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Abstract. A sodium ion-conducting polymer electrolyte based on polyvinyl pyrrolidone (PVP) complexed
with NaClO4 was prepared using the solution-cast technique. The cathode film of V2Os5 xerogel modified
with polyvinyl pyrrolidone was prepared using the sol-gel method. Investigations were conducted using X-
ray diffractometry (XRD), Fourier transformation infrared (FT-IR) spectroscopy. The ionic conductivity
and transference number measurements were performed to characterize the polymer electrolyte for battery
applications. The transference number data indicated that the conducting species in these electrolytes are
the anions. Using the electrolyte, electrochemical cells with a configuration Na/(PVP + NaClO4)/V20s
modified by (PVP) were fabricated and their discharge profiles studied.

PACS. 82.35.Rs Polyelectrolytes — 66.30.Dn Theory of diffusion and ionic conduction in solids — 82.45.Gj

Electrolytes — 82.47.Aa Lithium-ion batteries

1 Introduction

Polymer electrolytes are currently of interest owing to
their advantageous and special mechanical properties, i.e.,
ease of fabrication as thin films of desirable sizes and suit-
ability for electrode-electrolyte contacts in different elec-
trochemical devices. Interest began in this field after the
studies of materials based on alkali metal salts complexed
with polyethylene oxide (PEO) reported by Wright and
co-workers [1,2] and Armand et al. [3,4]. Polymer blend
electrolytes consisting of (PVP 4+ PVA) and alkali metal
salts have been used to make electrochemical cells [5-7]. A
relatively small number of studies have been reported on
the development of PVP electrolytes for solid-state bat-
teries.

A few attempts have tried electrolytes based on sodium
complexed films. Apart from the scientific interest, the use
of sodium has several advantages over their lithium coun-
terparts. Sodium is available in abundance at a cheaper
cost than lithium. It may be possible to obtain solid elec-
trolytes of sufficiently high conductivity because sodium
does not form an alloy with aluminium, making it possible
to use this metal as current collector instead of the costlier
and heavier nickel. Furthermore, the softness of these ma-
terials makes it easier to achieve and maintain contact
with other components in the battery. Investigations have
also been made on sodium ion-conducting polymer elec-
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trolytes based on PEO, polypropylene oxide (PPO), and
polybismethoxy ethoxy phosphazene (MEEP) complexed
with Nal, NaClO4, NaSCN, and NACF3SO03 [8-10]. Sev-
eral researchers have reported on plasticized polymer elec-
trolytes with enhanced ionic conductivity in PVC-based
polymer electrolytes [11-17].

Recent research trends in the field of rechargeable
lithium batteries are directed towards the development of
cells with high-energy density (Wh/kg) and high-power
density [18]. To achieve a high amount of energy stored
in a given mass or volume, it is usually desirable that the
number of available charge carriers per mass or volume
unit is as high as possible. The capacity for energy storage
in a rechargeable lithium cell is mainly dependent on the
cathode materials. The most studied cathode materials for
lithium batteries are crystalline cobalt-, manganese- and
nickel-based oxides [19]. As part of continuing efforts to
improve the capacity of cathode materials, attempts to
synthesize transition-metal oxides with an amorphous na-
ture and high surface area, such as the xerogel and aerogel
forms, have been made from V3,05 [20-24] and MnOs, [25].
Hybridization of the layered inorganic cathode materials
with electrochemically active organic polymers is regarded
as another interesting approach to improve the capacity
for electrochemical lithium insertion. Intercalating organic
molecules into the layered inorganic host materials can
produce inorganic-organic hybrid materials. Many studies
have modified V505 with polyaniline (PANI), poly (ethy-
lene glycol) (PEG), polypyrrole (PPY) and poly (ethylene
oxide) (PEO) [26-32]. A comparatively limited research
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has been done on modifying V505 xerogel with poly (vinyl
pyrrolidone) (PVP). In the present paper, solid-state elec-
trochemical cells based on (PVP + NaClOy) electrolyte
films are fabricated. Several experimental techniques such
as temperature-dependent conductivity in the tempera-
ture range 298-423 K and transference number measure-
ments are employed to characterize these polymer elec-
trolyte films.

2 Experimental

Films (thickness ~ 100 pm) of pure PVP and various
compositions of complexed films of PVP with a salt of
NaClO,4 were prepared with the following weight percent
ratios (90 : 10), (80 : 20) and (70 : 30) using the solution-
cast technique. Pure and doped polymers were dissolved
in dimethyl formamide (DMF) and stirred at room tem-
perature for 10-12h. The stirred solutions were cast into
polypropylene dishes and allowed to evaporate slowly at
353 K followed by vacuum drying.

