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Cation dynamics and relaxation in nanoscale polymer electrolytes: ALi NMR study
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Composite polymer electrolytes are of interest for solid-state electrochemical devices. In this paper we use
’Li solid-state NMR to investigate the cation dynamics of getitylene oxidg (PEO) based electrolytes, to
which nanoscale ceramics has been added. The fillers give origin to nanocomposites. The NMR linewidth is
dominated by Li-H magnetic dipolar interaction. The spin-lattice relaxation is chiefly controlled by electric
quadrupolar interaction. The spin dynamics is sensibly influenced by the filler nanoparticles, which act as
homogeneizing agents for the polymg80163-182609)05333-3

I. INTRODUCTION II. EXPERIMENTAL DETAILS

Poly(ethylene oxidg (PEOJ based composite polymer LiN(CFS0,), (Fluka) and CHOH (<5 ppmHO0, Ald-
electrolytes are currently under investigation for applicationgich, 99% were stored in a dry box and used as received.
in secondary lithium batteries operating above roomPoly(ethylene oxidg(BDH Ltd., Polyox WSR-301, molecu-
temperaturé. In particular, researchers’ attention has beenlar weight 6< 10°) was dried for 1 day at 55°C in a oven
focusing on solvent-free, nanoscale materials that seem tender vacuum (107torr). Anhydrous LiCIQ (Aldrich,
offer unique characteristics in terms of high conductivity and95%) was dried for 3 days at 140 °C in a oven under vacuum
both mechanical resistance and interfacial statflitjs well (10 %torr). Fumed silica was calcined overnight at 900 °C
accepted that nanoscale fillers increase the conductivity dff @ guartz tube under Nflow. All the thermally treated
about one order of magnitude with respect to the correspondEemicals were stored in the dry box before use. The lithium
ing micrometric powder& Recently, we have shown that the triborate sol-gel glass was prepared as described elsewhere.

. . - All phases of the samples preparation were performed in
use of fumed silica allows a film PERIN(CFS0O,), to o :
reach 1.4 104 Q-1 cm-L at room temperaturde. the dry bo_x. Stoichiometric amOl_Jnts of PEO anql salts were
dissolved in absolute methanol in order to obtain a ratio

Whereas the macroscopic effects of nanoscale fillers are O(EO)/Li=8. The required amounts of fumed silica were

becor_nmg well known and easily characten;ed, a Sat'Sf.VmQhen added to the solution, which was magnetically stirred
description of the structure-transport correlations at a micro;z

scopic level is still lacking. Only recently, in fact, Det al. for several hours. The solvent was then gently evaporated,

) . : i L and the films were dried at 50 °C for 2—3 days. The sample
investigated byLi NMR at the magic angle spinningMAS) : P : , .
the effects of nanoscale MgO and,® on PEOILIl electro- filled with lithium triborate was prepared as described in

. . Ref. 15.
lytes at very high salt concentratiéi.They showed that the i enlid.
addition of quantities of filler of the order 10 vol % leads to The Li solid-state NMR measurements were performed

more disordered materials in which the crystalline phases a;%;g"l T with an AMX400WB spectrometdBruker, Ger-

suppressed. Nanocomposites of PEO inserted into layer any and a wide line probe. ThiLi Larmor frequency was
silicates have been investigated by Waztgal? 5.6 MHz. The spectra were obtained by a single pulse 90

Amona the more common Spectroscopic technigue irradiation(pulse length 5.64s). Spin-lattice relaxation times
9 P P d 1 were obtained by a standard inversion-recovery

solid-state NMR is a well-suited tool to investigate both 6 . . . .
. : sequence® Spin-spin relaxation time$, were obtained by
polymer structure and ion dynamics of polyether-based elec-

trolytes. Some relevant studies have been carried out that nventional spin-echo experiments.
shed light on the cations motion in the different polymer Modulated differential scanning calorimetrfMDSC)

hase€? cation and anion dvnamid&™ noneguivalent measurements were performed on samples of about 20 mg
phases,” 12 v! ’ neq under N flow, using a MDSC 2910 interfaced to a TA2000
lithium sites;* and the mechanisms controlling the NMR h I Vi |
observabled? thermal analysis systefTA Instruments, New Castle, DE,

In this paper we present 4 solid-state NMR study of U.S.A). A period of 40 s, a modulation amplitude of 0.5 °C,

the effects of different fillers on PEO-based polymer electro-and a heating rate of 5 °C/min were employed.

