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Abstract This paper reports on preparation and characteriza-
tion of thin films of a new zinc ion conducting blended poly-
mer electrolyte system containing polyethylene oxide [PEO]
and polypropylene glycol [PPG] complexed with zinc triflate
[Zn(CF3S05),] salt. The room temperature ionic conductivity
(0298K) data of such PEO-PPG polymer blends prepared by
solution casting technique were found to be of the order of
107 S em™', whereas the optimized composition containing
90:10 wt% ratio of PEO and PPG possessed an appreciably
high ionic conductivity of 7.5 107> S cm'. Subsequently,
six different weight percentages of zinc triflate viz., 2.5, 5, 7.5,
10, 12.5 and 15, respectively, were added into the above poly-
mer blend and resulting polymer-salt complexes were charac-
terized by means of various analytical tools. Interestingly, the
best conducting specimen namely 87.5 wt% (PEO:PPG)-
12.5 wt% Zn(CF;3S053), exhibited an enhanced room temper-
ature ionic conductivity of 6.9 x 10°* S cm™" with an activa-
tion energy of 0.6 eV for ionic conduction. The present XRD
results have indicated the occurrence of characteristic PEO
peaks and effects of salt concentration on the observed inten-
sity of these diffraction peaks. Appropriate values of degree of
crystallinity for different samples were derived from both
XRD and DSC analyses, while an examination of surface
morphology of the blended polymer electrolyte system has
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revealed the formation of homogenous spherulites involving
a rough surface and relevant zinc ionic transport number was
found to be 0.59 at room temperature for the best conducting
polymer electrolyte system thus developed.

Keywords Polymer electrolyte - PEO:PPG blend - Zinc
triflate - Solution casting technique - Ionic conductivity

Introduction

Polymer electrolytes have received an immense attention due to
their wide range of applications in fuel cells, electrochemical
devices and solid state batteries. Furthermore, these polymer
electrolytes are well known for certain advantages they possess
over conventional liquid electrolytes, some of which include
their high flexibility, leak-proof nature, feasibility of miniaturiza-
tion, lack of corrosion and mechanical strength [1-5]. However,
such polymer electrolytes are not practically viable for direct
utilization in high-energy power sources due to their low ionic
conductivity values noticed at ambient temperatures [6].

In this context, polyethylene oxide (PEO), a semi-
crystalline polymer, possessing both amorphous and crystal-
line phases at room temperature, is one of the extensively
studied polymeric ionic conductors due to its capability to
solvate elevated concentrations of salts through ion—dipole
interactions occurring between metal ions incorporated and
ether oxygen atoms existing within the polymeric network
structure [7]. Though polyethylene oxide (PEO)-based poly-
mer electrolytes exhibit ionic conduction, they do not yield
high ionic conductivity values at ambient conditions due to
the retardation of ionic transport imposed mainly by the exis-
tence of a highly crystalline phase [8]. The dynamics of poly-
mer chain and local segmental motion prevalent in these elec-
trolytes are in particular crucial for the feasibility of ion
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conduction mechanism. Therefore, in order to reduce the ex-
tent of crystallinity of PEO, a number of techniques such as
addition of suitable plasticizers or polar solvents, blends, co-
polymers, comb-branch polymers, cross-linked “networks”,
etc. are universally preferred [9-11]. Furthermore, incorpora-
tion of inorganic fillers into the host polymer electrolyte is also
an effective approach so as to improvise the mechanical sta-
bility and enhance ionic conductivity [12].

Interestingly, polymer blending is one of the easiest and
successful means to reduce the degree of crystallinity of a host
polymer and improve its electrical and structural features [13].
Usually, physical properties of such blends are very much
dependent on their phase morphology, degree of mixing and
type of interfacial interaction existing between two polymeric
components [14, 15]. Many polymer blends exhibit properties
that are more conducive than that of individual constituent
polymers [16]. The addition of a polymer of lower molecular
weight as a blend helps in increasing the local chain flexibility
and segmental mobility of the host polymer and hence influ-
ences the observed ionic conductivity value too.
Consequently, an apparent increase in the flexibility of a poly-
mer chain decreases the glass transition temperature 7, of a
blended electrolyte system which in turn increases its ionic
conductivity [17]. Moreover, dielectric constants of polymers
also considerably influence the ionic conductivity of blended
polymer electrolytes. Low ionic conductivity value is usually
ascribed to those polymers with low dielectric constant values
whereas polymers of higher dielectric constant with low vis-
cosity and low molecular weight tend to increase the measured
ionic conductivity of the system [17].

