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Abstract

High and low content of montmorillonite incorporated polymethylmethacrylate matrix in the presence of lithiumtriflate salt was
investigated and studied. All samples were synthesized using the solution cast technique method. Different techniques (X-ray
diffraction, FT-IR, DSC, TG, and SEM) were used for structure characterization. X-ray diffraction (XRD) and Fourier transform
infrared (FT-IR) analyses confirmed the complete dissolution of lithiumtriflate salt and intercalation of montmorillonite within
the polymethylmethacrylate matrix. The different contents of montmorillonite showed different behaviors in both of structure and
properties. The sample containing the low content of 5 wt% montmorillonite showed the highest AC- conductivity value (0a. =
2.09x 10 Q" .cm™, at room temperature) with a big difference to the other ones. The same sample also showed a good thermal
stability (74 =378 °C). Electrochemical stability of the same sample was also studied. All results were collected and discussed.

Keywords Montmorillonite - Electrical properties - Polymer nanocomposites electrolytes - Electrochemical stability - Lithiumion

batteries

Introduction

Solid electrolytes have received attention as electrolytic mate-
rials for solid lithium-ion batteries because of advantages in
mechanical stability, safety, flexibility, and processability. The
solid polymer electrolytes are flexible-type solid-state
ion-dipolar complexes recognized as the most suitable
ion-conducting dielectric materials for the development

Highlights « High and low MMT contents incorporated PMMA matrix
containing LTF salt were investigated and studied.

* Different structures and properties were observed in the presence of
MMT content.

* The low MMT content (5 wt% montmorillonite) within the PMMA
matrix showed the best suitable matrix for the lithium-ion diffusion.

* The same sample showed the highest conductivity value, with a big
difference to the others.

* Good thermal and electrochemical stability behavior was also observed.

><J Emad M. Masoud
emad.youssef@fsc.bu.edu.eg; emad masoud1981@yahoo.com;
http://www.bu.edu.eg/staff/emadyoussef7

Chemistry Department, Faculty of science, Benha University,
Benha 13518, Egypt

Published online; 24 November 2018

of dry-state high energy density rechargeable batteries [1-8].
Polymers such as poly (vinylidenefluoride) (PVdF) [9] and its
co-polymer poly(vinylidenefluoride-co-hexafluoro propyl-
ene) P(VdF-co-HFP)] [10, 11], poly(methyl methacrylate)
(PMMA) [12], poly(acrylonitrile) (PAN) [13], polyethylene
oxide PEO [14-16], and its blends [17] have been widely
studied as host polymers for preparing polymer electrolytes.
PMMA is one of the promising representatives of polymeric
materials with a wide application, especially as electrolytes for
lithium-ion batteries. To date, it has to satisfy various con-
straints in regard to amorphous nature, stability against
degradation, limits on charge traps, high breakdown po-
tential, band offsets processability, and reproducibility
[18]. Extensive work has been performed to tune the prop-
erties such as morphology, optical, dielectric, and aging
behavior of PMMA films. Till now, the better outcomes
were gotten from ionogel with the marvelous compatibil-
ity of different organic salts with PMMA [19-22]. The
enhancement effect of various ceramic particles, like
SiO,, TiO,, ZnO, Al,Os, etc., on the conductivities and
electrochemical stability of polymer electrolytes was also
well documented in the literature [23-25]. The addition of
fillers with Lewis acids surface groups usually reduces the
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ion paring and therefore increases the conductivity. On the
other hand, stabilization of the interphase and lowering of
the overall resistance of lithium electrodes was observed when
using surface-modified inorganic fillers as additives [26-28].
Although not widely studied as ceramic powders, montmoril-
lonite clay is another type of inorganic filler that enhanced the
conductivity of PEO [29-32] and poly-(acrylonitrile) (PAN)
[33]. This enhancement was due to the well-dispersed clay in
the system, which tended to disrupt the association of lithium
cations and anions [31]. Many research works investigated the
clay-PMMA composites as gel electrolytes and only in the
low contents [34, 35]. Many researchers present encouraging
results for P (VdF-HFP)-based polymer electrolytes with dif-
ferent types of dopant salts, such as lithium fluoroalkyl phos-
phate [36], lithium perchlorate [37], and lithium
bis(trifluoromethanesulfonyl) imide [38]. Lithium
trifluoromethanesulfonate salt (LTFMS) is one of the most
common lithium salts used in polymer electrolyte research.
Here, and as a continuation of our previous works concerning
the polymer electrolytes, a new trial of using the nano-
montmorillonite clay as filler will be studied and conducted
in both low and high contents, into polymethylmethacryalte
matrix containing lithiumtriflate salt. These nanocomposites
will be studied as solid electrolytes for achieving the two main
properties: ionic conductivity and thermal stability.

