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ABSTRACT: We have attempted to combine a gel and a solvent-free polymer electrolyte through the concept
of the pore-filling polymer electrolyte; instead of using organic solvents, a viscous poly(ethyleneodtiedene
carbonate) (P(E©GEC)) complexed with a LiIC§SG; is filled into the pores of a porous poly(vinylidene fluoride-
co-hexafluoropropylene) (P(VAFHFP))/P(EG-EC)) blend membrane. Our results indicated that the ionic
conductivity of the pore-filling polymer electrolytes showing Arrhenius temperature dependence reached a
maximum value of 3.% 105 S cnr! at 298 K for E-V6E4, where “E-¥EY” denotes theElectrolyte of PYdF—
HFP)/PEO—EC) porous matrixxy by wt %) filled with the P(EG-EC)/LiICFRSG; (in the case of E-V6E4, ca.

61 wt %). In this study, the Li-ion mobilities of a series of pore-filling BBy polymer electrolytes were determined

from 7Li solid-state NMR line width and spinlattice relaxation time measurements and were correlated with
their ionic conductivities in conjunction with the effect and role of the amount of the PEET)/Li-salt electrolyte.

In "Li NMR line width measurements, the onset temperaturé_omotional line narrowing was correlated with

the glass transition temperaturg, of P(EO-EC) complexed with the Li-salt. Temperature dependence of
correlation timesz.'s, determined frontLi NMR line width data analysis with the BloembergeRurcel

Pound (BPP) theory for all polymer electrolytes, was composed of two distinctive regions above and felow
(temperature at slope change, 2280 K), in which each region showed a linear Arrhenius behaviofLin

NMR spin—lattice relaxation time in the rotating framg,,, experimentsTmaxs (temperature at;,~* maximum,
266-276 K) of the polymer electrolytes appeared to have a trend to shift to lower temperatures with increase of
the amount of the P(E©GEC)/LICF;SO0; electrolyte, indicating that the Li-ions were more mobile. Because the
temperature dependence of thg™! exhibited maxima, the correlation times;s, were able to be calculated
using the BPP equation. For the temperatures abqwend Tmax, Which were the same temperature region where
ionic conductivity measurements were carried out, the correlation tirdesand the corresponding activation
energiesfE,'s, obtained from botHLi line width and T,, measurements decreased with increase of the amount
of the P(EG-EC)/Li-salt electrolyte. From these results, it was concluded that the Li-ion mobilities of a series
of pore-filling polymer electrolytes depended on the P(EET)/Li-salt electrolyte content at the same temperature
range from 280 to 340 K and enhanced Li-ion mobilities led to the increase of ionic conductivity, implying that
Li-ion mobilities in polymer electrolytes had a strong correlation with their ionic conductivities.

1. Introduction amorphous domain in the polymer host and decreasingjits
appear to be the main strategy to obtain better conductivity.
Therefore, a variety of amorphous materials with [Gyhave
been develope®:® Recent work has utilized various approaches

Solid polymer electrolytes (SPEs) formed by complexing
alkali metal salts (LiX) with an ion-conducting polymer have
received considerable attention, especially because of their o ; X
potential applications in solid-state batteries, chemical sensors,'© SUPPress the cystallinity through the incorporation of oxy-
and electrochromic devicé€.These polymer electrolytes have methylene groups to PEZ. In addition, low Ty polyphos-
to satisfy several requirements, including high ionic conductivity, Phazenes® and polysiloxan€s® with oligoether side groups
good mechanical properties, and excellent electrochemical attached to the flexible backbones have been used effectively.
stability. The ionic conductivity of SPEs is due to the motion At present, the highest ionic conductivity of these polymer
of dissolved ionic species (cations and anions) in a polymeric electrolytes is about 10 S cnt? at room temperature, which
matrix. It is well established that conductivity occurs in the is still lower than that of most gel polymer electrolytes (GPEs).
amorphous phase, above the glass transition temperdiyre, In this respect, most of the research has focused on the
via a liquidlike motion of the cations associated with segmental preparation and characterization of GPEs which exhibit higher
reorientations of the neighboring chathddowever, poly- ionic conductivity at ambient temperature. GPEs are prepared
(ethylene oxide) (PEO)-based SPEs show comparatively low by incorporating organic solvent electrolytes into matrix poly-
ionic conductivity at ambient temperature. This is due to the mers, resulting in high conductivity in excess of $® cn1?
existence of crystalline domains that interfere with the ion atroom temperature. However, their mechanical properties are
transport and the dependence of the ion transport on main-chaimot sufficient to prepare thin films, because the impregnation
segmental motions, which quickly diminish with decreasing of solvent electrolytes into a polar polymer results in softening
temperaturé. Thus, increasing the volume fraction of the of the polymer. One of the ways to solve this problem is to use

a porous membrane, which plays a role of a mechanical
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stability of the lithium interface, and subambient temperature upon evaporation. The composition of polymers was {1£) wt
conductivity should be enhanced further for practical applica- % P(VdFHFP)k wt % P(EO-EC), wherex = 0, 2, and 4. The
tions. weight ratio of polymers, a solvent, and a nonsolvent was 1:8:1.