During the present endeavour, it is planned to blend PEO
host polymer (M, =5,000,000) in conjunction with a liquid-
like amorphous polymer namely polypropylene glycol (PPG,
M, =2700). It has been reported earlier that addition of PPG
into the crystalline PEO matrix would increase the ionic con-
ductivity of PEO-based electrolytes [18, 19]. The low viscosity
of PPG enhances the mobility of carriers and its lower melting
temperature (—30 °C) and glass transition temperature (—73 °C)
result in an increase in the amorphous content of the blend
polymer electrolyte. Furthermore, the higher dielectric constant
of PPG (e ~ 32) as compared to that of PEO (€ ~ 5) helps in the
dissociation of ion aggregates eventually increasing the value
of effective ionic conductivity of the electrolyte system [17].

Development of polymer electrolytes generally depends on
incorporating ionizable salts in a suitable polar polymer host
matrix. Interaction of PEO with transition metal triflates is a
newly emerging research area due to its copious applications
in several fields, such as thin film power devices and sensors
[8]. Interestingly, PEO has a high solvating capacity for alkali
metal salts and effortlessly forms flexible films. Recently, zinc
ion conducting electrolytes have received an increased atten-
tion due to their distinct advantages over their lithium equiv-
alence such as non-toxicity, natural abundance, low cost and
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high specific and volumetric energy density values [20, 21]
apart from low power applications [22]. A careful analysis of
relevant scientific research has confirmed that no comprehen-
sive analysis or characterization pertaining to the impact of
zinc triflate, Zn(CF;SO3),, incorporation into the PEO:PPG
blend polymer electrolyte system has been carried out so far.
Therefore, the present work intends to account for the exper-
imental investigation involving preparation, morphological,
structural and thermal characterization along with ionic con-
ductivity measurements and cationic transport measurements
on a thin film polymer electrolyte system consisting of PEO-
PPG blend complexed with different amounts of zinc triflate
ZH(CF3SO3)2 salt.

Experimental techniques
Materials

Commercially available starting materials including PEO
M, =5x%10° PPG M, =2700 and Zn(CF;S0;),
M, =363.53 (which is also chemically known as zinc
trifluoromethane sulfonate) were procured from Sigma-
Aldrich, USA. Zn(CF5SOs), was dried at 100 °C for an hour
prior to use in order to eliminate any trace of moisture present
within the salt. Analar grade acetonitrile was employed as the
common solvent for the preparation of thin film specimens of
all the polymer electrolyte systems.

Preparation of blended polymer electrolyte systems

Initially, appropriate amounts of the chosen pair of polymers
namely PEO and PPG corresponding to five different wt%
ratios of 98:2, 96:4, 94:6, 92:8 and 90:10, respectively, were
dissolved in acetonitrile and the solution mixture was contin-
uously stirred for 6 h at 40 °C by means of magnetic stirrer.
Subsequently, the solvent was allowed to get evaporated with
a constant stirring process performed at room temperature.
The homogenous residual solution thus derived was then cast
onto glass petri dishes followed by a careful vacuum drying
procedure carried out at 40 °C over a period of 24 h. Thin film
specimens of PEO-PPG blends thus obtained from solution
casting technique were found to be of 80 to 100 um thickness.
All such samples were suitably stored in vacuum desiccators
for further analysis.

In order to obtain a variety of thin film specimens of PEO-
PPG-Zn(CF3S03), system, preliminary investigations related
to room temperature impedance spectroscopic measurements
were performed on all the freshly prepared PEO-PPG polymer
blends. It was found that the optimized composition namely
90:10 wt% ratio of PEO and PPG would possess an apprecia-
bly high ionic conductivity at room temperature. Therefore,
this particular polymer blend denoted as (PEO:PPG) in all the



Ionics (2016) 22:2399-2408

2401

following sections was treated as the effective host polymer
matrix for subsequent incorporation of the chosen dopant salt
namely zinc triflate, Zn(CF;SOs3),. Eventually, six different
concentrations involving 2.5, 5, 7.5, 10, 12.5 and 15 weight
percentage of zinc triflate salt were dissolved in respective
acetonitrile solutions containing (PEO:PPG) polymer blend
and the same procedure of solution casting technique as men-
tioned above was repeated for obtaining a new series of the
blended polymer electrolyte system PEO-PPG-Zn(CF5S05),.
These free-standing thin film samples of approximately 100
micron thickness were subjected to various characterization
techniques during the course of the present investigation.

