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ABSTRACT: Nanocomposite polymer electrolytes
(NCPEs) composed of poly(ethylene oxide), calcium phos-
phate [Caz(PO,),], and lithium perchlorate (LiClO,)/lith-
ium bis(trifluoromethane sulfonyl)imide [LiN(CF;SO,), or
LiTFSI] in various proportions were prepared by a hot-
press method. The membranes were characterized by scan-
ning electron microscopy, differential scanning calorime-
try, thermogravimetry—differential thermal analysis, ionic
conductivity testing, and transference number studies. The

free volume of the membranes was probed by positron
annihilation lifetime spectroscopy at 30°C, and the results
supported the ionic conductivity data. The NCPEs with
LiClO, exhibited higher ionic conductivities than the
NCPE with LiTFSI as a salt. © 2011 Wiley Periodicals, Inc.
] Appl Polym Sci 124: 3245-3254, 2012
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INTRODUCTION

The development of polymer electrolytes has long
been the subject of research interest because of their
potential applications, not only in the area of
rechargeable lithium batteries but also in other elec-
trochemical devices." Commercially available lith-
ium-ion cells possess a lithium-intercalating poly-
crystalline oxide as the cathode and a carbon anode
with a nonaqueous liquid electrolyte. The develop-
ment of polymer electrolytes for lithium batteries
has led to an unprecedented interest in the last 2
decades because of their potential advantages, such
as nonleakage of electrolyte, high energy density,
flexible geometry, and better safety.*”

The ionic conductivity of dry polymer electrolytes
has been found to be on the order of 10°* S/cm at
temperatures above 90°C, which excludes them from
practical applications.5 In the last 3 decades, numer-
ous attempts have been made to improve the ionic
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conductivity of polymeric membranes at ambient
and subambient temperatures through the addition
of low-molecular-weight plasticizers, such as ethyl-
ene carbonate and propylene carbonate. However,
the incorporation of plasticizers adversely affects the
mechanical robustness of membranes and the inter-
facial properties with lithium metal anodes and
eventually deteriorates the system.®”

Recent studies have revealed that only ceramic/
inert filler (e.g., ZrO,, SiO,, Al,O;) incorporated
composite polymer electrolytes can offer safe and
reliable batteries.>'° The concept of incorporating
inert fillers into polymer-LiX salt complexes is not
new. This procedure has already been adopted suc-
cessfully to enhance the mechanical stability
(brought about by a network of filler particles in the
polymer matrix), improve the compatibility of solid
polymer electrolytes with lithium metal anodes, and
achieve a high ionic conductivity.'’

A variety of polymer hosts have been studied.
Among the polymer hosts explored so far, poly(eth-
ylene oxide) (PEO) has been the most extensively
studied system because of its ability to form com-
plexes with a wide variety of lithium salts for bat-
tery applications. PEO chains adopt a helical confor-
mation with all the C—O bonds in trans
configuration and the C—C bonds in either the
gauche or gauche minus configuration.'' In this



3246

STEPHAN ET AL.

Figure 1 TEM images of the Caz(POy), nanoparticles: PEO/CaCl, ratio: (a) 2: 1, (b) 4: 1, and (c) 5: 1.

geometry, cations can be located in each turn of the
helix and are coordinated by three ether oxygens.
However, the basic structure of the host is retained
for all sizes of anions. In this study, nanosized cal-
cium phosphate [nano-Caz(POy),] was used as a fil-
ler. To the best of our knowledge, nano-Caz(PO,),
has never been investigated as a filler in nanocom-
posite polymer electrolytes (NCPEs). Studies have
indicated that membranes prepared by the conven-
tional solvent casting method lead to poor interfacial
properties at the lithium/polymer electrolyte inter-
face.'? Impurities, mostly traces of solvent, are
trapped in the high-surface-area, nanosized inert fill-
ers in solvent-cast electrolytes and are present even
after prolonged drying.'” Hence, in this study, the
hot-press technique was used for the preparation of
the NCPEs.

