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Star-Shaped Polymer Electrolyte with Microphase Separation
Structure for All-Solid-State Lithium Batteries
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A star-shaped copolymer, poly(styrene)-block-poly[poly(ethylene glycol) methyl ethyl methacrylate (PS-block-PPEGMA,)g, was
synthesized by the combination of living anionic polymerization of styrene and ruthenium-catalyzed living radical polymerization
of poly(ethylene glycol) methyl ether methacrylate. The prepared star-shaped copolymer was characterized to evaluate its use as
a solid polymer electrolyte (SPE) in lithium-ion batteries. The star polymer comprised a hard, condensed poly(styrene) part at the
center, which enhanced the mechanical properties of the solid-state polymer, and a soft, mobile poly[poly(ethylene glycol) methyl
ethyl methacrylate] (PPEGMA) outer part that was responsible for the high ionic conductivity of the SPE. The design of this star
polymer resulted in a well-ordered spherical microphase separation structure, in which the individual star polymers were system-
atically ordered to form the PPEGMA continuous phase distinctly observed in transmission electron microscopy and atomic force
microscopy images. The SPE containing the lithium bis(pentafluoroethanesulfonyl) imide salt exhibited high ionic conductivities
due to the unique morphology of the polymer; the ionic conductivity of this salt was 10™ S cm™" at 30°C and 10~ S cm™" at 5°C

at [Li]/[[EO] = 0.03.
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Lithium-ion rechargeable batteries are energy-storage devices
that have several advantages over conventional secondary batteries
such as nickel-cadmium (Ni—Cd) batteries and nickel-metal-
hydrides (Ni-MH) batteries. The advantages of lithium-ion re-
chargeable batteries are their high electrical performance for a long
life cycle, high energy density, low weight, and high operational
voltage; further, these batteries do not exhibit memory effects. These
features have caused an increase in the popularity of the use of
lithium-ion batteries as standard power sources in portable devices
such as mobile phones and laptop computers. The application of
these batteries has further extended to large-scale equipment such as
electrical-power storage systems and in-car systems. In such sys-
tems the safety of the device is one of the most important criteria to
be satisfied before selecting the batteries. However, most commer-
cially available cells contain liquid or liquid-based electrolytes that
are made of flammable organic solvents; thus, these cells posses
certain risks such as leakage and spontaneous combustion of the
electrolyte. Therefore, there is a need to develop efficient polymer
electrolytes that do not have any liquids, i.e., solid polymer electro-
lytes (SPEs).

Poly(ethylene oxide) (PEO) coupled with a lithium salt is a typi-
cal example of an ion conductive material, and its potential use as an
SPE has been studied extensively.l’25 However, the ionic conductiv-
ity of the electrolyte of this material (approximately 1077 S cm™') at
room temperature was not sufficient for its practical use in batteries.
It is desirable for SPEs to exhibit liquidlike ionic conductivity and
mechanical properties that are capable of separating the electrode.
Although the movement of the polymer chain is essential for achiev-
ing high ionic conductivity, high chain mobility can cause a deterio-
ration in the mechanical properties of the SPE. Therefore, achieving
a balance between conductivity and mechanical properties of an
SPE is usually difficult.

To overcome this difficulty, block copolymers have recently been
used as SPEs. In general, such solid polymers often exhibit mi-
crophase separations and unique morphologies via aggregation and
self—assembly.lS'25 Block copolymers used as SPEs fundamentally
comprise the following two segments, each having a specific role:
One segment is a hard polymer segment having a high glass transi-
tion temperature (7,), which enhances the mechanical strength of
the polymer, and the other segment is derived from a soft, lithium-
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salt-doped polymer that has sufficiently high ion conductivity.
Therein, the solid polymer should exhibit microphase separation
with the hard segment domain and the ion conductive continuous
phase. Therefore, we used BAB triblock copolymers pregared by
metal-catalyzed living radical polymerization as SPEs.”*** This
polymer comprised a hard poly(styrene) (PS) part as the B segment
and an ion-conductive poly[poly(ethylene glycol) methyl ether
methacrylate] (PPEGMA) containing short PEO chains as the A
segment. In the absence of a plasticizer, this SPE actually exhibits a
high ionic conductivity of 1 X 10™* S cm™! at room temperature.