Characterization techniques
Electrochemical impedance spectroscopy

Ionic conductivity measurements on various thin film speci-
mens of PEO-PPG polymer blend and (PEO:PPG)-
Zn(CF3S03), blended polymer electrolyte systems were per-
formed by means of impedance spectroscopy using a Hewlett-
Packard model HP4284A Precision LCR Meter controlled by
a computer. The sample film under test was positioned be-
tween a pair of spring-loaded stainless steel disc electrodes.
Detailed temperature-dependent ionic conductivity measure-
ments were carried out over the frequency range 1 MHz—
20 Hz with an applied excitation voltage of 50 mV in the
temperature domain 298-333 K by mounting the sample hold-
er containing the sample inside a temperature-controlled fur-
nace maintained at an accuracy of £5 K.

Impedance plots have been carefully analysed by means of
Boukamp equivalent circuit software package incorporated
within the computer. Thus, the values of room temperature
ionic conductivity (0,9gx) for all the five different composi-
tions were evaluated using the relation:

t

Uzm (1)

where ¢ denotes the thickness of the sample film, A contact
area of the film and Ry, is the bulk resistance value derived
from the corresponding Nyquist plot.

Transport number measurements

Ionic transport number measurement is one of the vital char-
acterization techniques in the optimization of a polymer elec-
trolyte for battery application and an appreciably high trans-
ference number value would indicate a rapid charge-discharge
characteristic which is widely desirable [23-25]. Ionic con-
ductivity in the case of an electrolyte is essentially the sum
of the contributions of both cations and anions under the ap-
plication of an external electric field. The corresponding

transference number represents the fraction of current carried
by either the cation or anion within a polymer electrolyte.
Normally, cations and anions have different transference num-
bers owing to the difference in their ability to move around
within the system [26]. The ionic transport number (f,,2+) of
polymeric zinc electrolytes under investigation could be ob-
tained by employing dc polarization technique with the aid of
stainless steel blocking electrodes whereas the appropriate
cationic transport number may be determined by AC/DC po-
larization technique with zinc electrodes as non-blocking elec-
trodes [27]. In order to determine the mobility of ionic species
in the case of freshly prepared blended polymer electrolyte
system, transport number measurements were performed fol-
lowing the procedure proposed by Evans et al. [28] using the
relationship,

th2+ _ ?(AV_IORO) (2)
o(AV-I(Ry)

where AV is the constant dc voltage applied to polarize the
electrolyte specimen, Iy, initial current, [, final steady-state
current, whereas R and R, denote the total interfacial resistance
of the symmetric electrolytic cell before and after polarization.
Accordingly, the best conducting composition of the polymer
electrolyte system PEO:PPG-Zn(CF;3S03), was subjected to an
appropriate combination of DC potentiostatic polarization and
AC impedance techniques. For this purpose, a cell of contact
area 0.5 cm” was prepared by sandwiching the blended poly-
mer electrolyte specimen between a pair of reversible non-
blocking zinc electrodes configured as Zn/sample/Zn. Zinc
electrodes (thickness 0.25 mm) employed in the cell fabrica-
tion were earlier procured from Sigma-Aldrich and polished
before use. This cell was subjected to DC polarization by ap-
plying a voltage (AV) of 100 mV by means of Keithley model
6517A electrometer at room temperature and the variation of dc
current as a function of time was recorded. The values of resis-
tance of the cell before and after polarization were measured by
means of impedance spectroscopy as stated earlier.

Structural analysis

X-ray diffraction (XRD) experiments were performed on all
the series of freshly prepared thin films using a Siefert model
SF60 X-ray diffraction system with Cu—K,, radiation (wave-
length, A=1.5406 A) at room temperature in the scanning
angle (260) range between 10° and 80°. The average crystallite
size (1) of PEO has been estimated by means of Scherrer
formula [29] as given by

L 0.9\
~ [Cosh

(3)

where ) is the wavelength of X rays and (3 is the full width at
half maxima of the individual XRD peak. The values of
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degree of crystallinity () were obtained for all the samples
by deconvoluting the XRD peaks due to amorphous and crys-
talline phases [30] using peak separation software Origin Pro8
and according to the equation:

—_ [C
I+ 1,

Xe (4)
where I, represents the total crystalline area and 7, represents
the amorphous area observed in various diffraction patterns.

