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ABSTRACT: We report novel results on optimization of
intercalated polymer-clay nanocomposite endowed with de-
sirable proeerties like, (i) very high ionic conductivity (~
1073 S em™Y) at room temperature, (ii) substantial improve-
ment in voltage stability (~ 5.6 V), mechanical stability (25
MPa), and thermal stability (250°C) (iii) tion ~ 99% and cation
transport number (t1;;) ~ 67%: Intercalation of polymer salt
(PAN)gLiCF3SO3; complex into dodecylamine modified
montmorillonite clay (DMMT) nanometric channels has been
confirmed by X-ray diffraction and Transmission electron mi-
croscopy analysis. Complex impedance spectroscopy sug-
gests bulk electrical conduction in the high frequency region

and electrode polarization effect at the low frequencies. The
experimental value of conductivity, voltage, and mechanical
stability is observed to be invariably higher in polymer nano-
composite film when compared with clay free polymer-salt
complex film. The same is true for cation transport. The opti-
mized polymer film serves dual purpose of electrolyte and
separator in energy storage devices. © 2010 Wiley Periodicals,
Inc. ] Appl Polym Sci 118: 2743-2753, 2010
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INTRODUCTION

Dimensionally flexible ionic conductors based on
polymer are considered promising candidates as the
separator between electrode compartments in solid
state ionic devices such as high energy density bat-
teries, supercapacitors, PEM fuel cells, etc.'® A wide
variety of polymeric ionic conductors like gel poly-
mer electrolytes (GPEs),* solid polymer electrolytes
(SPEs),” composite polymer electrolytes (CPEs),° etc.
have been studied and evaluated over a decade
now. A comparison of the properties of such sys-
tems reported in literature’” indicates that, it is very
difficult to achieve all the desirable properties for
device applications in a single material system. They
are as follows: (i) ionic conductivity ~ 107> S cm™*
under ambient conditions, (ii) voltage stability > 3
V, (iii) adequate thermal stability within operational
temperature limits, (iv) stability toward electrode at
the interface, and (v) dimensional stability >3 MPa
suitable for design flexibility. As a consequence the
practical realization of a light weight high energy
density device comprising of all solid components
still remains a challenge.
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The primary factors responsible for low ambient
conductivity in conventional solvent free solid poly-
meric conductors are as follows: (a) slow ion dynam-
ics in multiphase polymeric matrix controlled by
poor mobility of polymer chains (segments) at room
temperature, (b) concentration polarization because
of the mobility of both cation and anions in the solid
polymer matrix, and (c) high internal resistance that
depend on a number of intrinsic factors viz. intrinsic
friction because of polymer viscosity, ion pairing
and charge immobilization, etc.

Of these, the problem of concentration polariza-
tion is one of the major cause for poor ambient con-
duction because of simultaneous mobility of ions of
opposite nature and consequent ion pairing. It can,
however, be minimized to an acceptable limit by an
appropriate material fabrication procedure. A num-
ber of approaches have come invogue recently to
overcome the problems mentioned above. The
approach of polymer nanocomposite (PNC) forma-
tion via intercalation of polymer-salt (PS) complex
into nanometric clay channels (width ~ 0.56 nm) of
an organomodified clay such as the montmorillonite
appears to be attractive. The anionic charge on the
organo clay surface having high cation exchange
capacity (CEC ~ 80-120 mEq/100 g) may be
expected to permit the entry of only cation coordi-
nated polymer matrix into the nanometric clay chan-
nels. In this way, an effective separation between
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cations and anions of the PS complex matrix can be
maintained in the intercalated nanocomposite films.
This inturn stabilizes the concentration polarization
by minimizing the possibility of ion pair formation
and providing suitable path for cation migration
through intercalated channels of the clay.

The choice of polyacrylonitrile (PAN) as the poly-
mer host for complexation with the salt (LiCF;SO3)
having bulky anion is based on the factors like, (i) the
presence of electron rich group (C = N) with weak =
bonds, (ii) possibility of easier cation coordination
with polymer backbone in a polar solvent such as N,
N, dimethylformamide (DMF), Dimethyl sulfoxide
(DMSO), Dimethylacetamide (DMA), Ethylene car-
bonate (EC), Propylene carbonate (PC), etc., (iii)
appreciably high mechanical strength (250-568 Pa),
and (iv) significant thermal stability up to 220°C.

