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Abstract We present the electrochemical performance of

solid-state EDLCs constructed using composites of per-

fluorosulfonic acid polymer (Nafion) with micro porous

polytetrafluoroethylene (PTFE) membrane and with cellu-

lose acetate (CA), as electrolyte with carbon as electrodes

(surface area: 260 m2 g-1). The performance is compared

with EDLCs constructed with perfluorosulfonic acid

polymer as electrolyte. Scanning electron microscopy is

used to study the morphology of the composite electrolyte

while micro-Raman and IR measurements determine the

integrity of the composite. The performance of the EDLC

with perfluorosulfonic acid and PTFE composite electro-

lyte is good and comparable with the performance of the

EDLC with pure perfluorosulfonic acid polymer electro-

lyte. A specific capacitance of 16 F g-1 is obtained for this

EDLC with a maximum working potential of 2.0 V. There

is an increase in the equivalent series resistance value from

0.08 X for the Nafion EDLC to 4.1 X for the Nafion/PTFE

composite EDLC. However, the performance of the EDLC

with the composite of Nafion/CA is poor due to substantial

increase in ESR. The probable reasons are discussed.
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1 Introduction

Electrochemical double layer capacitors (EDLCs) have

been recognized as an important and effective device for

energy storage [1, 2]. The capacitance of the EDLCs arises

from the separation of ionic charge at the interface between

high specific area carbon electrodes and an aqueous or

an organic electrolyte. The recent developments on the

EDLCs are based on various carbon materials due to their

structural integrity, chemical stabilities, and abundance.

The main emphasis in the development of EDLCs is to

develop carbon electrodes having high surface area [3].

This would enhance the storage density of the EDLC.

Various aqueous electrolyte solutions as well as organic

electrolyte solutions have been used in conventional

EDLCs. By replacing these liquid electrolytes with solid

electrolytes like organic polymer electrolytes or inorganic

silica gel electrolytes the reliability of the capacitors is

expected to improve markedly [4]. Leakage of electrolytes

can be avoided which normally leads to corrosion. The

specific capacitance of the different carbon electrodes for

the EDLCs assembled using various polymer electrolytes is

shown in Fig. 1 [5–12]. It is evident that the specific

capacitance is dependent on the carbon surface area and

also the type of electrolyte used.

An alternative material that can be used in solid polymer

EDLCs is the perfluorosulfonic acid polymer. This is

available under the trade name Nafion from Du Pont.

Several groups have investigated this polymer electrolyte

for EDLC application [6–9, 13–16]. The perfluorosulfonic

acid polymer possesses high ionic conductivity, good

thermal stability, adequate mechanical strength, and

excellent chemical stability. Staiti et al. [6] has reported

that Nafion� is an ideal polymer electrolyte for an all-solid

EDLC. They reported a specific capacitance of 13.2 F g-1
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for carbon Black Pearl 2000 (Cabot 1546 m2 g-1 BET) as

the active material. Recently, we have reported [17] a

specific capacitance of 20 F g-1 for carbon–carbon EDLC

using Nafion� as an electrolyte. However, the use of

Nafion� [18] is not very economical for such applications.

Composite polymer electrolytes have been of interest

due to their mechanical strength in the dry state and the

dimensional stability in the hydrated state, handling ease,

and availability of very thin sections. These compos-

ite polymer electrolytes have been tested for fuel cell

applications. Liu et al. [19] have reported that the

perfluorosulfonic acid/polytetrafluoroethylene (Nafion/

PTFE) composite polymer have high mechanical strength

and can be made into thinner sections as compared to the

pure perfluorosulfonic acid polymer electrolyte.

In this article, an attempt was made to study the per-

formance of perfluorosulfonic acid (Nafion)/polytetrafluo-

roethylene (expanded PTFE) composite polymer and

perfluorosulfonic acid (Nafion)/Cellulose acetate (CA)

composite polymer for EDLC application. We used two

types of composite electrolyte based on the matrix–elec-

trolyte structure. The CA composite was prepared using the

CA matrix, which is hydrophilic and has macro pores. The

PTFE composite was prepared using hydrophobic micro

porous expanded PTFE matrix with an average pore size of

0.5 lm.