Thermal analysis

Thermal analysis in terms of differential scanning calorimetry
(DSC) was carried out by means of a NETZSCH model DSC
200F3 system over the temperature range —50 to 150 °C at a
heating rate of 10 °C/min. During each DSC measurement,
samples weighing 5 to 10 mg were hermetically sealed in
aluminium pans whereas an empty aluminium pan was gen-
erally employed as the reference pan. Nitrogen (N,) atmo-
sphere has been maintained throughout within the thermal
analyser so as to shun the undesirable moisture exposure of
the sample and to provide necessary inert environment as
well. The degree of crystallinity, ., was calculated using the
formula,

x 100% (5)

where AH,, represents the melting enthalpy of the sample and
AHy,, represents the melting enthalpy of 100 % crystalline
PEO =213.1 J/g [31]. Since PPG is essentially an amorphous
polymer, PEO has been considered as a homopolymer.

Surface morphology analysis

The structural and morphological features of (PEO:PPG)
polymer blend and best conducting composition of the present
blended polymer electrolyte system (PEO:PPG)-
Zn(CF5S03), were examined using a Hitachi SU6600 model
field emission scanning electron microscope (FESEM) at
room temperature with a view to understand their physico-
chemical aspects and relevant correlation to the observed ionic
conductivity behaviour in a meaningful fashion.

Results and discussion
Ionic conductivity results
Figure 1 depicts the set of Nyquist plots observed for five

different thin film specimens of the PEO-PPG polymer blend
corresponding to wt% ratios of 98:2, 96:4, 94:6, 92:8 and
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Fig. 1 Nyquist plots obtained for five different compositions of PEO-
PPG polymer blend at 298 K

90:10, respectively, at room temperature (298 K). The values
of bulk resistance (Ry,) for individual samples could be esti-
mated accurately from the resultant intercept of the semicircu-
lar impedance plot obtained on the axis of the real part (Z') of
the relevant Nyquist plot as represented in Fig. 1. It is inter-
esting to note that the room temperature ionic conductivity
(0205k) data thus evaluated for the series of five different thin
film samples of PEO-PPG blend were 3.1 x 10°°,3.7x107°,
53%x107°, 6.1x10° and 7.5x10> S cm ', respectively,
thereby revealing the fact that an optimized composition
viz., 90:10 wt% PEO:PPG would exhibit the maximum ionic
conductivity of 7.5x 107> S cm ! at ambient condition.
Hence, the above-optimized composition of the PEO-PPG
polymer blend has been designated as (PEO:PPG) and used
as the effective host matrix for further doping with the chosen
salt namely zinc triflate, Zn(CF5SO3),, during the current en-
deavour. In this context, it may be noted that the blend forma-
tion in the case of the binary system PEO-PPG was reported to
be compatible only over a very limited range [19, 32]. The
present work has also suggested that further increase in the
content of PPG beyond 10 wt% within the PEO-PPG blend
would result in the formation of physically unstable, pasty and
liquid-like nature of materials as final products.

The room temperature Nyquist plots pertaining to six dif-
ferent compositions of (PEO:PPG)-Zn(CF;S0;), polymer
electrolyte system containing 2.5, 5, 7.5, 10, 12.5 and
15 wt% salt, respectively, are shown in Fig. 2. It is evident
from Fig. 2 that each plot is characterized by a high frequency
semicircle and a low frequency spike inclined at an angle with
the Z' axis. The observed semicircle may be ascribed to the
bulk relaxation process whereas the spike may correspond to
the build-up of charge carriers occurring at the electrode/
electrolyte interface [33]. The room temperature ionic conduc-
tivity data along with designation of samples and their
polymer-salt compositions in the case of PEO:PPG-
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Fig. 2 Nyquist plots observed for various compositions of (PEO:PPG)-
Zn(CF;3S03), polymer electrolyte system at room temperature (298 K)

