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Abstract Authors

The aim of the research work &' Lovely Ranjta
focused to study the impact of MWCNTSSociate Professor
on the performance of PVA baseffepartment of Physics
nanocomposite gel polymer electrolyt@KS University ,
(NCGPE) membranes namely [(PVASatna,Madhya Pradesh, India.
NH,CH;COO):MWCNT] system. TheselOVelyranjta@gmail.com
gel membranes are prepared by solution _
cast technique and characterized - C.P. Singh
various measurements viz. structurdissistant Professor
electrical and electrochemical. SENPePartment of Physics
pictures confirm diminution in porosity of KS University _
the system on increasing MwCNTana, Madhya Pradesh, India.
contents. FTIR studies reveal the
complexation of polymer with salt and
filler only causing structural changes
which results into minor shifting in the
system. The NCGPEs exhibit highest
ionic conductivity at 5.49xItBcm’ for
1.0wt% MWCNT doped gel membranes.
The temperature dependence conductivity
of NCGPE membrane shows Vogel-
Tammam-Fulcher (VTF) and Arrhenius
behaviour which indicated hopping of ions
in polymer matrix. The a.c. conductivity
response follows the universal power law.
LSV investigations on gel membranes
have shown Dbetter electrochemical
stability viz. +4.96V. All these results
indicate present system as an alternative to
electrolyte materials for electrochemical
device applications.
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. INTRODUCTION

Past few decades have dominated polymer electsolggepotential candidate for
various electrochemical devices on account of a&ainge high ionic conductivity, better
mechanical and thermal stability as well as to essgthe ability to form suitable electrode-
electrolyte contacts [1-4]. Among various electtedy polymer electrolytes possess excellent
thermal stability, good flexibility, low flammabiir and high safety. A lot of researchers have
keenly focused on implementing polymer gel elegtesd due to their numerous properties.
Chapter motivation is focused on the investigatbrthe role of polymer host, aspect ratio,
shape and size of nanotubes in terms of boostimy electrochemical properties of
nanocomposite gel polymer electrolyte (NCGPE). ™l in turn help in order to widen
new horizons towards the development of NCGPE woerall balancing property for
enhancement of the fast ionic conductivity whicn gavolutionized the energy storage
device technology.

This special class of polymer gel electrolytes mnewn to suffer from solvent
exudation and mechanical degradation apart of thigin ionic conductivity. Researchers
now-a-days have dispersed non-interacting filletiglas like TiQ, Al,O3, Si0O,, BaFeQ etc.

To over-come these drawbacks so as to create aretierged class of polymer electrolytes
known to be nanocomposite polymer electrolytes (N§H5-8]. Despite of many favourable
host polymer for the synthesis of nanocompositestgatrolyte, Poly Vinyl Alcohol (PVA) is

a semi crystalline and water soluble polymer witl3-blycol structure wherein anion-cation
mobility tends to occur in the amorphous phase indiffusion occurs through a complex
mechanism which involves segmental mobility of P\K#areover, this polymer also contains
hydroxyl groups that are attached to methane carbohich act as active sites for
complexation with different salts and acids. Beeao$ achieving remarkably high ionic
conduction with protons/NH ions in gel electrolyte systems, it has been clmmed as a host
for development of proton conducting electrolyt®s Further, it exhibit relatively low glass
transition temperature, high melting temperatur@ @ndissolve even high concentration of a
wide range of dopants. Prompted by these considesata proton/NE conducting
nanocomposite polymer gel electrolyte which is dase host polymer PVA has been
attempted [10]. Among the different dopants, ammoniacetate (NECH3;COO) has been
considered owing to small cationic/bigger anionie svhich thereby allows greater mobility
for transporting the ions. Nanofillers are attraetcandidate for developing all components
of the battery. Since nanomaterials have abilityuléill the demand of the energy storage
system with high energy density. Among various fidacs available, multiwalled carbon
nanotube (MWCNT) has been used for developing NCGiRinbranes as they possess
peculiar mechanical properties and mostly charae@rby high thermal stability [11].
Nowadays, due to increased accessibility for th&gor conducting batteries globally, it
becomes important to develop new technologies wharh provide the safe and advanced
energy storage system. Keeping this in mind, thdopeance of PVA based electrolyte
membranes through dispersal of MWCNT filler was emaken and a free standing proton
conducting nanocomposite gel membrane dispersed mitltiwvalled carbon nanotubes
(MWCNTSs) has been synthesized. For the next gaparahergy storage system, the battery
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must be of a smaller size with better performarsx®ghat the void in the energy storage
devices can be fulfilled [12].
II. MATERIALSAND METHODS

