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Abstract: Li rechargeable cells made with structural arrangement Li/membrangV/ol0s were examined under three states using NMR
spectroscopy; these states are charged, discharged, and over-cytiedMR signals at chemical shifts of 0 ppm and around -20 ppm from the
resonance frequency, which corresponds to the Li ions from the residual electrolyte at the cathode surface and inside the cathode material of
LixV»20Os, respectively, were obtained fromyMpOs samples in both charged and discharged cells. From nuclear spin-lattice relaxation time (T
measurements, two components due to the Li ions in the electrode surface region and inside the WWHOafparticles were obtained from

charged cell. Th&1V NMR spectra were virtually identical for ¥, Os from the charged and over-cycled cells; however, the intensfIAONMR

signal from the discharged cell was significantly lower due to paramagnéetiavid V2 species.
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1. INTRODUCTION drites and intercalated Li in carbon used as anode electrode
[11,12], and distinct portions such as due to the reversible and
Numerous techniques have been used to understand mechanisriiggversible Li [12], or the covalently bond and metallic Li [13],
of the degradation of Li rechargeable batteries. Most studiesappeared oriLi NMR spectra with different chemical shifts.
were performed using traditional electrochemical methods in- For cathode electrodes, a small fraction of excess Li and impuri-
cluding charge/discharge cycling, and ac impedance spectroscofgs in LiCoG; could be detected from the feature and linewidth
to develop the relationship between the capacity degradationof ’Li NMR spectra [14,15]. In this work, we have used NMR
and the resistance increasing of the battery [1-7]. The nuclearspectroscopic methods to probe the structure and electronic en-
magnetic resonance (NMR) was used to evaluate the immedi-vironment of LiV,Os cathode electrodes from batteries, which
ate structural and electronic environment of Li and other ions were charged to three extreme charge states such as charged,
in a variety of host materials for both crystalline and amor- discharged, and over-cycled states. The electronic environment
phous phases [8-10]. Many NMR studies have been focused orof Li and V ions was characterized by using NMR spectroscopy.
the anode materials to understand the effect of carbon structure
and morphology on reversible Li capacity. It was demonstrated2. EXPERIMENTAL
that very different NMR characteristics associated with Li den-
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batteries were made with Li (anode)/separatogV/LiDs (cath-

ode), and were rated at 30 mAh. A porous polymer membrane
was used as a separator. The aluminum mesh and stainless steel
bottom case of the button cell were used as the current collec-
tors for anode and cathode electrodes, respectively. The cell has
23 mm in diameter and 2.0 mm in thickness.
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An Arbin battery test system was used for charge and discharge
cycling of cells. During the charge cycle, a constant voltage

mode of 3.4 V was applied as all rechargeable Li-ion batteries
used; and during discharge, a constant current mode at 10 mA 10 20 30 40
was used in order to easier control the cell to be charged to Capacity (mAh)

different charged states.
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Figure 1: Voltage-capacity curve of Li/separatogVOs cell
Three different samples for NMR studies were prepared as fo"dugring dischargge procF:)essy P s

lows: One cell (charged cell) was charged to 3.4 V at a constant

voltage mode; one cell (discharged cell) was discharged to 2.1V

at a constant current (10 mA) mode; and one cell (over-cycled

cell) was continuously charged and discharged until the cell had

a capacity of almost zero. Then these cells were opened, thé-igure 2 shows the statit.i NMR spectra measured from a 300
LixV»0s cathode electrode materials were removed from cells MHz spectrometer for LV20s samples from cells with dif-

and packed into NMR rotors in a glove box filled with Ar gas ferent charged states. For samples at charged and over-cycled
for NMR studies. states, a resonance signal at chemical shift of 0 ppm was ob-

tained. The signal was assigned to the Li ions from the residual
The’Li NMR measurements were performed on Bruker DMX- electrolyte, because it was found that the signal disappeared af-
300 spectrometers withLi NMR frequency of 116.66 MHz  ter the sample was washed in propylene carbonate (PC) solvent.
using a 4 mm Bruker magic angle spinning (MAS) double- Another signal with peak at around -20 ppm was obtained from
resonance NMR probe. An aqueous LiCl (1M) was used ascharged cells. The signal at the low frequency was due to the Li
an external chemical shift reference. The spin-lattice relax- ionsin LixV20s electrode. The width of the signal at 0 ppm was
ation times (T) were measured using a inversion recovery pulse narrower compared to the signal at low frequencies; it indicated
sequence. The stat®®V NMR measurements were performed that the Li ion in the liquid electrolyte was more mobile than
on Bruker DRX-833 spectrometer with®8/ NMR frequency  that in solid LiV2Os electrode material. From samples at dis-
of 218.66 MHz using a home-built single resonance 4 mm MAS charged state, the resonance signal was dominated by a broad

probe. signal with peak also at 20 ppm; however, the magnitude and
the width of the signal at 20 ppm from charged and discharged
3. RESULTS AND DISCUSSION cells were very different, and they reflected directly the Li con-

