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Abstract
Recently, high ionic conducting composite polymer electrolytes have become of great interest on account of their probable 
applications in various electrochemical devices, such as batteries, supercapacitors, fuel cells, solar cells, etc. The aim of the 
present work is to cast a stable free-standing membrane of polyvinyl alcohol (PVA)-based nanocomposite polymer electrolyte 
(NCPE) gel membranes using ammonium acetate salt  (NH4CH3COO) and multiwall carbon nanotube (MWNT) contents for 
supercapacitor applications. X-ray diffraction (XRD) studies revealed improvements in the amorphous nature. The average 
crystal size of the MWNT-doped NCPE system was found to lie in the range of 30–70 nm). The degree of crystallinity (χc) 
in this case shows a decrease of up to 35 wt.% with the increase in filler concentrations. The differential scanning calorimetry 
(DSC) studies show better thermal response upon the addition of MWNTs. Thermo-gravimetric analysis (TGA) studies reveal 
that the mass of nanocomposite polymer electrolyte gel decreases continuously with the increase in the MWNT contents. 
Dielectric loss studies have also been used to understand the conduction process in the system. The presence of α-relaxation 
was evidenced during loss measurements. The source of polarizability decreases with an increase of frequency, and finally 
disappears due to the inertia of mobile ions. Optimum conductivity was achieved at 5.49 ×  10−4  Scm−1 for 1 wt.% MWCNT-
embedded NCPE gel membranes. The electrical conductivity response seems to follow the universal power law. The studies 
suggest the development of environmentally friendly  H+ ion (proton) conducting-based supercapacitor applications.
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Introduction

Recently, gel polymer electrolytes (GPEs) have become 
known as promising applicants for various electrochemi-
cal devices, i.e., fuel cells, smart windows, supercapacitors, 
high-performance batteries, sensors, etc., on account of the 
possibility of achieving high electrical conductivity, better 
mechanical and thermal stability, and the capability to form 
suitable electrode–electrolyte contacts.1–4

However, GPEs are limited by their thermal stability 
and poor mechanical properties, and by increased reactiv-
ity with ion–metal electrodes.5,6 In an effort to improve the 
above drawbacks, increasing the performance of GPEs by  
the addition of nanodimension organic/inorganic fillers has 
become an ever-increasing attractive approach, which will 
lead to enhanced ionic conductivity and improved mechani-
cal and thermal stability  and electrode–electrolyte interface 
stability by forming a   filler network in the polymer matrix, 
inhibiting crystallization and reformation of polymer chains, 
which alter the crystallinity and stabilize the conductive 
amorphous phase.7–9

Thus, a new class has emerged of nanocomposite polymer 
electrolyte (NCPE) gel membranes which are a better option 
that combine the liquid phase conductivity of GPEs and the 
improved mechanical properties.

Researchers in recent times have dispersed non-interact-
ing filler particles, like  SiO2,  Al2O3,  TiO2,  BiNiFeO3 fer-
rite, etc., to overcome these drawbacks associated with the 
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GPEs.9–14 Owing to possibility of achieving maximal ionic 
conduction with protons or  NH4

+/H+ ions as transporting 
species in gel electrolyte systems, they have been used in 
recent times as a host for the development of proton-con-
ducting electrolytes.15 Among the different nanofillers used 
in the development of nanocomposite systems, multiwalled 
carbon nanotubes (MWNTs), which possess unique mechan-
ical properties and good electrode–electrolyte contact, and 
are usually characterized by high thermal stability, have 
recently been suggested as effective active dispersoid mate-
rial for the development of NCPE gel  membranes16,17 Look-
ing into the favorable properties of MWNTs, an attempt has 
been made in the present work to improve the performance 
of polyvinyl alcohol (PVA)-based electrolyte membranes 
through the dispersal of MWNT fillers. Based on these con-
siderations, we have attempted to develop a free-standing 
proton-conducting nanocomposite gel membrane dispersed 
by MWNTs, followed by its characterizations by x-ray dif-
fraction (XRD), DSC, and TGA, dielectric measurements 
were carried out.