1. Preparation Methods. There are various synthesization approaches fooammnposite
gel polymer electrolytes and is done by various hoaés such as Solution Cast
Technique, Spin Coating Technique, Dip Coating Théegpine, Hot Press Technique, In
Situ Polymerization Technique etc. The propertieshe nanocomposites gel polymer
electrolytes are also affected by their preparatimethods. This chapter focuses only
Solution Cast technique for the development of NEGRembranes. The chapter
covered the four different materials—polymer, ssttlvent and nanofillers chosen with
main focus on their properties in view of theiratechemical and physical properties.
The four different categories of material chosesulteinto the development of new class
of NCGPE which possess entirely different charasties, performance and
modifications and behaviour making it an ideal ¢date with the main focus on
electrochemical and physical properties for theliegpons in proton conducting
batteries.

The dissolution of polymer as host must be havimgelactron rich group called
polar group and the salt dissolves in the solv@rite host polymer creates the
coordinating sites for fast ion migration and assmported by the segmental motion of
the polymeric chains. The segmental motion leadbedlexibility of the polymer chain
as it pushes the ion from one site to another aedefore the mobility is sufficiently
increased. For this, PVA with M124000-186000 from Aldrich has been used.

Ammonium acetate (NMCH3;COO), aprotic solvent dimethyl sulphoxide
(DMSO) was used for developing composite gel memdsa The incorporation of
nanofillers was adopted as the most fascinatingogah to develop the NCGPEs which
contributes to the enhancement in the electricalval as thermal and mechanical
properties. Since the shape of nanofillers playsiraportant role because of the
interconnection of the electrical properties of tianofiller shape and surface group. So
the main attention is to choose such a nanofillat ts beneficial for achieving fast ion
transport. MWCNT from Aldrich having average diaereéb0-80nm and length 2-4um
were taken.

2. Solution Cast Technique: PVA was dissolved in solution of NBH;COO in
appropriate solvent (DMSO) by continuous stirriegnfiing pristine gel electrolyte i.e.
PVA-NH4CH3;COO. A viscous solution of composite polymer geéctlolyte was
prepared by admixing MWCNT in pristine solution different weight proportions
followed by constantly thorough mixing at highemigeratures with a magnetic stirrer
for 8-10h. To obtain free standing NCGPE membramex® then poured in petri dishes.
The obtained film is kept in a dessicator withcsiligel for prevention from the moisture.
After synthesis, these thin stable membranes wakent out carefully for further
characterizations [13].
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Thus nanocomposite gel polymer electrolyte (NCGREnbranes were developed with
improved mechanical, thermal properties, electroubal stability window and
electrochemical properties. Table 1 shows the itapbrcharacteristics for selection of

appropriate materials for preparation of NCGPEs.

Tablel: Characteristicsof Constituents of Polymer Electrolytes.