Recently, we have attempted to combine both SPEs and GPE4 he resulting solution was cast as a film on a glass substrate, and
through the concept of new pore-filling polymer electrolytes: the solvent was allowed to evaporate at a_mblen_t temperature. Then
instead of using organic solvents, a viscous polymer complexedthe nonsolvent was removed by washing with methanol. The
with LICF3SOs is filled into the pores of a porous membrane prepared porous membranes were kept under vacuum for 24 h at

3 ) - ' 323 K to completely remove the traces of a solvent and a
thereby producing a pore-filling polymer electrolyfe'? The nonsolvent
viscous polymer was poly(ethylene oxide-ethylene carbonate ' ) ) .
copolym%r)(/P(EGEC?) \yv(ith glow number-a)\//erage moleculz)ar _ To prepare a viscous electrolyte, P(EEC) was fl_rst dlssolved_
weight of about 1800 ’g mot, which was synthesized using in acetone. When completely homogeneous solution was obtained,

. 2 an appropriate amount of LiGEO; was added and then was further
ethylene carbonate (EC). From the beginning of the reaction, gtirreq until the Li-salt was completely dissolved. The resulting

CO; gas was evolved from the reaction mixture, which resulted so|ytion was left to evaporate the solvent under vacuum at ambient
in formation of ethylene oxide units, so that P(EBC) temperature. After complete removal of the solvent, the heated
copolymer consisting of ca. 70 mol % of ethylene oxide units viscous electrolyte was filled into the pores of a porous membrane
and ca. 30 mol % of ethylene carbonate units was synthesized by using vacuum filter equipment, thereby producing a pore-filling
Because of the high polarity of carbonate groups linked by ether polymer electrolyte. The electrolyte remaining on the surface was
moieties, the dielectric constant of the P(EEC) should be  wiped with a filter paper. All of the experiments were performed
higher than that of pure polyether-based systems, and the fredn a dry room.

ion content of the salt-in-polymer electrolyte should be higher. In this study, M-\XEy and E-\XEy shall denote the porous
This polymer with a high dielectric constant should reduce ion Membrane with composition of ?F—HFP)/PEO—EC) (x/y wt
clustering with an attendant increased conducti¥Aty. addition, %) and the polymeElectrolyte filled with the P(EG-EC)/Li-salt
an interesting feature of the P(E®C) is its lack of crystal- ~ mixture inside the pores of its membrane, respectively.

linity. Therefore, the amorphous nature of the P(EHEL) allows 2.3.1H Solid-State NMR. To determine the miscibility between

this material to be successfully used as an ion-conducting P(VdF—HFP) and P(EGEC) for porous membranes, the proton

polymer electrolyte with no detrimental effects by crystallization. spin—lattice relaxation timeT;, measurements were performed with
7Li solid-state NMR has emerged as one of the highly a Bruker mg20 Minispec system with proton resonance frequency

sophisticated techniques to obtain the information about the ©f 20 MHz at 303 K for porous membranes. Inversigacovery

mobility of the charge carriers and also to gain insight into the (i.e., 180—:—90°) sequences with 2s 9 pulse width, 1 ms dead

salt-polymer interactions in the polymer electrolyf€s!é This gme, 40 scans, and 0.3 s recycle delay time was employed to

. . ) " . . etermine ther,.
technique is also highly sensitive to the dynamics of Li-ion and ) ; ) .
polymer chain based on the effects that such motions have on__2-4- Différential Scanning Calorimetry (DSC).DSC measure-

the nuclear spin-relaxation times. Therefore, measurements Oim_ents were performed on two samples with a scan rate of 10 K

) . ;
these relaxation times as a function of temperature are used tolmn'sr; rur;rg:: 52213;5;327;25 ;Ssg'rra?g;()gen atmosphere using a TA

study the correlation between the Li-ion and polymer chain ) o i .

segmental motion in pore-filling polymer electrolytes having 2.5. lonic Conductivity. Th_e electrical properties of the samples
different P(EG-EC)/Li—salt contents. In the present paper, we were analyzgd by complex |mp§dance spectroscopy between 278
report’Li solid-state NMR study as a function of temperature and 368f K with a Zahner Elecé”k IM6 elnp%aratlus n tr;e frequenhcy