lytes. Both nanoscale silic@an insulatoy and lithium tribo-

rate sol-gel glassan ionic conductorare employed as the . RESULTS

filler. LiCIO, and LIN(CF;SG0,), are used as the electrolyte

salt. With the help of ancillary thermal techniques, we get Figure 1 shows the room-temperatuis line shapes(a)
valuable information on the role played by the filler in PEO- of the sample(PEOg-LICIO, and (b) of the same sample
based, solvent-free polymer electrolytes. filled with 33 wt % of Li,O-3B,05. Similar NMR lines were
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FIG. 2. 'Li NMR linewidth of some selected samples:
(PEOg-LICIO, (up triangles, (PEOg-LIN(CFSGO,), (circles,
(PEOg-LICIO, 10 wt % SiG (down triangleg (PEOg-LICIO, 33
wt % lithium glass(rhombs, and (PEOg-LiN (CF;SG,), 10 wt %
T T . . . T T SiO, (squares The lines are only a guide to the eye.
6 4 2 0 -2 -4 -6

KHz is reduced by a factor of 2—3 with respect to that of the
unfilled samples. If we consider the linewidth inhomogeneity

FIG. 1. Li NMR line shapes at room temperatufe) of the  of the wide-line probe, we can conclude that life is al-
sample(PEOg-LICIO, and (b) of the same sample filled with 33 most entirely enlarged by residual dipolar coupling and
wt % of 3Li,0-3B,0;. chemical shift.

] ) Figure 3 shows the spin-lattice relaxation rates vs tem-
found for all the samples we examined. The spectra chemicgJerature for the samplesPEOg-LiN(CF:SO,), with
shift is ~0 ppm. Curvea) is structured, whereas cur{e) is (squares and without(circles 10 wt% of nanoscale SiO
Lorentzian-Gaussian shaped. The full widths at half heighggin curves are peaked at 320 K; the addition of silica de-
(FWHH) Av are 670 Hz for samplda) and 330 Hz for  (ormines a~40% depression of the maximum and an en-
sample(b), respectively. Since we obtaindd=3.3ms for  |5.gement of the distribution. In addition, it should be noted
the unfilled electrolyte and’,=2.2ms for the filled one, that the samples, chiefly the unfilled one, exhibit a slope
from the relationshipd v=1/7T, (which holds in the high-  change at near 280 K.
temperature regigrwe can estimate intrinsic linewidths of  Figure 4 shows the spin-lattice relaxation rates vs tem-
~100 and~150 Hz, respectively. On the other hand, we
estimate the field inhomogeneity of our wide-line probe to be
of about 200 Hz, and so we can assign nearly half of the
linewidth broadening of curvéa) to the magnetic suscepti-
bility of the sample itself, which is likely related to semimac-
roscopic inhomogeneities. This contribution to the NMR line
seems to be substantially removed by the filler additeee
the following). In principle, the structure of curv@) could
be also explained in terms of a not fully averaged electric
quadrupolar interaction. However, the line shape does not
change up to 360 K, i.e., well above the relaxation maximum
(see Fig. 4 where the correlation time for the cations motion
is of the order of 10%s, which is at least four orders of
magnitude shorter than the inverse of the quadrupolar cou-
pling in lithium compounds. Therefore, we can rule out this
possibility.

Figure 2 shows the behavior vs temperature of the
"LiNMR linewidth of some selected samples with and with- ' ' ' '
out filler. In all cases, the linewidth narrowing is clearly con- 240 280 320 360 400
trolled by the polymer glass transition temperatligg (see Temperature (K)

Table I), as expected for polyether-based electrolytes where

the cations dynamics is strongly coupled with the motions of FIG. 3. “Li spin-lattice relaxation rates vs temperature for
the chains belonging to the amorphous phaé¥We note  (PEO4-LIN (CF;SO,), with (squaresand without(circles 10 wt %
that the room-temperature linewidth of the filled electrolytesof nanoscale SI9 The lines are only a guide to the eye.
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FIG. 4. 'Li spin-lattice relaxation rates vs temperature for
(PEOg-LICIO, without filler (circles, with 10 wt % of nanoscale
SIO, (squarep and with 33 wt % of triborate gladériangles. The
lines are only a guide to the eye.

perature for the samplesPEOg-LIiCIO, without filler
(circles, with 10 wt % of nanoscale Sidsquares and with
33 wt% of triborate glasstriangles. Again, all curves are

PIERCARLO MUSTARELLIet al.

