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A B S T R A C T

This paper discussed in details the impact of binder polyvynilidene fluoride (PVDF) concentrations (5, 10
and 20 wt%) and pressures (�382 � 891 �1783 and �2547 MPa) for the fabrication of electrodes based on
Carbon nanofibers (CNFs) for supercapcitors. The surface area, pore size distribution and morphology
were characterized by Brunauer–Emmett–Teller (BET) method and SEM. The decrease in specific surface
area was about 31% and pore volume 14.6% with increase in PVDF concentration from 5 to 20 wt% at
�891 MPa pressure. The assembled electrodes were tested with two electrode system in aqueous
electrolyte. The specific capacitance was 80 F/g for lowest concentration of PVDF (5 wt%) and decreased
about 28.3% with increase concentrations at same pressure �891 MPa. In comparing the effect of pressure
on specific capacitance, it increases about 38% for (PVDF, 10 wt%; pressure �1783 MPa) from (PVDF, 10 wt
%; pressure �891 MPa); their corresponding power density 24502 W/kg at energy density of 6.8 Wh/Kg
and 19886 W/kg at energy density energy of 3.8 Wh/kg. ESR values increase from 0.3 to 1.9 V with
increase in PVDF concentration and decrease again to 0.5 V with increase in pressure. The results show
optimal conditions are 10 wt% of PVDF and higher pressure of �891 MPa.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

The current research and development efforts on electrochem-
ical power sources are mainly focused on fuel cell, electrochemical
capacitors and are directed towards achievement of high specific
energy, high specific power, long cycle life, at relative low cost [1–
3]. Most of supercapacitor electrodes include carbon material like
activated Carbon (AC), Carbon nanofibers (CNFs), Carbon nano-
tubes (CNTs) or Graphene because of good electric conductivity,
high surface area and large specific capacitance [4–10]. The charge
stored for carbon material at electrode/electrolyte interface
produce high capacitance because of high surface area [10,11].

CNFs have been receiving higher attention for use it as
electrodes in supercapacitors because of their high length to
diameter ratio, high surface area and excellent electric conductivi-
ty. CNFs could be defined as sp2-based linear filaments with
diameter of �100 nm that are characterized by flexibility and their
* Corresponding author.
E-mail address: allan.daraghmeh@ub.edu (A. Daraghmeh).

http://dx.doi.org/10.1016/j.electacta.2017.05.186
0013-4686/© 2017 Elsevier Ltd. All rights reserved.
aspect ratio (above 100) [12,13]. Since CNFs could be considered as
the 1-D form of carbon, their structure and properties are closely
related to those of other forms of carbon, especially to crystalline
three-dimensional graphite, turbostratic carbons, and to their
constituent 2-D layers [3,14]. The fabrication of CNFs based
electrodes for supercapacitors requires a binder to join them
together forming a compact layer and adhere homogeneously onto
the current collector [15]. Various types of polymers such as
polyvynilidene fluoride (PVDF), polyvynilidene chloride (PVDC)
and Teflon [10], are commonly used in proportions that usually
vary from 5 to 10 wt. % [16–18]. The main role of binder is to
provide enough strength during the electrode formation and
appropriate pore sizes. The amount of binder therefore should be
kept as low as possible, in order not to reduce surface area or
conductivity in the electrode. At the same time, enough polymer
should be added to ensure that CNFs are compact and so that the
electrode is manageable [19]. The porous carbon material having
dominant pores in the range 0.7–1 nm size exhibits excellent
performance of forming double layer in aqueous electrolyte
[16,17]. However, binders inevitably cover some surface areas or
pores of active materials, which block the paths for ions to move