Zn(CF5S03), system are tabulated in Table 1. With a view to
understand the nature and extent of influence of the content of
Zn(CF;S03), salt on the polymer blend host, (PEO:PPG) in a
systematic manner, Fig. 3 shows the variation of room tem-
perature ionic conductivity (c,9gx) for the PEO:PPG blend as
a function of salt concentration. It is seen from Fig. 3 that as
the salt concentration increases from 2.5 to 12.5 wt%, ionic
conductivity increases in a steady fashion. However, the
highest ionic conductivity value of 6.9 x 10°* S cm ™ exhibit-
ed by the typical composition designated as PZ5 may be at-
tributed to the most favourable segmental motion of the poly-
mer chain involving mobile Zn** ions provided by the doping

Table 1 Room temperature ionic conductivity (o,9gx) data for various
compositions of (PEO:PPG)-Zn(CF;S0s3), system

Designation Composition of polymer electrolyte ~ Room temperature
ionic conductivity

PEO:PPG wt % Zn(CF3SO03), Wt % 05 (S cm ')

PZ1 97.5 2.5 1x107*

PZ2 95 5 13x107*
PZ3 925 75 26%x104
PZ4 90 10 57x107*
PZ5 87.5 125 6.9%x107*
PZ6 85 15 51x107*
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Fig. 3 Variation of ionic conductivity of (PEO:PPG)-Zn(CF5S03),
polymer electrolyte system as a function of salt concentration

of Zn(CF3S03), salt in these compositions wherein the opti-
mized concentration of the salt may correspond to 12.5 wt%
loading into the (PEO:PPG) host matrix [21, 22, 34]. On the
other hand, when the amount of zinc triflate is increased from
12.5 to 15 wt%, the value of measured ionic conductivity
decreases. Such behaviour may be attributed to possible ion
aggregation occurring at the loading of 15 wt% zinc triflate
thus leading into the predominant effect of a short-range ion-
solvent interaction and hence feasible reduction in the effec-
tive number of charge carriers available for migration at salt-
rich concentrations [35], i.e. beyond 12.5 wt% loading of zinc
triflate into the (PEO:PPG) polymer blend. It is also interest-
ing to infer from Fig. 3 that all the chosen compositions of
(PEO:PPG)-Zn(CF5S0s3), blended polymer electrolyte sys-
tem possess ionic conductivities of the order of 10°* S cm ™’
at room temperature as summarized in Table 1. In other words,
it is apparent that incorporation of zinc triflate, Zn(CF3;S0O3),,
as the dopant salt has effectively enhanced the ionic conduc-
tivity of the host matrix namely (PEO:PPG) polymer blend by
an order of magnitude from 10> to 10 * S cm ' at ambient
temperature. It is therefore anticipated that further characteri-
zation of these new series of blended polymer electrolytes
would throw more light on their physico-chemical character-
istics and enable analysis of the precise conduction mecha-
nism involved and related electrochemical processes too.
Figure 4 indicates the variation of observed ionic conduc-
tivity (o) over the temperature region 298-333 K in the case of
(PEO:PPG)-Zn(CF5S03), polymer electrolyte system having
six different concentrations of Zn(CF5SOs), viz., 2.5, 5, 7.5,
10, 12.5 and 15 wt%, respectively. It is obvious from these
plots that as the temperature increases the value of o also
increases in good agreement with the Arrhenius relationship,

0 = 0pexp (—Ea/kT) (6)
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Fig. 4 Ionic conductivity observed as a function of temperature for
various compositions of (PEO:PPG)-Zn(CF;S03), system over the
temperature range 298-333 K

