lonics (2022) 28:1851-1862
https://doi.org/10.1007/511581-021-04400-7

ORIGINAL PAPER q

Check for
updates

Morphological, electrical, dielectric, and complex electrical modulus
studies of copper ion conducting HPMC/PVA hosted nanocomposite
electrolyte films

N. Sandhya Rani' - H. D. Swapna 2 - R. Karthik' - C. Manasa®

Received: 2 August 2021 / Accepted: 4 December 2021 / Published online: 26 January 2022
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract

Solution casting technique is tailored to synthesis the film samples of hydroxypropyl methylcellulose (HPMC)/poly viny-
lalcohol (PVA) blends embedded with various concentrations of copper oxide (CuQO) nanoparticles (1-4%, wt%). The
structural analysis by X-ray diffraction (XRD) confirmed the uniform dispersion of nano CuO into HPMC/PVA blends. The
crystalline size as well as the percentage of crystallinity decreases with increasing concentration of CuO in all HPMC/PVA-
CuO electrolyte systems. This reduced percentage of crystallinity greatly affects the conductivity property of the polymer
electrolytes. The surface morphology and uniformity of phase formation of the samples were analyzed by scanning electron
microscope (SEM). The samples were analyzed by using electrical impedance spectroscopy by LCR meter (ZM2376) with
in the frequency range 50 Hz to 1 MHz. The dielectric constant decreases, while the AC electrical conductivity increases
with increasing frequency. The plots of AC conductivity at high frequency region obey Jonscher Power Law. The frequency
exponent (S) analysis for various temperature suggested that the correlated barrier hopping (CBH) model supports the
ion transport mechanism at high temperatures for CuO (3 wt%) nanocomposite polymer electrolyte film. The presence of
non-Debye type conductivity relaxation is observed in this reported polymer electrolytes by analyzing complex electrical
modulus. The temperature dependent analysis of dielectric and AC conductivity properties increases with the increase in
temperature. This may be due to the ion migration which is significantly improved by the addition of CuO nanoparticles.
All estimated results of these nanocomposite polymer electrolytes are strongly convincing its use for the electrochemical
cell device applications.
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Introduction

In recent years, polymer blends complexed with suitable
nanoparticles are the specially focused materials for exhib-
iting unique chemical and physical properties and find wide
applications in the fields of nano-electronic devices, super
capacitors, etc. [1-3]. Electrolytes utilized in electronic
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gadgets and batteries today might be high in conductivity,
but they are unsafe and non-biodegradable. Hence, they are
danger to the environment. In this regard, several researchers
studied biodegradable polymer nanocomposites to improve
the interfacial properties [4, 5].

The present work is focused on the preparation and
data characterization of biodegradable polymer blends of
hydroxypropyl methylcellulose (HPMC) and polyvinyl
alcohol (PVA) incorporated with copper oxide (CuO) nan-
oparticles. HPMC polymer is more thermally stable when
compared with cellulose derivatives like carboxymethylcel-
lulose (CMC), hydroxyethylcellulose (HEC), and methylcel-
lulose (MC) [6-8]. In our earlier work, we have reported

that HPMC is capable of dissolving variety of metal salts
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and can form thin films with excellent stability [9, 10]. PVA
is a water-dissolvable polymer with an excellent chemical

resistance, thermal stability, and mechanical strength. As
it is biodegradable and non-toxic, it is extensively used in
textile, biomedical, and pharmaceutical industries [11, 12].
CuO is a low cost non-toxic p-type semiconductor mate-

