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The LikV,0s cathode of Li-rechargeable battery cells under three different charge states have been studied by
high-resolution solid-staté.i magic angle spinning (MAS) NMR spectroscopy. In the charged and discharged
states, three differenLi NMR resonances, corresponding to the' lions in the electrolyte, in the XDs
cathode, and on the surface of theO¢ cathode, were identified by their spitattice relaxation times in
inversion recovery experiments. Only signals of th& ldns in the electrolyte were observed in the over
charged state. It is shown experimentally that theidns in the electrolyte experience a dynamics or exchange
process in a time scale of milliseconds with those in th®\tathode, in particular for the discharged state,
where a severe cross relaxation effect was observed in the inversion recovery for iteslin the electrolyte.

It is concluded that such an exchange is mediated by thshs on the surface of the, s cathode. Therefore,

the surface structure of the;¥s cathode electrode plays an important role in the reversibility of thedns

in the rechargeable battery.

Introduction microstructural damage and cation disorder of the oxide

) ) electrodes$:” Nuclear magnetic resonance (NMR) spectroscopy
In the past several decades, studies of electrode materials Useflas a1so been used to evaluate immediate structural and

for lithium rechargeable batteries have received considerable g|actronic environments of tiand other ions in a variety of

attention because of important scientific and technological ihe nost materials for both crystalline and amorphous phases.
applications of the materials. Lithium rechargeable batteries Many NMR studies have focused on the anode materials to
consist of an anode (e.g., metallic lithium and lithiated carbons), \,nderstand the effect of carbon structure and morphology on
lithium-ion conducting electrolyte, and a lithium insertion he reversibility of the Lt ions. There are different lithium
cathode such as ;05 and Lir+xC00,12 During discharge  gjectronic environments in the battery such as Li dendrites and
process, Li ions move from the anode via the electrolyte to | j intercalated in carbon used as an and@eljstinct portions

the host structure of the cathode. The' libns are extracted ¢,/ the reversible and irreversible Band the covalently bonded
from the cathode and migrate back to the anode through the ;4 metallic Lil It has been well known thatLi NMR is

electrolyte during charge process. Thus, electrochemical stability gy iremely sensitive to the lithium chemical shift environments.
of the anode, electrolyte, and cathode materials during the gq, example, even a small fraction of the excess Li and
charge-discharge cycles is key to the lifetime of the batteries. impurities in ’the LiCoQ cathode was visible ifLi NMR

Numerous techniques have been employed to understand th%pectrayl,lz For the WWOs cathode, it was show#r16 that there
mechanism of the battery capacity degradation. Traditional were different LiV,0s phasesd, ¢, 0, andy) depending on
electrochemical methods such as the chaigjscharge cycles  the Li* ions concentration when lithium ions were intercalated
and ac impedance spectroscopy demonstrated a relationshipnto the \,Os by chemical and electrochemical methods.
between the capacity degradation and the increasing resistance |n this work, high-resolutioriLi solid-state NMR spectros-
of the battery. For inStance, the depletion of OrganiC electro- copy is used to Study the electronic environments QVIZ-GS
lytes* and the deposition of lithiumand other filmé on the cathodes from Li-rechargeable battery cells at charged, dis-
electrode surfaces during chargdischarge cycles increased the  charged, and over cycled states. By comparinigchemical

battery impedance and ultimately resulted in the ending of the shifts in the three charged states, we further discuss the
batteries. X-ray diffraction and transmission electron microscope mechanism of the capacity degradation of the battery.

(TEM) indicated that the chargealischarge cycles caused
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Figure 1. "Li MAS NMR spectra of LiV,0s cathode materials from g 0 7
three different charge states: (a) discharged state, (b) charged state, b= ]
and (c) over cycled state. The asterisks indicate the spinning sidebands. = -05 =
cell were used as current collectors for the anode and cathode, A0 400 800 800 1000
respectively. Physical and chemical properties of the cathode Recovery Time T (ms)
material were analyzed by high-resolution TEM, selected area T B B R B
electron diffraction (SAED), and energy-dispersive X-ray i ]
spectroscopy (EDX). Our TEM images indicated that the ~ 1F -
cathode contained both crystalline and amorphous pRasts § :
majority was formed with large particles in the order of mm, - 05F ]
which were in a single crystalline phase of\W}Os, close to (C) 3 I ]
the crystal structure of Ds, as suggested by the SAED patterns, § o E
while the amorphous phase contained small particles. The EDX £ s ]

analyses indicated that the amorphous region contained a high
amount of Al. Besides V and Al, no other element heavier than A
oxygen was found in the cathode.
An Arbin battery test system was used to charge and discharge
the battery cells. A button cell was charged to 3.4 V at a constant Figure 2. Plots of"Li signal intensitiesM(z) of the Li\V.Os cathode

voltage mode of 3.4 V (i.e., the charged state), another cell was2S & function of recovery time under different charge states: (a)
discharged to 2.1 V at a constant current mode at 10 mA (i.e., discharged state, (b) charged state, and (c) over cycled state. All of the