Melting V205 powder at 875K in a ceramic crucible
results in a molten liquid [33-35]. When the molten lig-
uid was quickly poured into distilled water, a brownish
V505 solution was formed. The solution viscosity is di-
rectly related to the amount of Vo035 powder with respect
to the water volume. The PVP solution was mixed with
the V505 solution to form a mixed sol. The molar ratio
of PVP to V505 was  : 1 (x = 0,0.5). Indium tin oxide
(ITO) conducting glass substrates were dipped into the
mixed sol and then pulled out slowly. The xerogel formed
on the glass substrate was left to dry for 48h at room
temperature. The final films were subjected to heat treat-
ment (373 K) for 24 h in an Ny atmosphere to maintain at
a constant weight, by removing free water in the films [34].

The XRD patterns of the films were made with a
HZG4/B-PC X-ray diffractrometer with CoKa radiation
and graphite monochrometer. Fourier transformation in-
frared (FT-IR) spectra of the films were recorded using a
60-SXB IR spectrometer with a resolution of 4cm™!. The
measurements were taken over a wave number range of
400-4000 cm 1.

The ac impedance measurements of the polymer elec-
trolytes were performed using an Agilent 4294A precision
impedance analyzer in the range from 40 Hz to 100 kHz
and temperature range 298-423 K. The measurement cell
was prepared by sandwiching the polymer electrolyte film
between two stainless-steel electrodes and assembled into
a homemade sample holder. The transport number was
evaluated using the technique described by Linford [36]. In
this technique a freshly prepared film of (PVP + NaClOy)
was polarized in a configuration of C/(PVP + NaClO,)/C
under a dc bias potential of 1.5V. The resulting current
was monitored as a function of time using a Keithley elec-
trometer. The cationic transference number is given by

T+ = I+OO/IT.

Here Iy is the cationic current at saturation and It is
the total ionic current at time zero.
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Fig. 1. XRD patterns of NaClO4 complexed PVP: (a) pure
PVP; (b) (PVP + NaClO4) (90 : 10); (¢) (PVP + NaClOy)
(80 : 20); (d) (PVP 4 NaClOy4) (70 : 30); (e) V2Os before mod-
ification; (f) V2Os after modification and (g) pure NaClOy.

Solid-state electrochemical cells were fabricated with
a configuration of Na/(PVP + NaClOy4)/(PVP 4 V,05).
Details of the fabrication of the electrochemical cell are
given elsewhere [37]. The discharge characteristics of the
cells were monitored under a constant load of 100 k€.

3 Results and discussion
3.1 XRD analyses

The XRD patterns of pure PVP, NaClO,4, complexed
PVP, and V305 xerogels both before and after modifi-
cation with PVP are presented in Figure 1. The diffrac-
tion peaks are less intense in NaClO, complexed PVP
compared to the pure PVP. This shows a decrease in the
degree of crystallinity of the polymer after the addition
of NaClOy4. Peaks corresponding to uncomplexed PVP
are also present together with that of NaClO4 in com-
plexed PVP showing the simultaneous presence of both
uncomplexed and complexed PVP phases. No sharp peaks
were observed for higher concentrations of the NaClOy
salt in the polymer, suggesting the dominant presence of
an amorphous phase. No peak corresponding to NaClOy
is observed in the higher compositions of the complexed
PVP, which indicates the absence of excess salt (uncom-
plexed) in the material. In summary, these observations
confirm the complexation of the NaClOy4 salt with the
polymer PVP. The XRD pattern of the unmodified V405
xerogel shows four peaks whose d values are 12.3803,
3.9376, 2.9402 and 1.7979 A corresponding to diffraction
by the (001), (003), (004) and (006) crystal planes, respec-
tively [38]. No (hk0) and (hkl) reflections are observed in
Figure 1, confirming the turbostratic nature of the VoOg5
slabs perpendicular to the stacking axis. The repeated dis-
tance in the modified V505 xerogel film increases from
12.3803 A to 13.283 A. The increase of the repeat distance
is thought to result from PVP being intercalated into the
V505 xerogel interlayer and increasing the spacing be-
tween the VO3 xerogel layers [39,40].
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Fig. 2. IR spectra of NaClO4 complexed PVP: (a) pure PVP;
(b) (PVP 4 NaClO4) (90 : 10); (c) (PVP + NaClOy4) (80 : 20);
(d) (PVP + NaClOy) (70 : 30); (e) V205 before modification;
(f) V205 after modification and (g) pure NaClO4.