. - . ; range of 0.1 Hz to 1 MHz and an applied voltage of 5 mV. The
in a series of polymer electrolytes containing various electrolyte samples for the measurements were prepared by sandwiching the

contents and its correlation with ionic conductivifyi solid-  holymer electrolyte between two stainless steel (SS) electrodes.
state NMR is used to study the motion of the mobile cation Each sample was allowed to equilibrate for 30 min at each
through the measurements of line widths;, and spin-lattice temperature prior to taking measurements. The ionic conductivity,

relaxation times in the laboratory framg, and in the rotating ¢, was then calculated from the electrolyte resistaRgepbtained
frame, Ty,. These data are compared with those deduced from from the intercept of the real axis of an impedance spectrum, the

conductivity measurements. electrolyte thickness, and the electrode aref, using the equation
o =1/AR,.
2. Experimental Section 2.6. 'Li Solid-State NMR. 7Li (I = 3,) solid-state NMR

2.1. Materials. Acetone (Aldrich Chemicals), ethylene glycol ~ €Xperiments were performed as a function of temperature with the
(Aldrich Chemicals), and methanol (Daejung Chemicals & Metals Purpose of determining the Li-ion mobilities of a series of pore-
(Korea)) were used as received. Lithium trifluoromethane sulfonate filling E-V XEy polymer electrolytes. For NMR measurements, the
(LICF3S0;, Aldrich Chemicals) was used as an electrolyte salt for Polymer electrolyte samples were transferred into 5 mm o.d. Pyrex
the polymer electrolytes. LiGBO; was dried under high vacuum tubes in a glovebox under dry nitrogen and sealed under reduced
prior to use. Poly(vinylidene fluoridee-hexafluoropropylene) pressure. NMR spectra were recorded using a modified Bruker CXP
(P(VAF-HFP), M,, = 4.6 x 10° g mol) was purchased from 300 spectrometer operating afla resonance frequency of 155.4
Aldrich Chemicals. The P(EGEC) (M, = 1800 g mot?) was MHz and were successively acquired with and withbidecou-
synthesized by a ring-opening polymerization of EC in the presence pling. The line widths were taken to be the full width at
of potassium methoxide (GJK) as an initiator. The synthesis  half-maximum (fwhm) of the peaks and measured as a function of
procedure of P(E©EC) has been described in detail in our previous temperature from 230 to 340 KLi spin—lattice relaxation times
report!? in the laboratory framel;’s, were measured by inversiemecovery

2.2. Preparation of Polymer Electrolytes.Porous membranes  (i.€., 180—7—90°) sequences in the temperature range of-240
to mechanically support the pore-filling polymer electrolyte were 370 K.7Li spin—lattice relaxation times in the rotating franig,’s,
obtained by the phase inversion technique, as described elsein the temperature of 246340 K for polymer electrolytes, were
where?1° Briefly, P(VdF—HFP) and P(EG-EC) were dissolved measured by a spirlock—delayt pulse sequence. Because of the
in a mixture of acetone (a solvent) and ethylene glycol (a high sensitivity for’Li NMR measurements, the uncertainties in
nonsolvent) such that the amount of the nonsolvent was low enoughthe obtained values foL.i line widths and spir-lattice relaxation
to allow solubilization and high enough to allow phase inversion times were approximately 5%. CDV
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Figure 1. Concept of the pore-filling polymer electrolyte based on a
porous membrane filled with a viscous polymer/Li-salt electrolyte. (a)
and (b) show typical FE-SEM micrographs of a porous membrane (M-
V6E4) and a polymer electrolyte (E-V6E4), respectively. P{EET)

is used as a viscous polymer; it comprisesndn units of ethylene
oxide and ethylene carbonate, equal to 21 and 9, respectively.

Table 1. Characteristic Data of the Porous Membranes and Polymer
Electrolytes

porous membranes polymer electrolytes

domain size,
sample porosity  Ti(s) [ML(nm) sample uptake
M-V10EO 54.3 0.78 21.6 E-V10EO 36.4
M-V8E2 59.1 0.42 15.9 E-V8E2 48.2
M-V6E4 64.6 0.35 14.5 E-V6E4 61.3

a Determined aswWs/pa)/((Wa/pa + Wi/pp)) x 100, wherél, is the weight
of the wet (filled with n-butanol) membraney, the weight of the dry
membranep, the density of-butanol, ang, the density of the membrane.
b Determined asWa — Wp)/Wx x 100, wheré\, andW, are the weights of
the wet (filled with a viscous P(E©EC)/Li-salt electrolyte) and dry
membranes, respectively.

3. Results and Discussion
3.1.1H NMR Spin —Lattice Relaxation. Our strategy in the

development of SPEs for rechargeable lithium batteries involves

filling a viscous polymer instead of conventional organic
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Figure 2. Logarithmic plots of resonance intensity vs delay time for
porous membranes. The slope yields the proton-saittice relaxation
time in the laboratory framel;.