Experimental

Synthesis of pure polymer, polymer electrolyte,
and polymer nanocomposite electrolytes

Materials: PMMA (polymethylmethacrylate, M.wt = 300,000,
Sigma-Aldrich, 99.99%), LiCF;SO3; (lithium
trifluoromethane sulphonate, Sigma-Aldrich, 99.99%), DMF
(N, N Di-methyl formamide, Sigma-Aldrich, 99.99%), and
montmorillonite (nanoclay, specific surface area =240 m?/g,
Sigma-Aldrich, 99.99%).

Pure polymer, polymer electrolyte and polymer nanocom-
posite electrolytes were prepared using a simple solution cast-
ing technique. PMMA was first dissolved in N, N Di-methyl
formamide (DMF) under heating (40 °C) till a homogeneous
viscous solution is obtained. After that, LiCF;SOj5 salt was
added. Following, different montmorillonite (nano clay) filler
amounts were added to the viscous solution according to the
following concentration formula:

[90 PMMA-10 LICF30s] 4 x Montmorillonite (nano clay), x = 0,5, 10,30, 50 wt%}

The solution was continuously stirred for 24 h to avoid the
nano filler aggregation and to get the fine mixing. The obtain-
ed homogenous viscous solution was then poured into the
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petri dish. The solvent was allowed to evaporate slowly from
the composite at room temperature and then all samples were
dried at 60 °C for 3 h to get pure polymer, polymer electrolyte
and polymer nanocomposites electrolytes membranes. All
samples were denoted as following: MMT, PMMA,
PMMA-LTF, PMMA-LTF-1, PMMA-LTF-2, PMMA-LTF-
3, and PMMA-LTF-4 for montmorillonite, pure
polymethylmethacrylate, polymethylmethacrylate containing
10 wt% of LiCF3SO3;, polymethylmethacrylate containing
10 wt% of LiCF5SO5 and 5 wt% montmorillonite (nano clay),
polymethylmethacrylate containing 10 wt% of LiCF3SO3 and
10 wt% montmorillonite (nano clay), polymethylmethacrylate
containing 10 wt% of LiCF;SO3 and 30 wt% montmorillonite
(nano clay), and polymethylmethacrylate containing 10 wt%
of LiCF53S0; and 50 wt% montmorillonite (nano clay),
respectively.

Characterization of samples

X-ray diffraction analysis was performed on a Diano (made by
Diano Corporation, USA) with Cu-filtered CuK « radiation (A
= 1.5418 A) energized at 45 kV, and 10 mA. The samples
were measured at room temperature in the range from 26 =10
to 70°. Differential scanning calorimetry (DSC) and thermal
gravimetric (TG) analyses were performed in air atmosphere,
in a temperature range of 303—813 K with a constant heating
rate of 10 °C/min using Shimadzu DSC-60H. The Fourier
transform infrared spectra of the samples were recorded in
the range of 650—4000 cm™ ' using a Brucker FT-IR.
Scanning electron microscopy was carried out with JOEL
scanning electron microscope (JSM-35CF). The thickness of
each sample was measured using a micrometer screw gauge.
Electrical properties were studied in a temperature range from
303 to 373 K and a frequency one from 100 Hz to 10 MHz.
Also, these properties were estimated with the help of stainless
steel blocking electrodes using a programmable automatic
LCR bridge (Model RM 6306 Phillips Bridge).

The electrochemical stability of optimized polymer nano-
composite electrolyte of high ionic conductivity value was
evaluated using lithium metal as working and counter elec-
trode, by linear sweep voltammetry at room temperature using
an EG&G Electrochemical analyzer (Model-6310) in the scan
rate of 1 mV/s.

