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Abstract The present study illustrates cadmium chloride
(CdCl,)-doped hydroxypropyl methylcellulose (HPMC)
polymer electrolyte films. Solution cast method is employed
to prepare polymer electrolyte samples of HPMC complexed
with various concentrations of CdCl, (14 %, wt.%). Struc-
tural and thermal studies of these polymer samples were
investigated using X-ray diffraction (XRD) and differential
scanning calorimetry (DSC). XRD results showed that the
amorphous domains of HPMC polymer matrix were increased
with increase in CdCl, salt concentration. DSC results re-
vealed that the presence of CdCl, in the polymer matrix
increases the melting temperature; however, it is observed that
the heat of fusion (AH)) is high for pure HPMC films. The
variation in the film morphology was examined by scanning
electron microscopy (SEM). Direct current (dc) conductivity
was measured in the temperature range 313-383 K. The
magnitude of electrical conductivity was found to be increased
with increasing salt concentration and temperature. The acti-
vation energy region data (region I and region II) indicated the
dominance of ion-type charge transport in these polymer
electrolyte films. HPMC polymer electrolytes with 4 % CdCl,
salt concentration exhibit the least crystallinity and the highest
conductivity 1.01x10¢ Sem ™" at 313 K.
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Introduction

The inevitable studies of Wright and Armand on ion-
conducting polymers, called “polymer electrolytes” in the late
1970s have opened an innovative area of materials research
with potential applications. They have many advantages such
as flexibility, ease of processing into thin films of large surface
area, and their potential applications in solid state electro-
chemical devices [1—4]. Due to the unique electrical, electron-
ic, and optical properties of these conducting polymer mate-
rials, several potential, technological, and commercial appli-
cations such as fabrication of batteries, electronic devices,
displays, sensors, functional electrodes etc. have been report-
ed [5]. Various research groups have studied the effect of
inorganic dopants on the polymer hosts. The formation of a
complex between the polymer and the dopant results in con-
siderable increase in electron mobility, resulting in enhanced
electrical conductivity. Electrical conductivities can be varied
to several orders of magnitude by changing dopant concen-
trations so that electronic property control is feasible over the
entire range from insulator to semi-conductor and then to
metal. Though the widely studied polymer continues to be
poly-ethylene-oxide (PEO) and its modifications, however,
there will be a liquid-solid coexistence regime in the phase
diagram of many PEO-metal salt complexed systems above
ambient temperature [6]. To overcome this drawback, several
novel polymers like poly(propylene oxide) (PPO),
poly(methylmethacrylate) (PMMA), and poly(vinyl alcohol)
(PVA) were utilized for the purpose of designing polymer
electrolyte systems [7].

Many research articles are available which incorporate
cadmium ion in its polymeric system for its application as
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polymer electrolyte materials. There also exists some
cadmium ion-conducting polymer electrolytes based on
poly-ethylene-oxide (PEO) (S Kilarkaje et al.) [8, 9] and
polyvinyl alcohol (PVA) (M.B Nanda Prakash et al.) [10].
In the present study, hydroxypropyl methylcellulose
(HPMC) polymer electrolytes were prepared by incorpo-
rating CdCl, as the doping salt. HPMC polymer has been
chosen because of its appealing properties. HPMC is well
known and of major interest to be used as environmental-
ly friendly products. It is proved to be more thermally
stable than those derived from cellulose such as carboxy-
methylcellulose (CMC), hydroxyethylcellulose (HEC),
and methylcellulose (MC) [11]. HPMC is a biopolymer,
eco-friendly and water soluble [12—14]. It has ability to
dissolve high concentrations of a wide variety of metal
salts and an excellent film-forming capacity. It has semi-
crystalline nature which occurred in two phases (amor-
phous and crystalline). Amorphous phase enhances higher
ionic conduction in the system meanwhile crystalline
phase provides strong mechanical support to the polymer
electrolytes. Its charge storage capacity can be influenced
by the addition of inorganic salt-like CdCl,, to provide
good amorphous and compatible nature.