In this study, to best determine the miscibility of P(\VeF
HFP)/P(EG-EC)-based porous membran&gs were measured
using H solid-state NMR. According to the 1807—90°
inversion-recovery scheme, a single relaxation complies with
the following condition

In[(Me — M)/(2M)] = —/T, @)
whereM; andM¢ are the intensities of the resonance at a given
delay time,r, and equilibrium stater(> 5T;), respectively. By
plotting of In[(Me — M;)/(2M¢)] againstz, straight lines with
different slopes were obtained corresponding to the pure and
blend membranes, indicating a single comporinelaxation
behavior (Figure 2). From the slopes of the plokg,values
were obtained. The results are summarized in Table 1. The fact
that a singleT; was observed indicates that the spin diffusion
process is sufficiently fast to equilibrate the relaxation times
for all protons among the chemically different constituents and
blend membranes are completely homogeneous on the time scale
of the Ty.

T, relaxation experiments also provide an estimate of the
diffusive path length and hence the sizes of blend heterogene-
ities. A useful approximation of the upper limit to the domain
size can be calculated by the following equation

[L.C= (6DT)2 2

solvents inside the pores of a porous membrane, as shown inwherellL[lis the average diffusive path length for the effective

Figure 1. The porous membrane and the viscous P(EO)/

spin diffusion, and is the effective spin diffusion coefficient

Li-salt electrolyte play effective roles as a supporter and an ion determined by the average proteproton distance and the
conductor, respectively. Figure 1b shows that a viscous polymer strength of the dipolar interaction. A typical value bffor an

is well filled inside the pores of a porous membrane (Figure
la), thereby producing a solvent-free pore-filling polymer

ordinary polymer is of the order of 1® m? s™1. T is the
relaxation time,T, or Ty, according to the type of relaxation

electrolyte. Porous membranes prepared by a phase inversioimeasurements, and has thevalue in this study. Using eq 2

method were composed of two materials: P(WYdH-P), with
excellent mechanical properties, and P(HELC), with good
flexible properties. The existence of viscous P(HEL) in

and considering th&; values of porous membranes, the average
diffusive path length, viz. domain size of the M-V8E2 and
M-V6E4, was calculated to be about-146 nm, and thus it

membranes contributed to an increase in the porosity, which was concluded that two components (i.e., P(V¢H#P) and

could reach up to 65% depending on P(EEC) composition,
thereby resulting in high uptake and ionic conductivity. These
results are listed in Table 1. To evaluate the miscibility of
P(VdF—HFP) and P(EGEC), porous membranes were char-
acterized using differential scanning calorimetry (DSC). For a
series of M-\KEy porous membranes, however, it was difficult
to detect their intermediail values due to the semicrystallinity
of P(VdF—HFP). It was reported that the intermedidigfor

the P(VdFHFP)/polyacrylonitrile (PAN) blend membrane
could not be observed because P(VdHH-P) is a semicrystal-
line 10

P(EO-ECQ)) in the blend were uniformly mixed on the scale of
a few tens of nanometers.

3.2. DSC and lonic Conductivity. Typical DSC traces for
viscous P(EG-EC)s with and without Li-salt are shown in
Figure 3. The neat P(E€EC) was in the amorphous state
because no melting transition was observed in the thermograms.
When the salt was added, tiigincreased markedly, i.e., from
229 to 246 K, via the so-called “salt effect”. The increas&gn
can be attributed to iondipole interactions reducing the
segmental motion of the P(ECEC), which in turn affects the
flexibility of the chains. This behavior is similar to most 8fDV
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Figure 3. Typical DSC trace for films with 1.5 mmol-LiGS0y/g-

P(EO-EC) and without Li-salt. Figure 5. Temperature dependence of ionic conductivity for polymer

electrolytes. Data are fitted using the Arrhenius equation (solid lines).

O— E-VSE2 Table 2. Ir?]esults é)btei_ned fror‘nf Regressilng Arrhtleniulequation onto
—m E-V6E4 the Conductivity Data for the Polymer Electrolytes

sample o (Scnt})at298 K  logo, (Scntl)  E,(kJ moll)

E-V10EO 5.4x 10°° 3.52+0.1 50.1+ 0.8
E-V8E2 1.3x 107 3.15+0.2 452+ 1.2
E-V6E4 3.7x 10°° 272+0.1 41.2+ 0.7

4.0

log o (S cm_1)
A
.