This article reports the results of our investigations
on a nanocomposite polymer films prepared by inter-
calation of PS complex into the nanometric clay gal-
leries of organomodified montmorillonite clay. Inter-
calation of the PS component into clay channels have
been confirmed by X-Ray diffraction (XRD) analysis
and observed visually in transmission electron micro-
graphs (TEM). Complex impedance spectroscopy
(CIS) has been carried out to analyze effect of clay
concentration on electrical properties. Ion transport,
voltage, mechanical, and thermal stability properties
of the PNC films have been studied and analyzed.

EXPERIMENTAL
Materials preparation

PNC films were prepared via a standard solution cast
technique, using PAN (Aldrich M\W. 1.5 x 10°) as
the polymer host matrix, and appropriate lithium salt
(LiCF;S05; Aldrich (Germany)). Nanocomposite for-
mation was carried by intercalation of PS complex
into nanometric channels of the dodecylamine (DDA)
modified montmorillonite clay (DMMT). Clay (SWy-
2) has been procured from the Source clays repository
(The clay minerals society, Purdue University (USA))
and added in different weight fraction relative to
polymer host. The polymer host (PAN) and salt
(LiCF3505) was vacuum dried at 120°C for 32 h. An
appropriate stoichiometric ratio of PAN was dis-
solved in DMF (Merck (Germany)), and the solution
was stirred for 18 h. Subsequently, a calculated
amount of LiCF;SO; was added into the PAN solu-
tion and stirred for 15 h to facilitate homogeneous
mixing and complexation. The stoichiometric ratio of
salt in the polymer host (PAN) matrix was main-
tained at an optimized ratio of (} =8) Next, DDA
modified montmorillonite clay was added into the
complex PS solution in different concentration (0 < x
< 20; x refers to clay concentration w.r.t. PAN by
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weight) and stirred for 12 h. Finally, the composite
solution were poured in polypropylene dishes and
allowed to dry under controlled conditions. Free
standing polymer films were obtained on solvent
evaporation. The series of PNC films so obtained can
be expressed as: (PAN)gLiCF;50;5 + x wt %DMMT.

Material characterization

XRD of polymer films were recorded at room tem-
perature using a (‘X'Pert PRO PANalytical diffrac-
tometer model: PW3040/60) with CuKa radiation (A
= 1.5418 A) over a range of diffraction angle (2° <
20 < 40°) at a scanning rate of 2°min . High resolu-
tion transmission electron microscopy has been per-
formed by JEOL-JEM (model: 2100, Japan), operating
at 200 kV. CIS measurements of the composite films
were carried out using a computer interfaced imped-
ance analyzer (HIOKI LCR Hi-Tester Model: 3522-
50, Japan) in the frequency range from 100 mHz to
100 kHz on a sample cell configuration of the type;
SS/PNC/SS (SS stands for stainless steel blocking
electrodes and PNC for PNC films). An input a.c.
signal of ~ 60 mV was applied across the cell to per-
form impedance measurement. Ion transport num-
ber estimation has been done using Wagner’s polar-
ization technique by separating electronic and ionic
contribution to the electrical charge mobility in the
sample films. Ionic transport number (ton) has been
calculated using the equation

Iy — 1,
tion = [ tlt ] (1)

where I; is the total current and I, is the residual
electronic current. Cation transport number of the
PNC film has been determined by the combined a.c.
Impedance/d.c. polarization technique developed by
Vincent and coworkers."’ Voltage stability (electro-
chemical potential window) of the PNC films has
been analyzed by measuring the variation of resid-
ual electronic current as a function of the applied
voltage across the cell SS/PNC/SS. The result of I-V
characteristic gave an estimate of the working
(breakdown) voltage obtained from the point of
intercept of the suddenly rising current on the volt-
age axis. Thermal stability properties of the compos-
ite films has been studied by thermogravimetric
analysis (TGA) using Perkin Elmer simultaneous
thermal analyzer (model: Diamond) at a scan rate of
10°C min~" in argon atmosphere. Mechanical prop-
erties such as the tensile strength, stress-strain dia-
gram of the thin PNC films was measured at room
temperature using Hounsfield (UK) H10KS-0547
instrument at a scan speed rate of 0.75 mm min '
(strain rate of 5% of sample length). The elongation
produced in the polymeric films has been monitored
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Figure 1 (a) XRD pattern of PNC films based on (PAN)g.
LiCF;50;5+ x wt % DMMT showing effect on clay concen-
tration on polymer host peak profile; (b) Small angle XRD
pattern showing evidence of polymer-salt intercalation
into nanometric channels of organo clay films.

as a function of applied load. The data so obtained
for each PNC electrolyte films has been used to eval-
uate stress and the corresponding strain produced in
the material under the experimental condition.