Materials and Methods

In the present investigation, PVA (average molecular weight: 
124,000–186,000; Aldrich) was used; the hydrolysis degree 
of PVA is greater than 99%. Moreover, PVA is biodegrad-
able and non-toxic as well as a solvent swollen type polymer. 
Ammonium acetate  (NH4CH3COO) (AR grade sdfine) for 
developing a proton-conducting gel electrolyte and aprotic 
solvent dimethyl sulfoxide (DMSO) (Merck) were used for 
the synthesis of composite gel membranes. The MWNTs 
used in the study were obtained from Aldrich, with an aver-
age diameter 60–90 nm and length 3–5 μm. The PVA was 
dispersed in a solution of  NH4CH3COO in DMSO to form a 
pristine gel electrolyte (PVA-NH4CH3COO). Subsequently, 
composite polymer gel electrolyte viscous solutions were 
prepared by admixing the MWNTs in a pristine gel elec-
trolyte solution in different weight proportions followed by 
thorough mixing at a slightly elevated temperature with a 
magnetic stirrer for 7–12 h. To obtain free-standing NCPE 
gel membranes, one portion of the solutions were poured 
into  PC Petri dishes and covered with Al foil to avoid con-
tamination. After synthesis, gels in the form of thin stable 
membranes were taken out.

The synthesized NCPE gel membranes have been dis-
tinguished with the help of different experimental probes 
to appraise their performance for device application. Struc-
tural morphology, complexation, and crystal size of different 
NCPE gel membranes were studied by an x-ray diffractom-
eter (D2 Phaser 08 Discover; Bruker). Thermal behavior 
(DSC and TGA) of the NCPE system was carried out on a 
NETZSCH DSC model STA449F1 in the temperature range 

of room tempertaure to 340°C at a heating rate of 3°C/min 
under an  N2 environment.

Dielectric parameters were extracted with the help of 
impedance data using the relationship:

where ε' =  −Z��

�Co (Z�2+Z��2)
 and ε'' =  −Z�

�Co (Z�2+Z��2)
where, the angu-

lar frequency is ω = 2πf, f is the frequency of the applied 
field, Z′ is the real part, and Z″ the imaginary part of imped-
ance and Co is the geometrical capacitance in vacuum of the 
same dimension as the sample films.

[Co = 0.0885A
d

pF ], where A is the area of electrode and d 
is the thickness of the sample.

For dielectric relaxation studies of the many complex 
modules, M* formalism is used. The real part, M′, and the 
imaginary part, M″, of the complex modulus (M*) can be 
evaluated from the impedance data:

The tangent loss (tanδ) can be evaluated using 
relationship:

Electrical conductivity measurements were performed in 
the frequency range varying from 1 to 10E+ 6 Hz at vari-
ous temperatures ranging between 25°C and 90°C, and have 
been calculated using the relationship:

where εr (relative permittivity) = C/Co, εo is the permittiv-
ity of the free space, ω = 2πf, and f is the frequency of the 
applied field.

Results and Discussion

XRD Studies

The XRD patterns of the polymer gel electrolyte membranes 
of  NH4CH3COO:PVA without and with MWNT nanofill-
ers along with pristine materials are shown in Fig. 1a–d. 
The XRD pattern of pure MWNT is shown in Fig. 1 (inset). 
The pattern displayed an intense diffraction peak around 
2θ = 26°, and low intense diffraction peaks around 44°, 
53°, and 78°, which are assigned to (002), (100), (004), and 
(110) diffraction patterns of typical graphite, respectively. 
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This result indicates that MWNTs are well graphitized. No 
carbonaceous impurities or metal particles were observed in 
the MWNTs from the XRD pattern. Crystal planes reflected 
a pure crystalline structure. Comparison of these XRD data 
with JCPDS (Card No. 22-1012) data reveals no character-
istic peaks other than for the MWNT.18