3.2 IR analyses

The IR spectra of pure PVP, NaClO,4 complexed PVP of
different compositions, NaClO4, V205 xerogel, both be-
fore and after modification with PVP, are shown in Fig-
ure 2. The following changes in the spectral feature have
been observed after comparing the spectrum of complexed
PVP with that of the pure PVP and NaClO,4. The in-
tensity of the aliphatic C-H stretching vibrational band
observed around 2900 cm ™' in PVP is found to decrease
with increasing concentration of the NaClOy4 salt in the
polymer matrix. The width of the C=0 stretching band
observed around 1100 cm ! in PVP also showed a decrease
with an increase of NaClOy in the polymer. Furthermore,
new peaks around 3941, 1373, 1147, 941 and 637cm ™!
have been observed in complexed PVP. The peaks at 1172
and 652cm ™! corresponding to PVP, and the peaks at
3552, 3481, 3237, 2025, 1617 and 479 cm ! corresponding
to NaClO4 disappeared in complexed PVP. The appear-
ance of new peaks along with changes in existing peaks
(and/or their disappearance) in IR spectra is a direct in-
dication of the complexation of PVP with NaClO,

There is a broad band at 3441 cm™! corresponding to
the O-H vibration from water [26], which confirms the
presence of water in the VoOj5 xerogel before modification
with PVP. The V505 xerogel also exhibits three main
vibration modes in the 400-1007 cm~! region. The ter-
minal oxygen symmetric stretching mode (v5) of V=0
and the bridge oxygen asymmetric and symmetric stretch-
ing modes (v,s and v5) of V-O-V are at 1007, 764 and
527 cm ™1, respectively [27]. IR spectra after modification
with PVP show characteristic intense peaks at 1166, 1293,
1375 and 1400 cm~! which proves that PVP is present and
the poorly resolved peak at 3652cm™! is an indication
that amorphous PVP is present.

All the peaks change to varying extents when inter-
calating PVP into the V5,05 xerogel. The vy (V-O-V)
and v,s (V-O-V) modes shift to lower wave numbers. The
Vas (V-O-V) mode shifts from 764cm~! to 754 cm™! and
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Fig. 3. Impedance plot of the (PVP 4 NaClO4) (90 : 10) poly-

mer electrolyte at ambient temperature.

its intensity increases. The vy (V-O-V) mode moves from
527cm~! to 522cm~t. In contrast, the v5 (V=0) band
shifts to a slightly higher wave number, from 1007 cm ™! to
1012cm™!. There are two types of vibration modes. These
shifts indicate the nature of the modification. The shift
of the vy (V=0) mode indicates that H-bonding effects
are observed in the modified hybrid V505 xerogel [18].
Namely, the H atoms in PVP are H-bonded with the O
atoms of the V=0 bonds of V505 xerogel. The second
type of vibration mode affected by the modification is the
V-O-V stretch. For the existence of H-bonds, the position
of the V atom in the xerogel changes due to the V=0 bond
being weakened [41], which causes a strengthening of the
V-O-V bond. All these observations suggest that PVP is
intercalated in the interlayer spacing of the V5,05 xero-
gel and has a relatively strong interaction with the V4,0Os5
xerogel, which is in good agreement with the XRD results.

3.3 Conductivity studies

The ionic conductivity has been determined from the
ac impedance analysis using the cell with blocking elec-
trodes as described in the experimental section. The typi-
cal impedance plot of (PVP + NaClO4)(90 : 10) at ambi-
ent temperature is shown in Figure 3. The bulk resistance
was measured from the high-frequency intercept on the
real axis. The conductivity of the polymer electrolyte was
calculated from the measured resistance, area and thick-
ness of the polymer film.

Figure 4 shows the Arrhenius plots of logarithmic con-
ductivity versus inverse temperature for pure PVP and for
different compositions of (PVP + NaClO,4) polymer elec-
trolyte over the temperature range 298-423 K. The follow-
ing features are observed:

1) The ionic conductivity increases with temperature in
pure PVP and also for all the compositions of the
(PVP + NaClOy) polymer electrolyte system.

2) The conductivity values do not show any abrupt jump
with temperature which indicates that these elec-
trolytes exhibit a completely amorphous structure [42],
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Table 1. Various cell parameters for (PVC + NaClOy4) polymer electrolyte cells.