RESULTS AND DISCUSSION
XRD analysis

The XRD pattern of the PNC films under investiga-
tion is shown in Figure 1(a,b). The pattern shown in
Figure 1(a) comprises of characteristic PAN peak
observed at 20 is ~ 14.1° and 22.5°. The presences of
these peaks are attributed to the crystalline compo-
nent of the host polymer (PAN), which has hexago-
nal crystal structure.'' The miller indices of the PAN
peaks are [010] and [300] as shown in the XRD pat-
tern of the PS film. It does not contain any XRD
peak of the salt (LiCF;SO3) suggesting complete salt
dissolution in the polymer matrix by way of com-
plexation. The addition of organomodified montmo-
rillonite clay in increasing order of concentration
into the PS matrix is indicated by the appearance of
additional peaks in the XRD pattern [Figs. 1(a),(ii-
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viii)]. The intensity of this new peak appears to
increase with rise in clay concentration. The peak
may be attributed to clay component confirming
thereby composite nature of the sample films.

To observe the effect of clay concentration on
changes occurring in the structural phase properties
of the polymer (PAN) host in the PNC films, a sys-
tematic analysis of both polymer host [010] and
organomodified clay [001] observed at 20 is ~ 14.1° '?
and 5.8° " respectively has been carried out. The
PAN peak profile in PNC film appears to change as
observed in terms of relative change in polymer main
peak, peak intensity, d-spacing, and polymer inter-
chain separation given in Table I. The intensity of
PAN peak in the PNC films has been observed to
decrease with increase in clay concentration except at
very low clay loading. This result indicates a relative
increase in the amorphous phase fraction of the host
polymer in PNC films. In addition, the d-spacing and
polymer interchain spacing has been calculated using
the relation;

2d Sinf = n (2)
and
5 ( nh
=3 [%] wheren =1,2,3 (3)

valid for noncrystalline polymers. The estimated val-
ues suggest minor changes in the PNC films in com-
parison to that of the PS.

However, drastic changes in the dg; peak profile
of the clay observed at 20 ~ 5.8° has been noticed to
occur. Figure 1(b) shows marked changes in the pat-
tern of clay in terms of peak shift toward low angle
side, increase in d-spacing, reinforced peak intensity
up to 15 wt % and enhancement in the clay gallery
width in the PNC films when compared with pure
clay XRD data. The changes are recorded in the

TABLE I
Changes in the Structural Parameters of the Host
Polymer (PAN) Evaluated from the XRD Peak [010]
Profile of the Pan in the PNC Films [(PAN)gLiCF;SO; +
x wt % DMMT]

Polymer

Clay Conc. d-Spacing interchain _
(wt %) Leomp / Ips (A) spacing (R) (A)
x=0 100 6.2 7.6
x=1 116 6.3 7.7
x=2 105 6.2 7.6
x=5 66 6.3 7.7
x=75 60 6.2 7.6

x =10 63 6.2 7.6
x=15 57 6.1 74

x =20 84 6.1 74
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TABLE II
Intercalation of Polymer-salt Complex nto the
Nanometric Clay Galleries of Organomodified Clay in
the PNC Films Based on (PAN)sLiCF;SO; + x wt %

DMMT

Clay Conc. . Clay Gallery
(%) Pos.(26) d-Spacing(A) width(A)
Clay 5.8 15.1 55
x=2 5.4 16.4 6.8
x=5 4.5 19.3 9.7
x=75 45 19.2 9.6

x =10 4.5 19.5 9.9
x=15 4.5 19.2 9.6

x =20 45 19.3 9.7

Table II. Substantial enhancement in the clay gallery
width has occurred up to ~ 5 wt % clay concentra-
tion in PNC films and remains almost constant
thereafter. The enhancement in the clay channel
width on incorporating clay into PS matrix provides
a convincing evidence of the intercalation of cation
coordinated polymer chain into the nanometric clay
galleries. The intercalation effect appears to be sig-
nificantly stable for clay concentration x > 10 wt %.
An indication of this feasibility is also confirmed by
observed changes in the intensity profile of the PNC
films. The XRD result clearly provides evidence of a
very strong interaction between PS complex and
clay in the PNC films.