rial with excellent optical and electrical properties. It is
extensively used in the preparation of optoelectronic and
electronic gadgets like electrochemical cells, gas sensors,
solar cells, and optical switches [13—15]. In view of its sig-
nificance, many researchers are exploring its applications
for various electrochemical device applications. Jundale
et. al. (2013) reported structural and electrical transport
properties of polyaniline-CuO hybrid nanocomposites. The
results showed the electrical conductivity could be enhanced
upon adding CuO nanoparticles into the polymer host [16].
Manjunath et. al. (2016) studied CuO:PVA nanocompos-
ite electrolytes and reported that CuO nanoparticles doped
PVA has greater ionic diffusivity and high ionic conductivity
[4]. Alghunaim (2019) reported the effects of CuO nano-
filler on spectroscopic and dielectric modulus properties of
carboxymethyl cellulose (CMC) and polyvinyl pyrrolidone
(PVP) polymer blend electrolytes. The results showed that
the dielectric constant value reduced systematically with an
increase in frequency which is ascribed to the presence of
polarization effects [5]. Alhazime (2020) reported a study on
the effects of nano CuO doping on the structural and thermal
properties of PVA/PEG blends. The results showed that the
CuO doped polymer blends got high thermal stability which
could be due to the interaction occurred between the nano
CuO and the hydroxyl groups of the polymer blends [17].
Though some research works have been reported on the
charge carrier transport properties of doped polymers, no
literature is available on HPMC/PVA-CuO nanocomposite
polymer electrolyte films. Hence, incorporating CuO nano-
particles into the polymer blend matrix may bring remark-
able structural and morphological changes, which results in
the enhancement of their performance and properties such as
conductivity, electrochemical stability, and sensitivity. Con-
sidering its significance, the current work is being started,
and endeavors have been made to incorporate biodegradable

polymer hosted nanocomposite electrolyte films (HPMC/
PVA-CuO) that display great electrical conductivity.
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Experimental work

Materials and synthesis of HPMC/PVA-CuO
nanocomposites

Sample preparation

Solution casting technique is adopted to prepare pure
HPMC, pure PVA, and HPMC/PVA blends with different
concentrations of CuO nanoparticles using double distilled
water as solvent. PVA and HPMC-E15LV were purchased
from Loba Chemicals India and were used without further
purification. CuO nanoparticles were purchased from S. D.
Fine Chemicals India. Here, 5% (wt%) of HPMC and PVA
solutions were prepared separately. To prepare HPMC/PVA
blends, the HPMC solution was added to that of PVA with
constant stirring. The mixture of this solution was stirred
overnight to obtain completely dissolved and clear solution.
A 1-4% (Wt%) of CuO nanoparticles was added slowly into
the HPMC/PVA blend solution and stirred continuously for
2 h using magnetic stirrer at 380 rpm to ensure complete
mixing. Then, the entire blend was degassed in a vacuum
oven for 10 min and poured into the leveled glass plates
to evaporate at room temperature for 5 to 6 days. The final
obtained thin films were stored in desiccators to avoid mois-
ture absorption. As the polymer samples complexed with 5%
(wt%) CuO were very brittle and cracked, the higher added
concentration of CuO is not suitable for thin film formation.
Hence, the optimal complexing of CuO nanoparticles were
carried out only up to 4% (wt%) and the HPMC/PVA-CuO
nano-composite polymer electrolyte thin films (5:5:1, 5:5:2,
5:5:3, 5:5:4) with thickness varying from 0.12 to 0.24 mm
were prepared successfully. Figure 1 displays compositions
used in the preparation of HPMC/PVA-CuO nanocomposite

polymer electrolyte films.
Instrumentation

The homogeneity of CuO nanoparticles into the HPMC/PVA
polymer blend and also the crystallinity study of the pre-
pared samples were done by using Rigaku Miniflex-II X-ray
diffractometer with CuKa radiation (1= 1.5406 A). The dif-
fraction patterns were obtained for Bragg’s angle (20) in the
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Fig. 1 Synthesis of HPMC/
PVA-CuO nanocomposite poly-
mer electrolyte films i
HPMC dissolved |
in double
dsitilled water at |
RT \

HPMC/PVA - CuO complexed solution —

casted at RT

scale of 10° — 80° with a scanning speed of 5%/min in the step
size 0.01°. The scanning electron microscope (JEOL 840)
with resolution at 20 kv is used to analyze the surface mor-
phology of HPMC/PVA-CuO nanocomposite films. Before
imaging, the reported samples were gold coated using the
sputter coater at 10 mA current under 10— 2 torr vacuum for
3 min. The dielectric and AC conductivity measurements of
these samples were carried out for the frequencies ranging
from 50 Hz to 1 MHz using LCR meter ZM2376. The disk
shape sample (13 mm in diameter) was placed in between
the stainless steel electrodes. To ensure good electrical con-
tact between the sample and the electrode, fast air drying
paste of silver is applied on the two sides of the sample.

