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This paper describes the preparation and characterization of lithium fluoroalkylphosphate-containing
composite polymer electrolyte based on a polyvinylidene fluoride-hexafluoropropylene (PVdF-HFP)
matrix. A mixture of ethylene carbonate and diethyl carbonate was used as a plasticizing agent and nano-
scopic Al,Os as a filler. The membranes were characterized by ac impedance, SEM, DSC, FTIR and fluores-
cence. An electrolyte with 2.5 wt% Al,O3 exhibited a conductivity of 9.8 x 107 Scm
temperature. It was found that filler contents above 2.5 wt% rendered the membranes less conducting.

—1 at ambient

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Classical ‘dry’ polymer electrolytes based primarily on polymers
such as polyethylene oxide (PEO) are solids at room temperature
with conductivities typically of the order of 1078 S cm™'. Among
approaches that have been adopted to enhance the conductivity
and dimensional stability of polymer electrolytes are (i) use of
low-volatile liquids of high dielectric constant as plasticizers in
the polymer host [1-3], (ii) blending the polymer with another
polymer of relatively higher fluidity [4,5], and (iii) incorporation
of inert fillers such as y-LiAlO, in the polymer film [6,7]. Most stud-
ies of polymer as well as organic aprotic liquid electrolytes have
been made with LiPFg, the most popular electrolyte salt. LiPFg pos-
sesses several properties desirable for lithium-ion batteries com-
pared to other salts that may be considered in its place [8]. For
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example, LiClO, is potentially explosive in contact with organics,
LiBF, interferes with the solid electrolyte interphase (SEI) at the
anode (but it has better thermal stability and lower sensitivity to-
wards moisture [9,10], LiAsFg is toxic, solutions of LiSO;CF; have
too low conductivities, and LiN(SO,CF3), and LiC(SO,CF3); do not
effectively passivate the aluminum current collector at the positive
electrode, leading to its corrosion [11]. However, LiPFg is thermally
unstable and decomposes to LiF and PFs [12,13]. PFs hydrolyzes to
form HF and PFs0, which react with both the anode and cathode,
deteriorating cell performance [14]. Yet, it is the best compromise
available today [8].

Lithium tris(pentafluoroethyl) trifluorophosphate/lithium fluo-
roalkyl phosphate, LiPF3(CF5CF;)3 (LiFAP) has been proposed as a
potential alternative to LiPFg, which is beset with problems of easy
hydrolyzability [15-21], as noted above. The premise for its devel-
opment was that the substitution of one or more fluorine atoms in
LiPFs with perfluorinated alkyl groups would stabilize the P-F
bond, rendering the product stable against hydrolysis. In fact, LIFAP
exhibits good resistance against hydrolysis. The hydrophobic
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perfluorinated alkyl groups sterically shield the phosphorus center
against hydrolysis (see Fig. 1). The new compounds also have con-
ductivities comparable to that of LiPFs. The strong P-F bond also
results in an improved thermal stability of the salt. Oesten et al.
[17] showed that LiFAP exhibited a far superior stability towards
hydrolysis and that electrolytes containing LiFAP exhibited re-
duced flammability, as a result of the presence in the LiFAP mole-
cule of a combination of flame-retardant moieties, fluorinated
derivatives and phosphoric acid esters. Gnanaraj et al. [20,21],
who investigated the thermal stability of solutions of LiPFg and LiF-
AP in EC-DEC-DMC mixtures using accelerating rate calorimetry,
showed that the onset temperature for thermal reactions of LiFAP
solutions were higher than 200°C (LiPFg solutions: <200 °C)
although their self-heating rate was very high. LiFAP is a weakly
coordinating bulky anion (anionic size 0.377 nm) because of its
large ion contact distance (225 A3). It also has a moderate mobility
in electrolytes. It has a lower viscosity than LiPFg and has an ionic
conduction comparable to LiPFs [15]. The FAP anion, which partic-
ipates in the formation SEI on both anode and cathode, is less
prone to contamination by HF and carbonates (solvent reduction
products which are major components in the SEI). The lower
amount of HF accounts for the lower reactivity of the FAP anion
(compared to the PFg anion) towards electrodes as well as current
collectors. Thus, detrimental electrode-solution reactions that fa-
vor the development of surface films are prevented. In the present
study, we have prepared nano-composite polymer electrolytes
(CPE) with a skeleton of polyvinylidene fluoride-hexafluoropropyl-
ene (PVdF-HFP), ethylene carbonate (EC) and diethyl carbonate
(DEC) as plasticizing agents, and nanoscopic Al,05 as filler.