Transmission electron microscope (TEM) analysis

TEM analysis has been performed to observe the
surface property and morphological features of the
PNC films. Figure 2(a—f) depicts TEM micrographs
and selected area electron diffraction (SAED) pattern
of PNC films with different clay concentration. The
typical morphology of the clay free PS complex ma-
trix [Fig.(2a)], comprises of PS complex phase,
whereas the PNC films with 2 wt % clay concentra-
tion [Fig.(2b)] shows the appearance of DMMT clay
layers clearly. It also suggests the presence of exfoli-
ation of the PS matrix in the PNC at low clay load-
ing. At low clay loading there have to be presence of
individual clay platelets dispersed homogeneously
in PS matrix indicates that some exfoliation has
occurred in PNC films. The dark slices present in
the image represent the exfoliated PNC film, which
is also confirmed in the XRD spectrum shown in the
Figure 1(b)."* However, with increase in the clay
concentration, the scenario changes completely. A
representative TEM graph for higher clay concentra-
tion (15 wt % clay) clearly depicts the presence of
regions indicated by the presence of well-defined
stacks representing clay channels with PS [Fig. 2(c)].
At higher clay loading, a number of intercalated tac-
toids are observed to be dispersed into the PS com-
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plex matrix.'”” The SAED pattern confirms that the
crystalline nature of the PNC films has improved on
nanocomposite formation and the effect appears to
be stronger with increasing clay concentration in the
PNC films [Fig. 2 (d-f)].

Complex impedance analysis

Figure 3 shows complex impedance spectrum (CIS)
pattern of PAN based solid polymer films for 5 wt
% clay concentrations and without clay at room tem-
perature and 80°C. The CIS pattern comprises of a
response typical to a small high frequency arc fol-
lowed by a steep spike in the low frequency
region.’® The intercept of the spike on real axis gives
an estimate of bulk resistance (R;) of the sample.
The experimental impedance response, when fitted
using nonlinear least squares (NLS) model by means
of a computer program (ZSimpWin), agrees well
with the theoretical plot (Solid lines). An electrical
equivalent circuit model of the sample impedance

50 nm 2 l/nm

2 I/nm

. Sam

Figure 2 TEM and selected area electron diffraction
(SAED) pattern of PNC films at organomodified clay con-
centration (x = 0, 2, and 15%). [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]
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Figure 3 Nyquist plot of PNC films at room temperature and 80°C based on (PAN)gLiCF3SO; + x wt % DMMT.

response appears to be consistent with a fit compris-
ing of parallel combination of resistance (R) and the
constant phase element (cpe) connected in series
with another constant phase element (cpe). The pres-
ence of a constant phase element (cpe) in the mate-
rial sample is a testimony of its multiphase character
comprising of microstructure having both crystalline,
amorphous and an intermingling of the two phases
in the PS complex (PS) films. The constant phase ele-
ment (cpe) is generally used in place of pure capaci-
tor in real systems and its impedance is expressed
as; Zcpg = W where Qo and n are fitting parame-
ters, n =0 ?or pure resistor, n = 1 for pure capacitor,
and n = 0.5 having the both resistive and capacitive
component.

The parameters given in the Tables III and IV of
the manuscript are just to provide evidence for
change in the sample electrical response with change
in clay concentration in the PNC films. The esti-
mated value of Q and its exponent for “cpe” compo-
nents of the electrical equivalent circuit model for
PNC films with different clay concentration at RT
and 80°C are presented in the Tables III and IV. The
effect of clay addition into the (PAN)gLiCF;50; ma-
trix appears to modulate the electrical behavior of
the PNC films with increase in the clay
concentration.

