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ABSTRACT: We demonstrate that miscibility affects the ionic conductivity of ternary polymer blends of
lithium perchlorate (LiClO,), poly(ethylene oxide) (PEO), and poly(e-caprolactone) (PCL). Although
individually these three binary blends are fully miscible, a closed immiscibility loop exists in the ternary
blend phase diagram as a result of the complicated interactions among LiClO,4, PEO, and PCL. The addition
of PCL suppresses the crystallization of PEO and results in higher ionic conductivity. FTIR spectroscopy
studies indicate that an excess PCL content causes immiscibility, which results in PCL being excluded
from the ternary blends. Consequently, the maximum ionic conductivity (6.3 x 10~7 S cm™?) at ambient
temperature of ternary blends having a fixed LiClIO4 content (25 wt %) is at a composition of 25/60/15

(LiCIO,:PEO:PCL).

Introduction

Solid polymer electrolytes (SPEs), which are com-
plexes of solvent-free polymers and metal salts, are
prepared by dissolving salts in high-molecular-weight
polar polymer hosts. Polymer electrolytes have been
studied extensively during the past two decades because
of their potential applications, which include high-
energy density batteries and fuel cells.»=> lonic trans-
port occurs in the amorphous regions of the polymer and
very often is the result of a coupling between the ions
and segmental motions of the polymer chains. Poly-
(ethylene oxide) (PEO)-based polymeric electrolytes are
still among the most extensively studied polymer ionic
conductors because their structures are beneficial for
supporting fast ion transport. Unfortunately, a high
content of a crystalline phase limits the conductivity of
PEO-based electrolytes. Efforts to enhance the ionic
conductivity of PEO-based SPEs have focused on sup-
pressing its crystallinity by incorporating an inorganic
filler, such as clay, to form composite polymeric elec-
trolytes,® by copolymerizing PEO with macromonomers,’
and by blending with other polymers into PEO-based
electrolytes.® It is an important challenge to develop
practical methods for preparing the SPEs that have
higher ionic conductivity and dimensional stability. In
this regard, the preparation of polymeric electrolytes by
blending them with other appropriate polymers is of
interest. Polymer blend is a quick and economical
alternative method for obtaining materials that have
optimized properties and for the easy control of their
physical properties by compositional change.

PEO/PCL (poly(e-caprolactone)) blends are miscible
over their entire range of compositions.® The existence
of strong interaction between PEO and PCL tends to
suppress the crystallinity of PEO. Furthermore, because
PCL possesses low T4 (—60 °C), PEO/PCL blend systems
generally maintain the polymer chain mobility and
flexibility. Nevertheless, the immiscible phenomenon
occurs upon the addition of certain compositions of
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lithium perchlorate (LiClO,) into a ternary LiCIO4/PEO/
PCL blend system, even though any pair of its compo-
nents is miscible. Amorphous PEO complexes with
LiClO4 are suitable for achieving reasonably high and
stable conductivity.11011 Because the addition of PCL
into an electrolyte system based on LiCIO4/PEO tends
to retard or inhibit the PEO crystallization, we expected
that this ternary blend, LiCIO4/PEO/PCL, would have
higher ionic conductivity than previously reported elec-
trolyte systems based on LiCIO4/PEO binary blends.

To our knowledge, there has been no previous study
of the influence of the miscibility behavior and inter-
action mechanism on the variation of ionic conductivity
in polymer electrolytes. In this study, we employed
differential scanning calorimetry (DSC), Fourier trans-
form infrared (FTIR), solid-state “Li NMR spectroscopy,
and alternating current (ac) impedance to investigate
the miscibility and related conductivity behaviors of this
LiCIO4/PEO/PCL ternary blend system. Furthermore,
we have presented a more convenient method to sup-
press the crystalline phase of PEO and obtain a higher
ionic conductivity by adding PCL in LiClIO4/PEO-based
electrolyte system.