Cadmium chloride is a compound of cadmium and chlorine
having rhombohedral symmetry. It is a hygroscopic solid and
highly soluble in water. Cadmium is resistant to corrosion, and
as a result, it is used as a protective layer when deposited on
other metals. It is also used for photocopying, dyeing, and
electroplating. It is a fast ion-conducting salt and very mallea-
ble in a number of crystalline and amorphous materials. Its
incorporation in a polymeric system may be expected to allow
the more free charges, and these free charges contribute to
development of the charge transportation mechanism and
inter-intra electronic transition [8, 15, 16]. In particular, the
investigation on the structural, thermal, and conductivity prop-
erties of well-defined clusters of CdCl,-doped HPMC has
attracted considerable attention. Keeping these aspects in
view, this study has been undertaken and efforts have been
made to form stable polymer electrolyte complexes. Several
experimental techniques like X-ray diffraction (XRD), SEM,
differential scanning calorimetry (DSC), and direct current
(dc) electrical conductivity were carried out to characterize
these polymer electrolyte films.

Experimental

Materials used and preparation of polymer electrolyte films
Pure HPMC and various compositions of complexed films of
HPMC with CdCl, salt were prepared by solution cast method

using double distilled water as solvent. Hydroxypropyl meth-
ylcellulose (HPMC E15LV), which contained methoxy group
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(23.8 %) and hydroxypropoxy group (8.3 %), was purchased
from Loba Chemicals India. Cadmium chloride (CdCl,) was
purchased from S. D. Fine Chemicals India. To prepare the
polymer electrolyte films, HPMC polymer was blended with
inorganic salt of CdCl,. Here, 5 g of HPMC is dissolved in
100 ml double distilled water. The mixture is homogenized by
stirring for 8 h. The completely soluble homogeneous solution
was filtered through Whatman No 41 filter paper and
degassed. To this clear solution, the desired amounts of CdCl,
(1-4 %) (wt.%) was added and stirred continuously for 2 h.
Then, the clear solution of HPMC with various concentrations
of CdCl, was poured on to a clean and leveled glass plates
(30 cm*40 cm) to evaporate at room temperature for 5 days
and peeled off from the glass plate. The final films were
vacuum dried thoroughly and stored in desiccators to avoid
the absorption of moisture.

CdCl, is hygroscopic in nature, and the higher concentra-
tion of CdCl, has got the tendency to absorb more moisture.
However, HPMC:CdCl, (5:5) polymer films were also pre-
pared, and it was found that with increasing concentration of
CdCl,, the films obtained are not stable and are not with
uniform thickness. Hence, the optimal doping with CdCl, is
carried out only up to 4 %, and polymer electrolyte films of
HPMC:CdCl, (5:1, 5:2, 5:3, and 5:4) with thickness of 0.2—
0.6 mm were prepared.

Instrumentation

The XRD studies of the films were made with an X-ray source
with CuKo radiation of wavelength 1.5406A. The surface
morphology of these polymer films were observed using
JEOL 840, resolution at 20 Kv, 10-nm scanning electron
microscope (SEM). The samples were gold coated using the
sputter coater at 10 mA current under 102 torr vacuum for
3 min before imaging. The differential scanning calorimetry
(DSC) measurements have been taken in the temperature
range of 30200 °C with the help of differential scanning
calorimeter model: METTLER-TOLEDO DSCI1 thermal
analysis system at a heating rate of 10 °C per minute. The
temperature-dependent dc conductivity of the reported poly-
mer electrolyte samples was measured in the temperature
range of 313-383 K using Keithley Programmable Electrom-
eter (Model 617). The disk sample (13 mm in diameter) was
sandwiched between the finely polished stainless steel elec-
trodes. Silver paste is deposited on both sides of the sample for
good electrical contact. The bulk resistance is determined
from the intersection of the high-frequency semi-circle with
the real axis in the complex impedance plots. The electrical
conductivity o is calculated using the formula
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Fig. 1 XRD patterns of pure
CdCl,, pure HPMC, and
HPMC:CdCl, polymer
electrolyte films
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where ¢ is the thickness of the sample in mm, R, is the
resistance in M2 and 4 is the area of the sample in mm?”.