where o, is the pre-exponential factor, £, activation energy for
conduction, £ Boltzmann constant and 7 is the absolute tem-
perature [36]. This behaviour may be attributed to the most
probable ion-pair dissociation occurring due to the waning of
coulombic forces that hold these ion-pairs together, thereby
providing more number of ions for ionic conduction at elevat-
ed temperatures [21]. The fact that all the observed Arrhenius
plots (Fig. 4) exhibit well-defined linear dependency in terms
of the variation of ¢ as a function of inverse absolute temper-
ature undoubtedly suggests the existence of an Arrhenius-type
of thermally activated process occurring in these specimens
involving the transport of Zn>* ions. In essence, it is inferred
that as the temperature is raised, the blended polymer electro-
lyte namely (PEO:PPG)-Zn(CF;S05), would expand easily
and create free volume within the polymeric framework. As
a result, an enhanced polymer segmental motion involving
more number of mobile Zn** ions as well as solvating mole-
cules may be expected to occur thereby yielding an improved
ionic conductivity as well [12, 37]. Further, the values of ac-
tivation energies (F,) estimated from the slopes of the set of
linear fit of Arrhenius plots shown in Fig. 4 are found to be
0.61, 0.67, 0.73, 0.63, 0.6 and 0.62 eV, respectively, corre-
sponding to 2.5, 5, 7.5, 10, 12.5 and 15 wt% Zn(CF;SO3),
considered during this work. It is interesting to notice that the
best conducting blended polymer electrolyte system PZ5 pos-
sesses the lowest E, value too.

Cation transport number data
It is essential to determine the mobility of zinc ions by trans-
ference number (transport number) measurements in order to

substantiate the ionic conductivity data reported in the previ-
ous section of this paper. The zinc ionic transport number
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(t,,2+) indicating the cationic mobility in the present best
conducting (PEO:PPG)-Zn(CF3S03), blended polymer elec-
trolyte system was determined by combining DC
potentiostatic polarization and AC impedance techniques as
reported by Evans et al. [28]. The initial and steady-state cur-
rent values were deduced from the polarization current-time
plot as shown in Fig. 5. The Zn/PZ5/Zn cell was subjected to
AC impedance measurement before the application of the dc
potential and after the steady-state was reached in order to
extract the values of its initial and final resistance from the
respective Nyquist plots.

In the present investigation, the value of zinc ionic trans-
port number was found to be 0.59 at room temperature
(298 K) which indicates the mobility of zinc cations in good
agreement with earlier reports [34, 35]. Initially when the dc
potential is applied, both Zn** cations and CF3SO;™ anions
would move towards zinc electrodes contributing the initial
current (/y), and after a sufficiently long time when the steady
state is reached, the value of current (/) is due to zinc ions
solely [35]. This transference number value may be attributed
to the ease of dissociation of Zn** cations from the coordinat-
ing ether oxygen of PEO polymer and due to local segmental
relaxation [38] also and hence it could be inferred that charge
transport within the chosen blended polymer electrolyte is
mainly due to cationic motion. The ionic transport within a
polymeric matrix requires free volume and rearrangement of
polymer segments. Polymers with flexible back-bone like
PEO and PPG are expected to exhibit efficient packing, and
therefore ion transport is strongly associated with local seg-
mental relaxation of the polymer. Hence, the enhanced value
of ionic conductivity of the order 10* S cm ™" as reported in
this paper has been confirmed by the realization of a signifi-
cant transport number value which in turn throws more light
on the relevant charge transport mechanism as well.

0.45
-1 87.5% (PEO:PPG) - 12.5% Zn(CF,SO,),
AV =100mV
0.40 |
<
3
€
g 0.35
5
o
0.30
I
'
0.25 T T T T T
0 100 200 300 400
Time (min)

Fig. 5 DC polarization current versus time plot for Zn/PZ5/Zn cell at
298 K
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X-ray diffraction (XRD) data

The room temperature XRD patterns observed for the various
compositions of (PEO:PPG)-Zn(CF;S03), blended polymer
electrolyte system are shown in Fig. 6. The appearance of well
defined and sharp XRD peaks tends to indicate the presence of
crystalline phase of PEO. All the six different samples exhibit
two distinct crystalline peaks corresponding to PEO, while a
maximum intensity peak is noticed at 26 = 19.3° and another
diffraction peak is seen at 23.5°. It is observed from Fig. 5 that
the relative intensity of these peaks decreases whereas the
amorphous nature of the host polymer blend increases with
an increase in the amount of zinc triflate, Zn(CF5;SO3),, from
2.5 to 12.5 wt%. The correlation between the observed inten-
sity of peak and degree of crystallinity was reported by Hodge
etal [39]. It was suggested that the intensity of an XRD pattern
decreases as the amorphous nature increases with the addition
of a dopant. Such an amorphous nature in turn results in a
better ionic diffusivity and hence elevated ionic conductivity,
which could be observed in the case of amorphous polymers
and certain semi-crystalline polymers having flexible back-
bone structures. The halo noticed in the XRD pattern further
establishes the presence of an amorphous PPG in various
specimens. The fact that no peaks corresponding to pure
Zn(CF3S03), are observed in the freshly prepared thin film
samples of the present polymer blend electrolyte tends to sig-
nify the complete dissolution of the chosen salt into the
(PEO:PPG) polymer blend matrix.