PRB 60

low 150 °C, except fofPEOg-LICIO,4 33 wt % Li,0-3B,03

that shows the melting of a PEO-based crystalline pklass

than 3% of the total, as estimated by the melting enthalpy,
AH{=6Jg 1. On the other hand, it is well known that
(PEO4-LICIO, is fully amorphous immediately after prepa-
ration, while it undergoes partial crystallization in a matter of
days!’ On the basis of these thermal results, the other
samples may be considered as fully amorphous, at least at
the time when the NMR measurements were carried out.

IV. DISCUSSION
A. NMR linewidth

Figures 1 and 2 show that the addition of fillers plays the
main role to homogenize the materials, with no pockets or
semimicroscopic fluctuations of the structure, irrespective of
the insulating (SiQ) or conductingglass nature of the filler
we used. Relevant information on the role played by fillers at
the microscopic level may be obtained by investigating the
behavior of the’Li NMR line shape during the transition
from the rigid-lattice to the motionally narrowed region.

The NMR motional narrowing takes place when the fluc-
tuations of the local magnetic fields and/or electric field gra-
dients (depending on the nuclear interaction involyete
comparable with the rigid-lattice linewidths. In the case of
polyether-based electrolytes, it was shown thattheigid-
lattice linewidth(about 6—7 kHz in PEO-based systéfss
largely dominated by Li-H magnetic dipolar interactith.

peaked nearly at the same temperature of 320 K, but thepgrefore, the motional narrowing is controlled by the fluc-
addition of filler causes a relevant dispersion of the relaxy,ations of the local magnetic field caused by the Li-H
ation rates above rooom tempegature. In detail, the maximaaticie-particle correlation function. These fluctuations be-
are depressed by 30% and~50% by the addition of silica  ome relevant at the glass transition due to the setting up of
and glass, respectively. Also, when LICI@ used as the cpain-assisted long-range diffusion of the ions. The correla-
doping salt, a neat slope change appears near 270 K irrespggsp time of the motional process, , which at low tempera-
tive of filler addition. ture is of the order of the reciprocal rigid-lattice linewidth

Figure 5 shows the MDSC thermograms of some selec_tegRL, is given during the narrowing by the approximate
samples whose NMR results were presented in the Previoygationship?
@ r{
=—ta
Ayr

figures. The samples do not display melting endotherms be-
whereA,r and Ag, are the FWHH at a given temperature

2) and in the rigid lattice, respectively, andis a constant of
the order of the unity. If we assume thag is thermally
activated,
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we can obtain the activation energy for the narrowing pro-
cessE, ,, and the prefactdior “dwell time” (Ref. 13] 7o,
which has the meaning of a reciprocal frequency attempt for
cations jumps. The data we obtained by fitting the curves of
Fig. 2 are reported in Table I. The addition of the fillers
determines the increase of both the characteristic frequency
attempt and of the activation energy of the mechan(gme
cation motion that controls the NMR linewidth. We can
pictorially say that the filler addition leads to a more disor-

FIG. 5. MDSC thermograms of the same samples reported iflered and homogeneous material, also in agreement with the

)

Heat Flow

d)

€)

Fig. 2. (@) (PEOgLIN(CF;S0O,),, (b) (PEOgLIN(CRSG,), 10
wt % SiO,, (c) (PEOg-LICIO,, (d) (PEOg-LICIO, 10 wt% SiQ,
and (e) (PEOg-LICIO, 33 wt% lithium glass. Just the reversing
components are shown.

results of Daiet al® The apparent paradox of higher conduc-
tivity displayed by the samples with higher activation
energy'!® simply means that the entropic contributicre-
lated tory) is prevalent on the enthalpic ofelated tokg, ;).



PRB 60 CATION DYNAMICS AND RELAXATION IN NANOSCALE... 7231

TABLE I. T, (K): glass transition temperatures detected by MDSC experimeyts): prefactor obtained
from Eq.(2). E, ,: activation energy for NMR linewidth narrowing, obtained from E2). E, , | 1: activation
energy for spin-lattice relaxation, as obtained from low temperature side df tharves.E, , y4r: activation
energy for spin-lattice relaxation, as obtained from high temperature side df, tberves.E, ,: activation
energy for conduction, obtained from conductivity measurements.