In the diffraction profile of the gel membrane (curve-a) 
without adding any filler (PVA-NH4CH3COO-DMSO), apart 
from environmental effects, two comparatively strong peaks 
at 9.56° and 20.23° with combined broadening come into 
view and correspond to characteristic  peaks of the polycrys-
talline PVA-DMSO complex, and the membrane exhibits 
the salt  (NH4CH3COO) in the PVA matrix.5 A broad peak 
at 2θ = 12.1° appears in the PVA-NH4CH3COO:0.2wt.% 
MWNT (profile c). This widened peak might be associ-
ated with the  PVA-NH4CH3COO-MWNT interaction, and 
appears on account of the interaction of the electrolyte with 
MWNTs, leading to the formation of a nanocomposite which 
does not match any of the pristine materials: PVA, MWNTs, 
and  NH4CH3COO. A further increase in the d value for 
all the major peaks and the shifting of the peak towards a 
lower 2θ value with broadening, indicating improvement in 
the morphology of the PVA-NH4CH3COO complex upon 
incorporation of the MWNT contents. Further, this broad-
ened peak shifts towards lower 2θ values (pattern d) and 
finally diminishes on the increase of MWNT content up to 1 
wt.% in the NCPE gel membrane (pattern e), which reflects 

complete absorption of the MWNT particles in the PVA 
matrix/enhanced intercalation of dispersoids in the matrix 
electrolyte. This again possibly results from physical interac-
tion between constituents (polymer and salt) in the corpora-
tion of the MWNT filler.16

The average particle size of the gel membrane was found 
to be 41.48 nm, which is derived from the full width at 
half-maximum of a more intense peak located at around 
20° using Scherrer’s formula (Table I), while  the degree of 
crystallinity (χc) of the gel membranes with respect to the 
MWNTs was estimated in order to ascertain improvements 
in the amorphous  nature16,17 presuming MWNT to be fully 
crystalline (Table I), and it can be seen that it decreases with 
the increase in filler concentration, which again identifies 
changes in the system morphology on the addition of a filler.

Thermal Studies

Figure 2a–d shows the DSC thermograms characterizing the 
thermal examination for the (PVA-NH4CH3COO:MWNT) 
system for different MWNT concentrations. Various thermal 
transitions seen in the DSC patterns for NCPE gel mem-
branes under study are shown in Table II. The shift in the 
glass transition temperature and melting temperature with 
composition (Table II) can be related to the flexibility of the 
polymeric backbone, which in turn affects the conductivity 
behavior.5,19,20

Deep examination of the DSC scans did not expose any 
major thermodynamics transition in the range 191–248°C 
related to the melting transition of the PVA of a system 
which reveals complete interaction of the polymer constitu-
ents with salt  (NH4CH3COO) leading to the development 
of new materials with enhanced thermal stability. This can 
be seen from the DSC scanning of the nanocomposite poly-
mer electrolyte gel membranes which follow a broad endo-
thermic transition in the temperature range 88–146°C. The 
broadness in the transition can be linked to evaporation of 
water formed during the interaction of PVA with DMSO, the 
existence of the melting transition of ammonium acetate salt 
(99–122°C), and the presence of gel formation.5,15 It can be 
further observed in the thermogram of the gel membrane 

Fig. 1  XRD plot for (PVA-NH4CH3COO:  ×  wt.% MWNT) 
NCPE system with MWNT concentration: (a) PVA:DMSO, (b) 
PVA:NH4CH3COO, (c) 0.2 wt.%, (d) 0.4 wt.%, and (e) 1.0 wt.%; 
inset diffractogram representing the XRD peaks of pure MWNTs.

Table I  Average crystallite size, degree of crystallinity, and activa-
tion energy of nanocomposite polymer gel electrolyte (PVA-NH4CH3 
COO: × wt.% MWNT) system

Concentration of 
MWNT contents 
wt.%

Average crys-
tallites size 
(nm)

Degree of 
crystallinity 
χc (%)

Activation 
energy  
Ea (eV)