2. Experimental
2.1. Materials and methods

LiFAP was received gratis from Merck KGaA, Germany, as a
complex with dimethoxyether (DME) [LiPF5(CF5CF,)3 - 3DME]. Eth-
ylene carbonate (EC), diethyl carbonate (DEC), nanoscopic Al,05
(5.8 nm; 155 m?/g) and tetrahydrofuran (THF) were high purity
chemicals from Sigma-Aldrich. Polyvinylidene fluoride-hexafluo-
ropropylene (PVdF-HFP) with 12 mol% of HFP was obtained from
Solvay Solexis, Italy. An appropriate amount of the salt was dis-
solved in a 1:1 (by weight) solvent mixture of EC and DEC. The sol-
vent mixture has a higher boiling point than DME. The LiFAP-DME
complex in the EC/DEC solvent was heated at 90 °C in order to
completely remove DME (confirmation by FTIR). Polymer electro-
lyte membranes were prepared according to the compositions
shown in Table 1 by a solution casting technique.

2.2. Instrumentation

Ionic conductivities of the membranes were measured by ac
impedance spectroscopy in the frequency range 5 MHz-1 Hz by
using a Solartron 1260 Impedance/Gain Phase Analyzer coupled
with a Solartron Electrochemical Interface. The conductivity cell

Table 1

Composition of polymer electrolytes”

Sample PVdF-HFP Plasticizer LiFAP Al,03
EC DEC

S1 30 32.50 32.50 5 00.0

S2 30 31.25 31.25 5 02.5

S3 30 30.00 30.00 5 05.0

S4 30 28.75 28.75 5 07.5

S5 30 27.50 27.50 5 10.0

" The combinations are in weight ratios.

B
CF;CF
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F

Fig. 1. Structure of LiFAP.

consisted of two circular stainless steel blocking electrodes
(SS/CPE/SS) of 1 cm? cross-sectional area. The FTIR spectrum was
recorded between 4000 cm~! and 400 cm™! in the transmittance
mode using a Jasco 460 Plus IR spectrophotometer with a resolu-
tion of 4 cm~!. Morphological features of the membranes were
examined by using a Hitachi Model S-3000H scanning electron
microscope. Differential scanning calorimetric traces were re-
corded using a Perkin Elmer Pyris 6 instrument. The thermal events
were recorded in nitrogen between 40 °C and 240 °C at a heating
rate of 10 °C/min. A Perkin Elmer LS 55 luminescence spectrometer
was used for fluorescence depolarization measurements. The sam-
ple holder was placed at an angle of 60° against the excitation
length. The emission and excitation wavelengths were fixed at
360 nm and 280 nm, respectively.