Star polymers are a class of branched polymers having a globular
architecture, and they are expected to exhibit unique physical prop-
erties and morphologies that are not observed in their corresponding
linear counterparts. Specifically, in star polymers, the mobility of the
arms increases from the center of the polymer to the outer sphere;
therefore, the arms located near the center exhibit low mobility due
to dense packing, while those in the outer sphere exhibit high mo-
bility due to the availability of free space. Considering these features
of a star polymer, we have recently developed the synthetic strategy
for (PS-block-PPEGMA,)g star copolymer via a combination of liv-
ing anionic polymerization of styrene and metal-catalyzed living
radical polymerization of poly(ethylene glycol) methyl ethyl meth-
acrylate gPEGMA), with the objective of developing ideal SPEs
(Fig. 1).%° The star polymers have an 8-armed linear PS radiating
from the center in the core, which are covered by a 16-armed linear
poly(PEGMA). The central PS segment contributes to the toughness
of the solid polymer film, and the outer PPEGMA segment not only
results in a high electrical output but also provides flexibility to the
solid polymer film.

In this paper, we report the characterization of
(PS-block-PPEGMA,)g star copolymers in terms of their mi-
crophase structure, thermal properties, and electrochemical perfor-
mance as SPEs. The discussions in this paper are mainly focused on
the correlation between the microphase structure and the electrical
properties. In fact, in comparison to its linear counterpart, the star-
shaped SPE forms flexible films and shows higher discharge capac-
ity in an electrochemical cell (LiCoO,/SPE/Li).

Experimental

Lithium bis(pentafluoroethanesulfonyl) imide (LiBETI; Kishida
Chemical; purity: >99.8%), lithium bis(trifluoromethanesulfonyl)
imide (LiTFSI; Kishida Chemical; purity: >99.9%), lithium trifluo-
romethanesulfonate (LiTFS; Wako Chemical; purity: >99.8%),
lithium perchlorate (LiClO4; Wako Chemical; purity: >99.8%),
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Figure 1. (PS-block-PPEGMA,); star-shaped copolymer synthesized by the
combination of living anionic polymerization and metal-catalyzed living
radical polymerization.

lithium hexafluorophosphate (LiPF4; Kishida Chemical; purity:
>99.9%), and lithium tetrafluoroborate (LiBF,; Kishida Chemical;
purity: >99.9%) were used as electrolyte salts in the SPEs. All the
lithium salts were dried under high vacuum at 120°C and stored in
a dry glove box. Battery-grade 1,2-dimethoxyethane (DME) was
purchased from Kishida Chemical and wused as received.
(PS-block-PPEGMA,)g star-shaped copolymers were synthesized
according to the procedure available in the literature.””*®

The SPEs containing Li salts and star-shaped block copolymers
in various blend compositions were prepared by a solution-casting
technique. The star-shaped block copolymers and Li salts (LiBET],
LiTFSI, LITFS, LiClOy, LiPFg, and LiBF,) were dissolved in DME,
and the corresponding solutions were stirred for 3 h at room tem-
perature. Doping levels are defined as the ratio of the number of
lithium cations (Li*) to that of ethylene oxide (EO) groups ([Li]/
[EO]) in the star polymer. After the solution was stirred, it was cast
onto an aluminum foil; the resultant film was placed in an argon-
filled glove box for 1 h at room temperature and subsequently under
high vacuum for another 5 h at 100°C. The thickness of the SPE
films was controlled to be ca. 80 wm, and the thickness of the SPE
films was measured using a micrometer (PG-01, Teclock).

The absolute weight-average molecular weight (M) of the poly-
mers was determined by multiangle laser light scattering coupled
with size exclusion chromatography (SEC-MALLS) in dimethyl for-
mamide (DMF) containing 10 mM LiBr at 40°C on a Dawn EOS
(Wyatt Technology Corp.; Ga—As laser, A = 690 nm). The hydrody-
namic radius of the polymers was measured by dynamic light scat-
tering (DLS) in their DME solution at 20°C using a high perfor-
mance particle-sizer extended temperature (Malvern) instrument
equipped with a He—Ne laser and an avalanche photodiode detector.
Before the measurements, the polymer solutions were filtered with a
poly(tetrafluoroethylene) membrane (TITAN) with a pore size of
0.45 pm.