http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2017.05.186&domain=pdf
undefined
http://dx.doi.org/10.1016/j.electacta.2017.05.186
http://dx.doi.org/10.1016/j.electacta.2017.05.186
http://www.sciencedirect.com/science/journal/00134686
www.elsevier.com/locate/electacta
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inside the pores. It is important to find a relationship between the
amounts of binder usage for the preparation and pore size
distribution as well as its impact on the electrochemical properties
of electrode. PVDF is a semi-crystalline fluoropolymer that
presents high mechanical stability, proper swelling properties
and extraordinary performance due to high integration within
electrodes. PVDF combines the active materials to each other to
form the electrode material [20]. The PVDF polymer has a typical
stability of fluoropolymers but interactive groups will produce a
unique polarity, thus results in its good chemical and oxidative
resistances, poor hydrophilicity and significant swelling property
in the electrolyte. Compared to other fluoropolymers, like
polytetrafluoroethylene (Teflon), PVDF has a low density (1.78 g/
cm3). Besides PVDF does not dissolve in the aqueous electrolyte
like PVA [21]. For all these reasons PVDF could be a suitable
polymer for carbonaceous electrodes in supercapacitors.

Recently the optimal content of PVDF for the preparation of AC
electrodes was found 5 wt% [21]. In fact, Zhu and coworkers found
the highest capacitance in AC electrodes blended with PVDF at 5%
among different concentrations of PTFE and Nafion [21]. Generally,
supercapacitor electrodes are manufactured by printing/brushing
slurry on a substrate or using pressure force. Li-Feng Chen et al.
manufactured CNFs based electrodes by using 10 MPa pressure
[22]. V. Barranco at al. prepared CNFs electrode by using force of 2
ton/cm2 for 2 min [23]. C Xu et al. fabricated AC electrodes at 80 �C
under 100 MPa on a titanium plate [24]. Q Abbas et al. pressed AC
power by 5 ton/cm2 force to make pellets [20]. As far as we know
there is no systematic study concerning the testing of various PVDF
% weight and hydro pressure force to fabricate electrodes based on
CNFs.

In our work the two objectives were chosen to study the
electrochemical properties of CNFs, first the effect polymer
concentration with 5, 10 and 20 wt% PVDF, and second the
influence of various pressures to manufacture the pellets
(�382 � 891, �1783 and �2547 MPa).

2. Experimental procedure

2.1. Electrode Preparation

Symmetric supercapacitor based CNFs were fabricated with
different concentration of PVDF for comparison. CNFs were
provided by Grupo Antolin (GANF). It has a helicoidally graphitic
stacked cup structure, there is a presence of Ni (6%), diameter is
20–80 nm, length >30um, electric resistivity 10�2Vcm. The
electrode preparation for supercapacitor was achieved by milling
of CNFs in a zirconia ball mill employing a frequency 500 rpm for
30 minutes in a Fritch Pulverisette 7 planetary milling. PVDF was
used as a binder. Mixed CNFs were joint together using different
concentration of PVDF in solution of 15 ml of acetone in agate
mortar. The slurry was then mixed using a mechanical stirrer for
1 hour, and this was followed by an ultrasonic for 30 minutes. The
slurry was dried in vacuum oven at 70 �C for 1 h. The dried sample
was then used to assemble the supercapacitores electrode. The
Fig. 1. Photograph of prepared electrode disc (a), SEM images 
samples of CNFs/PVDF were pressed using hydraulic press at
different pressures (�382, �891, �1783 and �2547 MPa).

The prepared samples with PVDF concentration of (5, 10 and
20 wt%) with pressure �891 MPa are designated as wt-5, wt-10 and
wt-20 and alone CNFs without PVDF are named as wt-0. The
influence of pressure to prepare the electrode disc was investigated
in the range (�382 to �2547) MPa. At lower pressure (�382 MPa) it
was difficult to fabricate the disc due to lack of powder adhesion
and at higher pressure (�2547 MPa) the electrode disc was broken.
We were able to prepare the electrode discs at �891 and
�1782 MPa. These samples were prepared using concentrations
10 wt% of PVDF. The sample manufactured with �891 MPa
pressure designated as wt-10 and with �1783 MPa pressure, as
wt-10-1. It was noticed that thickness of discs decreases from
0.55 mm to 0.33 mm for �891 MPa to �1783 MPa. The mass of all
the prepared electrode discs was �20 mg. Fig. 1 (a) shows a
prepared disc of CNFs electrode.

