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Solid-state lithium polymer secondary batteries (LPB) are fabricated with a two-

electrode-type cell construction of Lijsolid-state polymer electrolyte

(SPE)jLiFePO4. Plasticizers of poly(ethylene glycol) (PEG)-borate ester (B-PEG)

orPEG-aluminateester(Al-PEG)areaddedintolithium-conductingSPEsinorder

to enhance their ionic conductivity, and lithiumbis-trifluoromethansulfonimide

(LiTFSI) is used as the lithium salt. An improvement of the electrochemical

properties is observed upon addition of the plasticizers at an operation

temperature of 60 8C. However, a decrease of discharge capacities abruptly

followsafter tensofstablecycles.Tounderstandtheoriginof thecapacity fading,

electrochemical impedance techniques, ex-situ NMR and scanning electron

microscopy (SEM)/energy dispersive X-ray spectroscopy (EDS) techniques are

adopted. Alternating current (AC) impedance measurements indicate that the

decrease of capacity retention in the LPB is related to a severe increase of the

interfacial resistance between the SPE and cathode. In addition, the bulk

resistance of the SPE film is observed to accompany the capacity decay. Ex situ

NMRstudies combinedwithAC impedancemeasurements reveal a decrease of

Li salt concentration in theSPEfilmafter cycling. Ex situSEM/EDSobservations

show an increase of concentration of anions on the electrode surface after

cycling. Accordingly, the anionsmay decompose on the cathode surface, which

leads to a reduction of the cycle life of the LPB. Thepresent study suggests that a

choice of Li salt and an increase of transference number is crucial for the

realization of lithium polymer batteries.

� 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
1. Introduction

The rechargeable lithium ion battery is a
device that meets crucial demands of our
modern society, such as acting as the power
source of various portable devices, and in the
future is expected to be implemented for
large-scale use, for example, in electric
vehicles, as energy storage systems for
day-to-night power shifts, and so on. How-
ever, conventional lithium ion batteries
suffer from safety problems because of the
volatile and flammable organic solvents in
the electrolyte solution. Therefore, alterna-
tive materials for the electrolyte are urgently
needed today. In this respect, an all-solid-
state lithium polymer battery (LPB) that uses
lithium conducting solid-state polymer elec-
trolytes (SPEs) has been recognized as one of
the most attractive technologies, since they
are safer and have a higher energy density
upon formation in comparison with con-
ventional batteries that use organic sol-
vents.[1,2]

Poly(ethylene oxide) (PEO) and its deri-
vatives have been known as a typical
representative of a polymer matrix for SPE
since the studies by Wright et al. and
Armand et al. on their lithium conductiv-
ity.[2,3] However, PEO-based SPEs show a relatively low ionic
conductivity (approx. 10�7 to 10�5 S cm�1) at room tempera-
ture.[4] To improve this, we have prepared tris(methoxy poly(-
ethylene glycol)) borate ester (B-PEG)[5–8] and tris(methoxy
poly(ethylene glycol)) aluminate ester (Al-PEG)[9] as new
plasticizers, and the ionic conductivity has been successfully
increased by adding B-PEG or Al-PEG into PEO-based polymer
electrolytes. For example, the ionic conductivity for B-PEG (or Al-
PEG) added to a PEO-based SPE showed more than 10–4 S cm�1

at room temperature, while that of SPE without these plasticizers
was around 10�5 S cm�1. In addition, group 13 elements in B-
PEG and Al-PEG may possess Lewis acidity, so that anions of
lithium salts would be attracted to B-PEG/Al-PEG plasticizers.
Therefore, it is expected that these plasticizers enhance the
dissociation of lithium salts and the transport numbers of Li ions,
as well as improve the ionic conductivity.[10]
Adv. Funct. Mater. 2009, 19, 918–925
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Using the above SPEs, an LPB has been fabricated with a cell
construction of LijSPEj(LiCoO2 or LiFePO4) and their electro-
chemical behavior has been studied.[11] Although the addition of
B-PEG improved the rate performance of the LPB, an
enhancement of cyclability was not indicated. Therefore,
improvement of the ionic conductivity of SPEs is not sufficient
to realize stable cycling in an LPB. The alternating current (AC)
impedance measurements of the cell indicated that an increase in
the interfacial resistance of the SPEjcathode might play an
important role in the decay of cycle performance.