Experimental Section

Materials. The poly(ethylene oxide) (PEO) with M, =
10 000 and poly(e-caprolactone) (PCL) with M,, = 65 000 were
purchased from Aldrich Co. Lithium perchlorate (LiClO4,
Aldrich) was dried in a vacuum oven at 80 °C for 24 h and
stored in a desiccator prior to use. Acetonitrile was distilled
at a suitable temperature under a nitrogen atmosphere prior
to use.

Sample Preparations. Polymer electrolytes of LiClO./
PEO/PCL in various ternary blend compositions were prepared
by solution casting. Desired amounts of PEO, PCL, and LiClO,
salt were dissolved in dry acetonitrile and stirred continuously
for 24 h at 60 °C. The solution was cast onto a Teflon dish
and maintained at 50 °C for an additional 24 h to remove the
solvent, and then the dish was further dried under vacuum
at 80 °C for 2 days. To prevent its contact with the air and
moisture, the polymer electrolyte was transferred to a glovebox
under a nitrogen atmosphere.

Differential Scanning Calorimetry (DSC). Thermal
analyses were performed using a DSC instrument (DuPont TA
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2010). The sample was heated from —100 to 150 °C under dry
nitrogen. The glass transition temperature (T,) was obtained
as the inflection point of the heat capacity jump recorded at a
scan rate of 20 °C /min.

Fourier Transformation Infrared Spectroscopy (FTIR).
The conventional potassium bromide (KBr) disk method was
employed to measure the infrared spectra of the blend films.
All polymer films were prepared under a N, atmosphere. The
acetonitrile solution was cast onto a KBr disk, from which the
solvent was evaporated under vacuum at 70 °C for 48 h. All
IR spectra were obtained within the range of 4000—400 cm™*
using a Nicolet AVATRR 320 FTIR spectrometer (Nicolet
Instruments, Madison, WI) operating at a resolution of 1 cm™1.

Solid-State NMR Spectroscopy. The solid-state 7Li magic
angle spinning (MAS) NMR spectra were recorded at 300 K
on a Bruker DSX-400 NMR spectrometer equipped with a 7
mm double-resonance probe, operating at 400.13 MHz for *H
nucleus and 155.27 MHz for “Li nucleus. Typical experimental
conditions used to obtain the solid-state NMR spectra: n/2
duration, 2 us; recycle delay, 8 s; *H decoupling power, 65 kHz;
spinning speed, 2 kHz. A 1 M aqueous LiCl solution was used
as an external chemical shift reference (0 ppm).

Conductivity Measurements. lonic conductivity mea-
surements with alternation current were conducted on an
AUTOLAB designed by Eco Chemie within the frequency
range from 10 MHz to 10 Hz. The electrolyte film was
sandwiched between stainless steel blocking electrodes (di-
ameter: 1 cm). The specimen thickness varied from 0.8 to 1.2
mm; the impedance response was gauged over the range from
20 to 120 °C. The bulk resistance was derived from the Cole—
Cole plot of the complex impedance data of the blend where
the imaginary impedance is zero.*>-*4 Conductivity was cal-
culated from the bulk resistance according to the equation

o=LIA xR,

where o is the conductivity, L is the thickness of the electrolyte
film, A is the section area of the stainless steel electrode, and
Ry, is the bulk resistance.

Results and Discussion

DSC Studies. The DSC analysis is one of the most
convenient methods for determining the miscibility in
polymer blends. Tgs of the pure polymers used in this
study, PEO and PCL, are both ca. —60 °C. Figure 1
presents the conventional second-run DSC thermograms
of various LiCIO4/PEO/PCL ternary blends. Each sys-
tem (Figure la—e) contains a fixed fraction of lithium
perchlorate, but the PEO/PCL ratios vary; either single
Ty or two Ty's are identified in all blends. A single Ty
strongly suggests that these blends are fully miscible
and exist as a homogeneous amorphous phase. Mean-
while, a ternary blend with two Tg's implies is consid-
ered immiscible or partially miscible in the amorphous
phase. In PEO/PCL binary blends, however, a single Ty
or two Tg's cannot be identified from the DSC thermo-
grams because Tgs of PEO and PCL are so close.
Therefore, the miscibility between PEO and PCL cannot
be determined simply on the basis of the appearance of
one or two Tg¢'s in the DSC thermogram. Kuo et al. have
reported,® however, that the binary blends of PEO/PCL
at various ratios are miscible in their amorphous phase.
Therefore, the phase diagram of this ternary LiCIO4/
PEO/PCL blend system at room temperature based on
its DSC analyses is present in Figure 2. A closed-loop,
phase-separated region exists in this three-component
phase diagram. This observed phenomenon indicates
that these complicated interactions, which can be
grouped into LiCIO4/PEO, LiCIO4/PCL, and PEO/PCL
pairs, exist in this ternary blend system and that these
interactions compete with each other. Interestingly,
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Figure 1. DSC thermograms of ternary blends of LiCIO4/