2.2. Characterization

The samples were examined by scanning electron microscopy
(SEM) (Jeol J-7100). The porous texture, specific surface area and
pore size distribution (BET) of CNFs with different concentration of
binder PVDF were obtained by physical adsorption of N2 at 77 K
using an automated gas adsorption analyzer (Micromeritics TriStar
3000 V6.04 A). All samples were outgassed at 100 �C for 4 h prior to
the adsorption measurements.

The electrochemical performance CNFs symmetric supercapa-
citors were studied in two electrode Swagelok cell and using a
Gamry 600 potentiostat in a 6 M KOH solution as an electrolyte.
The specific capacitance of electrode materials was investigated
by: cyclic voltammetry (CV), galvanostatic charging/discharging
(GCD) and electrochemical impedance spectroscopy (EIS).

3. Results and discussion

3.1. Morphological characterization

The surface morphology of prepared electrodes was examined
by SEM, see Fig. 1. It can be seen that PVDF binder effectively bonds
the CNFs Fig. 1(b, c). The different structures for the electrodes of
CNFs with and without PVDF are visible. It was also observed that
increasing pressure from �891 MPa to �1782 MPa, the CNFs
become more compact.

3.2. Surface area and Pore texture of CNFs

The specific surface area and pore size distribution of CNFs
electrodes prepared with different concentration of polymer PVDF
were obtained from the N2 adsorption/desorption. The N2

adsorption/desorption isotherm of CNFs without PVDF (wt-0)
and with different concentration of PVDF are shown in Fig. 2(a).
The isotherm of wt-0 shows the adsorbed volume is higher than
others. The isotherms of CNFs for all samples present a small
hysteresis loop in middle pressure range from 0 to 0.45, which
of CNFs, (b) without PVDF (wt-0), (c) with PVDF (wt-20).



Fig. 2. (a) Nitrogen adsorption/desorption isotherms, (b) BET surface area, (c) Pore
size distribution calculated by BJH Desorption dV/dlog(D) Pore Volume.
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indicates CNFs contain mesoporous and macro pores structure.
According to IUPAC classification the isotherm of all samples can be
classified as type II isotherm [25]. The pore distribution of CNFs for
all sample are listed in Table 1.

The BET specific surface area is extracted from the linear region
of 1= Qm p0=p � 1ð Þ½ � versus p/p0 in the classical BET range of 0.1–0.3
Fig. 2(b). CNF without PVDF (wt-0) hold surface area 165 m2/g. The
sample wt-5 contains surface area of 103 m2/g while wt-10 and wt-
20 have surface areas of 86 m2/g and 71 m2/g respectively. The
decrease in specific surface area is (37.57 to 57%) when CNFs mixed
with PVDF (5 to 20 wt%). The total volume of pores (Vt, cm3/g) was
calculated by the number of adsorbed nitrogen at P/P0� 0.9932.
The volume of micropores and the values of surface areas of micro
(Smicro, m2/g) were investigated by the use of t-Plot Harkins and
Jura method. The pore size distribution of CNFs without and with
different concentration of PVDF sample calculated from adsorption
isotherms by the Barrett�Joyner�Halenda (BJH) method. The total
pore volumes are 0.654, 0.41, 0.356 and 0.35 cm3/g for wt-0, wt-5,
wt-10 and wt-20 respectively at relative pressure (P/P0 = 0.9932).
These results indicate that with increase in PVDF concentration
most of the pores get blocked which do not contribute during the
measurements of surface area.