In this work, LPBs have been fabricated using B-PEG or Al-
PEG plasticizers, and AC impedance spectroscopy, pulsed field-
gradient stimulated-echo sequence (PGStE)-NMR spectroscopy,
and scanning electron microscopy (SEM)/energy dispersive X-ray
spectroscopy (EDS) techniques are performed in order to reveal
the capacity fading mechanism.
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Figure 2. Charge–discharge profiles of a) LPB without plasticizers and

b) with B-PEG plasticizer (sample 2). The data correspond to that pre-

sented in Figure 1.
2. Results and Discussion

2.1. Electrochemical Performance

Figure 1a presents the variation of the capacity retention with
cycle numbers for an all solid-state LPB without plasticizer in the
SPE film. The corresponding charge–discharge curves for
selected cycle numbers are also presented in Figure 2a. Typical
flat-shaped voltage profiles are observed around 3.4–3.5 V, which
indicates that a two phase coexistence reaction proceeded in an
olivine-type LiFePO4 cathode as reported previously.[12] After the
initial five cycles, the LPBs showed a capacity higher than
120mAhg�1. However, a severe decrease of capacity retention
followed after �10 cycles, and the capacity reached almost zero
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Figure 1. Cycle performance for the LPBs with or without plasticizers of

B-PEG or Al-PEG. The charge–discharge tests were performed at 60 8C
under a current density of 1.0 8C (�200mm). Two different results for LPBs

using B-PEG with the same cell construction are shown in (b) and (c) as

sample 1 and 2, respectively. The details are given in the text.
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after 20 cycles. One of the conceivable reasons for the poor
cyclability is a low ionic conductivity of the SPE film. Never-
theless, a sufficiently large discharge capacity (>120mAh g�1) at
the first cycle indicated that a poor ionic conductivity is not a
dominant contribution to the severe decay of capacity retention
after �10 cycles at an elevated temperature of 60 8C. In fact, the
ionic conductivity value of SPE without plasticizer was around
�10�4 S cm�1 at 60 8C,[9] which indicates that the estimated
polarization that arises from the SPE bulk resistance would be
�0.03V for our LPB construction. Hence, a poor ionic
conductivity of the SPE may not explain the abrupt decay
phenomena after 10 cycles. (Note, however, that the poor ionic
conductivity of the SPE without plasticizers is crucial to the cell
performance at room temperature. In our previous study,[11]

almost no capacity was observed for the SPE without plasticizer at
40 8C, while the LPB cycled with a capacity of�80mAhg�1 upon
addition of B-PEG.) On the other hand, an abrupt increase in
polarization with a decrease of capacity retention at around 10–20
cycles is observed in the charge–discharge profiles, such that the
capacity decay is a result of the polarization other than the ionic
conductivity contribution.

Figure 1b–d shows the variation of the capacity retention up to
60 cycles for LPBs with B-PEG and Al-PEG plasticizers. One can
see obvious improvements of cycle performance upon using
plasticizer. Even though the LPBs shown in Figure 1c and d show
a reduction of capacity retention after tens cycles, these LPBs did
not fall to zero in capacity as observed for the LPB without
plasticizer (Fig. 1a). Such phenomena could be reproduced for all
ag GmbH & Co. KGaA, Weinheim 919
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Figure 3. Typical Nyquist plots of AC impedance spectra (cross symbols)

for LPB using B-PEG plasticizers (sample 2) at the a) 1st and b) 60th cycles.

The corresponding cycle performance data are shown in Figure 1c. The

fitted curves are also shown by a hatched line using an equivalent circuit

presented in Figure 5a. c) Nyquists plot of a LijSPEjLi symmetric cell using

an SPE film with B-PEG plasticizer.

920
the LPBs in this study. Therefore, it is expected that the addition of
plasticizers suppress the so-called sudden death of LPB during
cycling.