PEO/PCL containing a constant composition of LiClO,: (a) 10,
(b) 20, (c) 25, (d) 30, and (e) 40 wt %.

even though these three individual binary blends (LiClO./
PEO, LiCIO4/PCL, and PEO/PCL) are all miscible in the
amorphous phase, immiscibility exists within certain
compositions of the ternary system.

Figure 3 displays the effect that the LiClO,4 content
has on the glass transition temperatures of (a) LiClO,/
PEO and (b) LiCIO4/PCL blends. In both of these
systems, the Tgs increase upon increasing the LiClO,4
content, but they tend to decrease for concentrations of
LiClO,4 above 20—25 wt %. It has been suggested that
the initial increase in Ty is due to the interaction
between the polymer chains and the salt whereas the
decrease is due to the repulsion between the free anions
or the dilution effect of salt aggregation.'>16 Within the
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Figure 2. Ternary phase diagram of the LiCIO4/PEO/PCL
system. The open circles represent a miscible ternary blend,
and the full circles represent an immiscible ternary blend.
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Figure 3. Effect of LiClO, content on the glass transition
temperatures of (a) LiCIO4/PEO and (b) LiClIO4/PCL.

range of 10—20 wt % of LiClO,, the Ty increment of the
LiCIO4/PEO system is greater than that of the LiClO,4/
PCL system, implying that the interaction between
LiClO,4 and PEO is stronger than that between LiClO4
and PCL.

When we look at the changes in Ty (Figure 3) on the
molar basis, though the two T, elevation patterns look
similar, the elevation maximum in LiCIO4/PEOQO takes
place at Li/O mole ratio of 1/9.7, whereas in LiCIO4/PCL
it occurs at Li/ester group = 1/2.8. It is understandable
because PEO interacts stronger with lithium ions than
that of PCL. Moreover, the distance between ether
oxygens in PEO is shorter than that between ester
groups in PCL. It has been suggested that the lithium
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Figure 4. Infrared spectra of binary blends of PEO/PCL,

recorded at room temperature, displaying (a) the carbonyl
stretching and (b) CH, wagging regions.

ion is able to coordinate with more functional groups of
the polymer chain in PEO than that in PCL. As a result,
higher content of LiClO, salt is needed to achieve
maximum Ty in the LiCIO4/PCL system.

FT-IR Spectroscopy. Figure 4 shows infrared spec-
tra recorded at room temperature, displaying the bands
representing the carbonyl stretching (a) and CH, wag-
ging (b) of a series of PEO/PCL binary blends. As shown
in Figure 4a, two carbonyl stretching bands appear for
the pure PCL at 1734 and 1724 cm™1; these bands
correspond to the absorptions of the amorphous and
crystalline conformations, respectively. The relative
peak area of the crystalline conformation of PCL (1724
cm~1) decreases upon increasing the PEO content in this
binary PEO/PCL blend system. Figure 4b shows infra-
red spectra of the CH, wagging vibration, in the region
1320—-1380 cm™1, of the pure PEO and various PEO/
PCL binary blends. The pure PEO has two bands, at
1360 and 1343 cm™!, that represent its crystalline
phase.” The crystalline conformation of PEO is partially
destroyed when the PCL content in this binary blend
is increased. As a result, we confirm that the interaction
between PEO and PCL tends to decrease the fraction
of the crystalline phases of both PEO and PCL.