- . xperimental data were recorded on a Bruker DMX600 NMR spec-
the discharged state), and the third one was charged an(frometer at 300 K and normalized to their equilibrium magnetizations.

discharged repeatedly until the battery cell was dead (i.e., the The solid circles and the squares indicate the signal intensities integrated
over cycled state). The three cells were opened under an argorfrom —8 to +8 ppm and from—15 ppm to—30 ppm, corresponding
atmosphere in a glovebox where thg\l1iOs cathodes were to the chemical shifts of the tiions in the electrolyte and in the

removed from the cells and then packed into three different cathode, respectively. In Figure 2a, eq 1 was used to fit the solid circles
MAS rotors for NMR studies. as indicated by the solid line and a single-exponential component was

. applied for the squares (cf. the dashed line). All the data in Figure 2b
The 7Li NMR measurements were performed on a Bruker .4 were fitted using two exponential components.

DMX-600 NMR spectrometeBy = 14.1 T) with a’Li Larmor .
frequency of 233.31 MHz using a 4-mm Bruker double- —17-6 ppm is on the same order of that-¢0.4 ppm. For the

resonance MAS NMR probe. Inversion recovarymeasure-  OVer cycled state, no rifonance peak is observed betwEe0
ments were carried out at various temperatures, which were@nd—30.0 ppm. In fact?’v.NMR measurements also indicated
controlled within+0.1 K by a Bruker BVT-2000 unit. A set of  that the concentration of the Lions in the over cycled LV ;05

32 spectra with different recovery times was used for éach ~ cathode electrode was so low that thé*Vspecies was
measurement and eight scans were accumulated for eactPredominaté8 Therefore, it is believed that the chemical shifts
spectrum with a recycle delay of 2 s. The samples were spun atOf the Li" ions in the LiV>0s cathode are in the range between

8.6 kHz during the experimenta 1 M agueous LiCl was used ~ —15-0 and—30.0 ppm. _ _ _
as an external chemical shift reference (0 ppm). Figure 2 shows the inversion recovery of fté magnetiza-
tion from the three charged states. For the discharged state, the

signals integrated from15.0 to—30.0 ppm, which corresponds
to the chemical shift range for the Liions in the cathode,
Figure 1 shows théLi MAS NMR spectra for the LiV,Os follows a single-exponential inversion recovery curve with a
samples at the different charged states. Clearly, there exists aspin—lattice relaxation timeT; of 3445+ 2.1 ms. This is
broad peak at-0.4 ppm in the spectra. For the discharged state, consistent with the predominate "Liions in the cathode.
the resonance at23.6 ppm has much greater intensity than However, the signals integrated from 8.0 8.0 ppm, a
that at—0.4 ppm and thus can be attributed to the exce$s Li chemical shift range for the tiions outside the cathode,
ions inserted into the LY,Os cathode electrode during the apparently overshoots to a maximum above the equilibrium
discharge process. For the charged state, the peak intensity atalue and then slowly decays back to the equilibrium. Such a

0 200 400 600 800 ‘1000
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TABLE 1: 7Li Spin—Lattice Relaxation Time of the Li,V,0Os Cathode at Different Charge State3

T.E T:5 (ms) T:€ (ms) T.€ (ms)
samples 0 ppm —4.0 ppm at-17.0 ppm at-21.0 ppm at-23.6 ppm
discharged state 49H2.1 3445+ 2.1
charged state 57827 10.6+£ 0.7 138+ 1.7 41.6+ 3.0
over cycled state 954 4.9
20.2+ 1.7

a|n this Table,T:5, TS, andT:€ represent the spinlattice relaxation time for the Liions in the electrolyte, on the surface of the cathode, and
in the Li\V.Os cathode, respectively.