In detail, an SPE film to which plasticizers has been added
shows a stable capacity retention during the initial tens of charge–
discharge cycles. However, after stable cycling, the cell capacity is
reduced gradually. For example, B-PEG-added LPB (sample 2, Fig.
1c) shows stable cycling for up to 40 cycles, followed by a gradual
capacity decrease. Note that the number of stable cycles is not
perfectly reproducible despite the same cell construction. For
instance, although the cell construction and materials used in the
LPB are the same between sample 1 and 2 where B-PEG
plasticizer is added, the cycle performance for both cells is
different, as shown in Figure 1b and c. Such a tendency is also
observed for the LPBs using Al-PEG plasticizers. One of the
conceivable reasons for this is that the phenomena is triggered by
undesirable side reactions at the electrodejelectrolyte interfacial
region, and this reaction product blocks ion exchange at the
interface and/or enhances the decay of the bulk SPEs. In fact, the
polarization of the charge–discharge reaction increased as the cell
capacity reduced. Figure 2b presents voltage profiles for selected
cycle numbers for LPB using B-PEG (sample 2). During the stable
capacity region, no marked increase of polarization is observed
(1st to 15th cycle), while a large polarization is indicated in the
voltage profile at the 50th cycle. Therefore, it is expected that an
increase in the internal resistance of the LPB would correspond to
the fading capacity of the cell.

In order to clarify the details of polarization with respect to the
cycle performance, the AC impedance evolution of the LPB with
B-PEG (sample 2) and Al-PEG plasticizers has been investigated.
Figures 3 and 4 show Nyquist plots of the experimental
impedance spectra (cross symbols) for the LPBs using B-PEG
(Fig. 3) and Al-PEG (Fig. 4) at the 1st and 60th cycles. Nyquist
plots for LPB using B-PEG plasticizer (Fig. 3) consist of two
semicircles in a higher frequency region, and a straight line at
around 458 against the real part of the impedance (Z0) axis in a
lower frequency region. According to the literature, the two
semicircles correspond to a charge-transfer reaction at the Li-
metaljSPE interface (higher frequency side) and SPEjcathode
interface (lower frequency side), respectively.[13] Figure 3c shows
Nyquist plots for a LijSPEjLi symmetric cell using SPE with B-
PEG where no SPEjcathode interfacial resistance is expected to
appear. The Nyquist plots consist of one semicircle whose
frequency range agrees with the semicircle at a higher frequency
shown in Figure 3a and b. Hence, the semicircle for the higher
frequency region can be assigned to the LijSPE interface, and that
at the lower frequency is the SPEjcathode interface. The straight
line that appears at the lowest frequency regime is a resistance
attributable to the diffusion driven concentration gradient around
the SPEjcathode interface. The intersection of the impedance
spectra of the highest frequency region against the Z0 axis
corresponds to the bulk resistance of the SPE film. Moreover, an
additional semicircle is observed at a higher frequency region
centered around 20 000Hz in LPBs that use Al-PEG plasticizer
(Fig. 4). This semicircle may represent the resistance of the
surface film on the electrode, or a solid electrolyte interface (SEI)
that is often observed in lithium ion batteries.[14–16] As such, the
two semicircles can be assigned to the LijSPE (higher frequency
side) and SPEjcathode (lower frequency side) interface resis-
� 2009 WILEY-VCH Verlag GmbH &
tances, respectively, by comparing Nyquist plots for the LijSPEjLi
cell shown in Figure 3c. To perform a quantitative analysis, the
impedance spectra were curve fitted by using the equivalent
circuit shown in Figure 5, which is a modified circuit proposed in
previous literature.[17] In Figure 5, R1, RSEI, R2, and R3 represent
the resistance as a result of ionic conduction in the bulk of SPE,
resistance of SEI, charge transfer at the Li metaljSPE interface
and at the SPEjcathode interface, respectively. The CSEI is the
capacitance for SEI, and the CPE1 and CPE2 are constant phase
elements, denoted by Z�

CPE¼A(jv)�a, which was replaced with
capacitance by taking into account the distribution of the
relaxation time or the non-uniform distribution of current
because of the rough nature of the electrode. To fit the lowest
frequency region, we added the infinite length Warburg (ILW)
impedance, which is described as Z�

ILW¼ZR(jv)
�0.5. Details

about the impedance components used in the present equivalent
circuit model are described in Ref. [18]. Note that the resistor–
capacitor (RC) parallel circuit for SEI impedance was eliminated
for the LPB using B-PEG because of a negligible contribution in
Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 918–925
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Figure 4. Typical Nyquist plots of AC impedance spectra (cross symbol)

for LPB using Al-PEG plasticizers at the a) 1st and b) 60th cycles. The

corresponding cycle performance data are shown in Figure 1d. The fitted

curves are also shown by a hatched line using an equivalent circuit

presented in Figure 5b. c) Nyquists plot of a LijSPEjLi symmetric cell

using an SPE film with Al-PEG plasticizer.