Results and discussion
X-ray diffraction studies

X-ray diffraction is the most employed structural characteri-
zation technique, because it informs on formation of interme-
diate compounds and extended solid solubility between the
components and also, more or less reliably, on the mean grain
sizes of the two phases. Figure 1 presents the XRD analysis
for pure and CdCl, complexes of HPMC polymer electrolyte
films. It was found that pure HPMC shows a broad peak at
20=21.26° (d spacing=4.175A) corresponding to its semi-
crystalline nature of the polymer [17]. This diffraction peak is
shifted to 20.96° (d spacing=4.234 A) in HPMC:CdCl, com-
plexes of 5:1 system and almost at 19.93° (d spacing=4.44 A)
and 18.24° (d spacing=4.91 A) in 5:2 and 5:3 systems of
polymer electrolytes. Whereas for 5:4 system, this diffraction
peak almost disappears. There is a nucleation of crystalline
order which gives an additional Bragg-like reflection almost at
20=27.83° (d spacing=3.20 A) for pure HPMC and is shifted
to around 28°-30° in all other complexed systems with broad
peaks and with decreasing intensity. The mentioned peaks are
less intense and are almost found to be disappearing in the

26 (degree)

polymer electrolyte systems at higher concentrations of CdCl,
indicating that the addition of the salt causes a decrease in the
degree of crystallinity and a simultaneous increase in the
amorphicity of the HPMC complexes. Absence of peaks
corresponding to the CdCl, salt in these complexes indicates
that the inorganic salt is thoroughly mixed with the host
polymer matrices. No sharp peaks were observed for the
higher concentration of the salt in the polymer suggesting
the dominant presence of amorphous phase [18]. Therefore,
it may be confirmed that the complexation has been taken
place in the amorphous phase. This amorphous nature results
in greater ionic diffusivity with high conductivity for polymer
electrolyte systems [19, 20]. From Table 1, it is clear that
percentage of crystallinity decreases with the addition of
CdCl, salt and values are in good agreement with the
interpreted results from XRD patterns. The percentage of the
degree of crystallinity (X,.) was determined from the ratios of

Table 1 Position of the most intense peak 26 (degrees), d value (A) and
the percentage of crystallinity X (%) for pure HPMC and CdCl, com-
plexed HPMC polymer electrolyte films

Sample 20 (%) d value (A) X, (%)
Pure HPMC 21.26 4.18 65.29
HPMC:CdCl, (5:1) 20.96 423 52.66
HPMC:CdCl, (5:2) 19.93 4.44 45.42
HPMC:CdCl, (5:3) 18.05 491 33.29
HPMC:CdCl, (5:4) 16.95 5.72 18.95
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the area under the crystalline peak and the respective halos
using the method [21, 22].
A

Xe=—"—x100 2

where 4. and 4, are the area of crystalline and amorphous
(halo) regions, respectively.

Morphological studies

Scanning electron microscopy is often used to study the
compatibility between the various components of the
polymer electrolytes through the detection of phase sepa-
ration and interfaces [23, 24]. The compatibility of the
polymer matrix and the inorganic dopants has great influ-
ence on the properties like mechanical, thermal, and ionic
conductivity of the polymer electrolyte systems. The SEM
of the pure HPMC and HPMC:CdCl, complexes of 5:1
and 5:4 polymer electrolytes are shown in Fig. 2. All
films had a uniform and homogenous type surface but
with different degrees of roughness. SEM of pure HPMC
films exhibits no features attributable to any crystalline
morphology, so the semi-crystallinity of HPMC is likely
to be submicroscopic in nature. The increase in the degree
of roughness and dense structure with the increasing con-
centration of the salt indicates the segregation of the
dopant in that host polymer matrix. The two-phase micro-
structure in the SEM image reflects the phase separation
at different concentration (5:1, 5:4) of CdCl, salt. There-
fore, morphological studies clearly indicate the phase
segregation phenomenon in these complexed polymer
electrolyte systems.