phenomenon was observed in solution NWI&s well as in some
solid-state system% 22 because of the heteronuclear transient
nuclear Overhauser effect (NOE). However, to the best of our
knowledge, this phenomenon has not been reported for homo-
nuclear systems in the literature. Since the magnetization relaxes
from the maximum to the equilibrium at a time constant-@45
ms, which is the same as tfg value of the Li ions in the
cathode, it is believed that the excess lgns in the cathode
affect relaxation behavior of the tiions outside the cathode
(i.e., in the residual electrolyte). In other words, there exists I B T T
cross relaxation or exchange between theitns in the cathode 40 20 0 -20 -40  ppm
and those in the residual electrolyte. Figure 3. "Li MAS NMR absorption spectra of the {\,Os cathode

For heteronuclear systems, the cross relaxation rate from Materials at different 'inversion recovery times. (a) The recovery time
dilute spins (e.g.13C) to abundant spins (e.gtH) is much was 230 ms for the discharged state. (b) The recovery time was set to

. . .18 ms for the charged state. The asterisks indicate the spinning
smaller than that from the abundant Spins to th? dilute spins sidebands while the arrows represent the positions of the isotropic
because of low natural abundance for the dilute spins (e.g., 1.1%chemical shifts.
for 13C),2% so that the cross relaxation severely affects the
relaxation behavior of the dilute spif%.22 For the homonuclear
system studied here, the signal intensity-213.6 ppm is much
greater than that at0.4 ppm, indicating that there are much
more Li" ions in the cathode than in the residual electrolyte. In
analogies to the analysis for the heteronuclear systéristhe
magnetization at around0.4 ppm during the inversion recovery

can be described by

—17.0 ppm. The fourth signal appearing-a23.6 and—21.0

ppm for the discharged and charged states, respectively, can be
assigned to the Liions in the cathodé For example, at a
given recovery time for the charged state as in Figure 3b, the
signal at—17.0 ppm was positive and the signat&21.0 ppm

was still negative, implying that the observed peak-4f7.6

ppm (cf. Figure 1b) is in fact superimposed by two resonances
at —17.0 and—21.0 ppm with the former having a shorter

M(z) = 1 — (1 + Kjexp(~7/T,") + relaxation time than the latter. On the other hand, the signal at
-|-1E —4.0 ppm became positive at the given recovery time while
=1t k)[exp(—r/TlC) —exp(rt/ TlE)] (1) the signal at 0 ppm remained negative, in_dicating_that the broad

1 peak at around-0.4 ppm (cf. Figure 1) is superimposed by

two chemical shifts positioning at 0 are4.0 ppm, as indicated

whereT;F andT;C are the spir-lattice relaxation times for the by the arrows in Figure 3b. For the discharged state, as can be
Li T ions in the electrolyte and in the cathode, respectivel§s seen in Figure 1a, it seems like there is a small shoulder with
stands for the cross relaxation time, akds the inversion a low intensity at arouné-17.0 ppm. Since it is so close to the
efficiency. Solid circles in Figure 2a were fitted using eq 1, as intense peak at-23.6 ppm, it is hardly considered to be a
indicated by a solid line, wher&F, T:EC, andk were treated as resonance signal. However, at a given recovery time when the
variables and’;€ was set to 345 ms. The fitting yielded tf¢ intense signal at-23.6 ppm was close to null, the signal at
andT;FC values of 49.0+ 2.1 and 86.H- 2.7 ms, respectively.  —17.0 ppm became clearly visible, as shown in Figure 3a,
The T, values obtained are listed in Table 1. For both the although its relaxation parameter could not be reliably obtained
charged and over cycled states, such a cross relaxation effecbecause its signal intensity was rather small and could hardly
was not visible, as in Figure 2b and c. This is because of the be separated from the intense signat-23.6 ppm for most of
lack of the excess Lfiions in the cathode. Instead, the recovery the recovery times. While the signal-a#.0 ppm, as indicated
of these signals can be better described by two exponentialby an arrow in Figure 3a, could be identified at another recovery
components. For the charged state, two components obtainedime (spectrum not shown), the solid circles were still fitted
from the fittings were 57.3t 2.7 and 10.6+ 0.7 ms for the using eq 1 without adding an additional relaxation component.
solid line and 41.6t 3.0 and 13.8t 1.7 ms for the dashed line  For the over cycled state, no additional resonance can be
(cf. Figure 2b). While for the over cycled state, two components revealed through this process although there exists two different
obtained were 95.6- 4.9 and 20.2+ 1.7 ms for the solid line relaxation components. This implies that the peak is either
(cf. Figure 2c). associated with biexponential relaxation behavior or simply