EXPERIMENTAL
Preparation of nano-Ca3(PO,),

The nano-Cas(POy), filler particles were synthesized
with an in situ deposition technique in the presence
of PEO, as reported by one of us."* First, a complex
of calcium chloride with PEO (Aldrich, USA) was
prepared in desired proportions in methanol. An
appropriate stoichiometric amount of trisodium
phosphate [Naz(PO,)] in distilled water was added
to this complex slowly without stirring. The whole
mixture was allowed to digest at room temperature
for 24 h, when both the chloride and phosphate ions
diffused through the PEO and formed a white gel-
like precipitate, which was filtered, washed, and
dried. The samples were prepared for different
molar concentrations of the PEO-CaCl, complex of 2
:1,4:1,and 5 : 1, and the yields of Caz(PO,), were
recorded as 83, 75, and 67%, respectively. The pre-
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pared compound was washed with double-distilled
water several times until it reached a pH value of 7
to remove Na from the final product. Figure 1 shows
the transmission electron microscopy (TEM) images
of Caz(POy), prepared with different compositions of
PEO. However, in this study, the sample prepared
with a ratio of PEO to CaCl, of 4 : 1 was used. Fig-
ure 2 depicts the particle size distribution of the
Caz(POy4); nanoparticles. Around 400 particles were
taken for the analysis, and a very narrow distribu-
tion of particles was seen. The average particle size
of the synthesized Cas(PO,), particles was found to
be less than 20 nm.

Preparation of the NCPEs

PEO (Aldrich) and lithium perchlorate (LiClOy;
Merck, Germany) were dried in vacuo for 2 days at
50 and 100°C, respectively. The prepared Caz(POy),,
as described earlier, was also dried in vacuo at 50°C
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Figure 2 Particle size distribution of the Cas(POu),
nanoparticles.
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TABLE I
Compositions of the Polymer, Ca3(POg4),, and Lithium
Salt
Polymer Ca3(POy), LiClO,4/LiN(CF350,),
Sample (wt %) (Wt %) (wt %)
S1 95 0 5
S2 90 5 5
S3 85 10 5
S4 75 17 8
S5 70 20 10
S6 94 5 1
S7 93 5 2
S8 92 5 3
S9 91 5 4

for 5 days before use. Nanocomposite electrolytes
were prepared by the dispersion of appropriate
amounts of Caz(POy), in PEO-LiClO,/lithium bis(-
trifluoromethane sulfone)imide [LiN(CF350;), or
LiTFSL; Table I], and the powder was hot-pressed
into films, as described elsewhere.'*'® The nanocom-
posite electrolyte films had an average thickness of
30-50 um and were measured with a digital micro-
meter (Mitutoyo, Japan). This procedure yielded ho-
mogeneous and mechanically strong membranes,
which were dried in vacuo at 50°C for 24 h for fur-
ther characterization.

Electrochemical characterization

The ionic conductivity of the membranes sand-
wiched between two stainless steel blocking electro-
des (1 cm in diameter) was measured with an elec-
trochemical impedance analyzer (IM6-Bio Analytical
Systems, Germany) in the 50 mHz-100 kHz fre-
quency range at various temperatures (0, 15, 30, 40,
50, 60, 70, and 80°C) with an accuracy of = 0.1°C.
Symmetric nonblocking cells of the type Li/compos-
ite polymer electrolytes (CPE)/Li were assembled
for compatibility studies and were investigated by
the study of the time dependence of the impedance
of the systems under an open circuit at 60°C.

The lithium transference number was calculated
by the method proposed by Bruce et al.'> The fol-
lowing formula was adopted to measure the lithium
transference number (#/;):'°

. Ls(V —IgRo)

" Io(V = I Rs) M)

fri

where V is applied potential.

The Li/NCPE/Li cell was polarized by a direct-
current pulse of 10 mV. The time evolution of the
resulting current flow was then followed. The initial
and steady-state values of current (I, and I,
respectively) flowing through the cell during the
polarization were measured. R, and Ry, represent
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the resistance values before and after the perturba-
tion of the system, respectively. Impedance spectra
were made before and after the pulse application to
correct the changes.