Results and discussion

X-ray diffraction patterns of LTF, MMT, PMMA, PMMA-
LTF, PMMA-LTF-1, PMMA-LTF-2, PMMA-LTF-3, and
PMMA-LTF-4 are displayed in Figs. 1 and 2.

Firstly, Fig. 1 showed the effect of LTF addition into the
PMMA matrix. The figure showed that the LTF-crystalline
peaks completely disappeared in the presence of the
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Fig. 1 X-ray diffraction patterns of PMMA, LTF, and PMMA-LTF

amorphous PMMA matrix. This confirms the good interac-
tions between LTF and the polymer matrix, and indicating the
good ability of the polymer matrix to dissolve this used con-
centration of LTF. In contrast, the effect of MMT addition into
the PMMA matrix containing LTF salt was also shown
(Fig. 2a, b). Figure 2a showed the major amorphosity of all
investigated samples containing the different concentrations
of MMT. To further show and ensure the interaction nature
between MMT and the PMMA matrix containing the LTF salt,
X-ray diffraction patterns of the MMT peak (001) (at 20 =
4.47, corresponding to an interlayer spacing of 2 nm) in all
PMMA-LTF nanocomposites were introduced in Fig. 2¢c. The
figure showed that this characteristic peak of MMT was
shifted to lower 20 values, corresponding to different inter-
layer spacing values in the PMMA-LTF nanocomposites. This
exhibits the intercalation of PMMA chains inside the galleries
of MMT. This intercalation process can be represented
through Scheme 1.

As obviously shown, the PMMA-LTF-3 sample showed
the lowest 20 shift value compared to the other ones. This
may indicate that this sample has the highest intercalation
between both of the PMMA matrix and MMT. Figure 3a
shows FT-IR spectra of LTF, MMT, PMMA, PMMA-LTF,
PMMA-LTF-1, PMMA-LTF-2, PMMA-LTF-3, and PMMA-
LTF-4. Figure 3b shows FT-IR spectra (in a region between
700 and 1700 cm ™', to show obviously the basic bands) of
PMMA-LTF-1, PMMA-LTF-2, PMMA-LTF-3, and PMMA-
LTF-4. For the basic bands of the PMMA matrix, and accord-
ing to a literature work [39], it can be seen that there is a
distinct absorption band from 1150 to 1250 cm ™', which can
be attributed to the C—O—C stretching vibration. The two
bands at 1388 and 754 cm™' can be attributed to the o-
methyl group vibrations. The band at 987 cm ™" is the charac-
teristic absorption vibration of PMMA, together with the
bands at 1062 and 843 cm™'. The band at 1732 cm ™' shows
the presence of the acrylate carboxyl group. The band at
1444 cm™" can be attributed to the bending vibration of the
C-H bonds of the —CHj3 group. The two bands at 2997 and
2952 c¢cm ' can be assigned to the C—H bond stretching
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Fig. 2 X-ray diffraction patterns of a PMMA-LTF and MMT; b PMMA-
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Scheme 1 Intercalation between MMT and the PMMA matrix
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Fig. 3 a FT-IR spectra of PMMA, LTF, PMMA-LTF, MMT, PMMA-
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vibrations of the —CH3 and —CH, groups, respectively.
Furthermore, there are two weak absorption bands at 3437
and 1641 cm ', which can be attributed to the —OH group
stretching and bending vibrations, respectively. To further in-
vestigate the interactions between both of LTF and MMT with
the PMMA matrix, a comparison between the wave number
values of PMMA bands in both of PMMA-LTF and those of
PMMA-LTF containing different concentrations of MMT
were collected and tabulated (Table 1). The table showed that
there is an observed increase or decrease wave number values
shift of PMMA bands in the presence of both LTF and MMT.
This increase or decrease shift confirms the interactions be-
tween lithium ions of LTF and oxygen — polar group of
PMMA, in addition to the above confirmed interactions be-
tween MMT and PMMA. DSC thermograms of PMMA,
PMMA-LTF, PMMA-LTF-1, PMMA-LTF-2, PMMA-LTF-
3, and PMMA-LTF-4 are shown in Fig 4. As obviously
shown, the peak observed at a temperature range between
83.5 and 113.2 °C for all investigated samples was mainly
due to the dehydration process of water molecules. The peak
at a temperature range between 133.8 and 163 °C can be
attributed to the melting temperature (7,,). All melting
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FT-IR spectral basic bands assignment of PMMA, PMMA-LTF, PMMA-LTF-1, PMMA-LTF-2, PMMA-LTF-3, and PMMA-LTF-4