Polymer Solvent Salt Nanofiller
Provide fast : Low Lattice Energy | High Polarity Low
.| Abundant in o , :
segmental motior for More Availability | Melting and High
.| Nature . .
of polymer chain of Free lons Boiling Point
Low glass
transition Non Aqueous Broaf:I_ V°'t‘?‘ge Safe and Nontoxic
in Nature Stability Window
temperature
High molecular | Low Melting Large lon Environmental friendly
weight Point Transference Numbelr and cost effective

High degradation
temperature

High Dielectric
Constant

High Thermal and
Chemical Stability

High Dielectric
Constant for better
dissociation of salt

Act as Lewis Acid for

Low Viscosity Low Viscosity High Ion!c' Interaction with
Conductivity
Polymer
Good , :
High Dielectric | Solubility for | omall Cation size for || 4o A cell
fast migration between
Constant Polymer and Components
Salt the electrodes

3. Characterization Techniques. As we know that main components of a battery are
anode, cathode and electrolyte. The NCGPE is saheédibetween the two electrodes
and plays the dual role; one as an electrolytefdst ion transport and other one as a
separator for physical separation of electrodeprévent any short-circuit. Hence, an
electrolyte plays a key role during operation iry &tectrochemical device. Keeping in
mind, these synthesized NCGPE membranes were ¢harad for their practical
applications. There are some parameters that mebd theasured experimentally which
give us the information about their performances @ discussed below.

» Scanning Electron Microscopy (SEM): Generally, nanofiller addition suppresses
the crystallinity and crosslinking alters the pobmehain arrangement and completely
changes the morphology of NCGPE membranes. The onibisl requirement with
the NCGPE is the formation of the amorphous contdat will improve the
electrode-electrolyte interface [14, 15]. The ims®ed amorphicity also improves the
use of full electrode material. A brittle coating gold was applied to the NCPE
membranes in a sputtering unit prior using the daspgo study the surface
morphology. The surface morphology of NCGPE memésamere obtained by using
a JEOL-JSM-6390A scanning electron microscope.
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* Fourier Transform Infra-red (FTIR) Spectroscopy: The salt dissociation tendency
of the polymer plays an important role in decidihg suitable polymer gel electrolyte
with balanced properties. The polymer should berfgakigh dissolution capability to
enhance the salt dissociation as anions and ca@mms to increase the ionic
conduction. Further, small tendency of the chaiarganization can appreciably
contribute in separating the cations and anionarineffective way. Further the
supportive role is done by the salt for the ovesallvation ability. Apart from the
polymer-salt, solvent also affects the dissolutadmlity of the overall participating
species and changes the structural morphology ef synthesized polymer gel
electrolytes. The IR traces were detected on Afghinum ATR Spectrophotometer
(Bruker) ranging from 4000-600¢hat room temperature to completely understand
the interaction among various species. The comipigredance measurements and
Cyclic Voltammetry (CV) analysis were carried out bsing an Electrochemical
Analyzer (CHI608D) at the scan rate at 0.1'dsd in the voltage sweep range +3V so
as to ascertain electrochemical stability and sdebemical window of the prepared
NCGPE membranes. Electrical conductivity measurésneere performed at various
temperatures ranging between 20°C to 100°C wittuieacy from 1Hz to1%z.

1. RESULTS AND DISCUSSION

1. Scanning Electron Microscopy Studies: Fig. 1(a-d) illustrates the surface morphology
of pure MWCNTs and NCPEs containing 0.0wt%, 0.4wt@wt% concentration of
MWCNT contents. Fig. 1(a) shows the SEM image aepMWCNTs which confirms
the nanometric dimensions of filler particles. Figb) shows a closed porous structure
made up of PVA chains in PVA:NEH;COO electrolyte system.

Figurel: SEM Images: (a) pure MWCNT (b) DMSO casted PVA;RH;COO
electrolyte membrane (c) 0.4wt% MWCNT (d) 1.0wt% NIWWT.
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Addition of 0.4wt% MWCNTSs, vanishes the porosity @kctrolyte system ¢
MWCNTs are entrapped between polymer chains inpibres shown byig. 1(c), to
indicate the attachment of MWCNTSs on the surfacmafrix electrolyte [16]. On furthe
increase of MWCNT content upto 1.0wt% in polymeeactiolyte, MWCNTs ar
completely covered by polymer chains which showsmgete dispersion of nanofills in
polymerelectrolyte membrane shown in imé(d).