The article presents a comparative study of the EDLC

assembled using Nafion, Nafion/PTFE and Nafion/CA

composite polymer electrolytes in the EDLC construction.

The polymer used in the construction of the EDLC was

maintained at room temperature without any external

hydration. The carbon used for the electrodes was the

commercially available Vulcan XC 72 from Cabot with a

typical surface area of 260 m2 g-1. Scanning electron

microscopy was used to study the morphology of the

composite electrolyte while IR and Micro-Raman spec-

troscopy was used to determine the integrity of the com-

posites. The EDLCs were studied using electrochemical

impedance spectroscopy (EIS), cyclic voltammetry (CV)

and charge–discharge profiles.

2 Experimental

2.1 Preparation of the composite polymer

2.1.1 Preparation of the Nafion/PTFE composite polymer

The preparation of the Nafion/PTFE composite polymer is

given elsewhere [20].

2.1.2 Preparation of the Nafion/CA composite polymer

The composite was prepared using thin sections (typical

thickness: 0.01 mm) of cellulose acetate of size 100 cm2.

This section was soaked in 10 wt% perfluorosulfonic acid

solutions for 60 s and dried in a vacuum oven at 70 �C

for 1 h. The process was repeated a few times to obtain

uniform composite.

2.2 Characterization of the polymer electrolyte

2.2.1 Scanning electron microscopy studies

A scanning electron microscope was used to investigate the

morphology of surface and cross section of composite

polymer electrolytes. The micrographs were recorded using

Hitachi S-3400S instrument.

2.2.2 IR and Raman spectroscopic studies

The IR and Micro-Raman spectroscopic measurements

were performed at room temperature on pure perfluoro-

sulfonic acid polymer and perfluorosulfonic acid/PTFE

composite polymer to ascertain polymer conformation,

composition, and molecular orientation. The Micro-Raman

Spectra is complementary to the IR spectra. This may

provide micro structural information where no IR absorp-

tion takes place. Since the perfluorosulfonic acid/PTFE is a

micro composite, in which the micropores of the PTFE have

been filled with the perfluorosulfonic acid polymer; the

Micro-Raman spectra could be useful in determining the

integrity of the composite. IR spectroscopic measurements

were performed using a Perkin-Elmer Spectrum1 FTIR

Fig. 1 Variation of specific capacitance with carbon surface area for

systems using carbon as electrodes and polymers as electrolytes HDG
High density graphite; CBP carbon black pearl; AC activated carbon;

PEO poly ethylene oxide; KOH potassium hydroxide; ACF activated

carbon fibre; PVA poly vinyl alcohol; PAAK potassium polyacrylate
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instrument. Raman measurements were conducted using a

LabRam HR800 instrument.

2.3 Preparation of the electrode material

Vulcan XC 72 with a typical surface area of 260 m2 g-1

and an average particle size of 30 nm was used as the raw

material for the carbon electrodes. The electrode of size

(1 9 10 cm2) was prepared using solution of perfluoro-

sulfonic acid as binder. The volume resistivity of the

electrodes was found to be 3.63 mX cm for an electrode

thickness of 400 lm.

2.4 Assembly of the symmetric super capacitor single

cell

The assembly of the EDLC is shown in Fig. 2. Two elec-

trodes each of 10 cm2 were assembled using pure perflu-

orosulfonic acid polymer Nafion�, perfluorosulfonic acid/

PTFE composite polymer (Nafion/PTFE) and perfluoro-

sulfonic acid/Cellulose acetate composite polymer (Nafion/

CA). The electrodes and the electrolyte were laminated at

130 �C for 60 s. This assembly was placed between two

grafoil� sheets which was used as current terminals.

Insulating gaskets were placed on both the internal faces of

the end plates to prevent lateral shorting and to delimit the

central capacitor portion and to seal the cell assembly.

2.5 Characterization of the assembled cells

The AC impedance spectroscopy measurements were

performed in the frequency range: 100 kHz–10 mHz.