Table 1

PMMA-LTF-1 PMMA-LTF-2 PMMA-LTF-3 PMMA-LTF-4

PMMA-LTF

PMMA

Wave number (cm™ ')

1029-1247 1030-1245 1028-1245

1384, 751

1145-1242
1387, 750

1030-1247
1385, 751

C-0O-C stretching vibration

1150-1250
1388, 754

1379, 748

1386, 749

«-Methyl group vibrations

845, 985, 1063

1730
1445

842, 984, 1058

1734
1441

838, 985, 1061

1733
1443

841, 987, 1059

1729
1442

840, 983, 1060

1731
1445

Characteristic absorption vibration of PMMA

843, 987, 1062

1732
1444

Acrylate carboxyl group

Bending vibration of the C—H bonds of the —CH3 group

2948, 2999
1644, 3435

2949, 2995 2953, 2989
1643, 3438

2954, 2996

2950, 2995

C—H bond stretching vibrations of the -CH3 and —CH2 groups

—OH group stretching and bending vibrations

2952, 2997

1639, 3439 1639, 3434

1640, 3438

1641, 3437
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Fig. 4 Differential thermal analysis (DSC) patterns of PMMA, PMMA-
LTF, PMMA-LTF-1, PMMA-LTF-2, PMMA-LTF-3, and PMMA-LTF-4

temperature values were exactly determined and tabulated
(Table 2). Also, the obvious peak at a temperature range be-
tween 347 and 438 °C can be attributed to the decomposition
temperature (74) of the PMMA matrix (Table 2). As is well
known, thermal stability property is one of the most important
properties determining the ability of the membrane to be used
as an electrolyte for lithium ion batteries application. In this
vein, investigation of decomposition temperatures (7y) of all
investigated samples was performed trough thermal gravimet-
ric analysis, TG, to study the addition effect of both LTF and
MMT on the PMMA matrix. Figure 5 revealed two basic
weight loss regions; the first was in a temperature range be-
tween 40 to 340 °C, and the second one was in a temperature
range between 340 to 440 °C. The first region can be attribut-
ed to the dehydration of water molecules and melting process-
es, as confirmed above through the endothermic peaks of the
DSC analysis. The second one can also be attributed to the
decomposition temperature of the PMMA matrix. This de-
composition was also confirmed above through the endother-
mic peaks of the DSC analysis. According to Table 2 and
Fig. 6, the sample containing 30% MMT (PMMA-LTF-3)
showed the highest value of melting temperature (7, =
163 °C) compared to the other ones, which showed the fol-
lowing order: (PMMA-LTF-4, T,,,= 142 °C>PMMA-LTF-2,

Table 2 Values of melting temperature (7},,), heat enthalpy of melting
(AH,,), crystallinity percent (X;), decomposition temperature (7y), and
AC-ionic conductivity (0pc) of PMMA, PMMA-LTF, PMMA-LTF-1,
PMMA-LTF-2, PMMA-LTF-3, and PMMA-LTF-4

Sample T, (°C) T, (°C) 0ac (ohm ™' .em )
at 303 K
PMMA 133.8 438 137x107"
PMMA-LTF 135 408 2.66x1071°
PMMA-LTF-1 134 378 2.09%10°°
PMMA-LTF-2 140 387 373%1071°
PMMA-LTF-3 163 347 1.01x1071°
PMMA-LTF-4 142 364 1.48x1071°

Fig. 5 Thermal gravimetric analysis (TG) patterns of PMMA, PMMA-
LTF, PMMA-LTF-1, PMMA-LTF-2, PMMA-LTF-3, and PMMA-LTF-4

T,,= 140 °C > PMMA-LTF, T,, =135 °C > PMMA-LTF-1,
Tmw=134 °C>PMMA, T,,,=133.8 °C). In contrast, the pure
PMMA sample showed the highest value of decomposition
temperature (74 =438 °C) compared to the other ones, which
showed the following order: (PMMA-LTF, T4=408 °C>
PMMA-LTF-2, T4=387 °C>PMMA-LTF-1, T4=378 °C>
PMMA-LTF-4, Ty4=364 °C>PMMA-LTF-3, T;=347 °C).
Here, one can notice that the PMMA-LTF-3 sample of the
lowest decomposition temperature (7y) is the same one of
the highest intercalation percent, as confirmed by partially
enlarged drawing of MMT peak (001) in all PMMA-LTF
nanocomposites (Fig. 2b).