Morphological examination of the films was made
by a field-emission scanning electron microscope
(5-4700, Hitachi, Japan) under vacuum conditions
(10" Pa) after gold was sputtered on one side of the
films. Differential scanning calorimetry (DSC; Met-
tler Toledo, Switzerland) measurements were per-
formed at a rate of 10°C/min between 20 and 250°C
with thermogravimetry (TG)-differential thermal
analysis (DTA) in the temperature range 20-300°C.
The lithium/polymer electrolyte interface was ana-
lyzed with Fourier transform infrared (FTIR) spec-
troscopy (Thermo Nicolet Corp., Nexus model 670)
by single-internal-reflection mode.'”” The infrared
spectra were obtained at ambient temperature with
an 8-cm ™' resolution. Positron annihilation lifetime
spectroscopy (PALS) measurements were made with
a *Na source with a resolution of 250 ps. The data
were collected at 30°C on a 70-pm thick nanocompo-
site polymer membrane, and the spectrum was ana-
lyzed by PATFIR-88 program (USA).

RESULTS AND DISCUSSION
Thermal analysis

Figure 3(a—d) shows the DSC thermograms of sam-
ples PEO + LiTFSI, PEO + Ca3(POy), + LiTFSI, PEO
+ LiClO4, and PEO + Caz(POy), + LiClO4, respec-
tively. The melting endothermic peak of PEO +
LiTFSI (66°C) [Fig. 3(b)] decreased and broadened
upon the incorporation of Caz(PO,), into the poly-
mer matrix. The broadening of the endothermic
peak accompanied a decrease in the heat of fusion,

Heat Flow (mW)

Temperature (°C)
Figure 3 DSC thermograms of (a) PEO + LiTFSI, (b) PEO
+ LiTFSI + Caz(POy),, (c¢) PEO + LiClO,, and (d) PEO +
LlClO4 + Ca3(PO4)2.
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Figure 4 TG-DTA traces of (a) PEO + LiTFSI, (b) PEO +

Ca3(PO4)2 + LlClO4

which increased with the concentration of
Caz(PO,),."* A similar trend was observed for
LiClO4-laden samples also. The TG-DTA traces of
PEO + LiTFSI, PEO + LiTFSI + Ca3(POy),, PEO +
LiClOy4, and PEO + LiClO4 + Caz(POy); are depicted
in Figure 4(a—d). An endothermic peak was seen in
all four samples around 37°C and was attributed to
the presence of moisture at the time of loading the
samples.”” An observed weight loss of about 2%
[Fig. 4(a)] was attributed to the removal of superfi-
cial water from the sample. As pointed out in the
DSC results, the broadening of the endothermic
peak was attributed to both the decrease in the heat
diffusion and the removal of superficial water.
Further, no weight loss was observed until an irre-
versible decomposition took place at around 180°C.
However, in the Cas(POy)s-incorporated samples
[Fig. 4(b)], the onset of the irreversible decomposi-
tion process shifted marginally to a higher
temperature (195°C); this suggested strong and more
intensive bonding between the filler and the poly-
mer host.'®" This was attributed to the intercala-
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tion/exfoliation of the polymer matrix with inert
particles, which resulted in a strong barrier effect,
which prevented thermal degradation to a certain
extent. This observation was an indication of the fact
that PEO + LiTFSI + Cas(PO,), was stable up to a
temperature of 294°C in a nitrogen atmosphere.*’

A similar trend was observed with LiClOs-added
NCPE. Irreversible decompositions started for PEO
+ LiClIO4 and PEO + Ca3(POy4), + LiClO4 [Fig.
4(c,d)] around 185 and 190°C, respectively. The ther-
mal stability of the composite polymer electrolyte
with LiTFSI was found to be higher than that of
LiClIO4, and this was attributed to the higher melting
point of LiTFSI (236°C).*!

Scanning electron microscopy (SEM) analysis

Figure 5(a—d) shows typical SEM images of the PEO
+ LiTFSI (sample S1), PEO + LiTFSI + Caz(POy),
(sample S5), PEO + LiClO, (sample S1), and PEO +
LiCIO4 + Ca3(POy), (sample S5) membranes, respec-
tively. Figure 5(a) reveals a smooth morphology
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Figure 5 SEM images of (a) PEO + LiTFSI, (b) PEO + Ca3(POy), + LiTFSI, (c) PEO + LiClOy4, and (d) PEO + Caz(PO,),

+ LiClOs,.

with some cavities. On the other hand, a rough sur-
face was seen with an inhomogeneous morphology
composed of islands of aggregated particles upon
the incorporation of Caz(PO,), into the polymer ma-
trix [Fig. 5(b,d)]. This was attributed to a reduction
in the crystallinity of the PEO due to crosslinking
with cations of both lithium ions and Cas(POy),.*
We observed an island of like structure, as shown in
Figure 4(c) (PEO + LiClOy), as a result of the hetero-
geneous nature of the system. A similar morphology
was obtained by Chu and coworkers,”** who
reported morphological studies of PEO-SiO,
complexes.