Cyclic voltammetric measurements of the cell were made

in the potential range -1 to 1 V under the potential scan

rate of 1–100 mV s-1. The capacitors were charged

and discharged at constant current of 1–100 mA. All

electrochemical measurements were performed at room

temperature using an Autolab PGSTAT 30 potentiostat/

Galvanostat with an inbuilt FRA.

3 Results and discussions

3.1 Scanning electron microscopy studies

Figure 3a and b shows the surface SEM micrograph of

plain PTFE and CA polymer matrix, respectively. The

PTFE polymer matrix contains micropores, which are

uniformly distributed, whereas the CA matrix is randomly

spread with larger pores or cavities. The size of the pores is

of the order of 0.5 lm. Figure 3c represents the surface

micrograph of the Nafion/PTFE composite showing uni-

form distribution of Nafion polymer in the PTFE matrix,

whereas Fig. 3d presents the surface micrograph of the

Nafion/CA composite showing random distribution of the

Nafion in the matrix. In the case of the Nafion/PTFE

composite, the perfluorosulfonic acid solution penetrates

through the micropores and fills them [20]. At very high

magnification fissures on the surface of the membrane are

seen. Figure 3e and f shows the SEM micrograph of the

cross-section of Nafion/PTFE composite polymer and

Nafion/CA composite polymer. The uniformity of the

Nafion polymer distribution is evident.

3.2 IR and Raman spectroscopic studies

The IR spectroscopy and Micro-Raman spectroscopic were

performed at room temperature on plain perfluorosulfonic

acid polymer Nafion�, plain PTFE and (Nafion/PTFE)

composite polymer. This is presented in Fig. 4a and b,

respectively. All the PTFE modes are observed in both IR

and Micro-Raman spectra without any wave number shift

(Fig. 4c). In addition, some signatures of the pendant

chain, which are both IR and Raman active are also

observed. In the Raman spectra, the band assignments for

PTFE in the region 250–1250 cm-1 correspond to CF2

vibrations [21]. The low frequency bands at 290 and

390 cm-1 correspond to the twisting vibrations of the CF2.

The bands at 730 and 1210 cm-1 corresponds to the

symmetric and asymmetric stretching of the of the CF2

molecule, respectively. The bands at 1290 and 1390 cm-1

correspond to the stretching vibrations of the C–C mole-

cule [21].

The band assignments for the pure perfluorosulfonic

acid polymer are similar to that of the PTFE. There are

four additional bands at 390, 510, 975, and 1150 cm-1.

The characteristic functional groups C–O–C and SO3

stretching vibrations of pure perfluorosulfonic acid poly-

mer are found to be at 975 and 1150 cm-1, respectively.

The Raman spectra of Nafion/PTFE composite polymerFig. 2 EDLC assembly
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resemble the spectra of the plain PTFE polymer. The

bands (indicated as asterisk in Fig. 4b) at 975 and

1150 cm-1 corresponding to C–O–C and SO3 stretching

vibrations found to be weaken in the Nafion/PTFE,

composite.

The pores of the PTFE matrix are of the order of 0.5 lm.

The Nafion model [21] suggests ionic clusters of the order

of 3–5 nm in diameter dispersed in a hydrophobic medium.

Intrusions of the clusters into the fluorocarbon phase are

also evident. As the average size of the ionic clusters is

much smaller than the pore size of the matrix, the com-

posite polymer electrolyte is similar to the Nafion polymer

electrolyte. However, the extent of the PTFE matrix is

much higher than the Nafion polymer cluster in the matrix.

The clusters are joined by the tortuous path through the

micropores. This results in higher resistance. The IR

spectra of the Nafion/PTFE composite compared with that

of the pure Nafion polymer shows slightly lower intensity

for the –SO3H and the –C–O–C– group. In the Raman

spectra, the –SO3H peak is weakened due to higher

intensity for the CF2 group which occurs at 731 cm-1. The

–C–O–C– group is totally embedded in the Raman spectra

of the composite. The two spectra thus provide an insight

into the effect of the environment on the ionic sites of the

polymer electrolyte. As there is no shift in the wave

number of the symmetric stretching vibration –SO3H

group, the spectra suggests that the sulfonic acid clusters

are only intercalated in the matrix, i.e., there are no inter-

actions and the –SO3H groups are free for ion exchange.