The calculated crystallite size () of PEO is found to vary
from 3 to 10 nm for all the different compositions of the
system. The values of degree of crystallinity (x.) obtained
for all the samples by deconvoluting those XRD peaks due
to amorphous and crystalline phases are presented in Table 2.
As reported in Table 2, the degree of crystallinity of the

I Pzs
_,_J\\.L,—\_; PZ5
_/.//\’/\»\_ Pz4

PZ3

\_J\J\/-\‘ PZ2
__/AJ\,-_\ PZ1

T T T
20 40 60 80

20 (degree)

Intensity (a.u.)

Fig. 6 Room temperature XRD patterns for various compositions of
(PEO:PPG)-Zn(CF;S03), system

electrolyte is found to decline from 57.9 to 36.4 % with the
addition of zinc triflate salt from 2.5 to 12.5 wt%.
Interestingly, the minimum crystallinity realized at 12.5 wt%
loading of salt may be attributed to the realization of a higher
amorphous content in the case of PZ5 owing to the most
probable disturbance along the PEO side chain existing as a
result of interaction of Zn* ions in terms of Lewis acid/base
reactions [40]. This feature as inferred from the detailed XRD
analysis is found to be in good agreement with the present
ionic conductivity measurements since the value of ionic con-
ductivity is by and large enhanced by the amorphous phase of
apolymer electrolyte system [19, 21]. Table 2 tends to suggest
that the degree of crystallinity (x.) becomes large at 15 wt%
loading of Zn(CF3S05), salt (PZ6) in consistent with the trend
noticed from the following section dealing with present DSC
results.

Differential scanning calorimetric (DSC) results

The series of DSC thermograms recorded during the present
DSC measurements for six different compositions of the
blended polymer electrolyte system (PEO:PPG)-
Zn(CF3S03), containing 2.5, 5, 7.5, 10, 12.5 and 15 wt%
Zn(CF3S03), are compared in Fig. 7 and their respective
values of glass transition temperature (7;) and melting tem-
perature (7,,,) along with degree of crystallinity () are sum-
marized in Table 2. The typical DSC trace obtained for (PEO/
PPG) polymer blend has also been included in the same figure
for the sake of comparison.

An interesting feature noticeable in these DSC curves is the
fact that the single melting endotherm around 70 °C is observed
in all the samples which is characteristic of PEO-based polymer
electrolytes [41], and that no other transition is evident up to
150 °C. The undoped (PEO:PPG) polymer blend records a
glass transition temperature of =51 °C and melting temperature
of 69.1 °C. As the concentration of zinc triflate salt is increased
from 2.5 to 15 wt%, it is seen that an increase in 7, from —40.1
to —26.6 °C occurs until 12.5 wt% salt content but further
increase in the salt concentration tends to decrease the 7, value
to —28.7 °C. The melting endotherm corresponding to undoped
(PEO:PPG) polymer blend shifts with an addition of zinc
triflate salt from 69.1 to 64.1 °C. This drop has been observed
even for the typical sample PZ6 which is higher than that of the
best conducting sample. This type of behaviour noticed in the
case of the sample containing 15 wt% zinc salt strongly sug-
gests that the amorphous phase content is increasing even be-
yond 12.5 wt% (best conducting PZ5), but a decrease in both
the observed ionic conductivity and its 7, value has been real-
ized. The blocking of ion movement in the conducting path by
higher degrees of ionic aggregates could be responsible for the
drop in the ionic conductivity at 15 wt% zinc triflate loading
[42]. In other words, the fact that a noticeable decrease in 7,
value occurs when the zinc triflate content goes above
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Table 2 Glass transition

temperature, melting temperature, Sample code  Melting Melting enthalpy ~ Glass transition ~ Degree of crystallinity x. (%)
melting enthalpy and degree of temperature 7,,, (°C)  AH,, (J/g) temperature
crystallinity data for (PEO:PPG)- T, (°C) From XRD From DSC
Zn(CF3S03), blended polymer
electrolyte system PZ1 67.9 115.3 —40.1 57.9 54