Results and discussion
XRD studies

XRD pattern of nano CuO, HPMC/PVA blends, and HPMC/
PVA-CuO (1-4%) are presented in Fig. 2. It is well reported
in literature that the electrical properties of a polymer elec-
trolyte is correlated to its crystalline nature. Higher amor-
phous region increases the electrical conductivity of the

PVA
dissolved in HPMC/PVA
double distilled Blend Solution
water at 60° C

|

—
i

e
Polymer electrolyte nano
composite thin films were peeled
off after S days and used for

further studies

HPMC/PVA-CuO
Nano composite film

HPMC/PVA blend film

polymer electrolyte sample [18, 19]. Pure CuO shows more
intense and sharper peaks at around 35.730, 38.780and48.73°,
whereas the characteristic broad peak of HPMC/PVA blend
is shown at 19.72°. It can be seen that all the sharp peaks of
nano CuO and broad peak of HPMC/PVA blends get broader

a. pure CuO

b. HPMC/PVA

¢. HPMC/PVA - CuO 1
d. HPMC/PVA - Cu0 2
e. HPMC/pVA -Cu0 3
f. HPMC/PVA - CuO 4

35.73
38.78

19.72
P
n’

Intensity (a.u)
o

20 (degree)

Fig.2 XRD pattern of pure CuO, HPMC/PVA blend, and HPMC/
PVA-CuO (1-4%) polymer electrolyte films
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Table 1 Crystalline parameters for HPMC/PVA-CuO samples

Sample First peak Second peak Third peak

26 d FWHM  Grainsize 26 d FWHM  Grain size 26 d FWHM  Grain size X,
GO A O (nm) GO A O (nm) G A O (nm) (%)

Pure CuO 3253 275 0.1943 464 3556 2.52 0.1402 423 38.93 2.31 0.2002 439 57.87
HPMC/PVA blend 19.47 4.56 2.646 31.82 - - - - - - - - 19.62
HPMC/PVA-CuO 1% 19.43 4.57 15052 5593 3535 2.54 0.2201  39.6 38.47 2.33 2971 29.6 57.06
HPMC/PVA-CuO 2% 19.7 4.50 1.823 46.1 3559 2.52 03166 27.52 38.79 2.32 .2606 24.8 50.03
HPMC/PVA-CuO 3% 19.48 4.55 1.6936 37.7 35.38 2.53 0.2938 29.6 38.1 2.33 .3503 24.4 31.59
HPMC/PVA-CuO 4% 19.59 4.53 22237 49.7 35.62 2.52 .2905 30.8 38.76 2.32 03543 25.1 50.32
and weaker in HPMC/PVA-CuO (1-4%) samples. The crys- The crystallite size is calculated using Scherrer’s formula

tallite size and percentage of crystallinity are affected by the  [21]:
addition of CuO nanoparticles into the HPMC/PVA host

polymer matrix. The percentage of crystallinity is calculated = K2 )
. i Bcosd
using the formula [20]:
Areaundercrystallinepeaks (1
Crystallanity(%) = ; Y P x
Areaundercrystallinepeaks + Areaunderamor phoushaloes
Fig.3 SEM photographs of Pure HPMC Pure PVA HPMC:PVA

HPMC/PVA-CuO polymer
electrolyte films

i

\
| 4] 53400 5,00k 6.8mm x300 8

HPMC/PVA/CuO (5:5:1)

”
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where L is the crystallite size, K is a grain shape factor
(K =0.9), A is the wavelength of X-ray beam (1-5406 A),p
is full width half maximum (FWHM) in radians, and 0 is the
diffracted angle in radians.

