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‘I
An effort has been made to synthesize PVA based gel polymer electrolyte films by means of solution casting technique doped with silver |
ion in different concentration of polymer and salt (80:20, 70:30 and 60:40 wt.%). The resulting PVA and CH;COOAg gel polymer |
electrolyte (GPE) material came to be analyzed through various characterization methods for instance XRD, FTIR and UV-Vis
spectrophotometry. The analysis of FTIR and XRD confirmed the polymer and salt complexation. The ionic conductivity for prepared |
GPE was evaluated by means of AC impedance studies at room temperature. The highest value of ionic conductivity found for PVA: |
CH;COOAg (30 wt.%) system was found to be 1.422 x 10° S cm™. The optical and cyclic voltammetric analysis have been examined and |
excellent cyclic, reversible performance was observed for the electrolyte PVA:CH;COOAg (70:30 wt.%) up to 10 cycles. |
|

Keywords: Gel polymer electrolyte films, UV-visible spectroscopy, Ionic conductivity, Cyclic voltammetry.

INTRODUCTION

In recent times, electrochemical energy storing appliances
are playing a vital part in the technological applications in
electrical communications, industrial controls, electric tran-
sport, spaceships, laboratory instruments and some techno-
logical devices like computer, etc. Besides, they have stubborn
requirements in the transportable electronic market like remote
controls, pacemakers, toys and in solar cell. In these promising
technologies they are exceedingly demanded for long lasting
performance, environmentally friendly, less expensive, consis-
tent rechargeable batteries with precise power and energy [1].
Such kind of power was acquired in liquid type electrolytes,
which is because of the excellent movement of charge carriers.
However there are some drawbacks that is need to rectify in
liquid electrolyte like leakage of electrolyte from battery, corro-
sion of electrode due to reaction with electrode and electrolyte,
unstable electrochemical stability, efc. so the solid based polymer
electrolytes are studied to overcome these defects in the last
decades [2]. When it comes to solid polymer electrolyte, it

acquired some excellent advantages like fine mechanical strength
of the material, thermal stability which is stable in high temp-
erature and high ionic conductivity of electrolyte. These prop-
erties gives interest for many researchers has shifted near the
credentials and expansion of solid polymer electrolytes in most
advantageous applications such as memory back up in comp-
uters, smart windows, traction of electric vehicle, fuel cells,
photovoltaic cells and space some power applications, ezc. [3].
The solid polymer electrolyte is supposed to hold fine mech-
anical strength throughout manufacturing cell assembly, which
acquire structurally stable and leakage of the material will be
avoided from cell container [4-6].

To integrate this permanence gel polymer electrolytes
(GPE) is particularly a most capable ways, which hold consistent
solid properties and also a distributive fluid properties [7,8],
therefore these films exhibit high ionic conductivity good mech-
anical strength as required for device application in recharge-
able batteries, fuel cell, sensors, super capacitors, and solar
power systems [9,10]. Various GPEs using lithium, sodium,
potassium, efc. as a salt in battery system are available in the
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literature but lithium-based batteries possess some safety limi-
tations [11,12].

In 1924, Hermann & Haehnel first synthesized PVA by
saponifying poly (vinyl ester) with sodium hydroxide. It is
semi-crystalline biodegradable polymer, soluble in water,
odourless and colourless [13]. The varying semi-crystalline
to amorphous property of the polymer can be done by using
suitable salts, nanofiller, plasticizer or blending polymer host
[14]. PVA is a polar substance with many hydroxyl groups
and tend to form a inter and intramolecular hydrogen bonds
so it has localized stability in the polymer system [13,15,16],
which are used in many applications. Many researchers have
reported and analyzed several combinations with PVA-GPE
films based on lithium, sodium, potassium, efc. but very little
data on silver salts.