&
o

discussed below. The E-V6E4 with the highest P{EEL)/

LiCF3SO; electrolyte content showed a maximum conductivity

value of 3.7x 107> S cntt at 298 K. This is still lower than

00 05 10 15 20 23 that of most gel system electrolytes,_ but nonetheless, it is

LICF.SO, concentration (mmolig-P(EO-EC)) noteworthy in itself that the value is higher than that for the

s LiCF3SO;—poly[oligo(ethylene glycol)-oxalate] compl&kof

Figure 4. Salt concentration dependence of ionic conductivity for ca. 80x 107 S cm! at 298 K and LiCESOs—poly-

polymer electrolytes. (methoxytriethyleneoxide)methylsiloxane compfeaf ca. 1.2

polymer electrolytes formed by complexes of a Li-salt with a > 107> S cn* at 303 K, which are the solvent-free system
polyether-based polymer. electrolytes based on an amorphous polymer of a low molecular

Figure 4 shows the salt concentration dependence of theWeight. This difference i_n_conductivity is due to the pore-filling
conductivity and the lithium salt concentration fracmmol system prepared by filling the pores with a P(EBC)/
LiCFsSOyg-P(EO-EC) (x = 0.1-2.5) for the E-V8E2 and  LICFsSOs electrolyte, which plays an effective role of an ion
E-V6E4 at 303 K. At 1.5-mmol LiCFS0y/g-P(EO-EC), the _conductor. Interestingly, even though there was a slight curvature
conductivity reaches its maximum, 2:6 105 S cntt for an in some of the plots, all of the polymer electrolytes showed a
E-V8E2 sample and 5.6 105 S cnt ! for an E-V6E4 sample. linear enhancement of the conductivity when the temperature

The conductivity,s, of polymer electrolytes increased with was increased, but much less than that observed in similar plots
increasing the salt concentration up to 1.5-mmol Li&By/g- for conventional SPEs. This means that the ion conduction

P(EO-EC), but further addition of the salt caused the decrease Mechanism of these polymer electrolyte systems was not due
of the conductivity. Conductivity is related to the number of 0 the dynamic configuration of the polymer matrix but rather

charge carriersp, and their mobility, i, according to the due to the conduction path that_was formed by filling the pores
following equatior® of porous membranes with a viscous electrofte.

On the other hand, ionic conductivity increased with increas-
- z nou ©) ing temperature. This temperature dependertce of the ionic
conductivity,o, is well described by the Arrhenius equation

whereg; is the charge on each charge carrier. Therefore, below 0 =0, exp(—E/RT) 4)

salt concentration of 1.5-mmol LIGEOs/g-P(EO-EC), it

appears that the increase in the number of charge carriers isvhereT is temperature on the Kelvin scale, is a preexpo-
responsible for the increase in the conductivity for both polymer nential factor proportional to the number of carrier ioRsis
electrolytes. However, at higher salt concentration, the conduc-the ideal gas constant, arg is the activation energy. The
tivity decreases due to the increasing influence of ion pairs, parameter values determined from regressing eq 4 are given
triplets, and higher ion aggregations, which reduces the overall Table 2.E, values decreased with increase of the amount of
mobility and the number of effective charge carriers. Conse- the P(EG-EC)/Li-salt electrolyte, giving a lowered temperature

quently, the optimum salt concentration was 1.5-mmol &5/ dependence of the conductivity. It is noteworthy that the polymer
g-P(EO-EC) and used throughout the subsequent series of electrolytes with high P(E©EC)/Li-salt electrolyte content can
measurements. have the advantages of low temperature dependence and

Figure 5 shows the temperature dependence of the conductiv-consequent uniform response over a wide temperature range in
ity for polymer electrolytes. It was confirmed that the conduc- practical applications.
tivity of polymer electrolytes increased with the increase of the  3.3.7Li NMR Line Width. Itis important to study the motion
P(EO-EC)/LICRSO; content (i.e., E-V6E4> E-V8E2 > of the mobile Li-ion in polymer electrolytes because the Li-
E-V10EOQ). This is related to the enhanced ion mobility and the ions move in a dynamic environment created by the polymer
increased number of charge carriers. This ion mobility will be motion in amorphous phase and their transport is correlat%iDt{)/
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Figure 6. Temperature dependence of theNMR spectra for E-V6E4
with 1.5 mmol-LiCRESGOs/g-P(EOC-EC) at temperatures as shown in
the plot.
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Figure 7. Line widths of’Li NMR spectra for polymer electrolytes
as a function of temperature. The uncertainties in’thdine widths
are approximately 5%.

the ionic conductivity. The Li-ion mobility was investigated by
measuring the line width of the centrdli transition as a
function of P(EG-EC)/LICRSG; electrolyte content as well
as temperature. Below thR, the’Li spectra consist of a very
intense central transitiod/f < —%,) and an almost unobserv-

ably weak and broad line that could be associated with the

quadrupolar satellite transition&/A < 1/, and =/, < —3/,).
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Figure 8. Temperature dependence of the corresponding correlation

time, 7., calculated from théLi NMR line width data by using the
BPP equation for polymer electrolytes.