Figure 7 shows the scanning electron microscope analysis
in two different magnifications for all investigated samples.
All samples revealed the presence of MMT. Furthermore, al-
most of investigated samples showed the homogeneity distri-
bution of MMT particles within the PMMA matrix, in both of
the two magnifications.

The temperature dependence of AC- electrical conductivity
of PMMA, PMMA-LTF, PMMA-LTF-1, PMMA-LTF-2,
PMMA-LTF-3, and PMMA-LTF-4 was investigated in a tem-
perature range of 303-373 K and at a frequency of 100 Hz

165 500
450
160
400
155 350
Y 150 D &
- 250 =
E o
= 145 200 =
140 150
100
135
50
130 v v . . . r 0
0 1 2 3 4 5 6 7
Sample

Fig. 6 Melting and decomposition temperatures values for 1: PMMA; 2:
PMMA-LTF; 3: PMMA-LTF-1; 4: PMMA-LTF-2; 5: PMMA-LTF-3,
and 6: PMMA-LTF-4
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Fig. 7 Scanning electron
microscope (SEM) photographs
of PMMA-LTF, PMMA-LTF-1,
PMMA-LTF-2, PMMA-LTF-3,
and PMMA-LTF-4

@ Springer



lonics

(Fig. 8). In general, the figure revealed that the AC- conduc-
tivity increases with temperature increase for all investigated
samples. As the conductivity—temperature data follow the
Arrhenius behavior, the mechanism of ion transport is de-
duced to be similar to that in ionic crystals, where ions jump
into neighboring vacant sites and thus increase the ionic con-
ductivity to a higher value. The motion of ions in polymer
electrolytes is a liquid-like mechanism, by which the move-
ment of ions through the polymer matrix is assisted by the
large amplitude of the polymer segmental motion. Thus, great-
er segmental motion at higher temperatures either permits the
ions to hop from one site to another or provides a pathway for
ions to move with faster ionic conduction [40]. The PMMA-
LTF sample showed higher AC- conductivity value than that
of the pure one, PMMA. This shows that the complete disso-
lution of LTF, confirmed by x-ray diffraction analysis, can
induce free mobile lithium ions within the PMMA matrix.
On the other hand, the samples of MMT showed different
AC- conductivity values. All AC- conductivity values at room
temperature were determined (Fig. 9). The figure showed that
the AC- conductivity value increased till 5 wt% MMT
(PMMA-LTF-1), then a sharp decrease behavior was ob-
served up to 30 wt% (PMMA-LTF-3), then a slight increase
was again observed for 50 wt% (PMMA-LTF-4). Table 2
showed that PMM-LTF-1 sample have the highest AC- con-
ductivity value (0. =2.09 x 10 °° Q ".cm !, at room temper-
ature) compared to the other ones, which showed the follow-
ing conductivity order: (o5, (PMMA-LTF-2, 3.73 x
107" Q7 'em™ ") > 04, (PMMA-LTF, 2.66 x
100" 9 'em ')> 0,4, (PMMA-LTFE-4, 1.48 x
107" O '.em™ )y > 04, (PMMA-LTF-3, 1.01 x
109 O em > 04 (PMMA, 1.37x 10" Q@ 'em™), at
room temperature). From these results, we can conclude that
the amount of MMT as an inorganic filler within the
PMMA matrix play an important role in providing special
conducting pathways for the free lithium ions at the filler
surface region through Lewis acid base interactions among

8 wePMMA-LTF-4
=——PMMA-LTF-3
10 ~4-PMMA-LTF-2
12 “B-PMMA-LTF-1
TE 14 “+=PMMA-LTF
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E 16
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~ 18
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26 v r v
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1000/T (K*)

=
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4n oAC (ohm.em)
[ - = =
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- I