In this work, silver salt is used as alternative to lithium,
sodium, efc. as itis less expensive, non-toxic and easy to handle
in open atmosphere. In the middle of the assorted methods to
bring into being good conductivity of ions, suppleness, dura-
bility and amorphous property, Polyvinyl alcohol (PVA) based
GPE was prepared in the present work, which was the mainly
capable and viable approach. The current work is based on
PVA based GPE with the complexation of silver acetate and
solvent as water using solution casting technique. The function
of interface between polymer and silver salt on conductivity
of ions and GPE:s structural phase were discussed using FTIR,
XRD, AC ionic conductivity and optical studies. The GPE has
maximum conductivity was analyzed with cyclic voltammetric
(CV) and the results of the analysis were also discussed.

EXPERIMENTAL

Polyvinyl alcohol (PVA) with standard molecular weight
85,000-1,24,000 g/mol (Sigma-Aldrich, USA), silver acetate
with molecular weight 166.91 g/mol (Sigma-Aldrich, USA)
and deionized water were used in synthesis. The PVA based
gel polymer electrolytes were prepared with silver acetate in
various concentrations e.g. 80:20, 70:30 and 60:40 ratios
through solvent casting method through deionized water used
as a solvent. The mixed solution was blended up to 48 h at
ambient temperature to form a homogeneous mixture. The
mixture was decanted into a polypropylene dish and allows to
disperse at ambient temperature to eradicate the solvent traces
and under vacuum drying for 24 h at 65 °C. Hence, gel polymer
electrolyte thin films were obtained and then those films are
preserved inside a desiccator.

Characterization: The synthesized GPE materials were
investigated through FTIR, XRD and UV-Vis spectrophoto-
metry. The XRD studies were accomplished using X-Ray
diffraction Rigaku Minifiex 600 with CuKo radiation (A =
1.54182 A) with the range of angle 26 = 10-90° and the scan-
ning rate is 10° per min at room temperature. FTIR studies
carried out by using FT-IR spectrophotometer CDTL-lab4-
EQP-006 in the wave number range are 4000-400 cm™ at room
temperature. The UV-visible studies carried out using JASCO
V-670 spectrophotometer with the wavenumber range between
200-800 nm optical band gap measured. The impedance analysis

and electrochemical studies were carried out by using PARSTAT
PMC 2000A at ambient temperature.

RESULTS AND DISCUSSION

XRD studies: XRD is used to find complete structure of
GPE films. The crystalline ones show well demarcated peaks
and the amorphous possess broad peaks. Fig. 1 shows (a) non-
doped PVA and PVA:CH;COOAg; (b) (80:20); (¢) (70:30) and
(d) (60:40) in pure PVA sample at 20.9° contains a sharp peak
confirms semi-crystalline character of the material. Same obser-
vation was found, when PVA is doped with silver acetate of
different wt.% ratios (80:20, 70:30 and 60:40). It is observed
that when the concentration of the salt getting rised the sharp
intensity peak reduces suggesting semi-crystalline or amor-
phous nature of the sample. No sharp peak was observed, indic-
ating that dominate polymer is amorphous phase in nature [11].
Similar result was also reported in PVA + KMnO; solid polymer
electrolytes [17]. By using Bragg’s law, inter planar distance
and inter chain interaction were calculated using the following
eqns.:

-2 ey
2sin 0
where A is the wavelength and 0 is the angle of diffraction.
7 A
R=—x 2
2 2sin® @

where R represents length of inter chain, A denotes the
wavelength and 0 denotes the scattering angle. It is observed
that with the decrease of polymer concentration the separation
in the inter-chain length and planar distance rises steadily
confirmed that the GPE films are semi-crystalline in nature
(Table-1). Finally, the broad peak was observed at 19.5° for
PVA:CH;COOAg (70:30) GPE film, which is ascribed to amor-
phous property of the material.
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Fig. 1. XRD pattern of (a) PVA (100:00 and PVA:CH;COOAg, (b) (80:20),
(c) (70:30) and (d) (60:40)