Figure 3 shows théLi spectra taking from th&; measure- comprised of two resonances with virtually identical chemical
ments with an inversion recovery time chosen to identify the shifts. All of the T, values for those components obtained
signals with different relaxation components. As indicated by through the fittings are summarized in Table 1.
arrows in Figure 3, for the discharged and charged states, four When the battery cell was discharged to 2.1 V, xha the
resonances can be revealed in the spectra and three out of theathode was about 1.6 1.8, which was in a mixture of—
four have the same chemical shifts, which are—@.0, and andy— phases of L\V,0s, as defined by Pecquenard et'al.
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(@sr— difference in the Li ions concentration in the bulk of the;¥s
0! 0000006006600 c60606066e host. This resonance peak cannot be from Li-metal because the
'g; § ] Knight shift for metallic lithium is typically in the range of
3 5 g E 250~360 ppm?>28While the signal at-17.0 ppm has similar
£ 10 . intensity with respect to the peak intensity-&2.4 ppm for both
T a5 E the charged and discharged states, it is thus attributed to the
E , : . | " g gEnE Li* ions on the surface of the, ®@s host, since it is reasonable
5 o ® . u® = m . E to believe that the ¥Os hosts in the different charge states have
25 - AAAAAAAAAAAAAAAA E similar surface area.
BOE Although a singleT; relaxation component was typically
220 240 260 280 300 observed in gel electrolytéd the broad peak at0.4 ppm in
Temperature (K) Figure 1, initially assigned to the Liions in the residual
by sSe0r electrolyte, contains two relaxation components for all of the
_ 0. eee®e0e0e0cc00cee - three samples used here. For the discharged and charged
g sh E samples, two different chemical shifts (i.e., 0 and.0 ppm)
= : can be revealed via the inversion recovery measurements. A
5 10F E possible explanation is that a small amount of thé ioins in
g 15 a ] the electrolyte is close to the surface of theO¢ cathode so
§ 20 mEmmgu Ugpuguun®® " that those LT ions have slightly different electronic environment
5 g aaAAd i compared to others in the electrolyte. In fact, it was evident
s Ahaa 4l E that the base of thé&Li NMR peak of the gel electrolytes was
30E. s Ad L L [ very broad probably indicating that there existed two different
220 240 260 280 300

Li electronic environments in the electrolyte, though a single
component was used in tie measurements. Since the’Li

NMR of the electrolyte of these batteries has a narrow peak at
0 ppm?!8 the signal at-4.0 ppm revealed in the charged and
discharged states indeed suggests an existence of additional Li
ion chemical environment between the electrolyte and the
surface of the cathode, which should be sensitive to the surface
environment of the cathode. For the over cycled state where
the surface environment should be largely different from that
in the charged or discharged state, no signal is observed.at

Temperature (K)

Figure 4. Temperature dependence of ftié chemical shifts for the
LixV20s cathode materials at (a) the discharged and (b) the charged
states.

Thus, the signal at-23.6 ppm is assigned to the exces$ Li
ions in the LjV20s cathode because of the great signal intensity.
With the high concentration of the Liions in the bulk of the
Li»V20s cathode, the paramagnetiéVand V" species become
dominant so that it is relatively difficult to observe th&/
signalst® Figure 4 shows the temperature dependence of the ppm. ) _ )

chemical shifts identified in the discharged and charged states. _ | © confirm the existence of the cross relaxation between the
Clearly, it can be seen in Figure 4a that the chemical shift of Lit ions in t_he residual electrolyte and those in the ca_thode, a
the excess Li ions changes almost linearly from23.6 to two-dimensional NOESY experimefftwas performed. Figure

—27.2 ppm as the temperature decreases from 300 to 220 K@ shows a modified NOESY pulse sequence in which an
while the signals at-0.4 and—17.0 ppm are nearly temperature  NVersion recovery is incorporated before the standard NOESY