The crystalline parameters tabulated in Table 1 show that
the degree of crystallinity and the crystallite size decrease
upon adding different ratio of CuO nanoparticles. Similar
type of result was reported by Yang et al. [22], where the
peak intensity of the PVA based nanocomposites greatly
reduces by incorporating ZrO, ceramic filler in the matrix.
The increase in amorphous domain of the sample causes an
increase in electrical conductivity of the polymer electro-
lytes [23].

Morphological studies

The film morphology for pure HPMC, pure PVA, HPMC/PVA
blends, and HPMC/PVA with 1-4% CuO polymer electrolyte
samples are shown in Fig. 3. The conductivity properties of
polymer electrolytes can be greatly influenced by the dopant
CuO nanoparticles into the host polymer blend matrix of
HPMC/PVA [24, 25]. Figure 3a and b show that pure HPMC
and pure PVA have a surface of uniform and homogenous
sort, but with various degrees of harshness. They do not show
attributable crystalline region morphology, so the semi-crys-
tallinity of HPMC and PVA is possibly to be sub-microscopic
in nature [10, 26]. The SEM image of HPMC/PVA blend
(Fig. 3c) exhibits uniformly distributed microporous structure.
This shows that the interface similarity between the segments
is one of the fundamental factors influencing the performances
of polymer blends. Similar type of sheet morphology in SEM
image of HPMC/PVA (50:50) blends has been reported earlier
[27]. SEM images of HPMC/PVA-CuO (Fig. 3d—g) show that
the complexation of CuO nanoparticles into the host polymer
matrix strongly affects the morphology of HPMC/PVA blends.

- PVA/HPMC
e PVA/HPMC
PVA/HPMC
v PVA/HPMC
PVA/HPMC

-Cuo 1
-CuO 2
-Cuo 3
-Cuo 4

3.0x10°

2.5x10°

2.0x10°

1.5x10°

2(0)

.

1.0x10° ‘g4

5.0x10"

Y 1x10° 2x10° 3x10° 4ax10° 5x1b‘ 6x10° 7x10° 8x10°
e g z () !

a

Z'(Q)

b

The uniform spread of the CuO nanoparticles within the host
polymer matrix indicates that CuO nanoparticles altogether
thoroughly interacted with polymer blends [28, 29]. The dif-
ferent ratio of dopant CuO nanoparticles are closely packed in
the polymer blend matrix, and no bare nanoparticles are seen
even at the most elevated doping at 4%. This obviously shows
the achievability of this strategy to configure well-distributed
nanoparticles with uniform layer [30-32].

Complex impedance spectroscopy analysis at room
temperature (303 K)

Variation of Z with Z'

The complex impedance (Z*) as a function of the impedance
modulus (Z and Z") is given by the following equation [33]:

3

where Z' is the real part and Z" is the imaginary part of
the impedance modulus, given by

7' =7 +iZ’

"

S
E;z + e//2

’

S
6/2 + EHZ

/ 1

Z _ " 1
2nfC,

b Z =
2nfC,

“

where f is frequency and C, is the capacitance of vac-
uum. € and € are the real and imaginary parts of dielectric
permittivity.

Figure 4 demonstrates the room temperature complex
impedance plots of Z* (known as Nyquist plot) for HPMC/
PVA-CuO samples. A high frequency arc is seen for all sam-
ples, which is related to the bulk conduction process respec-
tively [34, 35]. Generally, a complete, incomplete/partial, or
no semicircle is observed depending on the relaxation
strength and experimentally provided frequency range. The
analysis of Argand plots with incomplete semicircular arc

3.0x10°

2.5x10° -

2.0x10°

1.5x10°

1.0x10°

PVA/HPMC
PVA/HPMC/CuO1
PVA/HPMC/Cu0O2
PVA/HPMC/Cu0O3
PVA/HPMC/CuO4
Fitted using eq.Circuit

5.0x10°

0.0 4

3x10°  4x10°  5x10°  6x10°  7x10°

Z' (@)

0 1x10° 2x10°

Fig.4 Complex impedance spectrum (Nyquist plot) for HPMC/PVA-CuO polymer electrolyte samples with electrical equivalent circuit at room

temperature
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Table 2 Electrical parameters of the equivalent circuit obtained from
complex impedance spectrum for HPMC/PVA-CuO concentration at
room temperature