Vol. 34, No. 5 (2022)

Electrochemical and AC Conductivity Studies of PVA based Gel Polymer Electrolytes 1305

TABLE-1
SEPARATION OF INTER CHAIN LENGTH AND
INTER PLANAR DISTANCE OF PREPARED GPE

PVA: 20 Inter chain separation  Inter planar distance
CH;COOAg () R = 7/2mx\/2sin 6 d =M\2sin O

100:0 20.50 2.453 2.2010

80:20 20.28 2478 2.2240

70:30 19.84 2.532 22714

60:40 20.30 2.476 2.2210

FTIR studies: Fig. 2 shows the spectra of PVA (100:00)
material complex formation with CH;COOAg in dissimilar
wt.% ratios (80:20, 70:30 and 60:40). In the stretching of O-H
group of PVA (100:00) at 3590 cm™ it can be shifted to 2595,
3100 and 3285 cm, respectively in the PVA+CH;COOAg with
different ratios (80:20, 70:30 and 60:40). In C-H stretching
vibrations of pure PVA was observed at 2880 cm™ is shifted to
2925, 2940 and 2985 cm’', respectively in PVA+CH;COOAg
(80:20, 70:30 and 60:40) with different ratios. The C=0 stret-
ching vibrations was absent in pure PVA film is occur at 1710,
1725 and 1730 cm™', respectively in the PVA+CH;COOAg with
different ratios (80:20, 70:30 and 60:40). Similarly, the C-H
bending vibrations at 1395 cm™ for PVA (100:00) is shifted to
1410, 1425, 1440 cm™, respectively in PVA+CH;COOAg (80:20,
70:30 and 60:40) with different ratios. The C-O stretching
vibration was noticed at 1150 cm™, which is shifted to 1210,
1240 and 1265 cm’, respectively in PVA+CH;COOAg (80:20,
70:30 and 60:40) with different ratios.

From Table-2, the shift of absorption peaks were observed
in PVA:CH3;COOAg GPE films clearly indicating confirmation
of complexation between polymer and salt.

(d) 60:40

(c) 70:30

Transmittance (%)

(b) 80:20

(a) Pure

T T T T T T T T T
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Fig. 2. FTIR spectral analysis for (a) PVA (100:00) and PVA:CH;COOAg,
(b) (80:20), (c) (70:30) and (d) (60:40)

T T T T
4000 3500 3000

UV-visible analysis: The UV-visible spectrophotometric
studies discuss about the optical absorption of PVA GPE films
in the wavelength range of 200-800 nm. In this spectrum (Fig.
3), there is no absorption peak in the range 200-700nm for
pure PVA. A broad absorption peak was observed at 423 nm
while adding salt with different wt.% ratios.

Absorption (a.u.)

T T T T T T T T T T T

200 300 400 500 600 700 800
Wavelength (nm)

Fig 3. UV-visible spectra of synthesized GPEs with different wt% ratios

Optical absorption studies: From these studies, it is found
the band structure of the GPE films. The determination of band
edge or absorption edge by the transition due to absorption of
strong short wavelength and the absorption of weak long
wavelength GPE and it is accustomed to find out energy gap.
Absorption coefficient (o) can be evaluated by the following
eqn.:

I=1, exp(-0ix) 3)

o 2303 ’k)g( 1 j _ (2.303) A W
X I X

Hence,

If the maximum level in the valence band and minimum
level in the conduction band lies in same line and if they have
same k values and therefore satisfies the conservation of energy
and momentum are defined as direct band gap, and if the maxi-
mum level of valance band and minimum level of conduction
band doesn’t lie in the same line, then k is different and hence
energy and conduction momentum are not conserved which
is termed as indirect band gap [18].