DSC studies

The DSC thermograms for pure HPMC and
HPMC:CdCl,, (5:1) and (5:4), are shown in Fig. 3. Pure
HPMC shows broad endothermic transition starting from
50 to 91 °C with a broad peak value at 72.16 °C [22].
This shifts to 83 and 103 °C in the HPMC:CdCl, (5:1,
5:4) systems indicating the presence of CdCl, in the
polymer matrix increases the melting temperature and
thermally more stable. Both pure and HPMC:CdCl, sys-
tems show only one endothermic broad peak. This peak
shifts towards to higher temperature as the salt concentra-
tion increases. The enthalpy was calculated from the heat
flow integral. Table 2 shows the enthalpy of fusion (AH))
which is given by the area under the melting endotherm
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Fig. 3 DSC curves of pure
HPMC and HPMC/CdCh, (511, a. Pure HPMC
5:4) polymer electrolyte films b. HPMC:CdCI (5:1 )
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decreases for all HPMC:CdCl, complexes. Here, the
enthalpy of fusion is normalized to the weight of HPMC in
the complexes. The relative percentage of crystallinity
reduces in all HPMC:CdCl, polymer films. From Table 1,
it is clear that the percentage of crystallinity reduces in all
polymer electrolyte complexes when compared with the
pure HPMC polymer films. However, the crystallinity
reduces to a minimum of 19 % for the HPMC:CdCl,
complex of 5:4 ratio compared with the 65 % crystallinity
for the polymer host.

Electrical conductivity studies

The variation of conductivity as a function of temperature
for pure HPMC and various concentrations of CdCl, (1,
2, 3, and 4 wt %)-doped polymer electrolyte films in the
temperature range of 313-383 K are as shown in Figs. 4

Temperature (c)

and 5. The temperature dependence of electrical conduc-
tivity (o) follows Arrhenius eq.

o = apexpl 7H7)

3)

where oy is the pre-exponential factor, £, is the activation
energy, k is the Boltzmann constant, and 7'is absolute temper-
ature. From plots of Fig. 4, it is clear that the conductivity is
found to increase with increase in temperature for pure HPMC
as well as in all the compositions of HPMC:CdCl, polymer
electrolyte films. The conductivity versus temperature plots
follow Arrhenius behavior; similar behavior was observed in
number of other polymer electrolyte systems [8, 25-29]. From
Table 3, the conductivity of pure HPMC is about 6.530x 10~°
Sem™! at temperature 313 K, which shows the polymer is
almost non-conducting which may be because at sub-ambient

Table 2 Heat of fusion (AH)),

peak temperature for pure HPMC Sample Onset Endset Peak temperature Enthalpy of fusion
and CdCl, complexed HPMC O °C) °C) (AHp J/g
polymer electrolyte films
Pure HPMC 50.12 91.28 72.16 146.32
HPMC:CdCl, (5:1) 62.23 114.15 83.00 116.62
HPMC:CdCl, (5:4) 79.07 131.52 102.5 41.76
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Fig. 4 Variation of conductivity
with temperature
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temperature HPMC shows a higher crystalline ratios which
decreases the ionic conductivity. However for pure HPMC
and HPMC:CdCl, complexed films, increase in temperature
leads to the increase in ionic conductivity, because as the
temperature increases, the polymer chain flex at increased rate
to produce more free volume resulting in enhanced polymer
segmental mobility. This dependence of the dc conductivity at
various CdCl, concentrations from Fig. 5 can be explained as
follows. At the beginning, increasing the CdCl, concentration
would result in an increase in the number of charge carriers
created. This increasing number of carriers will continue to
take place as the salt concentration increases until we ap-
proach a situation at which most of the possible charge carriers
are already created. After this threshold concentration limit,
we might expect no more increase in the dc conductivity, and a
saturation limit might be achieved. The increase in conductiv-
ity with increase in temperature may be attributed to the
transitions from crystalline to semi-crystalline phase and then
to amorphous phase and is interpreted as hopping mechanism
between local coordinate sites, local structural relaxation, and
segmental motion of the polymer [30]. This decrease in the
degree of crystallinity and increase in the amorphousity was
confirmed with XRD studies. The properties of the amor-
phous phase obviously play a major role in determining the
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Temperature (k)

overall response of the material. As the amorphous region
increases progressively, however, the polymer chain acquires
faster internal modes in which bond rotations produce seg-
mental motion; this in turn favors the hopping interchain and
intrachain ion movements; hence, the conductivity of the
polymer electrolytes becomes high. The activation energy E,,
is a combination of defect formation and defect migration,
which can be calculated from the slope of log o versus 1000/T
plots from Fig. 5 using expression

E, = Slope X 2k (4)

where E,, is the activation energy (eV) and £ is the Boltzmann
constant.