Figure 5. Equivalent circuit for the curve fittings of impedance spectra.

Circuits (a) and (b) were used for LPBs using B-PEG and Al-PGE plasti-

cizers, respectively. Ri, Ci, CPEi, and ILWi, indicate resistance, capacitance,

constant phase elements, and infinite length Warburg impedance of

component i, respectively. Their mathematical notation and details are

given in the text.
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the impedance spectra. Typical results of curve fittings are
presented in Figures 3 and 4, and show a good agreement of the
experimental (cross symbol) with the calculated impedance
spectra (solid line). The goodness of fit, x2, is less than the order
of 10�4 for all the fitting procedures. The best results of the fitted
resistances R1, R2, R3, and RSEI, are summarized in Figures 6 and
7 as a function of cycle number for the LPB using B-PEG (Fig. 6)
and Al-PEG plasticizers (Fig. 7), respectively. (Note that the
impedance data in Figs 6 and 7 correspond to the results shown in
Fig. 1c and d, respectively.) In the case of the LPB using B-PEG
plasticizer, stable capacity retention continued during an initial 30
cycles, and R1 and R2 remained constant. A small gradual
increase of R3 was observed in this regime. The capacity retention
then began to decrease gradually after stable cycling up to the 30th
cycle. Meanwhile, theR3 showed a discontinuous increase, so that
the decrease of the capacity retention corresponded to the
deterioration of the SPEjcathode interface. It is noted that the
bulk resistance of R1 also showed a gradual increase after the 30th
cycle without a discontinuous rise as in the case of R3. On the
other hand, the resistance of R2 began to decrease gradually from
the�30th cycle. A similar tendency is also observed in the case of
the LPB using Al-PEG plasticizers, in which the cell capacity
began to decrease after stable cycling up to the �15th cycle. The
increase of resistance was indicated for R1 and R3, which
corresponds to the decrease of capacity retention. In detail, the
increase of R3 was remarkable and started around the 10th cycle,
being earlier than the decrease of capacity retention in LPB. On
the other hand, the increase of R1 started simultaneously with the
decrease of capacity retention. R2 was almost constant except for
the fluctuation around the initial 10 cycles. The same tendency
as the behavior of R2 was observed in RSEI, which did not appear
in the LPB using B-PEG plasticizers. Since RSEI remained almost
constant up to 60 cycles, stable film formationmay be indicated at
the surface of the anode and/or cathode electrodes.
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Figure 6. Variation of each resistance versus cycle number of the LPB

using B-PEG plasticizer. R1, R2, and R3 correspond to the resistances due to

bulk of SPE, LijSPE interface and SPEjcathode interface, respectively.
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Figure 7. Variation of each resistance versus cycle number of the LPB

using Al-PEG plasticizer. R1, R2, R3, and RSEI correspond to the resistances

attributable to bulk SPE, the LijSPE interface, the SPEjcathode interface,

and SEI, respectively.

Table 1. Comparison of bulk resistance (R1), diffusion coefficients of Li
(DLi) and F (DF), transference number of Li (tLi) before cycling and after 60
cycles of the LPB using B-PEG plasticizers. All the measurements were
performed at 60 8C.

Methods Impedance PGSTE-NMR

R1 [V] DLi [cm
2 s�1] DF [cm2 s�1] tLi

Before cycle 100 9.00� 10�8 1.73� 10�7 0.342

After 60 cycles 174 8.33� 10�8 1.83� 10�7 0.313

922
The details of the impedance evolution with respect to the cycle
performance are different between the LPBs using B-PEG and Al-
PEG plasticizers. However, the key factors that relate to the
capacity decay would be an increase of R1 and R3, or deterioration
of the bulk and SPEjcathode interface for both the LPBs. In
particular, a gradual increase of R3 in advance of the capacity
decay may indicate a continuous accumulation of undesirable
side-reaction products on the surface of the LiFePO4.