0.0 ~ 136 66.2 0.081
0.2 ~ 76 59 0.069
0.4 ~ 43 32 0.057
1.0 ~ 41 31 0.054
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that a broad shoulder transition related to the interaction 
of the polymer-salt or polymer-filler appears in the tem-
perature range (151–198°C). The broadness of this transi-
tion increases and the melting temperature of the polymer 
electrolyte is observed (around 170°C) to shift towards a 
lower temperature upon the addition of MWNT (scans b–d). 
This is probably due to an improved interaction between 
the polymer components in the presence of added salt and 
filler. Close inspection of the DSC sketch (scan a) shows 
an endothermic transition in the temperature region around 
64°C, which is known as the glass transition of PVA (around 
87°C), which shifts towards a lower temperature due to the 
interaction of PVA between the salt and the polymer.5,21,22 
Interestingly, all the peaks (Table II) shifted towards lower 
bands and finally merged in a broad peak on the addition of 
MWNTs. No transition peak has been seen in the DSC ther-
mogram of pure MWNT (temperature range up to 500°C), 
as was reported by Han et al.23 This study confirms that 

MWNTs are the most significant candidate for the enhance-
ment of the  thermal stability of the system. Similarly, the 
broad peak of the third endothermic transition at 245–285°C 
reaffirms the improvement in thermal stability of composite 
systems with the existence of the amorphous nature on addi-
tion of MWNTs.19

Figure 3 depicts the TGA thermograms of the nano-
composite polymer gel electrolyte (PVA-NH4CH3 
COO: × wt.%MWNT) system for different MWNT concen-
trations which represent three major weight losses and cor-
responding temperature regions which are listed in Table III.

The continuous decrease with the increase in the MWNT 
nanofiller in the second weight loss temperature range 
(80–195°C) is attributed to the evaporation of soaked water 
or the rearrangement of intra- and intermolecular hydrogen-
bonded partially order texture.15 The decrease in loss appears 
to result from the improved interaction of salt and polymer, 
leading to improved thermal stability. The TGA thermogram 
in the temperature range (178–295°C) is correlated to the 
weight loss values which are quite low and related to decom-
position of uncomplexed PVA in the system, which thus also 
decreases with increases of the MWNTs.

Electrical Conductivity Studies

Figure 4 indicates the role of MWNT concentration on the 
dc conductivity behavior of NCPE gel electrolytes. Closer 
examination of the conductivity behavior shows two maxi-
mas, one around 0.5 wt.% and the other around 1wt.% filler 
concentration, a feature typical of polymer nanocomposite 
gel electrolytes.16 A flattening in the conductivity response 
is noticed beyond 1 wt.% MWNT contents. This can be 
associated with the fact that all the salt has been dissoci-
ated and so charge carrier concentration is limited. It is 
only the change in system morphology that tends to affect 
the conductivity, and thus again an enhancement of small 

Fig. 2  DSC thermograms of the (PVA-NH4CH3COO:  ×  wt.% 
MWNT) system with: (a) 0.0 wt.%, (b) 0.2w t%, (c) 0.4 wt.%, and (d) 
1.0 wt.% MWNT-doped NCPE membranes.

Table II.  Temperature (°C) peaks of transition in DSC thermograms 
of the (PVA-NH4CH3COO: × wt.% MWNT) system in NCPE mem-
branes

(PVA-NH4CH3COO: × wt.% MWNT)

wt.% MWNT P1 P1 P3 P4 P5

0.0 29 64 112 168 255
0.2 34 67 116 177 259
0.4 36 72 125 181 266
1.0 30 – 98 – 252

Fig. 3  TGA thermograms of the (PVA-NH4CH3COO:  ×  wt.% 
MWNT) system for different filler concentrations of MWNTs.
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magnitude is visible. Another explanation for the rise in 
conductivity can be provided in terms of the Tsagaropol-
ous model which was reported earlier.17 An optimum in 
conductivity was found at 5.49 ×  10− 4 S  cm−1 for 1wt.% 
of MWNTs.

The temperature dependence of the electrical conductiv-
ity of the polymer gel electrolyte and its composite mem-
branes is presented in Fig. 5. The increase in conductivity 
with temperature is attributed to a hopping mechanism 
between coordinated sites, local structural relaxation, and 
segmental motion of the polymer. The linear region in the 
low-temperature zone (25–40°C), conductivity obeys an 
Arrhenius nature as described earlier. This is possibly due 
to the presence of liquid electrolyte encapsulated by the 
polymer matrix, i.e., the effect of temperature on conduc-
tivity of liquid electrolytes. The mid-temperature regime 
(40–85°C) conductivity response can be well described by 
the VTF relationship. When the temperature approaches 
the glass transition of the complex/pure PVA, the matrix 
becomes flexible, giving rise to VTF-type behavior. There-
fore, all the curves display similar behavior, i.e., a combi-
nation of Arrhenius and VTF characteristics.