The same model may not be applicable for the Nafion/CA

composite (Table 1).

3.3 Ac impedance measurements

The EIS measurement provides a correlation between the

dependence of the capacitance with respect to the fre-

quency [1]. Higher the frequency dependence of the

EDLC, higher will be the power response. The Nyquist

plots for the EDLC assembled with Nafion/PTFE com-

posite polymer and Nafion/CA composite polymer as

electrolyte is presented in Fig. 5. Equivalent series resis-

tance (ESR) is an important quantity in evaluating the

EDLC characteristics [22]. The effective ESR is revealed

as the intercept on the Z0 axis as x ? ? [1]. The

impedance values are given in Table 2. The ESR value is

found to be higher for the composite-based EDLCs.

In the impedance curves for Nafion/CA composite

polymer, a depressed semicircle is observed. This is caused

due to the heterogeneity of the EDLC, i.e., overlapping of

several impedances due to the multiphase in the EDLC. On

the other hand, a straight line is observed for Nafion/PTFE

composite polymer in the frequency range studied indi-

cating that internal resistance of the capacitor is smaller as

compared to the EDLC with Nafion/CA composite polymer

as electrolyte. Since the internal resistance is higher in this

case, we focused only on the performance of the EDLCs

using perfluorosulfonic acid/PTFE composite polymer as

electrolyte.

The time constant (RC) of the EDLC is an important

parameter and is characteristic of the EDLC assembly. The

time constant values are calculated from the low frequency

value of capacitance and the high frequency value of the

ESR [23]. Estimated values of RC are found to be 4.8 s

Fig. 3 SEM micrograph of the composite membranes a Surface PTFE polymer; b surface CA polymer, c surface Nafion/PTFE composite,

d surface Nafion/CA composite, e cross-section Nafion/PTFE composite, f cross-section Nafion/CA composite
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for Nafion/PTFE-based EDLC and 1.25 s for plain Nafion-

based EDLC. It shows that quick charge propagation takes

place in this case.

Figure 6a shows Bode angle plot for the EDLCs based

on Nafion polymer, Nafion/PTFE composite polymer, and

Nafion/CA composite polymer. The circuit analysis is done

using the Bode plot. The EIS data is fitted to an equivalent

circuit as shown in Fig. 6b (inset), describing a series

combination of a resistance and a constant phase element

(CPE). A good fit was obtained with an error percentage of

0.5–0.8%. The constant phase element is introduced to

explain the deviations of double layer capacitance from

ideal behavior. If the CPE element value tends to 1.0, it

resembles an ideal capacitor. If the value tends to 0.5,

it resembles the Warburg element. In this work, CPE val-

ues are 0.71 and 0.7 for Nafion and Nafion/PTFE based

EDLCs, respectively. Hence, it represents a capacitive

element with some in-homogeneity at the interface. The

values of the constant phase element calculated from the

Bode plot are presented in Table 2.

For the Nafion-based EDLC, the phase angle tending to

90� indicates that the EDLC functions like an ideal

capacitor [24]. The phase angle is slightly lower for Nafion/

PTFE composite polymer-based EDLC. This is due to the

higher internal resistance. This may also be due to the

surface morphology of the electrode–electrolyte interface.

There may be an introduction of a surface roughness at the

interface, evident from the SEM images. The Bode plot for

the Nafion/CA polymer electrolyte clearly depicts the

dominance of the resistive part. The phase angle tends

nearly to zero, which indicates the dominant resistive

component.

The amplitude of the total impedance versus frequency

plot (Fig. 7) shows two slopes, one at high frequency

region and the other at low frequency region. The high

frequency region (50 kHz–50 Hz) has a slope of zero; the

low frequency region (50–0.01 Hz) shows a slope of 0.65.