The microphase separation structure of the SPE was observed by
transmission electron microscopy (TEM, H-7100FA, Hitachi). For
sample preparation, a 10 wt % solution of the star-shaped block
copolymer in DME was cast onto a polypropylene (PP) plate, dried
overnight at room temperature, and subsequently dried under

vacuum for another 20 h at 120°C. The cross sections of the poly-
mer film to be used in TEM observations were prepared using a
microtome (EM-ULTRACUT, Leica). Next, the samples were fur-
ther stained with RuO, to enable the observations of microphase
separation structures. Atomic force microscopy (AFM) images were
measured using SPA-400 equipped with an SPI3800ON controller
(Seiko Instruments Industry Co., Ltd.). AFM measurements were
carried out in the dynamic force mode at ambient temperature.
Samples used for AFM measurements were prepared by spin-casting
a dilute solution of star-shaped block copolymer in DME on a ro-
tating mica substrate at 3000 rpm, and the prepared samples were
dried under vacuum for 5 h at 100°C.

Thermogravimetric (TG) measurements of the star-shaped block
copolymer were performed on a Rigaku Thermoplus TG 8120 at a
heating rate of 10°C/min up to 500°C under nitrogen atmosphere.
Differential scanning calorimetry (DSC) measurements of the star-
shaped block copolymer and the SPE containing a Li salt were car-
ried out on a Rigaku Thermoplus DSC8230 in the temperature range
of —110 to 190°C at a heating rate of 5°C/min under nitrogen at-
mosphere. The T, of the polymer was taken at the center of the
heat-capacity change observed during the transition. X-ray diffrac-
tion (XRD) measurements of the star-shaped block copolymer films
were performed on JEOL JDX-8020 at room temperature (25°C).

The ionic conductivities of the SPEs were measured under dry
nitrogen atmosphere in the temperature range from 5 to 60°C by an
ac-impedance method using an impedance analyzer (SI-1260, Solar-
tron) over a frequency range from 0.1 Hz to 10 MHz. The conduc-
tivity values (o) were calculated using the equation o = (1/R})
X(L/A), where R, is the bulk resistance, L is the thickness of the
SPE film, and A is the area of the sample. The electrochemical
stability of the SPE (star-shaped block copolymer-LiBETI,
[Li]/[EO] = 0.05) was evaluated by cyclic voltammetry with a two-
electrode system using a potentiostat (HSV-100, Hokuto Denko); the
two-electrode system consisted of the sample cast on a glassy car-
bon (GC) disk electrode and a Li—metal foil as the counter electrode.

An all-solid-state rechargeable lithium cell of LiCoO,/SPEs/Li
metal was constructed, and its electrochemical characteristics were
investigated. The composite cathode consisted of 60 wt % of
LiCoO, as the cathode material, 20 wt % of acetylene black as an
electronic conductor, and 20 wt % of star-shaped block copolymer—
LiBETI ([Li]/[EO] = 0.05) as an ionically conductive binder. The
composite cathode sheet was prepared by casting an n-methyl pyr-
rolidone slurry of appropriate concentration onto an aluminum cur-
rent collector using a doctor blade and then drying the cast under
high vacuum. The thickness of the cathode layer was ca. 12 pm, and
the mass of LiCoO, in the composite cathode was ca. 1.6 mg cm?.
Then, the star-shaped block copolymer-LiBETI ([Li]/[EO]
=0.05) dissolved in DME solution was cast onto the composite
cathode. The solvent was evaporated in air at room temperature for
1 h and subsequently under high vacuum for another 5 h at 100°C.
A 2016 coin-type cell was assembled in an Ar-filled glove box as
follows: The composite cathode with SPE film was placed on the
bottom of the cell, and the Li—metal foil acting as the anode was
placed on the SPE film; then the cell was sealed. Charge—discharge
tests were performed at 3.0-4.3 V at 30°C using a dc power supply
(HJ1001SM8, Hokuto Denko).