2. Infrared (IR) Spectroscopy Studies: Fig. 2 shows the FTIR spectra of pure P\
NH4CH;COO and NCPE membranes of (P-NH4,CH3;COO) containing 0.0wt%
0.2wt%, 0.4wt% & 1.0wt% concentration of MWCNTSs. Istudies shows tr
characteristic broad peaks of pure 4CH3COO with stretching vibration of -O bond
near 1046¢cm & 1244cn* and the stretching vibration of C=0 bond near 1#* (table
2). These results confirmed well wearlier reportings of Agrawadt al. [17]

_—\/‘f(g)LOwt% MWW

(f) 0.4wt% MWCNT

(e) 0.2wt% MWCNT

—\/f(d) 0.0Wt% MM

(c) NH,CH,COO

M) PVA:DMW\

(a) PVA

Transmittance % (AU)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 2: Infrared spectra of Pure PVA and NCPE membran:
PVA:DMSO:NH,CH3;COO with different wt% of MWCNT contel
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Triplet peaks 1406cth 1418cni and 1436cnt are seen in PVA-DMSO
spectrogram and these peaks merged into doubles petat408cit and 1441cnf in
spectra of DMSO-PVA-NECH3;COO and few shifting in peaks are also noticed in
spectra from e to g on addition of nanofillers shaw table 1. C-H deformation related
and C-O stretching related peaks at 1006aemd 1326c¢ni indicating pure PVA related
CH-OH bending and CHin plane deformation are seen being shifted tosvdogver
wave number. On increase of nanofillers contenwsk®eat 1244cihindicating C-O
stretching mode and NH deformation vibration relgteak of NHCH;COO at 1401cim
shows decrease in intensity. These modulationsltraau improved salt-polymer
interaction with MWCNT.

[(PVA-NH,CH,COO):MWCNT] NCGPEs

Table2: IR Transmittance Bands of NCPE Membranes (in wavenumber)
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g{’/rAe NH,CH,COO | NCGPEsdoped MWCNT (wt %)
Description of Vibration M odes 0.0 0.2 04 1.0
C-H out of plane 714 618 619 615 618 614
deformation 657 706 711 702 703
O-H bending mode 923 951 952 954 947
C-H wagging mode 1014 1006 1010 1009 1014
C-0O stretching mode 1083 1046 1095 1093 1096 1097
C-C and C-O stretehing 1135 1139 | 1142 | 1140 | 1147
C-0 stretching mode 1236 1244
CH-OH bending mode CH;
in plane defor mation & C-H 1326 1317 1317 1315 1313
wagging
N-H deform. & asymmetric 1401
CH3 bending mode
: 1410 1406 1408 1403 1412
C-H deformation mode 1445 1439 | 1441 | 1436 | 1437
C-H stretching 1643 1650 1649 1655 1653
-CONH- bending mode 1661
C=0 stretching mode 1734
2790
2845
C-H symmetric stretching 2906 2920 2911 2914 2915
mode of CH, group 2937 3006 2942 2944 2948
2947
3059 3014 3010 3006
O-H stretch 3295 3210 3372 3307 3352 3380

Decrease in intensity and broadening of peaks @eegalthe presence of MWCNT
indicating it as passive in nature and only medifiihe system morphology with
stretching in polymer chains.. Further, peaks a728m’, 3014cnt, 2942cmt, 2920cm
! 1139cnt and 619cnit which are related to C-H stretch (asym and subyijetstym C-
H stretch, C-H stretch and OH stretch, ayf$H) and acetal overtone=N stretch, C-C
and C-O stretch, O-H twisting respectively shifted3380crt, 3006cn, 2948cn,
2915cn, 1147cnt, 614cm® respectively with increasing broadness.

These shifting of peaks can also be correlatechysipal attachment of MWCNT
with ammonium acetate in composite polymer elegteolAll these features unveils the
prominent participation of MWCNT in improving bettenorphology of the system
through polymer-salt interaction.