2]
B
L
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Fig. 9 AC- conductivity values against MMT concentration (wt%) for
PMMA-LTF, PMMA-LTF-1, PMMA-LTF-2, PMMA-LTF-3, and
PMMA-LTF-4 at room temperature (303 K) and a frequency of 100 Hz

different species in the polymer matrix [41]. Here, it is
obvious that the low MMT content of 5 wt% representing
the PMMA-LTF-1 sample is the best one in creating those
special pathways through the intercalation process, as it
exhibited the highest AC- conductivity value at room tem-
perature. Moreover, the activation energy (£,) values for
all investigated samples were also calculated using the
Arrhenius model o = oy exp.(—E,/RT), where R, T, o, and
0( are gas constant, temperature, the AC- conductivity,
and the pre-exponential factor, respectively. All activation
energy values were shown in Fig. 10. It describes the
energy associated with the defect formation and the ion
migration simultaneously. Moreover, the value of activa-
tion energy basically tells about the favorable environment
and the conditions for the ion migration for smoother ion
transport. The high value of activation energy may be due
to the requirement of high energy for ion migration [42,
43]. In this vein and according to our reported results, the
figure showed that the PMMA-LTF-1 sample has the low-
est activation energy value (£, =0.65 eV) compared to the
others containing LTF and MMT. This comes in a good

| I | I [
| I I
1 2 4 5 6

3
Sample

e
=

[=
L

=

o
w

e o
B @

Activation energy values (Ea, eV)
o
N

o

Fig. 8 Temperature dependence of AC- conductivity for PMMA,
PMMA-LTF, PMMA-LTF-1, PMMA-LTF-2, PMMA-LTF-3, and
PMMA-LTF-4 at a frequency of 100 Hz

Fig. 10 Activation energy values of 1: PMMA; 2: PMMA-LTF; 3:
PMMA-LTF-1; 4: PMMA-LTF-2; 5: PMMA-LTF-3, and 6: PMMA-
LTF-4
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Fig. 11 Frequency dependence of AC- conductivity for PMMA, PMMA-
LTF, PMMA-LTF-1, PMMA-LTF-2, PMMA-LTF-3, and PMMA-LTF-
4 at room temperature (303 K)

agreement with the highest conductivity value of the
same sample. So, ionic conductivity depends on the ac-
tivation energy of the free ions directly and the smaller
the activation energy, the smoother the cation migration.
This lowering in the activation energy is owing to the
increase of flexibility of polymer chains for this concen-
tration which makes a favorable conductive path for the
ions [44]. The other activation energy (E,) values come
as in the following order: (E, (PMMA)<E, (PMMA-
LTF-3)<E, (PMMA-LTF-2)<E, (PMMA-LTF-4)<E,
(PMMA-LTF)).

Figure 11 showed the frequency dependence of AC- con-
ductivity for PMMA, PMMA-LTF, PMMA-LTF-1, PMMA-
LTF-2, PMMA-LTF-3, and PMMA-LTF-4 at room tempera-
ture (303 K). The figure showed an increase of AC- conduc-
tivity values with frequency. Also, the PMMA-LTF-1 sample
showed the highest AC- conductivity values compared to all
the other ones. According to all the abovementioned results,
the PMMA-LTF-1 sample is the best one delivering good
conductivity value at room temperature with good thermal
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Fig. 13 Frequency dependence of activation energy for PMMA-LTF-1

stability behavior. More studies concerning electrical proper-
ties and electrochemical stability will be hereafter discussed to
investigate the ability of using this electrolyte membrane as a
solid one for the lithium ion batteries application.

Figure 12 represents the temperature dependence of AC-
conductivity at different frequencies (100 Hz—10 MHz) for the
PMMA-LTF-1 sample. As obviously seen, the AC- conduc-
tivity increases with temperature increase, and with frequency
increase at the same time. Also, activation energy values at
different frequencies were calculated using the
abovementioned Arrhenius model. Figure 13 represents the
frequency dependence of activation energy for the PMMA-
LTF-1 sample. The figure showed a decrease behavior of ac-
tivation energy values with frequency increase. This can be
attributed to the lithium ion mobility enhancement upon fre-
quency increase. Also, the frequency dependence of AC- con-
ductivity at different temperatures for the PMMA-LTF-1 sam-
ple were also studied (Fig. 14). The figure showed an increase
behavior in two ranges; the first was observed from 0.1 Hz to
100 KHz, and the second was observed from 100 KHz to
20 MHz. Temperature and frequency dependence of dielectric