Results and Discussion

The (PS-block-PPEGMA,)g star-shaped copolymer, shown in
Fig. 1, used as SPE was synthesized by living anionic polymeriza-
tion of styrene and ruthenium-catalyzed living radical polymeriza-
tion of PEGMA (23 ethylene oxide units; M,, = 1100) by the proce-
dure available in the literature.”’

The synthesis was carried out in three steps: (i) Synthesis of an
8-armed PS star polymer containing 16 functional groups
(CH,0SiMe,Bu’) via the double-coupling reaction of the terminal
polystyrylanion26 carrying the CH,0SiMe,Bu’ group; this synthesis
was carried out in the presence of a 4-ester-functionalized coupling

Downloaded 21 Jun 2012 to 77.236.37.84. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



Journal of The Electrochemical Society, 156 (7) A577-A583 (2009) A579

agent; (ii) conversion of CH,0OSiMe,Bu’ into CH,OCOMe,Br to
obtain a 16-bromide-functionalized star-polymer initiator; (iii) living
radical polymerization of PEGMA with the obtained initiator™ to
yield (PS-block-PPEGMA,)g star-shaped copolymers.

The final products, after purification via fractional precipitation,
were characterized by carrying out various analyses. The star poly-
mer had an absolute weight-average molecular weight (M, parrs)
of 450,000 g/mol with a narrow molecular weight distribution
(MWD) (M,,/M, = 1.21), as determined by SEC-MALLS in its
DMF solution; the polymer was found to have a PEO content of
76 wt %, as determined by '"H NMR. The number of arms of PS and
that of PPEGMA were in good agreement with their corresponding
ideal values. The hydrodynamic radius (R},) of the polymeric prod-
ucts was measured by DLS in DME solution at 20°C and found to
be 26 nm, while that of the eight-armed PS star polymers before
PEGMA polymerization was 13 nm. These results confirmed that
the structure of the obtained polymers was consistent with the star-
shaped block structure designed by us.

Because of the uniform structure (precise numbers of arms, quite
narrow MWD) of the obtained star-shaped block copolymers having
hard styrene segments in the inner sphere and soft PEGMA in the
outer sphere, the obtained polymer is expected to exhibit a unique
morphology that affects the ion conductivities of the SPEs. Figure 2
shows photographs of a star-shaped block copolymer electrolyte
film. A self-standing polymer-electrolyte film can be prepared by a
solution-casting technique. The solid film of the star-shaped block
copolymers also shows unique flexibility as shown in Fi;;. 2b, which
is not observed in the case of linear block copolymers.2 Herein, we
investigate the morphology of the solid films by TEM and AFM.

Figure 3 shows the TEM image of the film cast from a 10 wt %
DME solution of star-shaped block copolymers onto a PP plate. The
film was stained with RuO, to darken the polyethylene-containing
phase. The sample clearly shows the microphase separation carrying
the well-ordered circular structure with a quite uniform size. The
white circles observed in the image represent the central PS part of
the single-star polymer, while the black continuous phase represents
the outer PPEGMA layer; the average diameter of the PS parts is
estimated from the white circles to be approximately 13 nm. This
diameter is in good agreement with that determined by DLS; this
consistency could be because the PS part is not only hard but also
densely packed in the star core. Thus, we conclude that the large
outer PPEGMA segment (EO content: 76%) showed a repulsive
interaction with the PS core to form a unique, uniform, well-ordered
microphase structure. To evaluate the efficiency of the star polymer
as an SPE, we also analyzed the films that were blended with a
lithium salt (LiBETI or LiClO4) by TEM. It was observed that the
microphase separation structure of these films was identical to that
observed in the case of the pure star-shaped polymer, irrespective of
the species and concentration of the Li salt used ([Li]/[EO] = 0.0
— 0.09). This result suggests that the polymers can efficiently act as
SPEs because of the continuous phase formed by the PEGMA
segment.”’

Figure 4 shows the AFM image of a star-shaped block copolymer
film cast from its 0.5 wt % DME solution onto a mica substrate.
This image shows spherical dot patterns similar to the microphase
separation structure observed in the TEM image. The dark dots and
surrounding bright regions correspond to the hard PS segments and
the soft PEO segments, respectively. The diameters of the PS seg-
ments and PEO segments were 10-12 and 15-17 nm, respectively;
the size of the PS segments agreed well with those estimated by
TEM images.