3. Cyclic Voltametry (CV) Studies. Fig. 3 shows the cyclic voltagrams of PVA-
NH4CH3;COO composite electrolytes system with nanofillédn addition of 0.2wt%
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MWCNT (b), improved stability is observed. An oxida peak noticed at 0.5V in (a)
which is related to NE/H" ion clearly indicating protonic conduction in polgr gel
electrolyte system [18]. On further increasing MWIGNhis oxidation peak tends to
vanish and finally disappears completely in (c)d (This feature confirms the change in
system morphology due to MWCNT addition in pristelectrolyte system.

Voltagram (b) shows a peak at 1.6V which is duexiolation of MWCNT. It is a
significant feature reported earlier by Crooks awmdworkers [19-20]. This oxidation
peak gets reduced with increasing nano filler aotstén polymer gel electrolyte systems
(b & c). Comparing with PVA-NESCN with ALOs fillers, the improved cyclic stabilities
for [[PVA-NH4CH3;COO):MWCNT] NCPE gel membrane system were noti@id.[The
cathodic and anodic peaks diminish in intensity beadome broaden with slight shifting
of cathodic peak towards lower potential and anpéiak towards higher potential which
is due to the interaction of polymer with the NMHH;COO with MWCNT as dispersoids.

0.0015

(a) 0.0 wt% MWCNT

(c) 0.4wt% MWCNT

0.0044
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0.0024
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Figure 3: Cyclic Voltagrams of PVA: NEHCH3;COO gel membrane and 0.2wt%, 0.4wt%
and 1.0wt% MWCNT.
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Figure4: LSV measurement of PVA-NJEH3;COO-MWCNT system containing 0.2wt%,
0.4wt% and 1.0wt% filler content.

Fig. 4 shows Linear Sweep Voltammetry (LSV) measwet. Upon addition of
dispersoids in PVA-NECH3COO system, the electrochemical window stability is
expanded and goes upto +4.96V when 1.0wt% MWCN&dded (inset image). The
anodic and cathodic potentials are noticed at A2.&6d -2.70V respectively signifying
the electrochemical stability has been improveditgiiaely on addition of MWCNT in
the polymer-electrolyte system.

4. Impedance Spectroscopy Studies: Fig. 5 shows the prominent role of MWCNT on ionic
conductivity of polymer gel electrolyte membrands. this case, the conductivity
behaviour also shows two maximas; one at 0.5wt%ahdr one at 1.0wt% MWCNT
which is said to be a typical feature of polymena@omposite gel electrolytes [22-24]. It
is accompanied with the fact that the ammonium ateesalt has been completely
dissociated and charge carrier concentration bedanited. It has significantly changes
the system morphology that leads to affect theciaonductivity. Also, the rise in
conductivity can be supported by the breathing rchmbdel [17] and Tsagaropolous
model which were reported earlier [24-2Bkcording to this model, ion dissociation
takes place from folding and unfolding of the pogno chains which create free volume
because of local pressure fluctuations for the ionsrder to migrate smoothly. This
reduces the trend of transporting ions and heknimancing ionic conductivity as shown
in fig. 5. Hence, maximum conductivity was obsenetdb.49x1dScni* for 1.0wt% of
MWCNT content which shows that conductivity is entad by the promotion for ion
mobility. However, Wagner's polarization.f) studies reveal that present system is ionic.
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Figure 5: Conductivity variations of NCGPE membranes with MWICat room

temperature.

Hence observed value of.tis found to be 0.99 and seen in fig. 6. The
temperature dependence conductivity of the polygedrelectrolyte in the presence of
filler content is given in fig. 7. The increaseconductivity with temperature is associated
to hopping mechanism between local structural eglar, coordinated sites and
segmental motion of the polymer. As the amorphossiecreases continuously, which in

turn, the polymer chain ascertains faster intenmation and bond rotations.
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Figure 6: lon transference number of 1.0wt% MWCNT filled NEEmembrane.
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Figure7: Temperature dependence conductivity of NCGPE mangbwith 0.2wt%,
0.4wt% and 1.0wt% concentrations of MWCNT.