Moreover, the activation energy and other parameters are 
described by the following Arrhenius relationship:

where, σ0 is the pre-exponential factor of conductivity and 
Ea is the activation energy.

On solving this equation, we can find an easy calculation 
as:

Subsequently, the value of the slope is easily found by 
applying linear curve fitting in the Arrhenius region only, 
as shown in inset of Fig. 5.

The variation of electrical conductivity for different vari-
ations of MWNT-doped polymer gel electrolyte with fre-
quency is shown in Fig. 6. The ac conductivity is evaluated 
from dielectric data in accordance with Eq. 5. It is apparent 
from the figure that the ac conductivity increases with fre-
quency in the low-frequency regime followed by a nearly 

(6)� = �0T
−1 exp

(

−Ea∕kT

)

(7)Thus, Ea = 0.08625 × slope (eV)

Table III  TGA data of the 
(PVA-NH4CH3COO: × wt.% 
MWNT) system in NCPE 
membranes

(PVA-NH4CH3COO: × wt.% MWNT) M* = mass loss

wt.%
MWNT

Region-I Region-II Region-III

T1( °C) M*% T2 (°C) M*% T3 (°C) M*%

0.0 25–75 3.48 75–180 75.53 180–300 14.35
0.2 25–75 3.21 75–195 75.52 195–300 17.37
0.4 25–75 2.70 75–190 68.44 190–300 17.83
1.0 25–80 11.07 80–200 78.43 200–300 10.0

Fig. 4  Variation of conductivity of nanocomposite polymer electro-
lyte gel membranes with MWNT filler concentration at room tem-
perature.

Fig. 5  The temperature dependence of the electrical conductivity of 
the nanocomposite polymer electrolyte gel membranes on the addi-
tion of 0.2 and 1 wt.% concentrations of MWNTs; inset conductivity 
plot of 1wt.% MWNT-filled NCPE with using linear curve fitting in 
the Arrhenius region for activation energy calculations.
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frequency-independent behavior in the high-frequency 
regime. The increasing conductivity behavior is connected 
to the electrode–electrolyte phenomena, i.e., it results from 
electrode polarization effects. This kind of behavior has been 
reported for a wide range of nanocomposite polymer electro-
lytes and also for the (PVA-NH4SCN:MWNT) electrolytes.16 
It is observed that the increase in filler content enhances ac 
conductivity. This behavior of ac conductivity can be ana-
lyzed by Jonscher’s universal power  law17 expressed as:

where σdc is the dc conductivity, the value of which can be 
extracted by extrapolating the plateau region to zero fre-
quency, and maximum observed value is 5.49E−4 S  cm−1 
for the 1wt.% MWNT-doped system. Likewise, p can be 
obtained from the slope of the curve. The value of p is found 
to vary with filler concentration that the electrical conduc-
tion in our system is predominantly due to mobile ionic 
species. The values of exponent p lie in between 1.0 and 
0.5, indicating an ideal long-range pathway and a diffusion-
limited hopping process for charge transport in the present 
electrolyte system. A is pre-exponential factor. The observed 
frequency dispersion for different composites can also be 
rationalized with the help of a jump relaxation model,24 
since the dynamical effect of the polymer host caused by 
segmental renewal rates  is less significant below microwave 
frequencies. According to this model, an ion can successfully 
hop from a site to a neighboring vacant site to contribute to 
the conductivity. At high frequencies, the probability for 
ions to hop back increases due to the short time periods. This 
forward–backward hopping at high frequencies together with 
relaxation of the dynamic cage potential seems to be respon-
sible for the high-frequency plateau. Activation energy at 

(8)�ac = �dc + A�p

room temperature is also reducing slightly on increasing the 
concentration of MWNTs (Table I). Such low values are nor-
mally seen for gel polymer electrolyte systems.21 Lowering 
of activation energy to 1 wt.% MWNT content reaffirms the 
improvement in electrical conductivity in the presence of 
nanosized fillers in gel polymer electrolytes.