We assume two scenarios such that: i) accumulation of a side
reaction product and/or ii) deterioration of the bulk conductivity
are directly responsible for the capacity decay. The first
assumption is that the side reaction is irreversible, and the
products corrupt the bulk conductivity and capacity retention
after reaching a critical amount by accumulation. Moreover, the
accumulation of side-reaction product would finally reach a
percolation limit for ion exchange paths between LiFePO4 and
SPE in the composite cathode matrix. On the other hand, the
second assumption is that lithium ion conduction is almost
hindered in the bulk of the SPE film. However, the increase in
bulk resistance of the SPE film is relatively smaller than the
resistance of the SPEjcathode interface as shown in Figures 6 and
7. Hence, a potential explanation for the second assumption is
that the AC impedance solely detects the anion conduction part,
since the AC impedance method cannot distinguish between the
lithium ion and anion conductivity in the bulk. That is to say, the
second assumption considers that the transportation number of
Li is severely lowered in the bulk of SPE.

2.2. Ex Situ Studies by PGStE-NMR Spectroscopy

As suggested above, we assumed the decrease of transportation
number in the SPE bulk was related to the decrease of capacity
retention. To clarify the change in SPE, PGStE-NMR measure-
� 2009 WILEY-VCH Verlag GmbH &
ments were performed using SPE samples before and after
charge–discharge cycles. In this study, thicker SPE films (�1mm)
that contained the B-PEG plasticizer were used and cycled
60 times at a slower rate at 0.5C. The total ionic conductivity of the
SPE bulk was checked by the AC impedance technique[10] before
fabrication of the LPB, and the bulk resistance was monitored
during cycling as shown in Figure 6. A similar cycle performance
was obtained as shown in Figure 1c. The diffusion coefficient of
the Li and Fnuclei,DLi andDF, were estimated from the diffusion
attenuation of the spin-echo using the equation:

Aðg2Þ ¼ Að0Þ exp ½�g2d2g2DðD� d=3Þ�: (1)

Details of Equation (1) are described elsewhere.[19] Since
fluorine atoms were only contained in the Li salt, lithium bis-
trifluoromethansulfonimide (LiN(CH3SO2)2 (LiTFSI), in the
LPB, the diffusion coefficient DF simultaneously represents the
diffusion coefficient of the anion part of LiTFSI. In addition, since
the dissociation ratio of LiTFSI in SPE with B-PGE plasticizers is
almost unity,[10] the transportation number of Li, tLi, was
calculated by using the equation:

tLi ¼ DLi=ðDLi þ DFÞ (2)

along with previous reports.[20,21] Table 1 lists the obtained
ionic conductivities, diffusion coefficients, and transportation
number before and after 60 cycles. The ionic conductivity
measured by the AC impedance method showed an obvious drop
(about 56% with respect to initial conductivity). On the other
hand, both of the diffusion coefficients, DLi and DF, and
transportation number of Li, tLi, remained constant before and
after cycling. Hence, the second scenario that assumes a severe
drop of tLi was ruled out. In addition, no changes in DLi and DF

suggested that the ionic conduction mechanism inside the SPE
bulk was maintained before and after cycling. Therefore, the
PGStE-NMR study combined with AC impedance measurements
revealed that the increase in bulk resistance stemmed from a
decrease of Li salt concentration. It is possible that the Li salt was
consumed by a side-reaction that occurred at the SPEjcathode
interface as suggested in the previous section.

2.3. Ex-situ studies by SEM/EDS

Figure 8a presents an SEM image of the cross section of the
SPEjcathode interface of LPB after 50 cycles, in which the cell
capacity decreased to 30% with respect to the fresh cell capacity.
Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 918–925
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Figure 8. a) SEM image of the cross section of the SPEjcathode interface.
Elemental distribution of b) Fe, c) F, d) Al, and e) Cl corresponding to SEM

images by EDS analysis.
As seen in Figure 8a, good contact was maintained between the
cathode and SPE film, so that the peeling of the SPE film is a
reason for the decrease of capacity. Figure 8b–e shows the
elemental distribution of Fe, F, Al, and Cl, respectively, obtained
by EDS analysis for the cross section of the SPEjcathode interface.
Obviously, iron is resident in the ceramic particles of LiFePO4

after cycling. Hence, metal dissolution was unlikely to be
occurring in the SPE at the EDS analysis level, which was reported
for the conventional battery system with a LiMn2O4 cathode and a
liquid electrolyte at elevated temperature.[22] On the other hand,
the fluorine, chlorine, and aluminum distribution may represent
the distribution of TFSI anions, ClO4