independent. It has been known that the chemical shifts of the experiment® As we have known, in the presence of a very
Li* ions close to the paramagnetic species resulted from aStrong signal, it is extremely difficult (orlmp053|_ble) to observe
localized paramagnetic interaction and thus are expected to be? Very weak cross-peak between the strong signal and a weak
temperature dependeftWhen the battery cell was charged to ~ Signal because of the dynamic range of the digitization. The
3.4V, thex in the Li,V-Os cathode was believed to be0.1, incorporation of the inversion recovery before the NOESY
which was in a mixture ofi— ande— phases of LV,0s, again experimgnt aIIows. us '_[0 prepare the initial magnetization via
by Pecquenard et & Similarly, the component whose chemical spin—Ilattice relaxatlon. times in suqh a way that the strong signal
shift moves from—21.0 to —29.7 ppm as the temperature at—23.§ ppm has a similar intensity as the weak signat@
decreases from 300 to 220 K is attributed to th& ioins in the ppm. Figure 5b shows the presence of a cross-peak between
V,0s host that are localized to the paramagnetit \6r 4+ resonance at 0 ppm and{?u‘23.6 ppm, as _|nd|cated by an arrow.
species. This implies that there still exists a small amount of Although the cross-peak is weak, its existence suggests that the
the Li* ions in the LiV,0s cathode after the charge process, Lit ions in the resujual electrolyte are effectively in close
which is consistent with the results obtained by Pecquenard etProximity with those intercalated into the cathode.
al.13 that a small residual of-Li V205 (x ~ 0.05) remained in Table 2 lists th€'Li NMR line widths at the half-height of
the cathode after deintercalation. It is worth noting from Figure the broad peak at0.4 ppm for the three samples at different
4 that the slope of the temperature-dependent chemical shifttemperatures. Clearly, at 300 K, thei line width for the
for the charged state is greater than that for the discharged statedischarged and charged states is much broader than that for the
probably implying that the bonding states of the" lions to over cycled state. Assuming that the signat&at.0 ppm for
the V,Os host structure are different. If fact, it is reasonable to the discharged state has a similar relaxation property as that
assume that a small amount of the residudl idins after the for the charged state, the diagonal peak at O ppm in Figure 5b
charge process is primarily localized to the paramagnetic V. would receive little contribution from the signal &4.0 ppm
species and the excessflibns after the discharge process are because the mixing time of 80 ms used in the NOESY
localized to both the paramagnetiévand VW species. experiment was much longer than tiigvalue of 10.6 ms so

On the other hand, the signal atl7.0 ppm is almost that the signal at-4.0 ppm was completely decayed. The
temperature independent, as shown in Figure 4, for both the measured line width at the half-height from a slice taken at 0
charged and discharged states, regardless of the significanppm along thev, dimension was 1510 Hz, which is also much
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Figure 6. Schematic representation of the distribution of thé ibins

in the Li-rechargeable battery cell. (a) Discharged state; (b) charged
state; and (c) over cycled state. ThgQ¢ cathode is on the right side,

as shown in shadowed area, and the electrolyte is on the left side,
separated by a surface area as indicated by a solid line or strip. For the
discharged and charged states, the ibins in the electrolyte and on

the surface of the cathode exhibit a thermal dynamics equilibrium, while
for the over cycled state, no Lions are present on the surface of the
cathode.

the V,Os host, they act as a mediator between thé ibins in

NOESY experiments. The insertion of the inversion recovery before e two different chemical environments. Figure 6 shows

the standard 2D NOESY experiments is to prepare initial magnetizations

via spin—lattice relaxation time$; in such a way that the intense signals

become the same order as the weak signals so that the weak cross

schematic representation of the distribution of thé& ldns in
the electrolyte and the XDs cathode. For the discharged state,

peaks between them can be observed in the resulting 2D NOESY the Li* ions are saturated on the surface area of the cathode

spectrum. (bYLi 2D NOESY NMR spectrum of the LV/,0s cathode

and established a thermal dynamic equilibrium with theibns

at the discharged state. The arrow indicates the cross-peak between (n the electrolyte, while there exist the excess ldns in the

and—23.6 ppm. In this experiment, the inversion recovery tinveas

set to 216 ms to select the maximum magnetization for the signals at

around O ppm, though the signals at aroun@d3 ppm were still
negative. The mixing time used in the experiment was 80 ms. The
NOESY experiment was performed at 300 K.

TABLE 2: Temperature Dependence of the’Li NMR Line
Width at the Half-Height of the Signal at around —0.4 ppm
for the Li V05 Cathode at Different Charge States

line width at half-height (Hz)

temperature discharged charged over
(K) state state cycled state
300 2050 3350 610
220 2030 2200

broader than the line width of the signal at 0 ppm for the over
cycled state (cf. 610 Hz). Thus, broadening of the peak is not
solely due to the overlap of the two chemical shifts at 0 and
—4.0 ppm, though such an overlap gives rise to a different
reading of the chemical shift{0.4 ppm rather than 0 ppm as