Figure 5 presents Infrared spectra recorded at room
temperature, which display the carbonyl stretching (a)
and CH;, wagging (b) regions of a series of ternary
LiClO4/PEO/PCL blends containing the LiClIO,4 content
fixed at 10 wt %. In the carbonyl group vibration region
(Figure 5a), the spectrum of the blend LiCIO4/PCL =
10/90 possesses a shoulder band at 1700 cm~1, which
reflects the interaction between the lithium cation and
the carbonyl group of PCL. This shoulder peak disap-
pears upon the addition of PEO, even at a content of as
low as 18 wt %, indicating that the interaction between
Li™ cation and PEO is much stronger than that between
Lit and PCL. The crystalline phase of PCL nearly
disappears at low PCL concentration (compositions of
LiCIO4/PEO/PCL = 10/85.5/4.5 and 10/81/9; Figure 5a).
By comparing these spectra with those in Figure 4a, the
fraction of the crystalline PCL phase in this ternary
blend is relatively higher than that in the binary blend
at the same PEO/PCL ratio. The addition of LiClO, in
PEO/PCL binary blend tends to promote PCL’s phase
separation and crystallization; the lithium perchlorate
prefers to coordinate with PEO rather than with PCL.
The bands of crystalline PEO still exist in the ether
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Figure 5. Infrared spectra of ternary blend of LiCIO,/PEO/
PCL containing a constant composition (10 wt %) of LiClIQOg,
recorded at room temperature, displaying (a) the carbonyl
stretching and (b) CH, wagging regions.

group vibration region displayed in Figure 5b, which
suggests that the crystalline phase of PEO is only
partially destroyed because of the relatively lower
content of LiClIO4 (10 wt %) in these ternary blends.

Figure 6 shows infrared spectra of these LiCIO4,/PEO/
PCL ternary blends containing a fixed and relatively
higher lithium perchlorate content (25 wt %). We
observe the same trends with respect to the appearance
of the carbonyl group vibration as appear in Figure 5a,
but Figure 6b indicates that the crystalline PEO phase
disappears totally when the PEO content is 71.25 wt %
or less. This finding implies that at a high LiClO,4
content (25 wt %) in these ternary blends LiClO4
interacts with or complexes to essentially all of the
available PEO, which, thus, retards its crystal forma-
tion.

Infrared spectra recorded an even higher LiClO4
content (40 wt %) are shown in Figure 7. At composi-
tions of 40/12/48 and 40/0/60 (Figure 7a), the spectra of
the bands representing the carbonyl group indicate that
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Figure 6. Infrared spectra of ternary blend of LiCIO4/PEO/
PCL containing a constant composition (25 wt %) of LiClO,,
recorded at room temperature, displaying (a) the carbonyl
stretching and (b) CH; wagging regions.

the crystalline PCL phase is destroyed completely while
a strong shoulder peak appears at 1700 cm~1, which
corresponds to the interaction between the lithium
cation and the carbonyl group of the PCL. This content
of LiClO4 (40 wt %) is high enough to interact with
essentially all of the PEO, and a portion of the PCL, in
the 40/12/48 blend. Upon further addition of the PEO
component to 24 wt % or more, the peak at 1700 cm~1
disappears completely while the crystalline phase of
PCL appears. In other words, no free PEO or free LiClO,4
salt is left and available to interact with PCL, and this
situation results in the PCL’s phase separation and
crystallization. Figure 7b shows that PEO is totally
amorphous at all compositions in these ternary blends
containing 40 wt % LiClO4, indicating that excess
LiClO,4 tends to coordinate with all of the PEO present.