Name Rg(kQ) C(nF) n

PVA/HPMC 727.9 0.288 0.8357
PVA/HPMC/CuOl 442.6 1.026 0.8043
PVA/HPMC/CuO2 286.2 0.576 0.8080
PVA/HPMC/CuO3 240.2 0.852 0.8056
PVA/HPMC/CuO4 529.3 0.973 0.7677

on the real impedance (Z) axis reveals that the charge car-
riers have different relaxation time [36]. The investigation
of the curves from Fig. 4a shows that the semicircle displays
some downturn degree rather than a half circle fixated on the
genuine impedance axis. This decentralization or non-Debye
sort of relaxation obeys Cole—Cole’s formalism. The electri-
cal bulk (grain) resistance (R;) of the polymer electrolyte
sample is estimated from the intercept point of the high fre-
quency semicircular arc with the real axis of the complex
impedance. Figure 4b shows the experimental data fitted
plots which is obtained by adopting an equivalent circuit
formed by a resistance R, (grain resistance R,) in series with
a parallel combination of a constant phase element imped-
ance (Zqpp) and resistance R, (grain boundary resistance
R,,). The equivalent configuration is of the type

(Rl * <R2 Zcpe
tabulated in Table 2. The plots clearly indicate that the R,
value decreases with increasing concentration of CuO nano-
particles and reaches to a minimum value (240 kQ) for
HPMC/PVA-CuO (5:5:3) sample. Hence, 3 wt% CuO con-
tent nanocomposite polymer electrolyte exhibits high ionic
conductivity. However, the addition of CuO nanoparticles
beyond 3 wt% increased the R, value indicating decrease in
the ionic conductivity for higher dopant concentration at 4
wt%. This may be due to the accumulation of ions which

. The values of all fitted parameters are

usually arises for elevated concentrations of doping, which
decreases the ionic conductivity [37]. This change in ionic
conductivity of polymer electrolytes is because of charge
carrier density (n) and also the mobility of charge carriers
(W [38].

Variation of Z'and Z" with frequency

The variation of (Z') with Log (f) is shown in Fig. 5a. It is
observed that each sample exhibits a single broad peak for a
particular frequency revealing the single relaxation process,
and there after the value of Z' decreases with increasing
frequency. It is observed that Z' of all samples merge com-
pletely above a certain frequency at high frequency region.
This reveals the possibility in the release of space-charge
polarization. As the CuO concentration increases, the maxi-
mum space charge polarization occurs at high frequency

region [39, 40].

Figure 5b shows the loss spectra (Z” vs frequency) for
HPMC/PVA-CuO nanocomposite polymer electrolyte sam-
ples. The appearance of broad peak in the loss spectrum
confirmed the existence of relaxation behavior in these poly-
mer electrolyte samples. The plots are more reasonable for
the assessment of relaxation frequency of the most resis-
tive component. Each sample attains a peak value of Z" at

a particular frequency. It is noted that, as the CuO concen-
tration increases, the magnitude of 7" decreases and shifts
towards high frequency side. This exhibits the phenomena
of electrical relaxation process in these samples. In the low
frequency region, the curves seem to be dispersed, whereas
they appeared to be merge for high frequency region. This
behavior is because of the presence of space charge polariza-

tion in these electrolyte systems [41].

Fig.5 Dependence of Z' and Z” = HPMCIPVA
on log (f) for HPMC/PVA-CuO 3 - HPMC/PVA ® HPMC/PVA - CuO 1
2.5x10° o HPMC/PVA - CuO 1 .
electrolyte films HEMC/PVA - Cu0 2 1.0x10° HPMC/PVA - Cu0 2
. _." ™, ¥ HPMC/PVA - Cu0 3 _-"".- M :zmg:z::g:gj
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Dielectric analysis

The design and development of electronic and electrical
devices require the detail study of the parameter dielec-
tric constant. It reveals more information on physical and
chemical state of the polymer. Polymers can be designed to
exhibit high dielectric constant with low dielectric loss when
compared with ceramic materials [42]. Figure 6 shows the
plots of dielectric constant (real part € ) and Log (f) for var-
ies concentrations of HPMC/PVA-CuO electrolyte systems
at room temperature for frequency ranging from 50 Hz to
1 MHz. The dielectric constant € is calculated using the
relation:

o _cd
SA )

where C is the equivalent capacitance, d is the thickness
of the sample, € is permittivity of free space, and A is the
area of the sample.