centration in L{V20Os for different charge states. It can be seen
The battery was cycled in a voltage range from 2.0 to 3.4 V. Fig- that the Li concentration in V205 from the discharged cell
ure 1 shows voltage-capacity curve during discharge process awas much higher than that from the charged cell. It can also
25°C. Plateaus are observed as the voltage discharge from 3.4\be seen that no Li signal was detected from the inside sV
to 2.0V and comparing these plateaus to the previous workselectrode material from the over-cycled cell. From Figure 2, it
[21-23], it has been determined that in this voltage dischargecan also be seen that the linewidth’ef NMR spectrum from
interval the L{V,Os structure undergoes at least three distinct a discharged cell was broader than that from a charged cell. It
phase changes, 8, andy. The charge and discharge capaci- is because that for the charged cell, the Li concentration is low,
ties were calculated from the charge and discharge cycle. It waghe diamagnetic V° species in LiV2Os is dominated; how-
found that the initial capacity of the cell was about 35 mAh; ever, for the discharged cell, Li concentration increases and both
however, after 26 cycles, the capacity reduced to less than 159/ and V™ species co-existed in 4¥>0s due to the charge
of the initial capacity [20]. From previous studies [21-23], the compensation. The interaction with the paramagnetit ¥ the
different phase was formed in,\M,Os with different x-value  source of the large linewidths.

of Li insertion. When cell was charged to 3.4 V, thg\\$O5 ) aLi )
wasa-phase with Li concentration of 0.1<x<0.2; when the cell Figure 3 shows theLi MAS NMR spectra of LkV20s sam-

was discharged to 2.1 V, it wasphase with Li concentration of ~ Ples from different charged cells at spin rate of 7 kHz af@5
1.6<x<1.8. Similarly to the spectra obtained at static state, two resonance

signals were obtained. The signal at chemical shift of O was
from Li ions in residual electrolyte. Another signal at chemi-
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[\ sample was higher enough to predominate fast component from
,f \ Li ions in the electrode surface region. For a charge/0Os
/ sample (0.1<x<0.2), the Li ions concentration inside bulk of
/ \ LixV20Os is significantly lower than that at discharged state, the
/ \_ Discharge cell numbers of Li ions in the electrode surface region due to surface
d \\ reactions such as adsorption became competitive to that inside
e B the bulk, because according to Nernst equation, the concentra-
\ Over cycled cell tion of Li ions in the electrode surface region is determined by
) not only the concentration of V ions at the electrode surface but
also the concentration of Li ions in the electrode and the poten-

w tial of the electrode, which was about 3.4 V vs. Li electrode for

charged LjV,0s electrode.
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Figure 2: StatidLi NMR spectra of LiV,0s cathodes at room }
temperature. i

cal shift of -20 and -25 ppm was obtained for samples from the
charged and discharged cells, respectively; however, for over-
cycled cell, only signal from Li ions in residual electrolyte was

obtained, and no side band signals were obtained, which means

that Li ions in electrolyte are quite mobility, which is consistent \ A j Discharge cell
with the.observatlon from static Nl\7/IR spectra as shown in Fig- L J L/ J

ure 2. Figure 4 shows the recovery’af NMR signals recorded ) overcycled cell

from LixV>0s samples from (a) the discharged and (b) charged )\ cnargedeen

cells. It was found that for dischargediM,>Os sample, the re- ‘ ‘ ‘ ‘ S

covery could be described by a single-exponential component 200 100 0 -100 -200

at T1=333 ms; however, for charged,M,0s sample, the re- Chemical Shift (ppm)

covery process could be fitted by two-exponential components.

The slow and fast components of Were 105 and 15 ms, re-  Figure 3: ’Li NMR spectra of different LjV,0s cathodes at
spectively. The signal obtained from discharged sample and the25°C and spin rate of 7 kHz.

slow component of charged sample are assigned to the contri-

bution from Li ions inside bulk of LiV,0Os particles. The T

and chemical shift differences from two samples were caused ‘\ S TR L ARG fa LR s

by the different environmental factors of Li ions, including the Z \ =
Li ions concentration in charged sample is much lower than that = .| S s
in discharged sample and Li ions in charged sample is mostly £ \\ <
surrounded by V° ions rather than by ¥ and V*3 ions in g : e =" 3
discharged sample. The fast component of 15 ms from chargecg ' ; 5?
sample is 7 times faster than the slow component and is possi-= =

(a) Discharged cell (b) Charged cell

bly due to the contribution of Li ions in the electrode surface e ‘ il s g g e s s
region. The reason that no fast component was obtained from — °  *5 ooy 0 e w0 w0 w0 w0
discharge sample is because the Li ions in the bulk g¥ £O5

were so high that it dominated tfei NMR signal; therefore, Figure 4: The intensity ofLi NMR signal as a function of time

or_lly aslow componentwas obtained. '_I'he transmission electrory,, LiV,0s cathodes from (a) a discharged and (b) a charged
microscopic images showed that the\W;Os cathode electrode  ¢i5. The lines are theoretical fitting with the exponential decay
was formed with crystalline particles with size in the range from |5,

0.5um to tensym. For a particle larger thanm, the ratio of

V ions located at the surface and inside the bulk was estimated

and was found to be less than 0.3%. For a discharggdyOs The %V NMR spectral measurements were clearly shown the
sample (1.6<x<1.8), the signal from Liions in the bulkV$Os transition from V*° to V*4 states when Li concentration in-
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