The pore size distribution of the materials is classified into three
groups: micro pores (<2 nm), meso pores (2–50 nm) and macro
pores (>50 nm) [26]. Fig. 2(c) exhibits pore size distribution of CNFs
mixtures. CNFs without PVDF (wt-0) contain 9.2% (micropores),
44.6% (mesopores) and 46.2% (macropores). CNFs electrode
manufactured with 5 wt% (wt-5) contains 0.72% (micropores),
72% (mesopores) and 27.3% (macropores). It was observed with
increase in PVDF concentrations for samples wt-10 and wt-20,
micro and mesopores contribution decreases and the external
surface area increases, as shown Table 1. These finding tells that
higher PVDF concentration blocks small sizes of pores which are
also the result of decrease in surface area. It was observed that
there was no difference in the surface area or pore size distribution
for wt-10 and wt-10-1 even when the electrodes were prepared
with different pressures. This is because for BET analysis it was
needed to break the electrode to make in powder form.

3.3. Electrochemical measurement

The electrochemical properties of supercapacitor were tested
based on two electrode cell systems, which can measure their
performance more accurately [27]. The cyclic voltammetry
analysis of supercapacitor is a basic technique to understand the
electrochemical performance of the electrode material. The
specific capacitance per unit mass for one electrode was calculated
using Eq. (1).

Cs ¼ 4 � C=m ð1Þ

C ¼ qa þ jqcj
2DV

ð2Þ

Where Cs is the specific capacitance in F/g, qa and qc are the anodic
and cathodic charges, C is the measured capacitance for the two-
electrode cell by equation 2 and m is the total mass of the active
material in both electrodes [28].

Fig. 3(a) presents the comparison of cyclic voltammograms
(CVs) for the samples at a scan rate 5 mV/s. The CVs display
rectangular shape without any redox active peaks which is a
signature of excellent double layer behavior. Fig. 3(b) shows the
specific capacitance comparison for different scan rates. It can be
seen that sample wt-10-1 gives higher specific capacitance 96 F/g
at scan rate 5 mV/s. It was found 64% specific capacitance retention
at high scan rate (500 mV/s). For the sample wt-5 the specific
capacitance decreases from 80 to 50 F/g for scan rate 5 to 500 mV/s
respectively. The other two samples wt-10 and wt-20 delivers the
specific capacitance of 59 and 57 F/g respectively at scan rate 5 mV/
s, which are much lower than others. Comparing only PVDF
concentration, the sample prepared with lowest concentration
(5 wt%) shows higher capacitance over the others at all scan rate,
but it was observed that pressure also make a significant effect on
the properties of supercapacitor. The sample wt-10-1 prepared
with 10 wt% and 1783 MPa pressure shows highest specific
capacitance and retention at all scan rate. This could mean that
even at higher scan rate the interior micropores are accessible to
the ions. The electrochemical analysis correlation with surface
texture, pore size distribution and thickness of electrode evaluate
the performance of supercapacitor. The BET specific surface area
drops down about 31% with increase in PVDF binder concentration.
PVDF is a hydrophobic agent, this nature of binder makes the



Table 1
Physicochemical parameters of CNFs electrode prepared with different concentration of PVDF at constant pressure �891 MPa.

Sample SSAa (m2/g) Vt
b (cm3/g) VMicro

c (cm3/g) VMeso
d (cm3/g) VMacro

e

(cm3/g)
PMicro

f (%) PMeso
g (%) PMacro

h (%) Extareai (m2g) Csp

(F/g)