Plots from Fig. 6a clearly indicate the decrease in dielec-
tric constant as frequency increases. A significant effect of
CuO nanoparticles is noticed on the dielectric constant at
room temperature which leads to an increased number of

Fig.7 a Variation of 5, as

charge carriers for higher ionic conductivity and dielectric
constant. The result shows that the polymer electrolyte sam-
ple of HPMC/PVA blend complexed with 3% CuO nano-
particles exhibits the high value of dielectric constant for
all frequency range and indicates the highest ionic conduc-
tivity. This is also evident from AC conductivity studies
(Figs. 7 and 8). But it is also noted that further increase
in the CuO concentration (4 wt%) reduces the value of
dielectric constant indicating that the optimum complexing
of CuO nanoparticle is at 3 wt% for HPMC:PVA polymer
blend. Figure 6b shows the temperature dependent dielec-
tric constant between the temperature range (30°C = 120°C)

for HPMC:PVA-CuO (5:5:3) sample. It is observed that the
dielectric constant increases with increasing temperature.
The high dielectric constant at low frequency is due the pres-
ence of space charge polarization at the electrode—electrolyte
interface. This accumulation of charges exhibits a relaxation
behavior related to that of dipolar relaxation [43]. However,
the space charge accumulation at the electrode—electrolyte
interface seems to be disappeared at high frequencies. This

indicates that the dipoles were no longer able to follow the
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Fig.8 Dependence of 6, as a 1.2¢10°
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Table 3 Comparison of parameters obtained from Jonscher Power
Law fit with the experimental data of HPMC/PVA-CuO concentration
at room temperature

Sample Cyc A S
S/cm

HPMC/PVA blends 8.53X1077 3.93x107%° 0.78

HPMC/PVA-CuO 1% 8.85Xx1077 4.99x10™ 4 0.56

HPMC/PVA-CuO 2% 4.69X107° 2.93x107° 0.71

HPMC/PVA-CuO 3% 2.07X107° 1.13x10713 0.51

HPMC/PVA-CuO 4% 1.13x107° 6.05X107'8 0.68

periodic reversal of the applied electric field [44, 45]. Thus,

charge carrier contribution towards polarization decreases;
’ . .

hence, the € values also continuously decreases with grow-

ing frequency.

AC conductivity analysis
o,. of the reported polymer-electrolyte films are calculated

using real ( Z') and imaginary ( Z") parts of complex imped-
ance (Z*) using the following equation [46]:

@ Springer

Z, t
ac ™ | 50 | o2y <_) (6)
(2 +7Z) A

Figure 7a shows that the room temperature AC conduc-
tivity increases with frequency and attains a high value for
the sample 3% HPMC/PVA-CuO. The frequency-dependent
electrical conductivity for the present nanocomposite poly-
mer-electrolyte system follows Jonscher Power Law (JPL)
[47—49]. Figure 7b shows the experimental AC conductivity
spectra at high frequency region fitted using JPL equation
as given below:

)

Here, 6(m) is the total conductivity, 4. is the DC conduc-
tivity of the sample, A®S is the pure dispersive component
of AC conductivity having a characteristic of power law in
terms of angular frequency ®, and exponent factor s (0 < s <
1) represents the degree of interaction between mobile ions
and the lattices around them. A is a constant which deter-
mines the strength of polarizability. Comparison of param-
eters obtained from JPL fit (Eq. 7) with the experimental
data of HPMC/PVA-CuO samples at room temperature are
tabulated in Table 3.