Ty of P(EO-EC) complexed with the Li-salt. Thus, the Li-ions
are mobile near the onset temperature of Li-ion motional
narrowing, which is in very good accordance wigimeasured

by DSC experiments. The line widths also reach the high-

temperature limit due to magnetic field inhomogeneties. On the
other hand, the line width for E-V6E4 was smaller as compared
to the other samples over the temperature range investigated

suggesting its higher Li-ion mobility that correlates with its
higher conductivity.

The NMR motional narrowing of the line width takes place
when the rate of fluctuations of the local magnetic fields or
electric field gradients, which are generally described by a
correlation timeg,, is of the order of the rigid lattice line width,

6(1}0
1, = dw,

()

The 7. is given during the narrowing process by the
Bloemberger-Purcel-Pound (BPP) theory and the following
equatior®

(Av)? = (%) dw 2 tan Yz Av) ©)

where Av is the measured line width, fwhm at a given

temperature. For all of the samples, the onset of the rigid lattice

line width (ca. 4.5-5 kHz) occurs at aboufy of the P(ECG-
EC)/LICFSOs mixture inside the pores of a porous membrane.

Above theTg, the weak and broad line associated with the ¢ temperature dependence of theis assumed to follow
quadrupolar satellite peaks is averaged out as the temperatur\irhenjus behavior, for which the activation energy, for the

is raised fromTy. That is, for nuclear spins> %/, with small
quadrupolar moment such 4s, the central transition line width
is primarily determined by dipotedipole interaction33-25 For
this reason, only théLi central transition was analyzed in this
study. A significant reduction in th&.i line width was achieved
by the use of the high-powéH decoupling technique, which
effectively removed théH—"Li dipolar interactions of lithium
cation and P(EGEC) backbone. Figure 6 shows the temper-
ature dependence of thki central transition ¥/, <> —1/,) line
widths of E-V6E4 filled with ca. 61 wt % of the P(E€EC)/
LICF3SG; electrolyte. Similar NMR lines were observed for
all the samples. Figure 7 shows tHd central transition line

Li-ion mobility is determined

7. = T,eXpE/RT) @)
Taking the natural logarithm of both sides, eq 7 gives
Ea
In rc=k—_|_+ Inz, (8)

wherer, is the prefactor (or dwell time), which has the meaning

of a reciprocal frequency attempt for cations jumps. When the

In 7. is plotted as a function of inverse temperaturel, and

widths as a function of temperature for the three polymer fit to eq 8, it yields the mean, and E,. Figure 8 shows the

electrolytes. Below theTy (ca. 246 K) of the P(EGEC)/

LiICF3SG;s electrolyte, the line widths are very broad and are data except both the lowest and highest temperature limits

temperature dependence ofdnobtained from the line width

approaching the rigid lattice line width. This suggests that the corresponding to the rigid lattice line width and magnetic field
Li-ions are essentially immobile and therefore the line width is inhomogeneities, respectively. Interestingly, the plots for all

the result of increased quadrupolar or internuclear dipdipole

polymer electrolytes are composed of two different regions

interactions. As the temperature increases, the line widths areseparated by a low- and a high-temperature range at ca: 272
gradually narrowed, with the onset of narrowing related to the 280 K (denote hereafter a&. temperature at slope chan%bv
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Table 3. Parameters Obtained from’Li NMR Line Width

Measurements for Polymer Electrolytes s Tmax—_
10°F Q.E..
Ea (kJ molh) Og® Ql
< ]
T 1(109s), 10(107%5s), A Nl on
sample (K) aboveTgc belowTsc aboveTs.  belowTsc :9 102k s . ]
L] ol
E-VIOEO 280 2.9:0.9 54418 13.14+0.7 43.4+0.4 = oo.
E-VBE2 278 2.6+1.1 1.0+£04 12.9+06 47.4+0.8 " A E-VI0EO
E-V6E4 272 9.3:1.9 52+15 9.8+ 0.5 424+1.1 10k o EVSE2 #
) ) . L =Y " m E-V6E4
and each plot shows a linear type (Arrhenius) of behavior. It 55
means that there is an abrupt decrease of ion mobility with < 100k 5'5.
decreasing temperature nedd, corresponding to the rapid 2 n
change in the slope of the. For the temperatures aboVe, ‘L: l.i
which was the same temperature region where ionic conductivity .!
measurements were carried out, correlation times and activation 10"

energies were gradually decreased with increase of the amount
of the P(EOG-EC)/LICRSO; electrolyte. This result is well D
coincident with Arrhenius behavior from conductivity experi- 1000/T (K™)
ments in the same temperature range. The activation energieﬂ%}égeT %-1 gﬁcﬂpejfltgrep%?)?;ggZT;&%E%%QQ?%?{;E:ﬁéal_ti;?nor
i iah- i i i 1 1
i a hlgh temperalure region (above) are approximalely INe  faquency 1554 itz The unceriantes 1 e spn- atice

o . relaxation rates are approximately 5%.
Therefore, it is very noteworthy to determifig. related to the
sudden deterioration of characteristic parameters (e.g., correla- Figyre 9 (see the upper graphs) displays the Arrhenius plots
tion time, activation energy, and ionic conductivity). These of the 7Li Ty, for the polymer electrolytes. In all cases of
activation energies (abovig) are comparable to those of other polymer electrolytesT;,* plots versus reciprocal temperature