This shows that there is a variation of capacitance with

frequency. In the dynamic mode this variation has to be

taken into consideration [25].

3.4 Cyclic voltammetry

The carbon behaviour can be understood basically by

cyclic voltammetry (CV) measurements. Typical cyclic

voltammograms for Nafion and Nafion/PTFE-based

EDLCs are shown in Fig. 8. The voltammograms for var-

ious scan rates does not show peaks indicative of oxida-

tion–reduction processes, and almost rectangular shapes

similar to that of a typical capacitor have been observed in

Fig. 4 a IR Spectra for a PTFE, b Nafion� and c Nafion/PTFE

composite b Raman Spectra for a PTFE, b Nafion� and c Nafion/

PTFE composite

Table 1 Characteristics Raman assignments for PTFE, Nafion and

Nafion/PTFE composite

Wave length (k/cm1) Assignment

Nafion� PTFE Nafion/PTFE

290 290 290 t(CF2)

310 – – t(CF2)

390 390 390 t(CF2)

590 – – CF2 stretching

730 730 730 vx(CF2)

975 – – C–O–C

1150 1150 (w) SO3 stretching

1210 1210 vax(CF2)

1290 1290 1290 (w) C–C stretching

1390 1390 1390 (w) C–C stretching
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the working potential window. The voltammetric currents

rapidly reach their plateau values for Nafion-based EDLC

rather than for the EDLC with the Nafion/PTFE composite

polymer. This indicates that the ESR of former is lower

than that of latter [26].

The capacitance in Farads was calculated by using Eq. 1

[27],

C ¼ I = s . . . ð1Þ

where I is the current, s is the scan rate.

High capacitance is observed at the lowest scan rate

(1 mV s-1). As the scan rate increases, the profiles grad-

ually decrease. The results from Fig. 8 are tabulated in

Table 3. The EDLC using solid electrolytes require lower

scan rates for maximum charge accumulation, which has to

match the inherent EDLC time constant. The decreasing

trend in the capacitance suggests that the part of the surface

of the carbon electrode for the accumulation of the charges

is inaccessible at high charge/discharge rates. The specific

capacitance, therefore obtained at lower scan rates is

Fig. 5 Nyquist plots for the EDLC assembly with a Nafion�, b Nafion PTFE and c Nafion/CA composite polymer electrolyte at room

temperature

Table 2 Characteristics of the

membrane and the EDLCs

assembled using Nafion� and

Nafion/PTFE composite

polymer electrolyte

Membrane Conductivity/S cm-1 Cell characteristics

From Nyquist plot From Bode plot

ESR/X Time constant/ms ESR/X CPE

Nafion 10-2 0.1 1.25 0.08 0.71

Nafion/PTFE 10-3 4.8 4.81 4.1 0.70
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believed to be close to the full utilization of the active

carbon electrode.

The average value of capacitance is calculated from CV

curves at 1 mV s-1 scan rate and are found to be 20 F g-1

for Nafion and Nafion/PTFE composite polymer electro-

lyte-based EDLCs. The EDLC assembled using Nafion/

PTFE composite polymer electrolyte has a wider useful

potential window than the EDLC with the Nafion polymer.

The potential window is limited by the Faradaic current in

the EDLC using Nafion polymer. In the composite polymer

electrolyte, the percentage of the ionic polymer Nafion is

reduced by 60%. This may result in lesser ionic conducting

site, i.e., SO3
- groups, available at the interface for charge

accumulation. However, this is not very evident in the

performance. There is an increase in the ESR value from

0.08 X for the Nafion EDLC to 4.1 X for the Nafion/PTFE

composite EDLC.

Figure 9 shows the typical cyclic voltammograms for

Nafion and Nafion/PTFE composite polymer electrolyte-

based EDLCs at 10 mV s-1 for ten cycles. An initial loss

of capacitance of 20% for the first ten cycles is observed.

The capacitance remains almost same for higher cycles,

which indicates that the EDLC possesses good durability.