o(®) = 64 + A’
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Figure 8 shows the frequency dependence of AC con-
ductivity in 3 wt% CuO doped HPMC/PVA polymer elec-
trolyte samples within the temperature range of 303 to
393 K. The low frequency plateau region corresponds
to o4.. In this frequency region, the DC conductivity
increases with the increasing temperature. This behavior
shows that the electrical conductivity at different tempera-
ture is a thermally activated process. The inset of Fig. 8
represents JPL fitting at high frequency range for different
range of temperature. It can be seen that the JPL fitting
matches well with the experimental values. Conductivity
at high-frequency power law region obeys AwS. Accord-
ing to Jonscher, the origin of the frequency dependence of
conductivity can be due to the relaxation phenomena of the
ionic atmosphere arising from the mobile charge carriers.
It is also evident from the plots that the frequency response
shifts towards the high frequency dispersive region as the
temperature increases. A similar type of framework in
the polymer electrolyte samples of frequency-dependent

0.85 -
0804 R
0.75
070

%)

065
060+

0.55

T T T T T T T T T 1
200 300 310 320 330 340 350 360 370 380 390
T (K)

Fig.9 Temperature effect on the frequency exponent (S) for HPMC/
PVA-CuO (5:5:3, wt%) sample

conductivity has been accounted in the literature [46,
47]. The contribution of DC conductivity at lower fre-
quency is due to the jumping of ions from one available
site to another neighboring vacant site in the host polymer
matrix. This successful ion hopping takes place for the
frequency lower than that of hopping frequency. The bulk
conductivity of solid polymer electrolytes for all tempera-
ture signifies the frequency-independent region of the AC
conductivity spectra [50]. From the figure, more dispersive
conductivity is observed at higher frequencies because of
the forward and backward hopping movement of ions [51].

The values of § at various temperature were determined
from the slope of (logo) versus (logw). The lower value of S
reflects the high conductivity of the sample. Figure 9 shows
the variation of the frequency exponent (S) as a function of
temperature for 3 wt% CuO complexed HPMC/PVA polymer
electrolyte sample. From the plots, it is clear that the value
of S decreases with increase in temperature; hence, electrical
conductivity of the sample also increases. The correlated bar-
rier hopping (CBH) theoretical model shows that the value of
S decreases with increasing temperature. Hence, CBH model
is more convenient for the interpretation of conduction mecha-
nism in these polymer electrolyte systems. CBH model gives
the frequency-exponent expression as follows [52]:

6K, T
W, - KBTln< ) ®)

1
0T,

S=1-

where W, is the maximum barrier height that ions must
overcome and 7, is the characteristic relaxation time of the

carriers. For small values, KBTln($> <« W,,. Therefore,
0

the equation reduces to

6Ky T
w

S=1

€))

m

The values of W, can be calculated by substituting the
values of S and T in Eq. 9.

Fig. 10 a Dependence of M’ on = HPMC/PVA = HPMC/PVA
log (f). b Dependence of M” - HPMA/PVA - CuO 1 0.20- o HPMC/PVA - CuO 1
on log (f) for HPMC/PVA-CuO 051 | o oA e 048 -~ HPNGIPVA - 0u0 2
samples 04l HPMAIPVA - Cu0 4 | _.-""""'...- 0.16- ;o v HPMC/PVA: cﬂo .
-~ 0.14 J %
0.3 _." '- 0424 h %
= - = o0 ; .
021 N 0.08 ' .

0.1 T T T

" me -
0.0 e

0.02
0.00

a Log f (Hz)

b Log f (Hz)

@ Springer



lonics (2022) 28:1851-1862

1860
= HPMC/PVA

A e HPMC/PVA - CuO 1

0.07 HPMC/PVA - CuO 2
] alniig v HPMC/PVA - CuO 3
.

0.06 4 - . HPMC/PVA - CuO 4

4 - -
0.05 A v

4 s L ¢
0.04 -| .:,.-'"--., Y

: b .5 ®e L]
= 0.3 (. % .
o .