Ionic conductivity

The temperature dependence of NCPEs as a function
of the LiTFSI concentration and Caz(POy), is shown
in Figure 6(a)b), respectively. It is quite obvious
from both figures that the ionic conductivity of the
composite polymer electrolyte increased with
increasing temperature and also increasing salt con-

tent.”*?® The ionic conductivity also increased with
increasing filler content up to 10 wt % and then
decreased with further increasing filler content. The
ionic conductivity of the polymer membrane
increased to one order of magnitude upon the addi-
tion of filler in the polymer matrix. These results
were in accordance with those reported earlier, in
which Al,O3; was used as a filler in PEO-based elec-
trolytes.”” A similar trend was observed for the poly-
mer electrolytes with LiClO, as a salt [Fig. 6(c,d)].
As commonly observed in composite materials,
the conductivity was not a linear function of filler
concentration. At low concentration, the dilution
effect, which tends to depress the ionic conductivity,
was effectively contrasted by the specific interactions
of the ceramic surfaces, which promoted faster ion
transport. Hence, an apparent enhancement in con-
ductivity was seen in both cases.”* On the other
hand, at higher filler concentrations, the dilution
effect predominated, and the conductivity decreased.
Thus, the maximum conductivity was achieved only
in the concentration region of 8-10 wt %. These

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 Ionic conductivity as a function of the temperatures for (a) PEO + LiTFSI, (b) PEO + Caz(PO,), + LiTFSI, (c)

PEO + LiClO,, and (d) PEO + Cas(PO,), + LiClO,.

results were in accordance with those reported for
PEO-based polymer electrolytes with lithium imide
anions.”?%%

According to Wieczorek and coworkers, >’ the
Lewis base reactions between the filler surface and
the PEO segments may induce structural modifica-
tions in the polymer matrix. The Lewis acid charac-
ter of the added ceramics would compete with the
Lewis acid character of the of the lithium cations for
the formation of complexes with the PEO chains. In
general, the filler that has a basic center will react
with the Lewis acid centers of the polymer chain,
and these interactions will lead to the reduction in
the crystallinity of the polymer host. In this study,
PO}~ could act as a crosslinking center for the PEO
segments, which lowered the polymer chain reor-
ganization tendency and promoted an overall stiff-
ness in the structure. However, the resulting struc-
ture provided Li" -conducting pathways at the filler
surface and enhanced ionic transport.

Effect of anions on the ionic conductivity

To determine the effect of the anion, a comparison
was made on the NCPEs with sample S1 and S5
with LiClO4 and LiTFSI, respectively, as the salts, as

Journal of Applied Polymer Science DOI 10.1002/app

shown in Figure 7. The NCPE with LiClO, as the
salt exhibited a higher ionic conductivity at all tem-
peratures than that of the membranes with LiTFSI.
Because both anions were counter ions of strong
acids and were sterically encumbered, the differen-
ces in the ionic conductivity were presumably due
to the difference in the lattice energies.’ However,
the conductivity order based on anion type is not
fully understood for both liquid and polymer elec-
trolytes for lithium batteries. The conductivity can
be affected by the ionic mobility, ion—ion interac-
tions, anion size, lattice energies, salt dissociation,
and also anion polarization, all of which depend on
salt concentration.*>