Fig. 6 a Bode plot for the EDLCs b Fitted Bode plot using Z—view

software. The graph with symbol and the line indicates the experi-

mental data and the line graph indicates the fitted curve for the

corresponding experimental data. (Inset) Circuit description for the

fitted data

Fig. 7 Bode plot of total impedance versus frequency for the EDLCs;

Different regions are shown with their slopes for a Nafion� and

b Nafion/PTFE polymer electrolyte based EDLCs
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3.5 Charge/discharge characteristics

The charge/discharge profiles measured at the constant

current of 1 mA for the EDLCs are presented in Fig. 10.

The EDLC shows typical charge–discharge profile. The

discharge profile of capacitors contains two parts; a resis-

tive component, a sudden voltage drop (IR drop) represents

the voltage change due to the internal resistance of the

capacitor and the capacitive component which is related to

the voltage change due to change in energy within the

capacitor [28]. The IR drop is slightly higher for the

Nafion/PTFE composite polymer electrolyte-based EDLC,

which is evident from the high resistance of these EDLC,

indicated in the EIS measurements. This factor has to be

addressed in further EDLC developments.The capacitance

can be calculated using the following equation,

C ¼ It =V . . . ð2Þ

where C, I, t, and V are the capacitance, charge/discharge

current, charge/discharge time and potential difference,

respectively [4].

The capacitors have been subjected to charge/discharge

cycling to the maximum working voltage of 2 V for more

than 100 cycles. The charge/discharge profile of the

EDLCs at a constant current of 100 mA for about 100

cycles has been shown in Fig. 11. The capacitance is

almost constant over the period of cycles. There appears to

be no visible drop even at higher number cycles for Nafion/

PTFE composite polymer electrolyte-based EDLC.

4 Conclusions

The electrochemical performance of solid state EDLCs

constructed using composites of Nafion with micro porous

PTFE membrane as electrolyte with carbon as electrodes

show good promise and an alternative to plain perfluoro-

sulfonic acid polymer as electrolyte material. A specific

capacitance of 16 F g-1 is obtained for this EDLC,

whereas it is 20 F g-1 for the EDLC with plain perflu-

orosulfonic acid polymer electrolyte, with a maximum

working potential of 2.0 V. The scanning electron

Fig. 8 Cyclic voltammograms

for various scan rate

a 1 mV s-1, b 10 mV s-1 and

d 100 mV s-1 for a Nafion�

and b Nafion/PTFE polymer

electrolyte based EDLCs

Table 3 Specific capacitance/(F g-1) values for the EDLCs at vari-

ous scan rates

Membrane Scan rate/mVs-1

1 10 100

Nafion� 20 10.5 1

Nafion/PTFE 20 9 0.9

Fig. 9 Cycling performance of

a Nafion� and b Nafion/PTFE

composite polymer electrolyte-

based EDLCs at a scan rate

of 10 mV s-1
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microscopic results shows that the pores are well defined in

the PTFE matrix indicating uniform distribution of proton

sites and hence uniform charge distribution profiles,

whereas in the case of the cellulose acetate matrix the

distribution is random indicating a random distribution of

the proton sites and hence affect the charge distribution

profile. All the PTFE modes are observed in both IR and

Micro-Raman spectra without any wave number shift. In

the Micro-Raman measurements there is no shift in the

wave number of the symmetric stretching vibration –SO3H

group. The spectra suggests that the sulfonic acid clusters

are only intercalated in the matrix, i.e., there are no inter-

actions, and the –SO3H groups are free for ion exchange.

The performance of the EDLC with the Nafion/PTFE

composite was comparable with the performance of the

EDLC with Nafion polymer electrolyte. There is an

increase in the ESR value from 0.08 X for the Nafion

EDLC to 4.1 X for the Nafion/PTFE composite EDLC.

However, the performance of the EDLC with the com-

posite of Nafion/CA was poor due to substantial increase in

ESR. Further studies of the Nafion/PTFE composite have

to be conducted to be able to use this electrolyte in solid

EDLCs for commercial applications. Using Nafion/PTFE

as an electrolyte will lead to fabrication of low cost

EDLCs.
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