Li MAS NMR Spectroscopy. Solid-state ‘Li NMR
spectroscopy has been used widely to study the interac-
tion between the lithium ions and the polymer hosts8-20
since the strong receptivity of the Li™ ion makes it a
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Figure 7. Infrared spectra of ternary blend of LiCIO,/PEO/
PCL containing a constant composition (40 wt %) of LiClQOg,
recorded at room temperature, displaying (a) the carbonyl
stretching and (b) CH, wagging regions.

very attractive analytical tool. Figure 8a shows the 7Li
NMR spectra, recorded at 300 K, of ternary LiCIO4/PEO/
PCL blends having a LiClO4 concentration at fixed 10
wt %. One single peak appears for all of the blends at
this low LiClO4 concentration. The peak at high field
(ca. —1.1 ppm) is assigned as the interaction between
PEO and Li cation, whereas the peak at low field (ca.
—0.4 ppm) is assigned to the coordination of Li™ with
PCL; the latter peak appears only at a composition of
10/0/90, i.e., where PEO is absent. This result indicates
that the lithium cation coordinates much more prefer-
ably with PEO than with PCL. This result also dem-
onstrates that the ability of PCL to donate its electron
to Li™ is significantly poorer than that of PEO. Figure
8b displays the "Li MAS NMR spectra of various LiClOy4/
PEO/PCL ternary blends containing a fixed LiClO4
content of 25 wt %. Unlike the spectra displayed in
Figure 8a, there is no longer only a single peak in each
7Li NMR spectrum; a new shoulder single is present at
compositions of 25/45/30, 25/30/45, and 25/15/60. After
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Figure 8. Solid-state “Li proton-decoupled MAS NMR spectra
of ternary blends of LiCIO4/PEO/PCL containing constant
LiClO4 concentrations of (a) 10 and (b) 25 wt %.

curve fitting, a new peak appears at ca. —1.6 ppm (peak
I11) in addition to two peaks mentioned above (peak |
at ca. —0.4 ppm and peak Il at ca. —1.1 ppm). Peak 111
has been assigned as representing the ion pairs of the
lithium salt or its aggregates.192! The relative intensity
of peak 11l increases as the PCL content increases.
Because PEO tends to interact with PCL, as a result of
the strong miscibility between PEO and PCL, there is
not enough free PEO available to dissolve the LiClOy,
and thus, the Li* ion recoordinates with its counterion
(CIO4 7)) or the salt aggregates. Upon further addition
of PCL, a decrease in the relative intensity of peak 111
accompanies an increase in the relative intensity of peak
I; these observations result from the dissolution of
LiClO,4 salt in PCL. As Figure 8 indicates, peak Il1
appears only under two conditions: (1) at a high LiClO4
salt concentration (25 wt % or higher) and (2) in the
ternary blends LiCIO4/PEO/PCL having a fixed LiClO4
concentration and various compositions of PEO/PCL =
60/40, 40/60, or 20/80. Nevertheless, peak 111 does not
appear in binary blends of LiCIO4/PEO and LiCIO4/PCL.
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Figure 9. Solid-state ’Li proton-decoupled MAS NMR spectra

of ternary blends of LiCIO#/PEO/PCL having a fixed PEO/PCL
ratio of 40/60.

Figure 9 shows the Li MAS NMR spectra of LiClO,4/
PEO/PCL ternary blends recorded at a constant PEO/
PCL ratio (40/60), but with varying LiClO4 content.
Peaks I-111 appear simultaneously when the concentra-
tion of LiClO4 is 25 wt % or higher because the excess
of LiClOy interacts simultaneously with both PCL and
PEO. The relative intensities of peaks | and I11 increase
as the LiClO4 content increases. This phenomenon
suggests a relative decrease in PEO content in these
ternary blends such that eventually no PEO is left and
available to interact with PCL; in this situation, PCL
can interact only with the LiClQO4, resulting in the
increased intensity of peak I. Discussing Figure 9 on
the molar basis, the salt aggregation is formed whenever
Li/O is greater than 1/4 regardless of PCL content due
to stronger interaction between Li* and PEO than that
between Li* and PCL. An excess content of LiClO,4 tends
to self-aggregate, which is consistent with the DSC
studies.