Ea,n Ea,r,LT Ea,r,HT Ea,a

Sample Tq (K) 7o (S) (eV) (eV) (eV) (eV)
(PEOg-LiCIO, 227 3.6%10°*  0.40 0.39 0.12 0.44
(PEOg-LIN(CF;S0,), 226 3.0%10°* 041 0.43 0.20 0.60
(PEOg-LICIO, 10 Wt % SiG, 229 2.06<10°Y  0.55 0.28 b 0.58
(PEOg-LiN (CF;S0;), 10 wt % SiQ, 224 1.1x10°Y  0.57 0.36 b 0.72
(PEO4-LiCIO, 33 wt % lithium glass 228 1.2410°*°  0.66 0.40 0.13 0.81

aData taken from Ref. 4. The conductivity behaviors are Arrhenius like. A 10% error is estimated.

bFew points for a good fit.

‘Value extracted over the temperature range 300—350 K, where the conductivity can be approximated to be
Arrhenius like.

From a microscopic point of view, the prevalence of thespin-3/2 interacting nuclei at a temperatiieunder a mag-
entropic term suggests that fillers open up new pathways fanetic fieldB= y/w, the relaxation rate may be expressed as
the ions to diffuse in the materials or make the existing ones

more “efficient.” This can be accomplished by keeping the T (0, T)=AJ(0,T)+KCEq (4)
PEO chains further apart form one another or, also, by form-

ing high-conductivity paths along the dispersoid interfaceWhereA measures the dipole-dipole interactidhjs a con-

(space charge modé&). This point will be further addressed stant, and(w, T) is a spectral density which depends on the
in the next section Larmor frequencyw and on the parameters characterizing the

motion. While in diluted, weakly interacting systems the
spectral density is generally given by the Fourier transform
of a single exponential correlation functionthe

It is commonly accepted that spin-lattice relaxation inBloembergen-Purcell-Poun@PP) modef?], in many com-
these polymer electrolytes is dominaféddor at least plex condensed-matter systems this assumption may be no
influenced!! by the electric quadrupolar interaction betweenlonger valid because of low-dimensionality effettsjonran-
the ’Li and the electric field gradient tensdefg). For a  dom ion motions? or even the absence of a characteristic
single quadrupolar nucleus of spinthe spin-lattice relax- time scalé®® The experimental deviations from the BPP
ation rateT, %, when the molecular motions can be approxi-model may be accounted for by introducing distributions of
mated by a isotropic tumbling with correlation time, is the correlation function(Cole-Cole, Cole-Davidson, and

B. Relaxation

given byt Havriliak-Negami expressiof§. Other phenomenological
expressions, like the Kohlrausch-William-Watts
_, 37 21+3 1, expressiort® were also employed in data fitting.
T ~10 |2(2|—_1)CQQ 1+ 37 | 3 The relaxation curves of Figs. 3 and 4 are far from the

symmetrical shapes described by the BPP model. On the

whereCqq is the quadrupolar coupling constant ands an  other hand, a composite polymer electrolyte is a quite com-
asymmetry parameter ranging between 0 and 1. If we takglex system, for which the task to associate a physical mean-
Coo~30kHz, as suggested by the low-temperature lineing to the phenomenological expressith®d is difficult.
shapes of our samples, amg=10"%s, which is reasonable Therefore, we prefer to simply state that the broadening of
in the extreme narrowing region, we obtéﬁ[llz 3.8sl in the relaxation curves is due to a spread of the distribution of
agreement with the values of the relaxation maxima disthe correlation functions modulating the spin dynamics.
played in Figs. 3 and 4. Just as a comparison, relaxation raterom a microscopic point of view, this implies that the fillers
maxima of 10 s* were reported by Ganet al.in their study  add disorder to the polymer structure, which is also in agree-
of (PEO4-LICIO, filled with y-LiAlO ,.?? Since the mag- ment with the increase of the dwell time for the ion hopping
netic dipolar contributions to the relaxation are generallyobtained by fitting the line-shape narrowing procésse
weaker by at least one order of magnitude in these systéms Table ).
our results confirm that quadrupolar interaction dominates Figure 6 shows the room-temperatutg spin-lattice re-
the Li spin-lattice relaxation. laxation rate as a function of the silica content in