Lithium transference number

Although a high ionic conductivity, enhanced ther-
mal stability, and good compatibility with lithium
electrodes are desirable properties, they are not suf-
ficient to make a membrane useful for practical
applications. The transference numbers in polymer
electrolytes play an important role in clarifying the
mechanisms of ion transport and partly predict the
performance of practical battery systems. A variety
of approaches have been used, which include Hittorf
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Figure 7 FTIR spectra of (a) PEO, (b) Ca3(PO,),, (c) PEO + LiTFSI, and (d) PEO + Caz(PO,), + LiTFSL

or moving boundary, pulsed-field gradient NMR,
and alternating-current impedance (I;) analysis.*
To understand the effectiveness of Caz(POy), in
enhancing the ionic conductivity, transference num-
ber studies were carried out on samples S1 and S5 at
60°C, a temperature that was found to be optimal
from a conductivity point of view for practical appli-
cations. The Li* transference numbers for samples
S1 and S5 were found to be 0.24 and 0.40 with
LiTFSI and 0.34 and 0.64 with LiClO,, respectively.
The cationic transference numbers were low for the
S1 samples because of the strong cation—polymer
interactions that existed and the tendency for inter-
molecular salvation to occur.>* On the other hand,
the Caz(POg)s-incorporated polymer electrolytes
exhibited higher transference numbers. According to
Capiglia et al.*® who reported the transference num-
bers in the P(EO),—LiBETI-SiO, system, the increase
in the transference number for Li" ions was due to
moisture trapped in the nanoparticles of SiO,. In this
study, because the NCPEs were prepared by a hot-
press technique with dry constituents, the increase
in the transference number may have been due to
increased salt dissociation due to the formation of
ion—phosphate complexes by Lewis acid-base inter-

actions between the surface groups and the phos-
phate anions.*®

FTIR analysis

FTIR spectroscopy has been identified as a powerful
tool for studying the complexation between salts
and polymers because of its high sensitivity to mo-
lecular and structural changes in polymer electrolyte
systems. Figure 8(a—d) shows, respectively, the IR
spectra of PEO, Ca3(POy),, PEO + LiClO,4, and PEO
+ Ca3(POy), + LiClO4. The band [Fig. 8(a)] that
appeared at 2886 cm ' could be assigned to the
—C—H stretching mode of the polymeric chain, and
the peak at 1967 cm ™' could be assigned to an asym-
metric stretching mode. The peaks at 1466, 1103, 956,
and 841 cm ' were assigned to —CH,— scissoring,
—C—O—C— stretching, —CH, twisting, and —CH,—
wagging modes, respectively.”> Also, PEO exhibited
—C—H stretching (2800-2935 cm '), asymmetric
stretching (1950-1970 c¢m™'), asymmetric bending
(1450 cm™'), CH, scissoring (1465-1485 cm™'),
C—O—C stretching (1250-950 cm '), —CH,— twist-
ing (991 cm '), and —CH,— wagging (842 cm™').*>?°

Journal of Applied Polymer Science DOI 10.1002/app
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The C—H bending and rocking modes around
1460 and 850 cm ™', respectively, were quite sensitive
to the lithium salt complexation upon its incorpora-
tion [Fig. 8(c)]. The C—H stretching band centered
around 2900 cm ' also exhibited a similar trend.
Changes in the peaks [Fig. 8(d)] around 820, 1420-
1500, and 2800 cm ™' thus indicated complex forma-
tion.*” The FTIR spectra of PEO, Ca3(PO,),, PEO +
LiCIO4, and PEO + Ca3(PO,), + LiClO, are depicted
in Figure 9(a—d). Upon incorporation of LiClO, in
the polymer host, the peak at 956 cm ™' widened and
shifted to 961 cm™'. In a similar way, the characteris-
tic frequencies of LiClO; at 1300 and 920 cm™'
shifted, respectively, to 1350 and 940 cm ™. The in-
tensity of the peak observed at 2400 cm ™' [Fig. 9(b)]
was narrowed/reduced further upon incorporation
of Cas(POy), [Fig. 9(d)]; this indicated complex for-
mation in the system.’®** The shifts in their corre-
sponding characteristic frequencies were attributed
to changes in the environment of —CIO;. These
results were in accordance with those of Ramesh

Journal of Applied Polymer Science DOI 10.1002/app
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et al.,’® who reported the interactions of different
lithium salts with the PEO matrix.