3. Results and discussion
3.1. Ac impedance

A typical impedance spectrum recorded with the CPE (PVdF-
HFP 30%+EC:DEC 62.5% + LiFAP 5%+ Al,05 2.5%) is given in
Fig. 2a while the variation of ionic conductivity with plasticizer
(EC+ DEC) content at various loadings of the filler is shown in
Fig. 2b. It can be seen that conductivity of the filler-free membrane
is 0.51 m S cm™. The value of conductivity increases up to a filler
content of 2.5 wt%, at which concentration reaches a maximum va-
lue of 0.98 mS.cm™ . A further increase in the filler content leads to
a fall in conductivity. The drop in conductivity with increasing filler
content may be attributed to an aggregation of nanoscopic Al,0s,
strongly impeding polymer chain movement. These results are in
agreement with our findings with polymer membranes containing
LiBOB [22]. However, Nan et al. [23] in their studies with CPEs
comprising PEO + EC/PC + LiClO4 + SiO, showed that a conductivity
maximum occurred at an SiO, level of 15 wt%. Although the nature
of the filler material has an important influence on the conductiv-
ity behavior, other factors may also come into play. For example,
the bulky and weakly coordinating FAP anion may be expected
to act as a plasticizer, lowering the amount of filler material re-
quired to obtain reasonable conductivity values. Moreover, the
strong polarizing effect of the smaller ClIO, can also influence
charge transport. Fig. 3 presents plots of conductivity versus 1/T
for the CPEs. The curvature in the plot shows that ionic conduction
in the polymer electrolyte obeys the VTF (Vogel-Tamman-Fulcher)
relation, which describes the transport properties in a viscous
polymer matrix [24].

It can be seen that a CPE containing 2.5 wt% filler exhibits a con-
ductivity 0f2.12 m S cm~! at 70 °C. An increase in temperature leads
to an increase in conductivity. This is only expected because as the
temperature increases the polymer expands to produce free volume,
which leads to enhanced ionic mobility and polymer segmental
mobility. The enhancement of ionic conductivity by the filler parti-
cles can be explained by the fact that the particles inhibit recrystal-
lization kinetics, helping to retain the amorphous phase down to

Please cite this article in press as: V. Aravindan et al., J. Non-Cryst. Solids (2008), doi:10.1016/j.jnoncrysol.2008.03.009




V. Aravindan et al. /Journal of Non-Crystalline Solids xxx (2008) Xxx—xxx

-500

400 |

-300 ~

7"
[ ]

-200 -

-100 - o

0 100 200 300 400 500

1.0x10”
8.0x10™ 1

6.0x10" 1

Conductivity S/cm
©

4.0x10™ ]

]
2.0x10™
0 °

s

00 1 ‘ 9

T T
0.0 2.5 5.0 7.5 10.0

Filler content

Fig. 2. (a) A typical impedance spectrum of the CPE (2.5 wt% Al,03). (b) Variation of
ionic conductivity with filler content.
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Fig. 3. Temperature dependence of the ionic conductivity of a composite polymer
electrolyte.

relatively low temperatures. At the same tine, plasticizers contrib-
ute to conductivity enhancement by opening up narrow rivulets of
plasticizer-rich phases for greater ionic transport, generating large
free volumes of relatively enhanced conducting phases [25].
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Fig. 4. Activation energy at different filler concentrations.
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Fig. 5. Differential scanning calorimetric profiles of CPEs containing 0.0 (S1), 2.5
(S2), 5.0 (S3), 7.5 (S5), and 5.0 wt% (S5) filler.

3.2. Activation energy for Li* ion transport

Fig. 3 depicts the dependence of ionic conductivity on temper-
ature in the range 27-70 °C for the polymer electrolyte. The activa-
tion energy for ion transport, E,, can be obtained by using the
Vogel-Tamman-Fulcher model:

=) (1)

a
— 10
where ¢ is ionic conductivity, oq is pre-exponential factor and Ty is
glass transition temperature. Fig. 4 shows the relationship between

— oo T2
g =ay exp T
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the amount of filler in the membrane and the activation energy for
ionic transport. Our results suggest that the activation energy for
ionic transport decreases as the filler concentration is increased
for filler levels up to 10 wt%. However, at higher filler levels, the
activation energy increases. The activation energy drops to
4.32 k] mol~! when the mass fraction of the filler equals 2.5%.