As a result the hopping of intra and inter chainvement as well as ionic
conductivity of NCGPE membrane increases. It iswshan fig. 7 that conductivity
behaviour shows two linear regions separated bynéimear behaviour. The linear region
lies at the lower temperatures (25°C-40°C), ther@eying Arrhenius nature as
discussed earlier [25]. The possibility lies in flaet because the liquid electrolyte gets
encapsulated within the polymer matrix. The conigitgt temperature regime (40°C-
85°C) response is explained by VTF relationshipeWthe temperature becomes close to
the Ty of the pure/complex PVA the matrix becomes quiéible giving rise to VTF
behaviour. These observations have already beesn@us by Srivastava et al. [26] and
has given information about two regions which weeparated by a small region
corresponds to phase transition from crystallineatasorphous. At the interfaces, the
reorganizations are more pronounced at glass ti@msiemperature @ of the
composites. Owing to a modification of the polymdynamics which is strongly
interacting with the MWCNT [24, 27-28]. Further, litas already been shown that
addition of nanofillers can enhance thgiil polymer gel electrolytes [29]. As a result
with various MWCNT proportions in the composite yukr electrolyte system, the
nonlinear region has been observed changing. Atethperature increases beyond 40°C,
segmental motion in polymer composite plays a pnemi role and starts affecting the
conductivity. All these curves exhibit a similarna&iour as a combination of VTF and
Arrhenius character.
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The variation of a.c. conductivity for differentgmortions of MWCNTs doped
NCPEs with frequency is shown in fig. 8. It is exnd that a.c. conductivity goes on
increasing with lower frequency and then followedn@arly frequency independent
regime at higher frequencies. The increasing camdtycbehaviour is connected to the
electrode-electrolyte phenomena i.e. it resultsnfrelectrode polarization effects [30].
This kind of behaviour has been reported for bromige of nanocomposite polymer
electrolytes [31] and also for [(PVA-NIBH3;COO):MWCNT]system. It is seen that the
increase in nanofillers enhance a.c. conductivitypolymer-electrolyte system. The
power law exponent (p) value for ionic conductofaand to be in between 1.0 and 0.5
showing the long-range pathway diffusion limitegppmng.
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Figure8: a.c. conductivity with frequency for NCGPE contagpim) 0.2wt.% @) 0.4wt.%
and (A) 1.0wt.% MWCNT contents.

The frequency dispersion for different composite ¢ understood by jump relaxation
model [30-31]. According to jump relaxation modah ion can be easily hop from a site to
neighbouring vacant site successfully to resuttanductivity. The probability for ions to hop

back apparently increases due to short time peraidbigh frequencies. This forward-

backward hopping together with relaxation of dynacage potential is quite responsible for
high frequency plateau region.

V. CONCLUSION

This chapter highlighted the latest updates on N@GPE system with different
concentrations of nanotubes (MWCNT). The develognoémpolymer gel electrolyte as a
better alternative to solid/liquid polymer elecytels has been carefully focused by
researchers in past times all over the globe. Hash few decades, the nanofillers have
gained remarkable attention for synthesis of polymel electrolyte for electrochemical
device applications. Amongst the various nanofllexvailable, nanotubes have been most
extensively studied. The addition of nanofiller moyes the overall properties of the polymer
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gel electrolytes. The nanofillers not only incredlse electrical properties but mechanical
properties also depending on the preparation metimdraction with polymer chains,
dispersion and dielectric constant. The major demkbwith nanofiller was that at higher
concentration it is not effective in enhancing Wlagious properties to a desired extent may be
due to the possibility of aggregation. One remalkaldvantage with the nanotube was that it
provides a long continuous path for ion mobilityhig provides smooth ion migration
between the electrodes along with improved theramal electrical properties. The larger
electrochemical stability window proves that polyrgel electrolytes are the better option as
far as device stability is concerned. These ingasitins ascertains that the nanotubes soaked
NCGPE membranes are a suitable system of achidhegnally stable electrolytes and
electrochemically stable with enhanced ionic comiglitg. These properties are expected to
widen the application areas particularly in electremical device applications.
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