4 : .. I.
0.02-| ¥ ) K

] % )
0.01-, \ ‘ :
0.00 T T T )

0.00 0.05 0.10 0.15 0.20
M

Fig. 11 Complex electrical modulus spectrum (M” vs M) for differ-
ent HPMC/PVA-CuO polymer electrolyte films

Electrical modulus analysis at room temperature
Variation of M and M with frequency

The electrical modulus analysis is convenient in understand-
ing the relaxation behavior of ionic materials. The complex
electric modulus (M*) can be calculated by using the follow-
ing relationship [53]:

M* =M +iM” (10)
where

EI

M= |—&
e’ + e? |

1)

l/= E//
e + e

Figure 10a shows the dependence of the real part of the
electrical modulus with Log (f) at room temperature. It is
observed from the figure that, at low frequency region, the
values of M’ tend to be zero, confirming the absence of elec-
trode polarization in these nanocomposites. This behavior
reveals that the mechanism of conduction in these polymer
electrolytes is due to the short range mobility of charge
carriers.

Figure 10b shows the variation of M" with frequency at
room temperature. The value of M” is nearly zero in the
low frequency region and increases to a maximum value
for a particular frequency and then decreases. Frequency at
which, M" reaches maximum value is called as relaxation
frequency. Plots from the figure clearly show that M peaks
for HPMC/PVA-CuO samples get broader and shift towards
higher frequency side. This behavior confirms the dielectric
relaxation in these samples. Here, the process of the hopping
of charge carriers mainly dominates. The 3 wt% CuO sample
exhibits a broad asymmetric peak towards higher frequency
side, confirming the highest ionic conductivity. Asymmetric
broadening of the peak confirms the spread of relaxation

@ Springer

and non-Debye type behavior in these polymer electrolyte
samples [54].

Complex electrical modulus analysis at room temperature

Figure 11 displays the room temperature spectrum of com-
plex electrical modulus M vs M") for HPMC/PVA-CuO
nanocomposite samples. The Argand plots (M vs M) with
an appearance of only one semicircular arc represents the
presence of ionic conductivity relaxation process in these
reported polymer-electrolytes [48]. Also the highest capaci-
tance value corresponds to the smallest semicircle of the
plots (HPMC/PVA-CuO 3 wt% sample). The suppression
in the effect of electrode is another added advantage in the
formalism of electrical modulus. Because of this reason,
formalism of electrical modulus has been chosen, and the
complex electrical modulus (M*) is calculated using Eq. 10.
The plots from the Fig. 11 do not show an exact semi-circle;
instead, a deformed shape of the semi-circle is seen whose
centers are positioned below the x-axis. This indicates the
spread of relaxation with different time constants. Therefore
it can be concluded that non-Debye type of relaxation pro-
cess is present in these nanocomposite polymer electrolyte
systems. The non-existence of semicircular arcs with single
relaxation time reveals that ion transport is associated with
the segmental motion of polymer chains. Consequently, cop-
per ion transport through HPMC/PVA blend polymer chain
occurs through the viscoelastic relaxation processes [54].

Conclusions

We have successfully synthesized copper ion conduct-
ing thin films of HPMC/PVA hosted solid nanocomposite
electrolytes by adopting solution casting technique. SEM
results revealed that the addition of CuO nanoparticles has a
strong effect on the morphology of the polymer blends. The
even distribution of CuO nanoparticles in the HPMC/PVA
matrix is observed. Structural analysis by XRD suggested
that both the crystallite size and the percentage of crystallin-
ity decrease in all HPMC/PVA-CuO nanocomposites.

The analysis of dielectric constant in these samples shows
that the dielectric constant value is high at low frequencies.
This gives an evidence for the presence of space charge
polarization. The AC conductivity spectra at high frequency
region obey Jonscher Power Law. It is observed that, as the
nano CuO concentration increases, the dielectric constant
and ionic conductivity increases and becomes maximum for
3 w.% CuO complexed HPMC/PVA films.. The frequency
exponent (S) estimation (for HPMC/PVA-CuO 3%) at high
frequency region for various temperature suggested that the
correlated barrier hopping (CBH) model supports the ion
transport mechanism. Hence, the sample HPMC/PVA-CuO
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(3 wt%) can be suitable candidate for electrochemical cell
device applications.
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