3.3. Differential scanning calorimetry

DSC profiles of PVdF-HFP films filled with different contents of
filler particles were measured to investigate the change in polymer
crystal properties due to filler addition (Fig. 5). As the Al,05 con-
tent increases, the T, of cast film suffers an irregular pattern of de-
crease and increase. This behavior is related to the crystal phases of
VdF during heating and melting [26]. The films exhibit some melt-
ing peaks corresponding to VdF crystals (e.g., o- and y-phases) in

the range of 120-190 °C, corresponding to the melting of the
a-phase (big spherulite) crystals. The peak around 100 °C in the fil-
ler-free electrolyte may be due to boiling of DEC. By adding 2.5 wt%
of nanoscopic Al,0s, the T, shifted to a lower temperature, which
leads to a decrease in crystallinity. Furthermore, increasing the
filler content up to 10 wt%, a broad T,, starts at around to 128 °C
(the onset temperature of T, starts at around 85 °C), which
includes the boiling point of DEC and the T,, of VdF crystals
a-phase crystals. At the same time a small kink around 165 °C
may be due to the existence of the same a-phase crystals. The
slight shift of T,, or the small change of crystal phase brought
about by the addition of Al,O3; can be understood in terms of a
localized influence on the polymer chain conformation resulting
from some dipole orientation properties of Al,03. The endothermic
event at around 60 °C may be due to the nano-crystalline phase
change of Al,05 [27].

(c)

Fig. 6. Scanning electron images of CPEs with different filler ratios (wt%) (a) 0.0, (b) 2.5, and (c) 5.0.

(c*)
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3.4. Morphological studies

The opacity of the film is increased by increasing the filler
content. Fig. 6 shows the SEM images of CPEs with Owt%
(Fig. 6a and a*), 2.5 wt% (Fig. 6b and b ), and 5.0 wt¥% (Fig. 6¢ and
c*). The filler-free membrane shows a highly porous structure.
The presence of pores may be due to accumulation of the plasti-
cizer between the interconnected networks of the polymer matrix.
Addition of a small amount, say, 2.5 wt% of the filler, leads to an
improvement in the morphology of the membrane. Upon increas-
ing the filler content to 5 wt%, the filler particles get unevenly
dispersed in the matrix, resulting in an aggregation of the particles.
The clustered particles impede ionic conduction as is evident from
Fig. 2.

Generally, conductivity in conventional polymer electrolytes is
achieved through continuous pathways of absorbed liquid electro-
lyte within interconnected pores of membranes. Thus, a highly
developed porous structure is a prerequisite for a good ionically
conducting separator [28]. It is, therefore, clear that in such a struc-
ture, ionic conductivity of the electrolyte is a major determinant
[29]. Thus, the conductivity of an electrolyte-laden membrane is
influenced by membranes porosity, tortuosity of the pores, the
conductivity of the liquid electrolyte, the thickness of the mem-
brane, and the extent of wetting of the membrane by the electro-
lyte. In the case of composite electrolytes, the porous structure of
the membranes tend towards a non-porous one when filler con-
centrations exceed 2.5 wt%, as is evident from a drop in conductiv-
ity above this filler loading.
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Fig. 7. FTIR spectra of (a) pure PVdF-HFP, (b) pure LiFAP, and (c) PVdF-HFP + LiFAP.

3.5. FTIR studies

The FTIR spectrum in Fig. 7 is evidence for interactions between
the polymer host and LiFAP salt. Characteristic vibrational bands of
PVdAF-HFP at 531, 766, and 976 cm™!, corresponding to the o phase
crystals are clearly seen. There are, in addition, bands at 484 and
841 cm™! corresponding, respectively, to the p and y phases [29].
The bands at 839 and 879 cm™ ' correspond to the amorphous
phase of the polymer. The band around 613 cm™! is assigned to
—-C-F- wagging mode and those around 1197 and 1276 cm™! cor-
respond to asymmetric and symmetrical stretching vibrations of
the -CF, group. Peaks at wave numbers 1185 and 1069 cm™! are
assigned to the symmetrical stretching mode of -CF3; and -CF,
groups, respectively, in the pure polymer [30]. That at
1303-1025 cm™! is assigned to —-C-F- and -CF, stretching vibra-
tions of LiFAP. The bands 758 and 709 cm™' are assigned to —CF;
bending and -C-F- wagging modes, respectively, of fluoroalkyl
group. The peaks at 810 and 976 cm ™! are assigned to P-F bonds
and -C-C- bonds, respectively, while those at 496 and 535 cm™!
correspond, respectively, to the wagging and bending vibrations
of —-CF, groups. Fig. 8 shows the FTIR spectra of CPEs with different
filler contents. A comparison of Figs. 7 and 8 suggests complex for-
mation and interactions involving the constituents of the polymer
electrolyte. In Fig. 8, the bands at 3010 and 2967 cm™! assigned to
CHs and CH, stretching regions of DEC shifted and drastic reduc-
tion in intensity which are obviously observed in all the CPEs. This
suggests that the complexation of solvent molecules (EC/DEC) with