27 30 33 36 39 42

polymer electrolytes such as poly(vinyl alcohol)/Li&3®s-  exhibited maxima, which indicated the most efficient relaxation;
based SPEs (ca. ¥24 kJ mol)*% and polyurethane/poly-  the T;,~ located in the left side of the maximum imply the
(dimethylsiloxane)/LiClQ-based SPEs (ca. £39 kI mof*).?  fast motion, and vice versa. Tfig,  maxima (also calleday)

In addition, in the same temperature range, activation energiesof the polymer electrolytes appeared to have a trend to shift to
from the analysis of the conductivity data corresponding to the |ower temperatures with increase of the amount of the P{EO
energy barrier of Li-ion motion are approximately twice larger EC)/LiCF;SQO; electrolyte, indicating that the Li-ions were more
than those fronfLi NMR data. Bishop and Br&y have also  mobile. This can be correlated with the increased conductivity
observed differences in NMR and conductivity activation observed for these polymer electrolytes. It is therefore note-
energies in lithium borate glasses becausetheNMR and worthy that even the same value ®f,”* may be in very
conductivity can detect ion motions on a local scale and a more different motional states, depending on whether they are located
global scale, respectively. That is, the energy barrier for the on the slow side or the fast side of the maximum. Thus, to avoid
Li-ion to exceed in order to undergo global motions is higher such confusion and to relag,’s to molecular mobility, it is
than that of local motions. Table 3 summarizes the parametersnecessary to determine the correlation timg, for which
obtained from7Li line width data for the three samples quantitative analyses by BPP/R®2% theory provide the rela-

investigated. tionship between the relation rate, internuclear distance, reso-
3.4.7Li NMR Spin —Lattice Relaxation. In general, in the ~ hance frequency, and spectral density function of molecular
case of quadrupolar nucleui (I = %), the spin-lattice motion (i.e., a measure of relative amount of motion). For

relaxation should be described by a distribution of two or more lithium, the principal mechanism of relaxation is through the
exponential functiond® Becasuse of the small quadrupole tlme-dependent dipolar interaction, and the relaxation rates are
moment of’Li, however, deviations from a single-exponential 9iven by

function are often hard to dete®t,?° as was also found in this

study. Therefore, for all samples and temperatures/lthd; 1 _ §y4hzl(l +1) 1 J(2w,) + §J(cu0) + 1J(2w0) 9)

and T;, data were calculated using only one exponential Ty, 2 4 2 4

function. ’Li spin—lattice relaxation time measurements were

performed to analyze the Li-ion transport behavior. Figure 9 wherey is the lithium magnetogyric ratidi is Planck’s constant
(see the lower graphs) shows the temperature dependence oflivided by 2z, r is the distance between coupled spinis, the
the’Li spin—lattice relaxation rates in the laboratory frarfig,?, spin quantum number=( %), J(w) is the spectral density
of the polymer electrolytes. Above 240 Ki;~! increased function at particular frequencyy; is spin-lock filed frequency,
drastically with increasing temperature up to a maximum value andwyo is the Larmor frequency. Becaudgw) is given by

of ca. 3 st atT = 360 K in all of the polymer electrolytes

investigated, suggesting that the Li-ions become less and less _ 24 Tc

mobile. The E-V6E4 displayed well-defindd— maximum at I(2wy) = 1_5r6 1+ 4o.2r 2] (10)
360 K, which was an indication that only one process of motion . 1re

of the Li-ions was taking place. In the case of E-V10EO and a4 =

E-VBE2, however,T;"! maxima were not observed in the Jwo) = —4|—>> (11)
investigated temperature range. To gain better understanding 1o .1+ @Wo Te

of the Li-ion mobility in polymer electrolytes] i spin—lattice 16 T,

relaxation time in the rotating fram&, measurements were J2wy) = o (12)
measured in the temperature range of 2300 K. 15 .1 + 4w,y"T¢