PZ2 67.8 105.8 —-39.3 47 49.5

PZ3 66.5 104.4 375 46.5 48.9

PZ4 66.5 103.6 —-36 45.1 48.5

PZ5 66.2 72.9 —26.6 36.4 34.1

PZ6 64.1 93.2 —28.7 42.4 43.6

12.5 wt% is an affirmation of this kind of mechanism. Another
prominent feature involves the decrease in the area under the
curve for the melting endotherm which has been related to
changes occurring in the degree of crystallinity of various spec-
imens under consideration. The trend of correlation between
glass transition temperature and ionic conductivity is an obvi-
ous indication that the observed enhancement in ionic conduc-
tivity may possibly be attributed as due to an improved seg-
mental mobility mechanism witnessed in the polymer chains of
the chosen polymer blend electrolyte system.

The fact that degree of crystallinity (x.) considerably de-
creases from 54 to 34.1 % due to the increasing incorporation
of zinc triflate salt has also been confirmed from the detailed
results of thermal analysis presented in Table 2. The observed
minimum degree of crystallinity is attributed to the typical
sample PZ5 which exhibits the highest ionic conductivity at
ambient condition. It is witnessed that the values of degree of
crystallinity as calculated from the present DSC data are in
good agreement with those obtained from XRD analysis thus
confirming the fact that introduction of zinc triflate salt effec-
tively increases the amorphous nature of the chosen blend
polymer electrolyte system.

PZ1

T
e v PZ2
i N/

— PZ3
: Y
< PZ4
3 —\
o
™
s PZ5
T \%

U PZ6
YUndoped PEO:PPG blend
——
-100 -50 0 50 100 150 200

Temperature (°C)

Fig. 7 DSC thermograms observed for various thin film samples of
(PEO:PPG)-Zn(CF;S03), system and undoped PEO:PPG polymer blend
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Surface morphological features

Specific efforts have been made during the course of the pres-
ent investigation towards evaluation of surface morphology in
respect of the chosen blended polymer electrolyte system
based on FESEM. Figure 8a, b depicts the set of FESEM
images observed for thin film specimens of undoped
(PEO:PPG) polymer blend and best conducting polymer elec-
trolyte designated as PZ5, respectively. In the case of PEO-
based polymer electrolytes, reduction in crystallinity phase of
PEO is generally associated with its smooth and even surface
morphology [43, 44]. During the present consideration, the
observed surface morphology of the above film has been
found to be uniformly patterned, though characterized with

Fig. 8 Surface morphology of (a) undoped PEO:PPG blend and (b) best
conducting sample PZ5 by FESEM analysis at 298 K
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different degrees of roughness consisting of spherulites of an
almost identical size as shown in the image similar to earlier
reports [15, 40, 45]. The surface roughness is frequently asso-
ciated with a high surface free energy which may aid the
attachment of particles to the nucleus and in that way would
contribute towards more rapid kinetics of nucleation [46]. The
higher value of ionic conductivity observed in the case of the
particular blend polymer electrolyte is therefore understood to
result from the existence of a lower degree of crystallinity and
uniform morphology, as confirmed from XRD and DSC
studies.

Conclusions

The combined effects of incorporation of PPG and
Zn(CF3S03), on the morphological, structural, thermal and
electrochemical properties of PEO polymeric matrix have
been investigated by means of FESEM, XRD, DSC and im-
pedance spectroscopy methodologies. The typical composi-
tion PZ5 viz., 87.5 wt% (PEO:PPG)-12.5 wt% Zn(CF3S0s3),
records the highest ionic conductivity of 6.9 x 10°* S cm ™' at
298 K and lowest activation energy of 0.6 eV. Arrhenius-type
of thermally activated process was identified over a wide
range of compositions of the blended polymer electrolyte sys-
tem and found to be responsible for the transport of zinc and
triflate ions. The variation of glass transition temperature, T,
and melting temperature, 7},,, in the case of various composi-
tions was evaluated through DSC analysis, whereas the rele-
vant XRD data tend to confirm the fact that addition of zinc
triflate salt considerably decreases the crystallinity of the cho-
sen polymer matrix which also explains the behaviour of ionic
conductivity in these blended polymer electrolytes in a satis-
factory fashion.
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