 replicate determinations is 3.5 %. Five
pieces of chemically treated activated charcoal electrode has
been prepared and RSD of individual electrode is found to be
3.6 %. These results clearly indicate that fabricated electrode
for EDLC cell A has excellent reproducibility.
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cd}l-‘ g 0.000
E 750 - a .0.008
7 0.016
£ 40 05 00 05 10
:0': 500 - Potential / V
QO L L Ll B L A
250 -
0 T *: T * T - T ¥ T ¥ T
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Cycle Number

Fig. 12 Variation of the capacitance of cell A, as a function of
voltammetric cycles at a scan rate of 100 mVs '. Inset shows 1st
(curve a) and the 5,000th (curve b) cyclic voltammograms of cell A

Galvanostatic charge—discharge tests

The charge—discharge properties of the EDLCs (A-B) were
also investigated by chronopotentiometry and corresponding
results are shown in Fig. 13a—b. The cells were charged up to
1.0 V. All the curves exhibit linear and symmetrical images
indicating that EDLC cells (A—B) have excellent electrochem-
ical reversibility and capacitive characteristics. The specific
capacitance of EDLC cell A at charge—discharge current den-
sities 5, 10, 15, 20, and 25 mAcm 2 are 396, 345, 327, 302,
and 268 Fg ', respectively. The highest specific capacitance
of the EDLC cell A (396 Fg ') was obtained at 5 mAcm 2.
When the current density increases to 25 mAcm 2, the
EDLCs still shows the capacitance value of 268 Fg™'. The
capacitance retention is nearly 80 %, indicative of a good rate
capability. An initial sudden change in the voltage while
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Fig. 13 Charge—discharge curve of different EDLC cells at a current
density of 5.0 mAcm 2. a Cell A: AC(T) | PVdF-
HFP-[EDiMIM][BF4]-PC-MgClOy), | AC(T). b Cell B: AC | PVdF-
HFP-[EDiMIM][BF4}-PC-MgClO,), | AC
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Table 3 Typical charge—discharge characteristics of different EDLC cells at a current density of 5.0 mAcm >

Cells R; (Qcm?) Discharge capacitance, Cy Working voltage Energy density Power density
V) (Whkg ™) (kWkg ")
(mF cm™?)* (Fg )’
A 10.3 593.7 395.8 1.0 55.0 1.8
B 68.2 15.4 44 1.0 0.61 1.3

#Overall capacitance of the cells

®Single-electrode specific capacitance of the cells

charging and discharging of each cell has been observed,
which is due to ohmic loss across internal resistance, R;, of
the cell. The internal resistances have been calculated from
these voltage drops. It may be noted that in the present study,
internal resistance values of the chemically activated charcoal
powder-based EDLCs are highly reduced as compared to the
untreated one. The discharge capacitance, Cg4, values have
been calculated from the linear part of the discharge character-
istics using Eq. 3. The values of internal resistance, R;, and
discharge capacitance, C4, of EDLC cell (A-B) are listed in
Table 3.

The columbic efficiency (1) was calculated using Eq. 4
and the values to be found in the point of 100 % for an
EDLC cell A. Such higher value of columbic efficiency is
generally observed for the electrode and liquid electrolyte
interfaces. This indirectly suggests the liquidlike ionic con-
duction behavior of the polymeric gel electrolytes. The
energy and power density of a cell (A-B) has also been
evaluated and are listed in Table 3.

Figure 14 shows the Ragone plot for cell A. The power
densities of fully charged electrodes are plotted as a function
of energy density at different current densities varying from
1.0 to 5.0 mAcm 2. In this pattern, slowly decreasing

14+

-

%]
1

7
7

Power Density (kW kg'1)
® B

[=1]
1

T . T . T x T T

3% 38 40 42 44 46
Energy Density (Wh kg'1)

Fig. 14 Ragone plot related to energy and power densities of cell A
with a voltage of 1.0 V
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energy density is terminated to a significantly sharper de-
creasing dependency. The interpretation of the findings ba-
sically follows faradic processes, which are slow and
encounter a kinetic barrier and the double layer discharge
that is fast. The energy and power density values are found
in the order of 55 Whkg ' and 2 kWkg ', respectively, for
cell A and 0.6 Whkg ' and 1.3 kWkg " for cell B. It may be
noted that energy and power density values are remarkably
increased for chemically treated activated charcoal powder-
based EDLCs.