This is reflected clearly, in the CIS pattern
(Nyquist plot) on clay addition (say 5 wt %) in
comparison with that of the PS film without clay,

TABLE III
Typical Values of the Electrical Parameters Obtained from Nonlinear Least Squares (NLS) Fit of the Impedance
Spectrum of the PNC Films [(PAN)sLiCF;SO; + x wt % DMMT] at Room Temperature

Impedance Parameters

Bulk data Interface data
Clay conc. (%) Rb (Q) Q1 1 Q> 1o G4c at RT Car (1F)
x=0 272 3.0 x 107° 0.28 15 x 1077 0.78 24 x 107 18
x=1 75.0 48 x 107° 0.30 32 x 1077 0.80 12 x 1072 45
x=2 6.8 1.9 x 107° 0.48 1.7 x 107° 0.83 84 x 1072 530
x=5 7.8 24 x 107° 0.46 75 x 107° 0.82 6.7 x 1072 212
x=75 9.9 92 x 107° 0.51 24 % 107° 0.90 6.8 x 1072 53
x =10 9.1 40 x 107° 0.40 24 x 107° 0.51 59 x 1073 80
x =15 12.4 1.8 x 107° 0.39 1.8 x 107° 0.76 47 x 1073 265
x =20 12.7 9.1 x 107° 0.45 25 % 107° 0.73 3.7 x 1072 289

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE IV
Typical Values of the Electrical Parameters Obtained from Nonlinear Least Squares (NLS) Fit of the Impedance
Spectrum of the PNC Films [(PAN)sLiCF;SO; + x wt % DMMT] at 80°C

Impedance Parameters

Bulk data Interface data
Clay conc. (%) Rb(Q) (o) n Q> 1y og4c at 80°C Car (1F)
x=0 24.8 4 x107° 0.31 23 x 107° 0.72 3.8 x 1072 47
x=1 30.8 9.8 x 107° 0.56 8.6 x 107° 0.77 49 x 1072 227
x=2 28.0 11 x 107° 0.77 7.6 x 107° 0.80 25 x 1072 227
x=5 9.2 39 x 107° 0.48 39 x 107° 0.72 1.4 x 1072 531
x=75 11.5 75 x 107° 0.49 47 x 107* 0.86 1.9 x 1072 227
x =10 10.6 3.7 x 107° 0.49 6.6 x 107° 0.85 1.5 x 1072 265
x =15 8.2 2 x107° 0.49 43 x3107° 0.85 6.7 x 1072 159
x =20 14.0 9.6 x 107° 0.48 3.6 x 107° 0.88 6.7 x 1072 159

indicated by a relatively steeper spike in the for-
mer. A NLS fitting of the experimental data shows
good agreement with the corresponding theoretical
pattern suggesting validity and accuracy of the ex-
perimental results. The model of electrical equiva-
lent circuit remains identical in pattern for the PNC
and PS films with essential difference in the values
of bulk resistance (R,), constant phase elements Q;
and Q, and their exponent’s n; and n,, respectively.
A lowering in the value of “n” indicates enhance-
ment in the phase inhomogeneity of the PNC film
on PS intercalation into the clay channels. The CIS
pattern remains almost identical even at 80°C with
essential difference in the substantial lowering of
the value of bulk resistance (R;) and almost identi-
cal changes in the value of constant phase element
components and their exponents. The value of “Q”
and “n” for various composition of 0 < x < 20 of
the PNC at RT and 80°C have been recorded in the
Tables III and IV for comparison. It clearly indi-
cates the presence of double layer capacitance (elec-
trode polarization effect) at the electrode-electrolyte
interface. This inference also seems to be reasonable
and consistent with the estimated value of Cg
(double layer capacitance), which is of the order of
uF for the PNC film in sharp contrast to PS film.
This observation appears to be consistent with the
prevailing concepts in the case of fast ion conduct-
ing solids.

Ionic transport and conduction properties

Ion transport property has been studied in two steps
described as follows:

Separation of ion and electronic contribution

Figure 4 shows the typical variation of polarization
current as a function of time for both the PS and
PNC films of different clay concentration recorded
at room temperature. The pattern of variation shows
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a very high initial total current (I;) followed by a
sharp drop in its value with the passage of time.
The current ultimately attains a saturation value and
remains invariant as a function of time. The initial
high current is attributed to the contribution from
both the ions and the electron in the sample matrix
whereas the final saturation current is attributed to
the contribution of electronic mobility. It is known
as residual electronic current (I,). The experimental
pattern of variation (Fig. 4) follows almost identical
trend for both the PS and PNC films. The estimated
value of the ionic transport number (t;,,) using ex-
perimental data of I; and I, in accordance with the
eq. (1) are given in the Table V. The transport num-
ber values clearly indicate that the PNC samples are
predominantly ionic conductor with ion transport
number (t,n) close to unity.