Wt-0 165 0.654 0.06 0.29 0.3 9.2 44.6 42.2 155 –

wt-5 103 0.4 0.00288 0.285 0.109 0.72 72 27.3 97 80
wt-10 86 0.356 0.00233 0.244 0.11 0.65 68.4 30.8 80 59
wt-20 71 0.35 0.00042 0.184 0.166 0.12 52.4 47.4 68 57.3

a specific surface area.
b Single point volume adsorption total volume of pores at p/p0=0.9932.
c micro volume from t-plot (y-intercept).
d Meso volume from BJH method.
e Macro Volume by BJH method.
f The micro, meso and macro percentage calculated by VMICR/V TOTAL*100%, VMESO/VTOTAL*100%.
g The micro, meso and macro percentage calculated by VMICR/V TOTAL*100%, VMESO/VTOTAL*100%.
h The micro, meso and macro percentage calculated by VMICR/V TOTAL*100%, VMESO/VTOTAL*100%.
i EXT (External area) area from the slope of t �plot. Csp (Specific capacitance at scan rate 5 mV/s).

Fig. 3. (a) CV comparison at scan rate 5 mV/s, (b) Evolution of the specific
capacitance at different scan rates.
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carbon electrode more hydrophobic which makes it difficult for
ions to penetrated deep inside the pores of electrode when using
aqueous electrolyte. As a result decrease in the ion mobility, the
electrode performance will be reduced. In addition from BET
results it was found with increase in PVDF concentration the
(micro, mesopore %) volume and surface area decreases. The
increase in the pressure from �891 MPa to � 1783 MPa decreases
the thickness of electrode from 0.55 mm to 0.33 mm. It is known
that relationship between density and volume is inversely
proportional at constant mass. As the thickness (volume)
decreases the density of the CNFs is increased. This lessening of
thickness diminishes the space between the pores and outer area
which can make significant impact in increase specific capacitance.
All of above mentioned properties make a significant influence on
the specific capacitance of electrode according to the equation.

* = 2 A/d. Where A is the specific surface area of the electrode
accessible to the electrolyte ions, and d is the effective thickness of
the EDL (the Debye length) [29].

Once studied the Faradic behavior of the supercapacitors we
wonder about the stability. Figure supplementary information SI
(a) shows cyclic voltammograms of the sample wt-5 measured at
different scan rates from 5 mV/s to 500 mV/s. The rectangular
shapes of CV curves at all scan rates tell about the excellent
conductivity and low mass transport resistance [30]. The cycling
stability test for up to 100 cycles at a high scan rate 200 mV/s is
presented in figure SI (b). The 100 CVs are overlapping each other,
which mean stable capacitance behavior.

The dynamics of the charge and discharge where investigated
through galvanostatic charge discharge (GCD). Fig. 4(a) shows a
comparison of the GCD curves at a constant current density of
0.45 A/g in the potential range of 0–1 V. As can be seen all samples
show a similar symmetrical triangular curve with a nearly linear
variation of voltage as a function of time during charge and
discharge but different IR drop values. This type of curve is typical
for CNFs based supercapacitors [5]. The data shows that all three
concentrations of PVDF and different pressures based super-
capacitors present good performance. However, despite having
similar shape the curve for the sample wt-10-1 took significantly
longer charge and discharge times, which indicates that higher
number of electrons and electrolytes ions are participating in
charge and discharge process.

Fig. 4(b) shows GCD curves recorded at different current
densities for sample wt-5. The nearly symmetric rectangular
shapes of charge/discharge curves indicate the high and reversible
charge storage capacity of CNFs. It has been reported that
appearance of the IR drop is the consequence of combined
resistance of solution, electrode and ion migration in the electrode
[31,32]. IR drop was enhanced with increase in the current density.
Fig. 4(c) shows the plotted graph between discharge currents and
IR drops. The slope of the diagram could be used to estimate the
overall resistance of the capacitor: the higher the slope, the greater
the overall resistance of the capacitor [28]. The slopes have a trend
like wt-10–1 < wt–5 < wt–10 < wt-20. It can be suggested that
higher pressure can significantly reduce the resistance of the
capacitor, which is a worth to increase supercapacitor perform-
ances.

The discharge capacitance (C) is estimated from the slope (dV/
dt) of the linear portion of the discharge curve using equation 3.