The thermal properties of the star-shaped block copolymer were
characterized by TG and DSC. The TG curve shown in Fig. 5 indi-
cates that the thermal decomposition of the polymer occurs above
300°C. Therefore, the star-shaped block copolymer exhibits excel-
lent thermal stability up to 300°C.

Figure 6 shows DSC thermograms of star-shaped block copoly-
mers. The pure star-shaped block copolymer film and polymer-

a

Figure 2. (Color online) Photographs of star-shaped block copolymer elec-
trolyte film containing LiBETI ([Li]/[EO] = 0.03) prepared by a solution-
casting technique.

electrolyte films with a Li salt (LiTFSI) were analyzed by DSC to
evaluate the solid properties in the SPEs. The measurements of
samples with [Li]J/[EO] varying from 0 to 0.09 were carried out from
—110 to 190°C at a heating rate of 5°C/min under nitrogen atmo-

Figure 3. TEM image of a star-shaped block copolymer film (stained with
RuQy,) cast from its 10 wt % DME solution onto a PP plate.
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Figure 4. (Color online) AFM image of a star-shaped block copolymer film
cast from its 0.5 wt % DME solution onto a mica substrate.

sphere. The DSC curve of the prepared polymer film without any Li
salt showed a distinct melting point (7,,) at 38°C, which is attrib-
utable to the melting of the outer PPEGMA segment. The pure star
copolymer did not show a clear crystalline temperature (7,) or T,
attributable to the outer PPEGMA segment, indicating that the as-
prepared film is a crystalline polymer. Furthermore, the crystallinity
of the as-prepared film was confirmed by XRD as shown in Fig. 7a.
The very small signal at around 70°C in the DSC curve might be the
T, of the PS core of the star-shaped block copolymer. However,
70°C is considerably low compared with the reported value for bulk
PS (~100°C). It was reported that nanometer-sized PS films have a
lower Tg.29 The size of the PS core of the star polymer was as small
as 13 nm; therefore, the small signal at around 70°C in the DSC
curve was probably due to the PS core. The signal at around 70°C
does not appear to shift with changing Li content, consistent with all
the Li-salt partitioning to the PPEGMA phase.
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Figure 5. TG curve of star-shaped block copolymers heated up to 500°C at

a heating rate of 10°C min™".
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Figure 6. DSC thermograms of star-shaped block copolymers with and with-
out LiTFSI at a heating rate of 5°C min~'; [Li]/[EO] = 0 — 0.09.

The DSC curve of the polymer-electrolyte films treated with Li
salt in small doping levels ([Li]/[EO] = 0.02 and 0.03) showed the
T, of the PPEGMA, T, and T},. T, and T, increased slightly, while
T, decreased slightly with increasing Li-salt concentration. These
results suggest that the crystalline segments in the as-prepared Li-
doped film decreased with increasing Li content, i.e., [Li]/[EO] from
0 to 0.03, and the amorphous moiety of PPEGMA in the as-prepared
Li-doped polymer electrolyte exhibited 7, and 7.

In the case of polymer films with higher Li concentration
([Li]/[EO] = 0.05 or more), the samples exhibited only T, which

Intensity / A. U.

10.0 15.0 20.0 25.0 30.0 35.0
20 / degree (Cu Ka)

Figure 7. XRD patterns of star-shaped block copolymer electrolytes with
and without LiTFSI: (a) ([Li]/[EO] = 0) and (b) ([Li]/[EO] = 0.05).
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Figure 8. Temperature dependence of ionic conductivity of SPEs blended
with various Li salts ([Li]/[EO] = 0.03): (A) LiBETI, (@) LiTFSI, (H)
LiPFg, (<) LiClO,, (+) LiTFS, and (*) LiBF,.

suggests that the polymer turned completely amorphous. Indeed, the
as-prepared Li-doped polymer-electrolyte film ([Li]/[EO] = 0.05)
was amorphous as shown in Fig. 7b. The absence of T, suggests that
the crystallization of the PPEGMA does not take place when the Li
concentration is as high as [Li]J/[EO] = 0.05 or more. The T, of the
PPEGMA segments increased with increasing Li content because of
the increased interaction of the Li salts with the polyether moiety of
the star polymers; therefore, the Li salts act as the inter- or intra-
cross-linking agent for the polymers.