The ion transport results have also been used to
estimate ionic and electronic contributions to the
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Figure 4 Variation of polarization current as a function
of time for PNC films [(PAN)gLiCF3;SO3+ x wt % DMMT]
with various clay concentration.
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TABLE V
Ionic Transport Number and Electrical Conductivity
Because of Electronic and Ionic Contributions for
Various Clay Concentrations in the PNC Films Based on
(PAN)sLiCF;SO3 + x wt % DMMT

NaMMT Tonic Electronic
Clay Transport Conductivity Conductivity
x (%) No. (%) (Sem™) (Sem™)
x=0 99.9 239 x 1074 3.0 x 1077
x=2 99.7 837 x 1073 7.2 x 107°
x=5 99.6 6.67 x 1073 26.8 x 107°
x =15 99.8 469 x 1072 94 x 107°

electrical conductivity in accordance with the equa-
tion Gjon = Ogc X (tion) and 6. = 1 — Gjon. The calcu-
lated conductivity values are given in the Table V.
The ionic conductivity value is ~ 107> S cm ™" almost
for all the PNC films, which is well in the desirable
limit and at par with the liquid electrolytes. How-
ever, electronic conductivity value ~ 10°° S cm™’
may be considered to be in the ideal limit of the
suitability for ionic device applications.

Separation of anion and cation contribution in the
overall electrical transport

To see the actual contribution of cations to the elec-
trical transport properties of PNC films, we have
evaluated the Li" ion transport property using a
combined dc polarization / ac impedance measure-
ment technique’® proposed by Vincent and co-
workers. The formula used for evaluating the cation
transport number is:

Is(V —LR,)
s [L,(V—ISRS)] @)
where V is the applied dc voltage for sample polar-
ization, I, and I, are the currents before and after
polarization whereas R, and R, are the initial and
steady-state resistance of the passivating layers. Fig-
ure 5(a,b) gives the estimation of steady-state resist-
ance before and after polarization, respectively. The
impedance measurement on the cell using nonblock-
ing electrode was performed before and after cell
polarization at a relatively smaller dc field (20 mV)
applied across it. The dc polarization was allowed
for a considerably larger time (12 h). The impedance
response and variation of polarization current vs.
applied dc field is shown in Figure 5(a—c). The
experimentally measured values of sample electrical
response parameters as per the eq. (4) are; dc volt-
age ~ 20 mV, R, = 103 Q, I, = 30 nA, R, = 4330 Q,
and I; = 20 nA. Using these values in eq. (4), the
estimated value of cationic transport number (t;")
for PAN+LiCF3S05+15 wt % DMMT film is ~ 67%.
It is higher in comparison to a number of polymer

(PAN)-salt complex such as; PAN-LiClO, (~ 60%),
PAN-LiAsFs (~ 40%) and PAN-LiN(CF3;S0,); (~
60%)."” A comparison of the cation transport values
suggests a clear enhancement in #;; on intercalation
of PAN + LiCF3SO; complex into the nanometric
clay galleries of the organomodified clay.

STABILITY PROPERTIES
Voltage stability

The optimum limit of voltage stability (also known
as electrochemical potential window or working
voltage of the intercalated polymer-clay nanocompo-
site films) has been studied by measurements of the
residual electronic current as a function of the
applied voltages. Typical I-V characteristic curves
for PS and PNC films of different clay concentration
are shown in the Figure 6(a—d). It indicates a gradual
increase in the magnitude of current with rise in the
applied voltage across the cells. As the voltage
increases beyond a certain threshold limit, an abrupt
enhancement in current occurs and current keeps on
rising as if the applied dc bias losses control on cur-
rent flow across the cell. This behavior appears to be
distinctly different for the PS complex film and
intercalated PNC films. The result provides a clear
indication of substantial enhancement in the voltage
stability limit of PNC films when compared with PS
film without clay. Of course, the voltage stability
enhancement appears to be a function of clay con-
centrations evident from the results. The stability
limit has been estimated from intercept of the tan-
gent to the suddenly rising current on voltage axis.
These values for the selected PNC films with 2 wt %
and 5 wt % clay concentration are given in the Fig-
ure 6 and have been compared with the stability
window of clay free PS film. A comparison indicates
substantial improvement in the voltage stability win-
dow in the PNC films with the highest stability
value of ~ 5.6 V for the sample with 5 wt % clay
concentration. However, it is important to mention
at this stage that limit of voltage stability again starts
falling down at clay concentration >15 wt %. The
voltage stability achieved for PAN based solid PNC
film with 5 wt % clay appears to be at par with the
voltage stability window of the conventional liquid
electrolytes. Further this value for PAN based PNC
is perhaps the highest among polymer based solid
ionic conductors. Before this report, the highest
value of voltage stability reported in literature is ~ 5
V for ion conducting polymeric system; composite
polymer electrolyte (3.75 V, 4.75 V),'"®'? solid poly-
mer electrolyte (4.7 V),%° and gel polymer electrolyte
G V)72