Three pairs of interactions are present in these
ternary LiCIO4/PEO/PCL blends: between LiCIO4 and
PEO, LiClO4 and PCL, and PEO and PCL. The combi-
nation of these mutually competitive interactions dic-
tates the final miscibility of these ternary blends and
also the mobility of the Li* cation within the polymer
chains. From the solid-state NMR spectra, we conclude
that an excess content of LiClIO4 tends to result in
aggregation and increase the mobility of the polymer
chains due to the dilution effect.

lonic Conductivity. Figure 10 presents plots of the
Arrhenius ionic conductivity as a function of tempera-
ture for LiCIO4/PEO/PCL ternary blend-based electro-
lyte systems containing a constant LiClO,4 salt concen-
tration (25 wt %). From DSC data, we know that the
Tgs of PEO and PCL are similar (ca. —60 °C), but the
ionic conductivity of LiCIO4/PCL is ca. 1—2 orders lower
than that of LiCIO4/PEO. In addition to the chain
mobility of the polymer matrix, we must also consider
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Figure 10. Arrhenius ionic conductivity plots as a function
of temperature for LiCIO./PEO/PCL ternary blend-based
electrolyte systems containing constant LiClIO4 concentration
(25 wt %).

the ability of the Li™ cation to coordinate to the polar
groups present in the polymer matrix. According to the
information we obtained from the solid-state ’Li NMR
spectra, the Li* cation has a much greater preference
for coordination with PEO rather than with PCL.
Therefore, the LiCIO4/PEO system has a higher ionic
conductivity than that of the LiCIO4/PCL system. Figure
10 indicates, however, that the maximum ionic conduc-
tivity occurs for the ternary blend LiCIO4/PEO/PCL =
25/60/15. The addition of PCL into the LiCIO4/PEO or
PEO into the LiCIO4/PCL binary blend increases their
ionic conductivities at lower temperature of 20 °C. The
FTIR spectra clearly reveal that the crystalline phases
of PEO and PCL still exist in both the LiCIO/PEO and
LiClO4/PCL binary blends, respectively. The addition
of the third component (PCL or PEO) to these binary
blends tends to retard or destroy the crystalline phase
and results in higher ionic conductivity as a result of
the strong miscibility between PEO and PCL. In addi-
tion, the crystalline phase can be reduced or inhibited
and higher conductivity occurs upon raising the tem-
perature, as is expected. If we consider, for example, a
composition of 25/75/0, we observe that its ionic con-
ductivity increases drastically when the temperature is
raised from 40 to 60 °C. Nevertheless, further addition
of the third component results in a decrease in ionic
conductivity because phase separation (immiscibility)
occurs, which causes LiCIO, to aggregate in these
ternary blends. As a result, the maximum ionic conduc-
tivity occurs at the composition at which phase separa-
tion begins. The addition of PCL tends to retard or
inhibit PEO crystallization, while the excess content of
PCL tends to be excluded. In fact, a slight PCL phase
separation promotes the ionic conductivity.
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Conclusions

We have investigated the miscibility behavior, inter-
action mechanism, and ionic conductivity of LiClOy4/
PEO/PCL ternary blend-based electrolyte systems by
the use of DSC, FTIR, solid-state “Li NMR spectroscopy,
and ac impedance measurements. Although each of the
three individual binary pairs is fully miscible, a closed-
loop immiscibility region exists in the ternary blend’s
phase diagram. Lithium cation more preferably coordi-
nates with the ether oxygen atom of PEO rather than
with the carbonyl group of PCL. When LiCIO, is added
to the PEO/PCL binary blend, the PCL component tends
to be excluded, which causes phase separation of these
ternary blends. The presence of a small PCL content in
the PEO phase is able to retard or inhibit crystallization
because PEO and PCL are fully miscible at all composi-
tions. This factor is responsible for the observed increase
in ionic conductivity of the LiCIO4/PEO/PCL blend. The
maximum ionic conductivity (6.3 x 1077 S cm™1) of the
ternary blend at room temperature occurs at the LiClO,4/
PEO/PCL composition of 25/60/15.
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