Dielectric Studies

Variation of dielectric permittivity (ε′) and dielectric loss 
(ε″) for the different membranes of the NCPE system  inves-
tigated as a function of frequency at room temperature are 
shown in Fig. 7a and b using Eqs. 2, 3, and 4. Figure 7a 
shows strong frequency dispersion of permittivity in the 
low-frequency region followed by saturation-like behavior. 
This behavior is due to the fact that, at low frequencies, the 
dipoles or ionic charges have sufficient time to align with 
the field before it changes its direction, and consequently 
the dielectric permittivity is high, whereas the decrease in 
permittivity value with increasing frequency is attributed 
to insufficient time for the dipoles to align before the field 
changes  direction25 i.e., the inability of the dipoles to rotate 
rapidly leads to a lag between the frequency of the oscil-
lating dipoles and the applied field. Upon increasing the 
MWNT content in the NCPEs, the saturation point shifts 
towards a higher frequency, possibly due to the decrease in 
the flexibility of the NCPE system in the presence of added 
filler. This type of behavior indicates that initially the filler 
provides almost constant crystalline domain channels up 
to 1 wt.% filler, and thereafter it starts segregating due to 
non-complexation in the PVA-NH4CH3COO matrix, gen-
erating uncomplexed dipolar domains in the matrix. High 
values of dielectric loss (ε″) in the low-frequency regime 
(Fig. 7b) reflects the reorientation process of the dipoles in 
polymer chains, which give rise to relaxation peaks in the 
dielectric loss spectra. The appearance of a broad peak in the 
frequency range 10 Hz–1 kHz is attributed to the relaxation 
phenomenon of polymer chain segments.26 Continuous fall 
in ε″ values with increasing filler concentration results from 
attachment of the filler with the PVA chain through strong 
interaction between constituents, thereby causing transient 
cross-links. These cross-links inhibit the relaxation of the 
dipoles even at low frequencies, which paves the way for 
decreases in dielectric loss values. Figure 8 shows the plot 
of tanδ versus frequency of NCPE membranes for different 
filler concentrations at room temperature. The dielectric loss 
tangent is basically the ratio of the real and imaginary parts 
of dielectric permittivity discussed earlier.12 In Fig. 8, the 
change of slope is observed in the 3–5 kHz frequency range. 
Essentially, such a change corresponds to the occurrence of 
a broad peak with the system optimizing the presence of a 
scaling dipole and is related to the PVA. The maxima of 
tanδ shifted towards a higher frequency and the height of the 

Fig. 6  Variation of ac conductivity with frequency for nanocomposite 
polymer electrolyte gel membranes containing (■) 0.2 wt.%, (●) 0.4 
wt.%, and (▲) 1.0 wt.% MWNT contents.
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peak increased with increasing filler content. This is due to 
the increment in the number of charge carriers for conduc-
tion which decreases the resistivity of the samples.27 The 
relaxation frequency is found to shift towards higher values 
with the increase in the filler concentration. Increase of the 
filler content tends to loosen the segmental packing of the 
PVA polymer chain. Higher values of tangent loss can be 
attributed to the coupling of ion diffusion with segmental 
motion of the polymer chain of gel electrolyte membranes. 
Such a behavior can be successfully explained in terms of 
a dielectric relaxation process associated with the presence 
of heterogeneities in the gel matrix. The loss tangent peaks 
appearing in the plot for the gel membranes infer that the  H+ 
ion in the sample was more capable in following the change 

in the direction of the applied electric field.28 The results 
reaffirm that the system is one of the best ion-conducting 
systems.