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 Electrochemical impedance spectrum (EIS) of the cell (a) before polarization, (b) after polarization, and (c) vari-
ation of polarization current with time at an applied dc field (20 mV).

Thermal stability

The effect of clay concentration on thermal stability
property of the PNC films has been investigated by
TGA. The TGA pattern of the films with the various
clay concentrations is shown in the Figure 7. It
shows three clear regions of changes suggesting
three distinct thermal transitions marked as I, II, and
II in the Figure 7. It may be indicative of different
physical processes occurring with the system. The
first region (I) in the thermogram indicates a pro-
gressive mass loss that continues up to 250°C fol-
lowed by a kink at 270-280°C. It may be attributed
to the stabilization of polymer backbone via forma-
tion of ring because of cyclo cross-linking among the
adjacent —CN groups. The second region (II) in the
TGA pattern occurring in the temperature range
280-350°C represents the zone where the rate of
mass loss is relatively steady with a change in slope.
It may be related to chain flexibility of the polymer
backbone near its melting temperature (317°C).
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Figure 6 Variation of residual electronic current as a
function of applied dc voltage (I-V characteristics) of PNC
films [(PAN)gLiCF;SO3 + x wt % DMMT] with various
clay concentration.
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Figure 7 Thermogravimetric analysis (TGA) curves of
PNC films [(PAN)gLiCF;SO5; + x wt % DMMT] for various
clay concentrations.

However, the possibility of cyclocrosslinking reac-
tion and evolution of volatile component from PAN
backbone cannot be ruled out. In the region (III)
occurring at temperatures above 350°C, there is
steep fall in mass. This may be because of thermo-
oxidative degradation and polymer chain scission.
Although, apparently, thermal stability appears to
be lowered with increase in clay concentration by 10
to 15°C, the thermal stability up to a temperature
range of the order of 250°C is quite acceptable for
energy storage device application. The inference
appears to be consistent with a few previous reports
in literature.'*****

In addition, the drastic enhancement of voltage
stability on nanocomposite formation adds sufficient
value to the experimental limits of thermal stability
indicated by TGA analysis.

Mechanical stability

The mechanical properties of thin PNC films have
been observed in terms of their tensile strength (TS)
and maximum percentage elongation (EL) at break.
The result of mechanical measurements has been
expressed in the form of stress—strain diagram
shown in the Figure 8(a—d). It provides valuable in-
formation of the material mechanical properties such
as the nature of deformation under an external load,
tensile strength (TS), etc. A comparison of these pa-
rameters of the clay based nanocomposite films with
that of the pure PS complex is expected to provide
significant information for justification of nanocom-
posite formation.

A typical representative stress-strain diagram for
clay free sample i.e. (PAN)sLiCF;SO; is shown in
the Figure 8(a). It shows a linear relationship
between stress and strain up to a limiting stress of
6.7 MPa in strict agreement with ideal elastic system
obeying Hooke’s law. Beyond this, a nonlinear varia-
tion followed by a kink is observed. Finally, the me-
chanical breakdown of the sample occurs at a stress
of ~ 5 MPa with percentage elongation at break
being 100%. We attribute this change possibly to
elastic fatigue. Although such a behavior against an
applied load has already been reported**® previ-
ously without any explanation. The estimated value
of elastic constant (Young modulus) from the stress-
strain plot is 426 MPa for the clay free PS film.