PALS studies

The free volume (V) that arises in polymers because
of irregular molecular packing in the amorphous
phase may generally be defined as follows:*'

Vi=Vi—V, @)

where V, and V|, represent the total volume and free
volume, respectively. Although techniques such as
small-angle X-ray scattering,*’ scanning tunneling
microscopy, atomic force microscopy,*** SEM, and
TEM™ have been widely employed to determine V/
and the relaxation time, diffractioon methods can
hardly probe hole sizes below 10 A.*'** PALS has
been identified as a powerful tool because of its sen-
sitivity and amenability to in situ measurements.
Generally, PALS gives three types of lifetime compo-
nents in polymeric systems. 1y relates to parapositro-
nium self-annihilation, whereas 1, and 713,
respectively, relate the free positron and positron/
molecular species annihilation and ortho-positronium
pickoff annihilation. Each lifetime corresponds to an
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Figure 9 FTIR spectra of (a) PEO, (b) Caz(PO,),, (c) PEO
+ LiTFSI, and (d) PEO + Ca3(POy), + LiTFSIL
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intensity (I;), which indicates the relative number of
annihilations taking place with a particular lifetime.
However, for polymeric materials, the third compo-
nent (t3), with a corresponding I, is of great interest
because of its dependence on V.*!

According to the V; model,*"** in the absence of
any positron and/or positronium interactions, the
inhibition of Ps formation and the quenching of
ortho-positronium lifetime affects the parameters 13
and I3, which may be related, respectively, to the
mean radius of the Vy cavities and the relative con-
centration of holes present in the amorphous regions
of the polymer systems. Obviously, 15 can be directly
correlated to the Vyradius (R; A) by the semiempiri-
cal formula:**

15 =1/4 =1/2[1 — R/Rg + sin (2R/Ro)] " (3)

The spherical cavity volume can be calculated by

4)

The Vi sites can be classified in to two categories,
namely, (1) static or interstitial and (2) dynamic V/s.
The static V/s remain as holes, which facilitate the
flow of polymer chains. However, dynamic Vy is a
time-dependent fraction of the total Vj, and the ratio
between the static and dynamic V/s has been found

Vi =4/3R°

to be greater than 1 and is also temperature depend-
ent. The variation of Vy and 13 as a function of salt
concentration has been reported by several
authors.**? However, the variation of Viand 13 as a
function of the composition of nanofiller-added
polymer electrolytes has hardly been explored.
Figure 10(a—d) illustrates the variation of Vand 13
as a function of Caz(PQO,), and LiTFSI and LiClO,. A
few plasticization and antiplasticization effects have
been reported, in which either a decrease or no
change in the amount of V; below T, has been
observed upon the addition of a plasticizer.***
According to Forsyth et al.,** antiplasticization takes
place at low concentrations of fillers/plasticizers;
this reduces the mobility of amorphous chains. This
is attributed to the reduction in the mixture of Vj
and to a contribution from the absolute V; of the
plasticizer. It can be seen from Figure 10(a,b) that
both V;and t3 decreased significantly up to 10 wt %
and then remained approximately more or less the
same. A similar trend was observed in the case of
Figure 10(c,d) when LiClO, was used. As the Li",
ClIOy, and N(CF350,); ions were unable to promote
inhibition or quenching effects, the observed
decreases of Vyand 13 were attributed to a decrease
in the mean radius of the free-volume cavities of the
amorphous phases, which was probably due to the
coordination of the Li* ions in the solvating sites of
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the polymer.””**™* The increases of V; and relaxa-
tion time with the increase of lithium salt concentra-
tion exactly reflected the ionic conductivity data.
Similar observations were reported by Furtado
et al*!' and Forsyth et al.,*® where the authors
probed the lifetime properties of polyurethane-based
electrolytes by PALS. However, the role of the anion
and the increase and decrease in the V; have to be
clearly understood.

CONCLUSIONS

PEO-based nanocomposite electrolytes with different
compositions of Caz(POy), and lithium salt, LiClO,/
LiN(CF3505,),, were prepared by a hot-press method.
Both the ionic conductivity and lithium transference
number increased upon the incorporation of
Ca3(POy), into the polymer matrix. Under open-cir-
cuit conditions, the value of the interfacial resistance
was found to be lower for Caz(PO,),-added samples
than for the filler-free sample at 60°C. Thermal anal-
ysis showed that PEO/Ca3(PO,),/LiClO; electrolytes
were thermally stable up to 180°C. The values of
both 13 and Vyincreased with an increase in the salt
concentration in the low-concentration region; this
was attributed to filler/salt interaction. The correla-
tion between the critical Vy and ionic conductivity as
a function of the temperature and cycling behavior
of the LiFePO,/NCPE/Li cells will be published in a
future communication.
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