� anions, and Al-PEG
plasticizer, respectively. As mentioned later in the experimental
section, LiTFSI and Al-PEG are initially distributed only in the
SPE film, while LiClO4 is distributed only in the composite
cathode sheets as binder polymer. However, all of these salts and
plasticizers disperse into both areas of the SPE film and cathode
sheet. Hence, a smooth mass transportation of ions and
plasticizers between the SPE and cathode areas is indicated by
the EDS analysis. One can see an area concentrated in fluorine at
the SPEjcathode interface region after 50 cycles. The reasons are
yet undetermined, but it is expected that TFSI reacts with the
cathode materials to form undesirable by-products that contain
fluorine atoms. A similar tendency has also been observed for the
Al distribution (see arrow in Fig. 8d), but the degree of Al
concentration in this experiment was within experimental error.
Further study is needed to clarify the Al-PEG distribution. Since
the Al-PEG may interact with TFSI anions because of its Lewis
acidity,[10] it would be expected that the Al-PEG was involved in
side reactions, such as the decomposition of TFSI anions on the
Adv. Funct. Mater. 2009, 19, 918–925 � 2009 WILEY-VCH Verl
cathode sheet. Such a side reaction would relate to the cell
capacity fading as observed in Figure 1. The second scenario as
mentioned Section 2.1 is that the by-products (F concentrated
region) interrupt the lithium ion exchange between the cathode
and SPE film. After reaching a critical amount (or percolation
limit) of by-products, the paths for lithium ion exchange might be
blocked, which causes a severe decay of capacity as seen in
Figure 1. The occurrence of a side reaction can also explain the
increase of bulk resistance, since the use of TFSI anions in a side
reaction decreases the salt concentration. This was also supported
by the fact that the decrease of salt concentration is indicated in
the ex situ PGStE-NMR study. On the other hand, a homogeneous
Cl distribution is seen in Figure 8e, so that the ClO4

� ions are not
involved in a side reaction. In fact, we obtained better cycle
performance using LiClO4 salts instead of LiTFSI in an SPE
film.[10,23] Hence, the development and optimization of Li salts
would be beneficial to the improvement of the cycle performance
of LPBs.
3. Conclusions

Using AC impedance techniques, ex situ PGStE-NMR methods,
and ex situ SEM/EDS observations, we analyzed the capacity
fading mechanism that appears in LPBs that contain plasticizers.
LPBs that contain B-PEG and Al-PEG plasticizers showed an
abrupt capacity decrease after tens of stable cycles. This decrease
of capacity retention is related to an undesirable side reaction that
occurs at the SPEjcathode interface, which may be caused by the
decomposition of anions. The use of Li salts in this side reaction
would also decrease the salt concentration in the bulk of the SPE,
followed by an increase of the bulk resistance. Accordingly, the
selection of Li salts would be one of the crucial factors in
designing long-lifetime LPBs.
4. Experimental

Preparation of SPE Film: The plasticizers of B-PEG and Al-PEG were
synthesized by the reaction of methoxy poly(ethylene glycol) CH3O(CH2-

CH2O)9H and B or Al containing compounds, boric acid anhydride (B2O3)
or aluminum isopropoxide (Fig. 9). The starting mixtures with a
stoichiometric ratio were dissolved in toluene under an inert gas
atmosphere and refluxed at 100 8C to eliminate water or isopropyl alcohol
generated by the reaction. Since the obtained B-PEG and Al-PEG were
sensitive to hydrolysis, the compounds were handled under water-free
conditions, such as in an Ar-filled glove box. The details of the preparation
are described in the literature [5,9].

The matrix for the polymer electrolytes was a copolymer of two types of
poly(ethylene glycol) methacrylate (PEGMA): PEG-monomethacrylate
(abbreviated to PME400, Nippon Nyukazai Co. Ltd) and PEG-dimetha-
crylate (PDE600, NOF Co. Ltd), as shown in Figure 10. Two kinds of
plasticizers, B-PEG or Al-PEG were added in equal amounts to the matrix
polymer in weight. LiTFSI (Fluka), was dissolved in the above solution to
give a molar ratio of lithium and ethylene oxide (EO) units in polymer
electrolyte of 1/20. Benzophenone was also added into the matrix polymer
solution as an initiator for polymerization (0.5wt % of matrix polymer). The
above prepared mixtures were cast onto a poly(ethylene terephthalate)
(PET) film by a doctor blademethod. Themixtures were the polymerized by
UV radiation for an hour and heated for overnight at around 80 8C to
complete the polymerization reaction. Self-standing SPE films of
approximately 100mm thickness were obtained. All the film preparation
ag GmbH & Co. KGaA, Weinheim 923
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Figure 9. Scheme of the reaction for a) B-PEG and b) Al-PEG.
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Figure 10. Molecular structures of poly(ethylene glycol)methacrylates:

a) poly(ethylene glycol) (400) monomethacrylate (PME400), b) poly(ethylene

glycol) (600) dimethacrylate (PDE600).
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procedures were performed in an Ar-filled glovebox to ensure water-free
conditions.