Let us now examine in detail the relaxation behaviors(PEOg-LICIO,, compared with the behavior of bulk observ-
depending on the salt and filler we employed. In all casesables, namely, the heat capacity jump at the glass transition,
the addition of filler determines a broadening of the relax-AC,, and the electric conductivity. In the limits of the
ation peaks in the high-temperature region, which is associexperimental uncertainty, all the reported quantities display a
ated with an average reduction of the relaxation rates. Thenaximum in the range 5-8 wt% of filler content, which
broadening induced by the filler is more evident whenmeans that the filler distribution controls both the thermal
LIN(CFS0,), is used as the doping salt. For a system ofand transport properties of these polymer electrolytes. The
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polymer phase exhibiting a conductivity higher than that of
the matrix polymer electrolyte. At silica concentrations
higher than 10-15 wt % dilution effects take place that slow
down the cations dynamics, as demonstrated by the decrease
of TIl and g, and increase the glass strength through more
intense Li-O couplings.

From the relaxation curves of Figs. 3 and 4, the activation
energies for the low-and high-temperature sidgg, |+ and
Ear nr, Were extracted. The values are reported in Table I.
The values ofE, , 1 for the unfilled samples are in good
agreement with those obtained from E@), which means
that the same mechanisftine cation diffusionis probed by
both line-shape narrowing and spin-lattice relaxation. When
the filler is added, in contrast, the activation energies from
relaxation are left substantially unaffected, while thg,'s
increase by roughly 50%. This is further evidence that
filler is well distributed in the host polymer and@) spin-
lattice relaxation is quadrupolarly controlled. In fact, the

FIG. 6. Behavior vs the silica content of spin-lattice relaxation ¢; - . : -
: . ... filler grains are supposed to chiefly influence the magnetic
rate (circles change of the heat capacity at the glass transition 9 bp y 9

normalized to the actual PEO-salt conteAlC, , (triangles and dlpo.lar coulpllng, Whlc.h s described by a long-range
conductivity at room temperatutequares Both the thermal and particle-particle correlation, rather than the quadrupolar one,

the conductivity data are taken from Ref. 4. The lines are only aWh'C,h IS descrlbe(_j by, a short—rgnge particle-site Correla.tlon.
guide to the eye. Finally, the activation energies extracted from the high-

temperature side of the relaxation curviég, ., are notably

lower than those obtained from conductivigy, . (see Table
maxima of conductivity upon filler addition have beenl). This confirms that the spin-lattice relaxation probes the
explained® as the result of two competing effects(i) the ~ short-range motions rather than long-range diffusion of
increase of the polymer amorphous phase @ndhe dilu-  lithium, and it warns us about a naive use of the data ob-
tion of the highly conducting amorphous phase with the in-tained from NMR relaxation.
sulating ceramic material. However, we see from Fig. 5 that
our electrolytes are almost completely amorphous, irrespec-
tive of the presence of the filler. Therefore, the behavior of
AC, must reflect the increase of the degrees of freedom We used'Li, wide-line solid-state NMR to investigate the
which become motionally active at the glass transition. Incations dynamics in composite polymer electrolytes. The fol-
other words, the addition of filler makes the polymer morelowing remarks can be made.
“fragile” in the sense of Angell’s definitiori® which relates (1) The addition of filler contributes to the homogeniza-
the fragility of a glass to its connectivity: the more “con- tion of the electrolyte over a semimacroscopic scale.
nected” the glass is, the less fragile it is. Since the addition (2) The spin dynamics is notably affected by the fillers.
of a filler cannot influence the chain length distribution of theThe NMR observables, linewidths, and relaxation rates are
polymer, we can conclude that nanoscale silica enters theontrolled by magnetic dipolar and electric quadrupolar in-
PEO strands and weakens the glass structure by looseningractions, respectively.
the coordination bonds Li-®EO. Our picture is in agree- (3) The activation energies obtained from the relaxation
ment with the model proposed by Wieczorek andcurves in the extreme narrowing region are lower than the
Siekierski** who connected the enhancement of conductivitycorresponding quantities extracted from conductivity data,
with the existence of a space-charge layer at the polymemecause the NMR quadrupolar probe is chiefly sensitive to
filler interface. This layer is characterized as an amorphoughe short-range motions of the cations.
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