Values of temperature-dependent ionic conductivity and
activation energy for pure HPMC as well as CdCl, complexes
of HPMC polymer electrolyte films are listed in Table 3. The
activation energies in the two regions (region I and region II)
show a decreasing trend as the dopant concentration increases
which may be explained in terms of formation of charge
transfer complexes. However, for the electrical conductivity
at different concentrations of CdCl,-doped HPMC in regions I
and II, cadmium ions are coordinated through ionic bonds
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Fig. 5 Temperature-dependent
conductivity of pure HPMC and
HPMC:CdCl, polymer
electrolyte films
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with the hydroxyl group belonging to the different chains in
HPMC. This, in turn, reduces the intermolecular interaction
between chains and expands the space between them. In other
words, the addition of cadmium increases the volume required
for ionic carriers drift in the polymer. This leads to an increase
in the ionic mobility and a reduction in the activation energy.
This is in complete accordance with the observed results from
the graph; also, this is in good agreement with the earlier
reported results [8, 9] and indicates the low activation energy
for CdCl, ion transport is due to dominant presence of amor-
phous nature of polymer electrolyte that facilitates the fast
Cd*" ion motion in polymer network. The amorphous nature
also provides a bigger free volume in polymer electrolyte

28
1000/T (k")

system with the increase in temperature [31]. It is observed
that HPMC:CdCl, (5:4) system has the highest conductivity
and low activation energy region when compared with pure
and other complexes of HPMC.

Conclusion

The complexation of the salt with the host polymer is confirmed
by XRD studies. XRD studies show the decrease in the degree of
crystallinity and the simultaneous increase in amorphousity of
the HPMC:CdCl, polymer electrolyte films, as the salt

Table 3 Conductivity values at

different temperatures for pure Sample Conductivity (o) (Sem™) Activation energy (eV)

HPMC and HPMC:CdCl, poly-

mer electrolyte films 313 K 333 K 363 K 383 K Region | Region IT
Pure HPMC 6530E°  9372E°  2012E®  3947E® 065 0.42
HPMC:CdCl, (5:1) 1.099E”7 1515E7  6371E7  8866E7 0.8 0.33
HPMC:CdCl, (522)  2382E7  3.165E 1.197E ¢ 1718E°¢ 042 0.29
HPMC:CdCl, (5:3)  4352E7  7658E’  2711E® 3150E° 039 0.19
HPMC:CdCl, (5:4) 1014 E° 1493E°®  4689E°  5383E°® 035 0.16
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concentration increases. SEM analysis of pure and CdCl, com-
plexed polymer electrolyte films is of uniform type but with
different degrees of roughness and exhibits no features attribut-
able to any crystalline morphology. DSC results revealed that the
presence of CdCl, in the polymer matrix increases the melting
temperature of the polymer electrolyte films. It is observed that
the heat of fusion (AH)) is high for pure HPMC films. The
observed dc conductivity increases with the increasing tempera-
ture and the salt concentration. This increase in the ionic con-
ductivity is attributed to the decrease in the degree of crystallinity
and the simultaneous increase in amorphousity, also the hopping
mechanism of ion movement as ions primarily transport in
amorphous phase. The activation energy values obtained from
conductivity data for both the regions (region I and region II)
decrease as the ionic conductivity increases, which confirms that
the conduction in these polymer electrolytes is predominantly
ionic. Therefore, this material establishes a new polymer electro-
lyte system. The HPMC:CdCl, (5:4) system increases the amor-
phous phase and enhances the ionic conductivity. Thus, the
polymer electrolyte systems HPMC:CdCl, with an enhanced
amorphous phase and conductivity requires further investigation
for electrochemical cell device applications.
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