Modulus Studies

A further analysis of electric behavior would be more suc-
cessfully achieved by dielectric modulus (Mʹ and Mʺ), which 
inhibited the effect of electrode polarization to give a clear 
indication of the electrical property of the polymer electrolyte. 
The dielectric modulus was analyzed using the pattern of the 
frequency of M′ and M″ for the (PVA-NH4CH3COO:MWNT) 
NCPE gel membranes for different nanofiller concentrations, 
as shown in Figs. 9 and 10, respectively. The plots show fea-
tures of ionic conduction and S-shaped dispersion in M′ and a 
peak in M″ in the higher-frequency range.24,29 In modulus for-
malisms Eqs. 2 and 3, the electrode polarization effect seems 
to show the possible presence of peaks in the modulus for-
malism at higher frequencies for all the gel polymer systems, 
indicating that the gel polymer electrolyte membranes are ionic 
conductors. Both M′ and M″ approached zero at low frequency 
and show an increase at higher frequency without a relaxa-
tion peak. The plots exhibited low values at lower frequencies 
which might be due to the value of capacitance associated 
with the electrodes. This further confirmed the non–Debye 
behavior in the samples. We have also examined the scaling 
behavior of the modulus function. M′ and M″ spectra scaled by 
M′max, M″max scaled by the relaxation frequency fmax are shown 
in Fig. 11 for different filler concentrations.30 The normal-
ized behavior of the modulus shows that interfacial polariza-
tion completely vanishes above 2 kHz frequency. The peak 
in normalized M″ can be related to translation ion dynamics, 
and represents the conductivity relaxation of the mobile ions. 

Fig. 7  Variation of (a) dielectric permittivity (ε′) and (b) dielectric loss (ε″) with frequency for the (PVA-NH4CH3COO:  ×  wt.% MWNT) 
NCPEs at room temperature.

Fig. 8  Variation of tanδ versus frequency of NCPE gel membranes 
for different filler concentrations of MWNT for the (PVA-NH4CH3 
COO: × wt.% MWNT) system at room temperature.
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The filler concentration values of M′max and M″max decrease  
and conductivity increases. This behavior is shown in Fig. 12, 
indicating that the relaxation dynamics vary smoothly with 
MWNT  concentration which promotes improvements in the 
stability of the system.

Conclusions

The purpose of this investigation was to explore the perfor-
mance of MWNT filler on the XRD, DSC, and electrical 
properties of the PVA:NH4CH3COO:DMSO system. XRD 
studies reveal the complexation between polymer and 
salt, and the amorphicity has also improved by admixing 

nanosized MWNTs. DSC studies show improvement in 
thermal behavior of the system subsequent to nanotube 
addition. The dc conductivity has been found to increase 
and obey two conductivity maximas with increasing 
MWNT content, and reached optimum at 1 wt.% MWNT-
filled nanocomposite electrolyte. A temperature-dependent 
study of dc conductivity response is described by the com-
bination of Arrhenius and VTF behaviors. The ac con-
ductivity responses in all the cases are well described by 
a jump relaxation model and the Jonscher power law. The 
highest ac conductivity values are possibly due to the crea-
tion of extra hopping sites assisting the  ion hopping. The 
present investigations recommend nanotube-embedded 

Fig. 9  Variation of the real part of the complex modulus (M′) as a 
function of frequency for the (PVA-NH4CH3COO: × wt.% MWNT) 
system for different MWNT filler concentrations at room temperature.

Fig. 10  Variation of the imaginary parts of the complex modulus 
(M″) as a function of frequency for the (PVA-NH4CH3COO: × wt.% 
MWNT) system for different MWNT filler concentrations at room 
temperature.

Fig. 11  Variation of M′/M″ as a function of frequency for the (PVA-
NH4CH3COO:  ×  wt.% MWNT) system for different MWNT filler 
concentrations at room       temperature.

Fig. 12  Variation of M′max, M″max , and conductivity with different 
wt.% MWNT for the (PVA-NH4CH3COO: × wt.% MWNT) system.
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NCPE gel membranes as a suitable system for achieving 
electrochemically and thermally stable electrolytes with 
an appropriate environmentally friendly  H+ ion (proton) 
conducting-based system. The electrical conductivity is 
improved and exhibits good electrode–electrolyte contact. 
Such properties are expected to open up application areas, 
particularly in supercapacitors.
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