S4

W L

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm™)

Transmittance in %

Fig. 8. FTIR spectra of CPEs with different filler contents (wt%): 0.0 (S1), 2.5 (S2), 5.0
(S3), 7.5 (S4), and 10.0 (S5).
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Fig. 9. (a) Photoluminescence emission spectra of CPEs at different filler concentrations, excitation by /exc = 280 nm; and (b) photoluminescence excitation spectrum of CPEs

at different filler concentrations, emission Jemy = 360 nm.

acidic surface group of the nanoscopic Al,0s. The CH, bending
mode of DEC (1479 cm™') is observed only in filler free and
2.5 wt% CPEs. Ring breathing mode of EC is obviously observed at
976 cm~! in all the electrolytes with decrease in intensity after
the loading of Al,0s;. The bands of DEC at 895 (-OCOO- out of
plance deformation), 855 (CH, rocking) and 793 cm™! (out of plane
skeleton deformation) are diminished after the addition of nano-
scopic Al,05 [31]. Similarly, the drastic decrease in CH, bending
mode (1480cm~') of EC is decreased after the addition of
2.5 wt% of Al,0O3 and it is diminished by further addition of fillers.
EC bands at 1865 (C=0 stretching), 1394 (CH, wagging) and 720
(C=0 bending) are observed for filler free and 2.5 wt% membranes
only [32]. The diminishing of such intensities is not only due to
acidic surface groups of the nanoscopic Al,O3 but interaction with
-CF, group of polymer as well the fluoroalkyl group of LiFAP.

3.6. Fluorescence studies

Ionic mobility in porous structures cannot be correlated directly
with the macroscopic viscosity measured usually by rheometric
methods [33]. In fact, ionic mobility in these structures is related
to the local viscosity surrounding the charge carriers. Fluorescence

studies provide information on local viscosity effects in polymeric
media. This technique can also detect structural alterations in the
local environments and has been used to study the structural, con-
formational and dynamic properties of polymer systems [34]. The
intensity values are directly proportional to the local viscosity of
the surrounding polymeric media.

Typical fluorescence emission and excitation spectra of CPEs with
different filler loadings are given in Fig. 9a and b. It can be seen that
the CPE with 2.5 wt% filler concentration shows a higher intensity
than the other membranes. This suggests that molecular motion in
composite polymer systems is hindered above certain filler concen-
trations. The higher viscosities of the polymeric medium leads to de-
crease in mobility of the ions, which translates into reduced
conductivity. The enhancement in local viscosity may be attributed
to a strong interaction between the filler particles and the polymer
host, resulting in sluggish segmental motion of polymer chains.

4. Conclusions

LiFAP-based polymer electrolytes with 2.5 wt% nanoparticulate
Al,03 filler exhibits an ambient temperature ionic conductivity of

Please cite this article in press as: V. Aravindan et al., J. Non-Cryst. Solids (2008), doi:10.1016/j.jnoncrysol.2008.03.009




V. Aravindan et al./Journal of Non-Crystalline Solids xxx (2008) Xxx—xxx 7

0.98 m S cm™'. The presence of the filler particles reduces the Ty, of
the polymeric membrane to lower temperatures (as much as 85 °C
at a filler concentration of 2.5 wt%). The lowering of the crystalline
nature of the CPE leads to improved conductivity. The filler parti-
cles also lead to local viscosity changes in the polymeric matrix,
which can be detrimental to ion transport above certain filler
concentrations.
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