To calculate absorption coefficient (o), direct (othv)” and
indirect energy band gap (cthv)"”? graphs had been plotted with

TABLE-2
VIBRATIONAL MODES OF FTIR (cm™) SPECTRUM
Mode of vibrations Pure PVA PVA:CH;COOAg (80:20) PVA:CH;COOAg (70:30) PVA:CH;COOAg (60:40)
O-H bond stretch 3590 2595 3100 3285
C-H bond stretch 2880 2925 2940 2985
C=0 bond stretch Absent 1710 1725 1730
C-O bond stretch 1150 1210 1240 1265
C-H bond bend 1395 1410 1425 1440
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respect to energy of incident photon (hv) are shown in Figs.
4-6, respectively. Based on the incident photon energy (hv),
direct energy band gap exists and absorption coefficient is
specified by

ohv =C(hv-E,)" Q)

where E, defines the energy band gap, C represents constant
which is basedon the sample structure, o. represents absorption
coefficient and h mentions the Planck’s constant.

T T T T T T T T T T T T T LI 1 T T T T T T
10 15 20 25 3.0 35 40 45 50 55 6.0
hv (eV)
Fig. 4. Graph plotted between photon energy in X-axis and absorption
coefficient on Y-axis (a) PVA (100:00) PVA:CH;COOAg, (b)
(80:20), (c) (70:30) and (d) (60:40)
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Fig. 5. Indirect band gap vs. photon energy (hv) plot for (a) PVA(100:00)
and PVA:CH;COOAg, (b) (80:20), (¢) (70:30) and (d) (60:40)

The values regarding direct energy band gap perhaps
acquired plotting of (othv)® versus hv (photon energy) are
shown in Table-3. It is observed that the activation energy
decreases, since incorporation of small amount of doping helps
in the charge transfer in the complex and hence an increase of
ion conductivity is observed (Fig. 6). The direct and indirect
energy gap values are changing from higher to lesser values
when doping with silver acetate salt in different ratios from
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Fig. 6. Direct band gap vs. photon energy (hv) plot of (a) PVA (100:00)
and PVA:CH;COOAg, (b) (80:20), (c) (70:30) and (d) (60:40)

TABLE-3
OPTICAL ABSORPTION BAND GAP VALUES OF GEL
POLYMER ELECTROLYTES WITH DIFFERENT w% RATIOS

Films thical band gép Adsorption
Direct Indirect edge
PVA (100:00) 5.6 5.1 54
PVA:CH,;COOAg (80:20) 5.0 49 5.2
PVA:CH,;COOAg (70:30) 4.5 4.6 4.2
PVA:CH,;COOAg (60: 40) 54 4.8 4.5

the above result lowest direct and indirect band observed in
PVA:CH;COOAg (70:30) GPE film. This compositional ratio
could improve the ionic conductivity.

Conductivity studies

Electro impedance spectroscopy (EIS): The galvano-
static EIS exhibits a plot between real part versus (80:20, 70:30
and 60:40) of PVA with CH;COOAg of GPE were analyzed
using electro impedance spectroscopy (EIS) method. The GPE
films were sandwiched between coin type silver blocking elect-
rodes (silver/GPE/silver). The conductivity can be measured
in the frequency range 1000 Hz-1 MHz, 1000 Hz-5 MHz at
room temperature. The high frequency region in the Nyquist
plot (Cole-Cole) usually denotes a semi-circular arc. The ionic
conductivity in the gel polymer electrolytes are related upon
the mobility of ion and the number of effective carrier ions. The
numbers of effective carrier ions are related to concentration
of diffused ions. The mobility of ion is GPE films can form by
means of the fragment mobility in the polymer chains [19].
The ionic conductivity was calculated by using eqn. 6:

"
R, XA ©)

where L denotes the sample breadth of the prepared GPE
material; A represents the area measured in blocking electrode
and R, is the bulk resistance found in the Nyquist plot of GPE
films [20].