Influence of porosity on EDLCs

The specific double layer capacitance measured from any of
the technique reveals that chemically treated activated char-
coal powder-based EDLCs presents the best performance
reaching a value of 579 Fg '. This value is much higher as
compared to one of the best found in the literature for activated
carbons with BET surface areas close to 3,000 m*g ' [55]. It
must be noted that the sample with the highest capacitance has
BET surface area of only about 1,500 m?g~" and has almost
triple times the capacitance values as obtained from untreated
charcoal powder-based EDLCs which has BET surface area of
about 720 m”*g '. This means that some additional factors
apart from the surface area are contributing to enhance the
capacitance values. It may be explained with an ion sieving
effect due to the small pore size of the chemically treated
charcoal powder [56, 57]. In case of chemically treated acti-
vated charcoal powder, the capacitance goes through a max-
imum because its porosity is well developed to remove the
ion-sieving effect mentioned before. Hence, it is confirmed
that porosity is the key parameter for the enhancement of
capacitance. As the pores constructed by chemically treated
activated charcoal and untreated activated charcoal are mainly
micropores with a narrow pore size of ~3.0 nm for chemically
treated activated charcoal and ~7.0 nm for untreated activated
charcoal. For faradic pseudocapacitance, the minimum effec-
tive pore size should be greater than 0.8 nm, while the mini-
mum effective pore size should be greater than 1.2 nm for
electrochemical double layer capacitance [58]. It should be
noted that pore size greater than 5 nm is usually loosely bound
to the surface layer and do not particularly contribute to the
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electrochemical double layer capacitance [59]. Therefore, the
pore size in the range of 0.8-5 nm is desirable in order to
increase either the pseudocapacitance or electrochemical dou-
ble layer capacitance. Therefore, in the present study, it is clear
that pore size of chemically treated activated charcoal powder
is appropriate for increment of electrochemical double layer
capacitance. Hence, much higher values of capacitance have
been obtained for chemically treated activated charcoal pow-
der over the untreated one.

Conclusions

From the results presented in the study, it can be concluded
that chemically treated activated charcoal powder is suc-
cessfully prepared in a single stage pyrolysis process. High
micropore volume activated carbons (up to 0.33 cm’g ™)
with a quite narrow micropore distribution and BET surface
area (1,515 m?g ") have been prepared from a mixture of
activated charcoal and KOH by impregnation method. The
possibility of the application of chemically treated activated
charcoal powder as an electrode material in the fabrication
of solidlike EDLCs has been examined. Also, the results
have been compared by untreated charcoal powder-based
EDLCs. The activated charcoal powder as electrodes with
PVdF-HFP—[EDiMIM][BF4]-PC-Mg (CIOy,), as polymeric
gel electrolyte have been constructed and characterized us-
ing AC impedance analysis, linear sweep cyclic voltamme-
try, and galvanostatic charge—discharge techniques.
Combining all the above results, it may be concluded that:

* The optimized composition of gel polymer electrolyte,
PVdJF(HFP)-[EDiMIM][BF,]-PC-Mg(Cl0O,4), shows
the room temperature ionic conductivity of 8.4x107°S
cm ' in the form of flexible and free-standing films with
good dimensional stability, suitable for the fabrication of
solidlike EDLCs.

* The present IL-based polymer gel electrolyte appears to
be an excellent substitute for the liquid electrolyte in
energy storage devices, particularly, in EDLCs.

* In order to achieve maximal value of specific capacitance,
chemically treated activated charcoal powder having spe-
cific surface area of 1,515 m?g ' with suitable porosity
structure has been selected as electrode materials.

* The overall capacitance values have been observed to be
868 mF cm > (equivalent to single-electrode-specific
capacitance of 579 Fg') for chemically treated activat-
ed charcoal powder-based EDLCs, whereas it is 215 mF
cm 2 (equivalent to single-electrode-specific capaci-
tance of 62 Fg ') for untreated charcoal powder-based
EDLCs.

«  The specific energy has been found to be 55 Whkg '
which corresponds to power density of 2 kWkg ' for

chemically treated activated charcoal-based EDLCs,
whereas it is only 0.6 Whkg ' (energy density) and
1.3 kWkg ™' (power density) for untreated charcoal
powder-based EDLCs.

* The capacitor cell A has reasonably stable capacitance
values up to 5,000 voltammetric cycles and even more.

* The comparative study shows that porosity and surface
area of electrode plays a vital role in the enhancement of
capacitive values. The higher the porosity and surface
area of the material, the higher is its capacitive values.

* Columbic efficiency of cell A has been found to be
100 % indicating liquidlike properties of the gel
electrolyte.
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