To evaluate the suitability of Li salts for use in SPEs, the ionic
conductivities of the star-shaped block copolymers blended with
various lithium salts were measured by an impedance analyzer at
5-60°C. The following lithium salts were employed: LiBETI,
LiTFSI, LiTFS, LiClO,, LiPFq, and LiBF,; [Li]J/[EO] was set to
0.03. Figure 8 shows the temperature dependence of the ionic con-
ductivities of SPEs containing the various lithium salts. The SPEs
containing LiBETI, LiTFSI, and LiPF¢ exhibited excellent ionic
conductivities at all temperatures; this result was in sharp contrast to
that in the case of the SPE containing LiBF,. The degree of disso-
ciation of LiBF, in aprotic electrolytes is small compared with other
Li salts such as LiPFs, LiTFSI, and LiClO,, as reported.** There-
fore, the ionic conductivity of SPE with LiBF, was smaller than the
SPEs with other Li salts. The star copolymer electrolytes showed
higher ionic conductivities compared with other PEO-based polymer
electrolytes reported by other research groups.lg’31 The star poly-
mers have short PEO chains compared with conventional PEO-
based electrolytes, which is favorable for the ionic conduction in the
polymer. Furthermore, in star polymers, the mobility of arms in-
creases from the center of the polymer to the outer sphere. There-
fore, the arms located in the outer sphere exhibit high mobility due
to the availability of free space, which may enhance the ionic con-
ductivity of the polymer electrolytes. In particular, the SPE contain-
ing LiBETI showed the highest ion conductivity, which is consistent
with previously reported results.®'? This is because even in low
polarity media such as polyethers, the imide anions in LiBETI are
highly stabilized and dissociated as a result of the resonance effect
and the electron-withdrawing groups of the two pentafluoroethane-
sulfonyl substituents.”

For the optimization of the Li-salt concentration in SPE, the
ionic conductivities of SPEs containing LiBETI in various [Li]J/[EO]
ratios, ranging from 0.01 to 0.09, were measured at 5-60°C (Fig. 9).
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Figure 9. Ionic conductivities of SPEs containing LiBETI with various Li
concentrations ([Li]/[EO] = 0.01 — 0.09) at (A) 60°C, (<) 50°C, (0)
40°C, (@) 30°C, (A) 20°C, () 10°C, and (H) 5°C.

At all temperatures, the highest ionic conductivity was observed for
the SPE with [Li]J/[EO] of 0.03; the conductivities increased with an
increase in [Li]/[EO] ratios from 0.01 to 0.03 and then decreased
with a further increase in [LiJ/[EO] from 0.03 to 0.09. The maxi-
mum conductivities were 10 and 1075 S cm™" at 30 and 5°C, re-
spectively. These values are higher than those of conventional SPEs
based on PEO without plasticizers.” In general, the ionic conduc-
tivity of SPEs depends on the chain mobility, and thus it would be
affected by the microstructure of solid films. As observed in TEM
and AFM images, the PEO segments serve as the continuous phase
of the SPEs, irrespective of the Li contents, and are originally
grafted on poly(methacrylate) main chains to provide the high mo-
bility that contributes to high ionic conductivity. This SPE showed
maximum ionic conductivity in the case of [Li]/[EO] = 0.03. The
initial increase in conductivity when [Li]/[EO] increased from 0.01
to 0.03 is attributed to the increase in the doping level of Li alone.
The subsequent decrease in ion conductivity when [Li]J/[EO] in-
creased from 0.03 to 0.09 can be explained by the solid properties
evaluated by DSC analyses. The 7, of PPEGMA moiety in the SPEs
gradually increases with increasing Li content ([Li]/[EO] from 0.03
to 0.09), which indicates that segmental motion of the PEO part
gradually decreases because of the pseudo-cross-linking due to in-
tramolecular and intermolecular coordinations of the Li ions to oxy-
gen. Thus, the SPEs blended with Li salt at [Li]/[EO] of 0.03 can be
efficiently compatible with the doping level by the lithium and the
segmental motion of the PEO.