3.5 =373 K
+353 K
a ,/—————// 333K
'-E —-303 K
o e trire
£ | )..l'-‘.'-l
E
=
2
2 5 gas
©
oo
o
' 5.5 4
6 r * v
0 2 4 6 8

log F (Hz)

Fig. 12 Temperature dependence of AC- conductivity for PMMA-LTF-
1 at different frequencies
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Fig. 14 Frequency dependence of AC- conductivity for PMMA-LTF-1 at
different temperatures



lonics

1.0E+6 -10 MHz
a 1 MHz
1.0E45 | i
w ~~100 KHz|
= 1.0E+4 4
c 40 KHz
B
v pRe—
€ 10643 10 KHz
S // —4 KHz
L2
gaoe | @/ ———% —————e——2 |+1tk
= — - — 3 45300 Hz
S 10641 | ¢ ' =100 Hz
1.0E40 . . -
300 320 340 360 380
T (K)
5.9 4 =373 K
+~353 K
4.9 1 333K
+303K
. 39 4
w
[-":]
g
2.9 ]
19 4
T .
1.5 2.5 35 4.5 5.5 6.5 7.5
log F (Hz)

Fig. 15 Dielectric constant versus a temperature, at different frequencies
and b frequency, at different temperatures for PMMA-LTF-1

constant at different frequencies (100 Hz to 10 MHz) and
temperatures (303 to 373 K), respectively, of PMMA-LTF-1
sample was also investigated, as represented by Fig. 15a, b.
Figure 15a showed an increase behavior of dielectric constant
with temperature at different frequencies. The increase behav-
ior of dielectric constant with temperature may be attributed to
the viscosity decrease [45] of the polymer matrix, and dissolv-
ing of the crystalline or semi-crystalline phases in the amor-
phous phase [46]. Figure 15b showed a decrease behavior of
dielectric constant with frequency at different temperatures,
which may be attributed to the contribution of charge accu-
mulation at the interface and leads to a net polarization of the
ionic medium results in the formation of the space charge
region at the electrode—electrolyte interface [47—53]. The
PMMA-LTF-1 sample exhibited dielectric constant (€') value
equals 834 at room temperature (303 K) and 100 Hz.
Figure 16a, b represented the temperature and frequency de-
pendence of dielectric loss at different frequencies (100 Hz to
10 MHz) and temperatures (303 to 373 K), respectively, for
PMMA-LTF-1. Figure 16a showed an increase behavior of
dielectric loss with temperature at different frequencies.
This is due to the relaxation of the dipole molecules in
cooperation with the resulting drop in the relaxation time;
this in turn exerts a double effect on the dielectric loss, on
one hand, the friction between the dipoles will be increased
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Fig. 16 Dielectric loss versus a temperature, at different frequencies and
b frequency, at different temperatures for PMMA-LTF-1

and then the increase in energy dissipation. Figure 16b
exhibited a decrease behavior of dielectric loss with fre-
quency at different temperatures. The PMMA-LTF-1 sam-
ple showed a value of dielectric loss (€") equals 37,500 at
room temperature (303 K) and 100 Hz.

Figure 17 shows a complex impedance of the PMMA-LTF-
1 sample at three different temperatures (303, 333, and
353 K). The figure showed a spectrum consists of a semicircle
followed by an inclined straight line. The diameter and height

3.E+5 7 1 cPE A —
— e
4 ¢ 303K
3.E45 1
- +
2645 3 o? ’ * = 333K
'g .0 +
S5 o b 353K
el * I
2 g
N s e
&
&
5.E+4 p.lll nn .l
]
]
0.0E+0 = - r v . v
0.E+0 1.0E+4 2.0E+4 3.0E+4 4.0E+4 5.0E+4 6.0F+4
Z' (ohm)