The ionic conductivity of GPE films for different wt.%
ratios (80:20, 70:30 and 60:40) are reported. The pure PVA
ionic conductivity was found to be 1.87 x 10'° S cm™ at the
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Fig. 7. Cole-Cole plots of gel electrolyte films with different w% ratio of (a) 80:20, (b) 70:30, (c) 60:40
ambient temperature. Increased in the conductivity of the GPE
. . -E
was observed when the ratio of salt content increases. The 0, =exp a 7)
kT

ionic conductivity values are shown in Table-4. The highest
value of ionic conductivity was 1.422 x 10° S cm™ obtained
to PVA:CH3COOAg 70:30 wt.% ratio, which is compared with
literature data [21].

TABLE-4
AC CONDUCTIVITY VALUES OF
PVA + CH,COOAg PREPARED GPE FILMS

Films Conductivity at room temperature
PVA (100:00) 1.87 x 10" S cm™
PVA + CH;COOAg (80:20) 2.55%10°S cm™
PVA + CH;COOAg (70:30) 1.442 x 107 S cm™
PVA + CH,COOAg (60:40) 1.37x10° S cm™

Imaginary part, in this impedance analysis Cole-Cole plots
were obtained (Fig. 7), the conductivity was measured with
different wt.% ratio.

DC conductivity studies: Fig. 8 shows the DC ionic cond-
uctivity variations of log Gpc versus temperature (1000/T) in K.
The DC conductivity for prepared GPE films were analyzed
in the temperature range of 303-333 K. It clearly defines that
increasing the temperature and concentration of salt shows
rise in conductivity. The DC conductivity can be calculated
by using Arrhenius equation:

4.0+

3.9+

3.8

3.7

log

3.6 1

3.5

3.4

3.3

T T T T T T T
3.0 31 3.2 3.3
1000/T (K™
Fig. 8. The d. conductivity of (a) PVA (100:00) and PVA:CH;COOAg, (b)
(80:20), (c) (70:30) and (d) (60:40)

where G, is considered as pre-exponential factor, E, be termed
as activation energy, k declares to be Boltzmann constant and
T gives temperature in Kelvin. The DC ionic conductivity were
evaluated by the following relation:

N (3)
“= VA ®)

where i represents the current, L and A represents length and
area of GPE, V denotes the applied constant voltage.

Fig. 9 shows that the conductivity has increased two-fold.
The conductivity for pure PVA polymer film was 1.83 x 107"
S/cm at room temperature. The rising salt concentration and
temperature leads to rise inthe conductivity up to 333 K. The
activation energy can be derived from the data of salt concen-
tration versus activation energy. The calculated activation
energy values are shown in Table-5. The activation energy
decreased when the salt concentration increases, the highest
conductivity and lowest activation energy was observed in
PVA:CH;COOAg (70:30) wt.% ratio system.

Linear sweep voltammetry: The LSV was operated on
the highest conductivity film PVA:CH;COOAg (70:30 wt.%)
by using a cell containing SS//GPE //silver, where the stainless

—

0.030

0.025+

0.020+

0.015+

0.010+

Activation energy (E,)

0.005+

"
0.000+

T T T T T T T T
0 10 20 30 40
Weight (%)
Fig. 9. Variation of activation energy for PVA with CH;COOAg different
concentration w% ratios
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TABLE-5
ACTIVATION ENERGIES OF PVA WITH
CH;COOAg GEL POLYMER ELECTROLYTES

Films Activation energy (E,)
PVA (100:00) 0.02790300
PVA + CH;COOAg (80:20) 0.02233200
PVA + CH;COOAg (70:30) 0.00065200
PVA + CH;COOAg (60:40) 0.00131308

steel (SS) worked as working electrode and GPE film as counter
electrode plus sliver metal worked as a reference electrode.