Cs ¼ 2I
dV=dtð Þ:m

� �
ð3Þ



Fig. 4. (a) Charge/discharge comparison at a constant current density of 0.45 A/g,
(b) charge/discharge curves for wt-5 at different current densities, (c) Variation of IR
drop with discharge currents, (d) specific capacitance comparison at different
current densities.
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Where Cs is the specific capacitance in F/g, DV is the voltage
difference during the discharge curve in V, I is the current in A and
Dt the discharge time in s, m is the mass of both electrodes.

Fig. 4(d) shows the variation of the specific capacitance with
current density. The specific capacitance of wt-10-1 decrease from
49.2 to 44 F/g for current densities 0.3 to 2.5 A/g respectively,
indicates small decrease in capacitance even at higher current
densities. Whereas a big drop in specific capacitance was observed
for wt-5 from 49 to 32 F/g with increase in current density. The
other two samples also present decrease in specific capacitance
with increase in current density.

The charge discharge cycling stability up to 2000 cycles was
tested at affixed current density 1.5 A/g Fig. 5(a). The capacitance
was calculated by using equation 3. All samples show almost
constant capacitance from the first to the last cycle. The specific
capacitance follow the trend like wt-10–1 < wt–5 < wt–10 < wt-
20. The specific energy density is defined as the amount of energy
stored per unit weight in a particular device, while specific power
density is directly related to the rate at which energy can be
transferred from the device [33].

The maximum power density (P) and energy density (E)
delivered upon discharge were estimated by Eqs. (4) and (5).

P ¼ V2

4:ESR:mð Þ ð4Þ

E ¼ 1
2
CV2 ð5Þ
Fig. 5. (a) Charge/discharge cycling stability at constant current density 1.5 A/g, (b)
Ragone plot of power density against energy density.
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Where V is the voltage excluding IR drop, ESR obtained by EIS
analysis, m mass of active material, C is capacitance calculated by
GCD.

Fig. 5(b) shows the samples comparison with respect to power
density and energy density. The sample wt-5 delivers energy
density of 6.53 Wh/kg and power density of 19927 W/kg at current
density of 1 A/g. The sample wt-10 presents energy density and
power density (3.8 Wh/kg, 19886 W/Kg) at current density of 1 A/g
and (2.7 Wh/kg, 15886 W/kg) at 4.5 A/g. The sample wt-10-1
prepared with higher pressure force delivers significantly higher
energy density and power density (6.8 Wh/kg, 24502 W/kg) at
current density of 1 A/g and (5.1 Wh/kg, 20930 W/kg) at 4.5 A/g.
These results show, with increase energy density, the power
density is almost constant or decreases a little bit, which are a
signature of excellent electrochemical properties of high energy
density and power output, therefore very promising for application
in the scenarios where high power output as well as high energy
capacity is required [34]. The other samples present smaller power
and energy then the wt-10-1.

AC impedance spectroscopic measurements were performed to
investigate the electrochemical characteristics of the symmetric
supercapacitors. Fig. 6(a) shows the Nyquist plot for all the
samples. The impedance measurements were carried out at AC
with 10 mV amplitude over a frequency range between 100 kHz to
0.1 Hz. Generally the complex plane of impedance (Nyquist) plot of
porous electrode consists on a high frequency semicircle, a 45�

region (Warburg region) of transition between high and low
frequencies, and almost a vertical line at low frequencies [3]. The
equivalent series resistance (ESR) comprises on contact resistance,
solution resistance, and charge transfer resistance of the electrode
material. The appearance of Warburg region is the consequence of
Fig. 6. (a) Nyquist plot for all samples, (b) Specific capacitance comparison
calculated from EIS.
the combination of resistive and capacitive behaviors of the ions
penetrating into the electrode pores [35]. It can be seen from
Fig. 6(a) that all the samples show a semicircle in the high
frequency region and a straight line in the lower frequency region.
This indicates that the supercapacitors have a blocking behavior at
high frequencies and a capacitive behavior at low frequencies. A
very big semicircle from high to mid frequency is observed for the
sample wt-20, which indicates high intrinsic resistance (charge
transfer resistance) of porous structure [36]. It can be seen that for
the four samples intrinsic resistance of electrodes are in the order
of wt% that is wt–5 < wt-10–1 < wt–10 < wt-20. The reason might
be that higher polymer concentration would block the conductive
paths of the pores. However, with higher pressure �1783 MPa
intrinsic resistance values decreases. The possible reason behind
this could be a decrease in the thickness of electrode means reduce
in the space between the pores which effectively reduced the
intrinsic resistance. The equivalent series resistance (ESR) values of
the electrode material are (0.3, 0.6, 1.9 and 0.5 (V)) for wt-5, wt-10,
wt-20 and wt-10-1 respectively. These results tell that electrical
conductivity decrease with increase in the PVDF concentration,
whereas pressure reduces it.

The specific capacitance of the samples were calculated from
the impedance analysis employing the imaginary component of
impedance by following Eq. (6) [37].

Cs ¼ 4 � 1=2pf z00mð Þð Þ ð6Þ
where f is frequency in Hz. z” is the imaginary component of
impedance and m, the mass of CNFs or AC calculated for one
electrode. Fig. 6(b) shows that the change in the specific
capacitance of electrodes mainly below the frequency of
1500 Hz. The obtained specific capacitances at low frequency
0.1 Hz for wt-5, wt-10, wt-20 and wt-10-1 are 59.2, 50.8, 41.6, 83 F/
g respectively.

Fig. 7 (a) was used to evaluate the relaxation time constant. The
relaxation time constant represents the transition of electrochem-
ical capacitor from purely resistive to purely capacitive and can be

calculated by usingt0 ¼ 1
f k

.
, where fk is the knee frequency at

phase shift 45� [38]. The relaxation time constant were 1, 2, 5 and
2.5 s for wt-5, wt-10, wt-20 and wt-10-1 respectively. It shows that
relaxation time constant increased with increase in PVDF
concentration but decreased again with increase in pressure.

Our results show much lower values of time constant in
comparing other reports [35,39]. R Farma et al. obtained t0 values
25.12 and 50.13 s for carbon electrode based on carbon nanotubes
and biomass carbon [35]. T Thomberg et al. results show the t0
values in the range of 3 to 68 s for carbon electrodes manufactured
from micro/mesoporous carbon [39]. Fig. 7(b) represents the
variation of phase angle as a function of frequency, which is known
as Bode plot. The phase angles at low frequency 0.1 Hz are found
�75�, �74�,�60� and 75.3 for wt10-1 respectively. These values are
close to �90� which means better capacitive performance and
rapid charge discharge process.

4. Conclusions

CNFs based symmetric supercapacitors have been prepared and
test with different concentration of PVDF and pressure forces. The
highest surface area decreases about 31% and percentage of (micro,
meso) volume decreases with increase in concentration of PVDF (5
to 20 wt%). Cyclic voltammetry, constant current charge/discharge
and electrochemical impedance spectroscopy methods have been
used to evaluate the electrochemical characteristics. Highest
specific capacitance (96 F/g) was achieved with 10 wt% of PVDF,
and a pressure of �1783 MPa. The comparison between lower to
higher pressures indicate higher pressure decrease the thickness of



Fig. 7. (a) Imaginary capacitance as function of frequency, (b) the relation of phz
angle vs frequency.
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electrode and this play important role in increasing the capaci-
tance. The power density and energy density was higher with
lower concentration of PVDF as well as when higher pressure was
used. Impedance spectroscopy results reveal the ESR values
increase from 0.3 to 1.9 V with increase in PVDF and decrease
again to 0.5 V with increase in pressure. Our results show best
parameters are 10 wt% of PVDF and higher pressure of �1783 MPa.
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