A clear change in mechanical behavior has been
observed in the PNC films even at a lower clay load-
ing (~ 2 wt %). The variation in the stress-strain plot
shows typical linear pattern [Fig. 8(b)] without any
signal for nonlinearity even at higher applied load
unlike that of the PS film. This change itself indi-
cates significant improvement in the mechanical
properties. This is also confirmed by substantial
enhancement in the value of TS (~ 16 MPa) and

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 Stress-strain diagram of PNC films based on (PAN)gLiCF;SO3 + x wt % DMMT.

elongation (200%) that amounts to a two fold
increase in the mechanical properties.

On further increase in the clay loading (~ 15 wt
%), a clear change in the tensile strength (TS), maxi-
mum percentage elongation (EL) at break and the
modulus of elasticity has been noticed in the stress-
strain diagram of the PNC films. Finally, at 20 wt %
clay concentration, the linear relationship in stress-
strain diagram undergoes modification with two dis-
tinct regions that can be identified as the regions of
elastic and plastic deformation before the sample
breakdown takes place. The estimated value of the
tensile strength in the 20 wt % clay is about ~ 25
MPa with the maximum percentage elongation being
~ 400%. The young modulus value works out to be
~ 308 MPa.

A relative comparison of the effect of clay loading
on changes in the mechanical properties is described
in terms of the degree of variation in the TS shown
in the Figure 9. It shows the variation in tensile
strength (TSy,x) against modified clay concentration.
From figure it clearly indicates that addition of the
clay causes substantial enhancement in the mechani-
cal stability to the tune of 3-4 times when compared
with the mechanical stability of pure PS complex
sample. It may possibly be attributed to the role of
clay as a supporting matrix for reinforcing the
strength via an improved molecular interaction
within the polymer matrix. The stress-strain plot
(Fig. 8) has also provided an estimate of young mod-
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ulus for PNC films with different clay concentration.
Typical representative results are shown in the Table
VI for comparison. The results indicate a lowering in
the young modulus of PNC films with increasing
clay concentration. This result may be related to a
possible flexibility in the polymer matrix backbone
and it may be linked with shock absorbing ability of
the PNC films under stress. The onset of this behav-
ior occurs even at very low clay concentration of 2

wt % as evident from the table and it attains
24
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Figure 9 Typical variation of tensile strength (TSmax) as
a function of clay concentration.
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TABLE VI
Typical Representative Mechanical Properties (Tensile
Strength, Young Modulus, and Relative Change in
Elongation at Break) of PNC Films Based on
(PAN)sLiCF;S0; + x wt % DMMT

Clay Conc.(%)  Young Modulus(Y) TS (MPa)  AEL (%)
0 426 5 100
2 377 16 200
15 307 20 300
20 307 25 400

saturation limit at 15-20 wt % clay concentration.
The overall impact is an improvement in the me-
chanical properties on nanocomposite formation.

SUMMARY AND CONCLUSIONS

A new series of intercalation type PNC film based
on (PAN)sLiCF;50;5 + x wt % DMMT has been pre-
pared and characterized for its structural, morpho-
logical, electrical, thermal, mechanical, and transport
properties. XRD results confirm composite formation
and provide evidence for strong interaction of PS
matrix with organomodified clay. Quantative analy-
sis of XRD data clearly suggests the intercalation of
PS matrix into nanometric clay channels. Such a pos-
sibility is strongly corroborated by transmission elec-
tron microscopy (TEM) results. CIS results provide
evidence of bulk conduction as the major electrical
transport process in both the PS and PNC films. A
modeling of the sample electrical behavior suggests
that both the PS and PNC films behave electrically
as an equivalent electric circuit comprising of paral-
lel combination of resistance with constant phase
element (cpe) connected in series with another con-
stant phase element (cpe). The presence of second
constant phase element is consistent with the evi-
dence of charge accumulation at the electrode-elec-
trolyte interface. Ion transport number (~ 0.99)
results indicate the PNC films to be predominantly
ionic whereas the cationic transport number is sub-
stantially higher (tiT~ 0.67). Large enhancement in
voltage stability (5.6 V) and mechanical stability (~
25 MPa) have been recorded on nanocomposite for-
mation. Thermal stability (~ 250°C) of the PNC films
appears to be quite acceptable for device application.
The optimized combination of the PNC film may be
expected to serve the dual purpose of electrolyte

and separator in energy storage device such as the
lithium polymer batteries and supercapacitors etc.
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