in Figure 1). Interestingly, when the temperature was decreased

from 300 to 220 K, the line width was decreased slightly from
2050 to 2030 Hz for the discharged state and greatly decrease
from 3350 to 2200 Hz for the charged state. Therefore, it can
be concluded that the tiions in the electrolyte (i.e., the

chemical shift at 0 ppm) experience a dynamic or exchange

process at 300 K with those in the cathode, as describé&t by
~ |0g — ‘5c| (2

whereodg is the chemical shift of the tiions in the electrolyte
(i.e., 0 ppm)dc refers to the chemical shifts of the'Lions in
the cathode electrode (i.e523.6 and—21.0 ppm for the
discharged and charged states, respectively)ygraiands for
the exchange rate between the' lions in the two different
chemical environments. Since the two chemical shifts are
separated by~5000 Hz, the exchange ratg is about a few
thousands hertz. As a result, the resonance of the residual
electrolyte becomes significantly broat.

Since the Li ions on the surface of the ;@s cathode
physically separate the tions in the electrolyte from those in

Vic

V,0s cathode so that the tiions in the cathode are in close
proximity with those on the surface, even if the temperature is
low. As a result, the exchange rate remains more or less
unchanged in the given temperature range, thus giving rise to a
similar line width. Similarly, for the charged state, the libns

are saturated on the surface area of the cathode and reached a
thermal dynamic equilibrium with the tiions in the electrolyte.
However, the concentration of the'Lions in the bulk of the
V205 is so low that only a few Li ions are close to the surface.
At room temperature, theseLions are still effectively in close
proximity with the Li* ions on the surface because they can
diffuse easily from one place to another in theO¢ cathode,
resulting in the broadening of the signal because of the cross
relaxation effect, though such an effect is not observed in the
inversion recovery curve because of the low concentration of
the Lit ions in the cathode (cf. Figure 2b). When the temperature
is decreased to 220 K, theLions in the bulk of the cathode
become relatively difficult to move so that they have a very
limited contact with the LT ions on the surface. Consequently,
the dynamic process between the' lions in the electrolyte

Gand those in the ¥Os host is slowed so that the resonance at 0

ppm becomes significantly narrow at low temperature. Thus,
we can reasonably believe that during the discharge process,
the Lit ions on the surface of the cathode are moved into the
V,0s5 host and at the same time theflibns in the electrolyte
are moved onto the surface replacing thosé ioins moving
into the cathode, as if the Ltiions in the electrolyte are inserted
into the cathode. On the other hand, during the charge process,
the Lit ions on the surface of the cathode are moved to the
electrolyte while the Lf ions in the \4Os host are diffused onto
the surface replacing those'Lions moving into the electrolyte,
as if the Li" ions are extracted from the cathode to the
electrolyte.

For the over charged state, no resonance was observed in
the range of-15 to—30 ppm, indicating that there are virtually
no Li* ions on the surface of the, ®@s cathode electrode. As
illustrated by the strip in Figure 6c, a thin coat containing no
Li* ions effectively separates the cathode and the electrolyte.
Therefore, it is reasonable to speculate that the surface structure
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of the V,Os host is becoming difficult to inhibit the Liions (2) Murata, K.; Izuchi, S.; Yoshihisa, \Electrochim. Acta200Q 45,
during repeated chargelischarge cycles so that the ability for ~ 1501- _ _ _ .

the Li* ions to penetrate through the surface is weakening Takggaf(w‘% r:](;m”gfgad_T; J@Q'ngurééégaa@%f"zg& Imanishi, N.;
resulting in the degradation of the battery capa_C|ty. In fact, our (4) Yoshida, H.: Fukunaga, T.; Hazama, T.; Terasaki, M.; Mizutani,
recent TEM and EDX measurements confirmed that the wm.: yamachi, M.J. Power Source997 68, 311.

aluminum of the current collector in the battery cells was (5) Aurbach, D.; Zinigrard, E.; Teller, H.; Dan, P.Electrochem. Soc.

deposited on the surface of the® cathode electrode during  200Q 147, 1274.

the charge-discharge cycle¥’ (6) Wang, H.; Jang, Y. |.; Huang, B.; Sadoway, D. R.; Chiang, Y. M.
J. Power Sourced999 81—-82, 594.
; (7) Lee, J. H.; Hong, J. K.; Jang, D. H.; Sun, Y.-K.; Oh, S.]MPower
Conclusion Sources200Q 89, 7.
We have used high-resolution solid-stdte MAS NMR (8) Dai, Y.; Wang, Y.; Eshkenazi, V.; Peled, E.; Greenbaum, S1.G.
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