The electrochemical stability of the star-shaped block copolymer
with LiBETI ([Li]/[EO] = 0.05) was investigated by cyclic voltam-
metry vs Li/Lit at 30°C (Fig. 10). The SPE shows reproducible
cyclic voltammograms between +2.7 and +4.7 V. The potential
window of this SPE was estimated to be +4.3 V, which was com-
parable to that of the PS-block-PPEGMA-block-PS linear block co-
polymer blended with LiBETI reported in our previous studies. %
These results suggest that the width of the potential window is de-
pendent on the components of the copolymer segments and indepen-
dent of the polymer structure.

Finally, we employed the star-shaped SPE in an all-solid-state
rechargeable lithium cell and set up a LiCoO,/SPE/Li system. This
composite cathode consisted of 20 wt % of the star-shaped block
copolymer-LiBETI ([Li]/[EO] = 0.05) acting as the ionically con-
ductive binder. The mechanical strength of the polymer-electrolyte
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Figure 10. Cyclic voltammogram of a GC disk electrode in SPE measured at
30°C. The initial electrode potential was 2.8 V and the potential sweep rate
was 0.5 mV s\,

film formed on the composite cathode was enough as a separator of
the cell. Porous films of polyethylene or PP, which are used as a
separator for lithium batteries, were not necessary for the cell as-
sembly in this study, because the SPE film had good mechanical
properties. Figure 11a shows the charge and discharge curves of the
cell containing the star-shaped SPE in the second charge—discharge
cycle at 30°C in the potential range of 3.0-4.3 V. The discharge
capacity of the LiCoO, was 148 mAh g~! at 25 wA cm™2, which is
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Figure 11. (a) Charge and discharge curves of a Li/SPE/LiCoO, composite
cathode cell in the second charge—discharge cycle measured at a current
density of 25 pA cm™2 at 30°C. (b) Charge—discharge cycle stability of the
cell.
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very close to the theoretical discharge capacity of LiCoO, in this
potential region. This value of discharge capacity was maintained
over 10 cycles as shown in Fig. 11b. This means that the utilization
of LiCoO, particles for charge and discharge was almost 100%,
which suggests that a good interface was formed between LiCoO,
particles and the polymer electrolyte. Probably the seamless, ion-
conductive PEO segment in the star-shaped SPE exposed a smaller
surface area of the PS part, resulting in a high contact efficiency
between the electronic-conductor particle and the PEO segment.
Therefore, the star block copolymers designed in our study exhibit a
high discharge capacity.

Conclusions

In this study, we designed star-shaped block copolymers that are
capable of inducing a well-ordered microphase separation and can
act as high performance SPEs for use in Li-ion batteries. The star
polymer, prepared by a combination of living anionic polymeriza-
tion of styrene and ruthenium-catalyzed living radical polymeriza-
tion of PEGMA, consists of the following two segments: A hard,
condensed PS inner sphere responsible for the mechanical properties
of the SPE and a soft, mobile PPEGMA outer sphere responsible for
the high ionic conductivity of the SPE. The characterization of the
star polymer using SEC-MALLS, 'H NMR, and DLS revealed its
M,,, EO content, and R}, to be 450,000 g/mol, 76 wt %, and 26 nm,
respectively. The uniform architecture of the solid star polymer led
to the systematically ordered spherical microphase separation of the
individual polymers from the PPEGMA continuous phase, as con-
firmed by TEM and AFM analyses. The SPEs of the star polymer
blended with a lithium salt (LiBETI) exhibited ionic conductivities
as high as 107 S em™" at 30°C and 10> S cm™! at 5°C without the
addition of a plasticizer; this high ionic conductivity is due to the
efficient microphase separation from the EO continuous layer. Be-
tween doping levels ([LiJ/[EO]) of 0.01-0.09, the ionic conductivity
showed a maximum value at the doping level of 0.03, which was
consistent with the thermal properties, such as 7, observed by DSC
analysis. The electrochemical stability of the SPE was also con-
firmed by cyclic voltammetry vs Li/Li* with a potential window of
4.3 V. The all-solid-state electrochemical cell (LiCoO,/SPE/Li)
setup using the star-shaped SPE exhibited a high discharge capacity
of 148 mAh g™ at 25 pA cm™2 at 30°C.

Yokohama National University assisted in meeting the publication costs
of this article.
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