Preparation of the Cathode Sheet, LPB Fabrication, and Electrochemical
Tests: A cathode active material of LiFePO4 (Aldrich) with an olivine-type
structure [24] were used in this study, since the operation voltage did not
reach oxidation limit of the SPE film (�4.2 V) [5–9]. The cathode sheet
consisted of 80wt % activematerial, 5 wt % acetylene black as an electronic
conductive agent, and a PEO–LiClO4 complex as a lithium ion conductor
and binder (molecular weight of PEO was �1 000 000). These materials
were mixed and dissolved in acetonitrile (AN) and cast onto aluminum
sheets, the solvent was evaporated in a vacuum oven, and the product was
then pressed into sheets. The obtained cathode sheet, SPE film, and
lithium foil were cut into disks, and they were stacked inside a coin-type cell.
Details of the preparation of the cathode sheets are presented in Ref. [11].
Charge–discharge tests for the prepared LPBs were performed galvanos-
tatically at cut-off voltages of 3.0–3.8 V for LiFePO4 cathode materials,
respectively, at an operation temperature of 60 8C and a current density of
1.0 C (�200mm). Before electrochemical measurement, the assembled
coin cell was aged in the thermostat at the cell operation temperature
(60 8C) for 24 h to enhance the adhesion of LijSPEjcathode interfaces,
unless specially mentioned. The AC impedance measurements were
performed for a coin-type cell with LijSPEjcathode construction using a
VMP3 multichannel potentiostat equipped with impedance modules (Bio-
logic). The frequency range was set from 10�2 to 105Hz. Note that LPB
fabrications and electrochemical performance evaluations were repeated at
least five times per sample to confirm the reproducibility of the
electrochemical performance. The electrochemical data given in this
paper is the best obtained, but the differences are small enough not to
affect the discussion presented, unless specially mentioned.

Ion Transport Study Using PGStE-NMR and Impedance Techniques: SPE
films were prepared by the same method mentioned in the above. The
thickness of the SPE film was controlled to be larger than 1mm in order to
accurately evaluate the ion transport properties by PGStE-NMR and AC
impedance methods. SPE films using B-PEG plasticizer before and after
charge–discharging samples were used for the measurements. For the
preparation of the latter sample, LPBs were constructed using SPE films
with B-PEG plasticizer and cycled 50 times under a current density of 0.5 C
� 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
(�100mm). The SPE films were then removed from
the cell and placed in an Ar-sealed glass tube for
PGStE-NMR measurement. Note that all the opera-
tions for SPE film preparation were performed in an
Ar-filled glove box.

The 7Li and 19F NMR experiments were carried out
by means of a Bruker Avance DSX 300 NMR
spectrometer operating at 300.11MHz for 1H with
a field-gradient generator system (with the maximum
field-gradient strength: 11.60 Tm�1). The PGStE
method that consisted of a p/2 pulse–t1–p/2
pulse–t2–p/2 pulse–t1–echo sequence was employed
for diffusion coefficient measurements as reported
previously[17,19,25–27].

For the PGStE 7Li and 19F NMR measurements, a
typical experiment is as follows. The echo signal
intensity was measured by changing the gradient
strength G from 1.5 to 11 Tm�1, and the gradient
pulse interval D was 100–200 ms, and the two
gradient pulse widths d are 2.5 ms in the two t1
periods, which are 3.5 ms, and the recycle delay is 5 or 8 s. The temperature
was set at 60 and 70 8C to reproduce the operating temperature of the LPB.

The temperature dependence of the ionic conductivity for the sample
before cycling was determined by the AC impedance method using a
Hewlett–Packard 4192 A LF impedance analyzer over the frequency range
from 5Hz to 13MHz. The samples of SPE films of 1mm thickness were
sandwiched between two stainless steel electrodes in the Ar-filled air tight
vessel. The experimental details are described elsewhere [11].
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