The voltage from 0V has varied to anodic (positive) values
with the scan rate 50 mV s and large current was obtained.
Fig. 10 shows result of the voltammogram of these cells and
following observations were made as follows:

1.2 x 107
— 70:30

1.0 x 10°

8.0 x 107

Current (A)

6.0 x 1077
4.0 x 107
2.0 x 10™

0-

T T T T T T T T T T T T T T T T
00 05 10 15 20 25 3.0 35 40
Potential (V)

Fig. 10. Linear sweep voltammetry of GPE containing a 30 w% of silver
acetate scan rate at 50 mV s

(i) At high voltage range on the potential axis a sudden
increase in the current was occurred at definite potential, this
is caused by the GPE decomposition at interface of electrode.

(i1) It was measured to be 2.7 V, which indicates electro-
chemical stability window of GPE films indicating that GPE
films has good electrochemical stability (> 2.0 V) for silver cell.

(iii) At lower voltages, the observed current density is
due to the combined result of the ionic conductivity of GPE
and common boundaries resistance of sliver metal or GPE.

Cyclic voltammetry studies: The working electrode is
cathode, counter electrode is a GPE, and reference is an anode
(stainless steel // GPE // silver). The potential from working
electrode is increased linearly with respect to time, at the same
time the reference electrode uphold constant potential. The
purpose of GPE present here is to present ions to electrodes
during redox process. As potential decreases, electrode becomes
more reducing hence reduction current will increase and when
potential increases, electrode becomes more oxidizing hence
oxidation current increases [22,23]. Silver ion battery cell system
was fabricated and using electrochemical workstation CV and
LSV studies were carried out and tested for the rechargeable
battery system.

Cyclic voltammetry: Fig. 11 shows the cyclic voltammo-
gram of PVA:CH3COOAg (70:30 wt.%) polymeric electrolyte

1.4x10%

| |/ 1stcycle

12x10 _ —— 3rd cycle

1.0 x 1074 |— 5thcycle

{ |=—— Tth cycle

£ 80x 10™ |—— 9th cycle
g 6.0x10™
‘5 4
© 4.0x 10"
2.0 x 104
0_
-2.0 x 104

. T . T .
0.0 0.5 1.0 15 2.0 25
Potential (V)

Fig. 11. Cyclic voltammetry of GPE containing a 30 wt.% of silver acetate
scan rate at 50 mV s~

films. It has been performed for the silver// GPE//Silver cell
system at the scanning speed of 50 mV s™ up to 10 cycles to
establish that the prepared GPE has an exceptional reversibility.

When the system was tested, it was observed that 2.7 V at
scan rate 50 mV s™ electrochemical stability was achieved for
the GPE materials, exhibiting the excellent electrochemical
stability (> 2.0 V) for silver cell.

The electrochemical stability has been observed from 0
to 2.7 V for PVA:CH;COOAg (70:30 wt.%) for 1st, 3rd, Sth,
7th and 10th cycle and during initial cycle there was a decrease
in current but slowly due to development of passivation layer
on the electrode took place therefore stability of the current
was observed. The cyclic voltammogram sturdily point out
that the GPE with 30% of silver acetate film has excellent
reversibility and adequate electrochemical stability for the
functioning in the silver ion battery system. The GPE possess
good cyclic and reversible property is PVA:CH;COOAg (70:
30 wt.%) up to 10 cycles.

Conclusion

A PVA based gel polymer electrolyte (GPE) films were
prepared using solution casting technique with silver acetate
salt and deionized water as solvent. The XRD and FTIR results
show the complexation between polymer and salt. The UV-
Visible studies indicated that the optical band gap was reduced
when salt concentration increases. AC impedance studies
showed the highest conductivity obtained at 1.422 x 10° S
cm’ for PVA:CH;COOAg (70:30) at room temperature. The
linear sweep voltammetry (LSV) studies concluded that the
GPE film has electrochemically stability up to 2.7 V and the
cyclic voltammetric (CV) studies showed the fine cyclic and
reversible stability attained for PVA:CH;COOAg (70:30 wt.%)
up to 10 cycles.
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