Fig. 17 Complex impedance spectra for PMMA-LTF-1 at different
temperatures
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Fig. 18 Temperature dependence of bulk conductivity for PMMA-LTF-1

of the semicircles decrease upon temperature increasing,
indicating the impedance decrease with temperature in-
crease. The semicircle part may be attributed to the con-
duction process, and the linear region one may be due to
the effect of the blocking electrode [54—60] that leads to a
charge polarization process in the polymer bulk. All bulk
ionic conductivity values were calculated at different tem-
peratures. Figure 18 showed the bulk ionic conductivity
increase with temperature increasing, exhibiting the fol-
lowing order: (0,=3.33x107° Q '.cm™" at 303 K)

303K

|333K

353K

373K

9
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Fig. 19 Frequency dependence of modulus; a M’, and b M” at different
temperatures for PMMA-LTF-1
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Fig. 20 1-V curve for PMMA-LTF-1 sample at room temperature

<0,=5.36x10"° Q '.em™! at 333 K)<op,=7.50 x
10°° QO Lem™! at 353 K)). Also, the equivalent circuit
was determined from the spectrum and shown in
Fig. 17. Where R1 is the bulk resistance of the electrolyte,
CPEl1 is the bulk capacity of the electrolyte and CPE2 is a
capacity of bulk electrode—electrolyte interface.

Dielectric modulus was also investigated to study the di-
electric relaxation behavior by suppressing electrodes’ polar-
ization effect. The real and imaginary parts (M’, M") of the
dielectric modulus for PMMA-LTF-1 sample, at different tem-
peratures, were shown in Fig. 19a, b. In the two figures, the
relaxation peaks are absent. Also, abrupt increments were ob-
served in the high-frequency range. In contrast, at the low-
frequency range for all temperatures, the sample indicated a
long tail prior leading to the zero end. The long tail reveals the
suppression of the electrical double layer effect at the contact
of the electrode-electrolyte area [61]. According to literatures,
the suppression of the electrical double layer is associated with
a high capacitance value with the electrode in the polymer
electrolyte systems [62].

Figure 20 shows the I-V characteristic curve. The onset
voltage for anodic current is determined at around 3 V which
is assumed to be the decomposition voltage of the PMMA-
LTF-1 sample.

Conclusions

High and low montmorillonite content incorporated
polymethylmethacrylate matrix in the presence of
lithiumtriflate salt was synthesized using the solution cast
technique. All synthesized samples were characterized using
different techniques such as XRD, FT-IR, DSC, TG, and
SEM. The effect of both LTF salt and MMT filler on the
structure of the PMMA matrix was investigated in well se-
quence. The complete dissolution of LTF salt was observed by
XRD analysis. The intercalation of MMT filler within the
PMMA matrix was confirmed by XRD through a partially
enlarged drawing of the MMT peak (001) in all PMMA-LTF
nanocomposites. Also, the interactions between both of LTF
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salt and MMT filler with the PMMA matrix were confirmed
through the wave number values shifting of the FT-IR analy-
sis. The pure PMMA sample showed the highest value of
decomposition temperature (74=438 °C) compared to the
other ones, which showed the following order: (PMMA-
LTF, T4=408 °C>PMMA-LTF-2, T4=387 °C>PMMA-
LTF-1, T4=378 °C>PMMA-LTF-4, Ty=364 °C >PMMA-
LTF-3, T4=347 °C). On the other hand, the PMM-LTF-1
sample (containing only 5 wt% MMT) exhibited the highest
AC- conductivity value (0. =2.09 x 10°Q Lem ™, at room
temperature) compared to the other ones, which showed the
following conductivity order: (o5, (PMMA-LTF-2, 3.73 x

107" 9 '.em')Y>04. (PMMA-LTF, 2.66 x

107" O 'em™ )y > 0,4, (PMMA-LTF-4, 1.48 x

107" O 'em™ )y > 04, (PMMA-LTF-3, 1.01 x

102 Q' em ) >0 (PMMA, 1.37x10 1 Q Lem ™), at
room temperature). The PMMA-LTF-1 sample exhibited a
dielectric constant and loss values equal to 834 and 37,500,
respectively, at room temperature (303 K) and 100 Hz. The
electrochemical stability of PMMA-LTF-1 was also investi-
gated through I-V study to show a decomposition voltage of
3 V. At last, the high thermal and electrochemical stability,
beside the good ionic conductivity, at room temperature, of
the sample (PMMA-LTF-1) containing low content (5 wt%)
of MMT make this sample a promising candidate for the lith-
ium ion batteries applications.
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