Cell parameters Na/(PVP + NaClOy4) Na/(PVP + NaClOy)
P (90 : 10)/(PVP + V505) | (90 : 10)/(V50s)
Effective area of the | 2.00 2.00
electrolyte (cm?)
Cell weight (gm) 0.50 0.50
Open-circuit voltage | 1.89 2.11
(0CV) (V)
Short-circuit current | 105 120
(SCC) (uA)
Load (k£2) 100 100
Current density 52.50 60.00
(A /em?)
Discharge time for 40 48
plateau region (h)
Power density 41.16 64.48
(mW /ke)
Energy density 1646.40 3095.28
(mWh/ke)
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Fig. 4. Log plots of conductivity versus 1000/T for Fig. 5. Current versus time plot of (PVP + NaClO4) (80 : 20)

(PVP + NaClO4) polymer electrolytes.

which is confirmed from XRD studies. The increase in
conductivity with temperature can be linked to the de-
crease in viscosity and thus, to the increased chain flex-
ibility [43]. Since the conductivity-temperature data
obeys an Arrhenius relationship, the nature of cation
transport is quite similar to that occurring in ionic
crystals, where ions jump into neighbouring vacant
sites and hence increase the ionic conductivity [44].
The activation energy (E,), which is a combination of
the energy of defect formation and of the energy of de-
fect migration can be calculated from the plots. The
activation energy for the PVP, (PVP + NaClO4)(90 :
10); (80 : 20); (70 : 30) samples is 0.72, 0.54, 0.38 and
0.26 eV, respectively. The low activation energy for the
sodium ion transport is due to the completely amor-
phous nature of the polymer electrolytes that facilitate
the fast Na™ ion motion in the polymer network. The
completely amorphous nature also provides a bigger
free volume in the polymer electrolyte system with in-
creasing temperature [42].

polymer electrolyte system.

3.4 Transference number

The transference number of the sodium ion in the polymer
electrolytes is around 0.27. This implies that the major
conducting species in these electrolytes is the anion ClO; .
The polarization current saturates at ~ 0.84 (Fig. 5). The
saturated polarization current is the cationic current ac-
cording to reference [36]; the anionic current has been im-
peded by concentration polarization.

3.5 Discharge characteristics

The first discharge curves for the V505 xerogels both be-
fore and after modification with PVP are given in Figure 6.
The discharge capacity of the modified xerogel film is lower
than that of the unmodified VO3 xerogel, i.e. 1856 1Ah/g
for the modified Vo035 xerogel compared to 1248 uAh/g.
This tendency for a decrease in the discharge capacity has
been observed previously for as-prepared organic/V2Os
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Fig. 6. Initial discharge curves of as-prepared (a) V2Os;
(b) PVP/V50s.

hybrid materials [26,27,29,30]. This might be due to a de-
creased average vanadium oxidation state as a result of the
intercalation of organic polymers and/or poor electroac-
tivity of intercalated polymers toward lithium insertion.

The open-circuit voltages (OCVs) and short-circuit
currents (SCCs) were respectively found to be 1.89 V and
105 pA for the modified Vo035 xerogel cell, and 2.11V and
120 pA for the unmodified V405 xerogel cell. Several other
profiles of the cells were evaluated and are given in Table 1.

From Table 1, it is clear that the SCC and the dis-
charge time for the plateau region are found to be greater
in the unmodified V505 xerogel cell compared with the
modified V205 xerogel cell, indicating that unmodified
V505 xerogel cells are more stable than the modified V503
xerogel cells. Further work is in progress to improve the
discharge capacity of the modified V205 xerogel cell by
post-treatment with oxygen.

4 Conclusions

PVP has been intercalated into V505 xerogels. The in-
tercalation is confirmed by X-ray diffraction and FT-IR
spectroscopy. The modified V205 xerogel cell exhibits a
lower discharge capacity than the unmodified Vo035 xe-
rogel cell. Conductivity-temperature studies indicate that
the ionic transport is similar to that in ionic crystals, i.e.
hopping from one defect site to another. The value of the
activation energy decreases with increasing ionic conduc-
tivity and vice versa. The transference number data has
indicated that the conduction in these electrolytes is due
to anions. Unmodified V505 xerogel cells were found to
be more stable than modified VO35 xerogel cells.

One of the authors (Ch.V. Subba Reddy) wishes to thank the
Wuhan University of Technology Management for the financial
support in the form of a Post-Doctoral Fellowship to carry out
the above work. The Opening Foundation of Hubei Ferroelec-
tric and Piezoelectric Materials and Devices Key Laboratory
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