Ccbv
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sF mobility as well as increase in the number of charge carriers,
o} thereby resulting in increase of ionic conductivity. Therefore,
8F a 8 n this is of critical importance in determining the conductivity of
ot the polymer electrolyte because it affects the number of charge
s 11 \3- " carriers and Li-ion mobility.
w° A 5
s r Al Ch 4. Conclusions
1k 68' " A E-VIOEO N .
ACH O E-VSE2 _ Pore-filling polymgr electrolytes were prepared by filling
6k . m  E-V6E4 viscous P(EG-EC)/LICFSO; electrolytes into the pores of
A ; A A ) porous membranes. Porous membranes consisting of P{VdF
3.0 3.3 3.6 39 42 HFP) and P(EGEC) were prepared by a phase inversion
1000/T (K™") method and their miscibility was investigated by usthigsolid-

Figure 10. Temperature dependence of the correlation times calculated State NMR. Results indicated that they were homogeneous on
from theLi NMR Ty, data by using the BPP equation for polymer a scale of a few tens of nanometers. The conductivity of polymer

electrolytes. The arrows represent the temperatufig,at maximum, electrolytes with Arrhenius temperature dependence increased
Tmax with increase of the amount of the P(EGC)/LICFSO;
i 7L electrolyte and reached the maximum value of 8. 2105 S
Table 4. Parameters Obtained from’Li NMR Ti, Measurements for Y/ A ) 4
Polymer Electrolytes cm ! at 298 K for E-V6E4. In’Li NMR line width measure-
70 (10°155) Ea (kJ mol3) ments, the Arrhenius plots of the correlation timg, were
composed of two distinctive regions about 27280 K (tem-
Tmax above below above below t t sl h f Il ool lectrolvt =
sample  (K) T T T T perature at slope changgs for all polymer electrolytes. For

CVIOEO 276 4204 543186 526106 470:13 the temperatures abovi, which was the same temperature
EVBE2 270 39106 288L55 516L04 486+ 18 region yvhere ionic conductlylty n_1easu,rements were carrlgd out,
E-V6E4 266 2.9:-0.3 08+02 511+05 546+15 Arrhenius plots of correlation times,'s, obeyed Arrhenius
behavior, which was in good agreement with results observed
the relation between relaxation and Li-ion motion is established from ionic conductivity data and their correlation times and

as activation energies decreased with increase of the amount of
the P(EG-EC)/Li-alt electrolyte. IfLi NMR T;, measurements,
1 3 4o 2.5¢, T, 1.5z, well-definedTy, ! maxima (also calle@may of the all polymer
T, o2 1+ woz Tcz 1+ 4w02 Tcz 1+ 4w12 Tcz elec_t_r_olytes were _obser_ved, which suggests that only one process
(13) of Li-ion motion is taking placeTmax values of the polymer

electrolytes appeared to have a trend to shift to lower temper-
atures with increase of the amount of the P(EEL)/LICRSO;
electrolyte, indicating that the Li-ions were more mobile.

¢ Correlation timesz.'s, were calculated from the measurég

With this relationz. values can be extracted by nonlinear curve
fitting of Ty, data at the corresponding temperature. The

values for the polymer electrolytes are shown as a function o . .
inverse temperature in Figure 10. To compare the results values using the BPP equation. For the temperatures dhye

measured at the same temperature range as that in which ionid" hich was thet same tempe_rac:ure [eglon vxllhtcgre |(t)_n|c’conduc(j:t|V|ty
conductivity measurements were carried out, the plots for all m(-i_as%remen S .We"? C?mti oul, correla Itonl ter’teS,. zm I
polymer electrolytes were separated by two different regions activation energies,’s, for the polymer electrolytes gradually

. . . . decreased with increase of the amount of the P{EQ)/
.. I hich h h ) . ;
I(ilneeéra,tb)\cr):/heer?iﬁi %ir?awvr?g?, llzr:):N thlg t:r?l;erﬁglrzg Zb%v;/;d a LiCF3SG; electrolyte. Thus, the Li-ion mobilities of a series of

which was the same temperature region where ionic conductivity pore-filling polymer electrolytes depended on the P{EEL)/

measurements were carried out, the values of polymer LiCF3SO; electrolyte content at the same temperature range

electrolytes decreased in the sequence of E-V10EQ, E-V8E2,_from 280 to 340 K and enhanced Li-ion mobilities led to the

and E-V6E4. This ordering in. values is in good agreement increase of ionic conductivity. From these results, it was
. c L e
with the trend in ionic conductivity values measured in the therefore concluded that Li-ion mobilities were strongly cor-

temperature range of 27868 K, indicating the higher mobility Lelat%d with |on|}:_"(_:onductt|vmfes. So tth'csj tpoblymer eldectro:jy_get
as the P(EGEC)/LICRSO; content increased. BeloWimay, ased on a pore-lifing system IS expected 1o be a good candidate

however, ther. value of E-V10EO showed higher than that of in rechargeable lithium batteries.

E-V8E2. )
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