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Abstract

Solid-state ‘Li NMR spectroscopy revealed different Ni /Co distributions in an inverse spinel structure of LiNi,Co, VO, cathode
materials prepared by either a high-temperature solid-state reaction method (abbreviated as the HT method) or a low-temperature solution
co-precipitation method (abbreviated as the LT method). Solid-state ‘Li NMR measurements confirmed that the lithium nuclear spin was
dominated by a chemical shift anisotropy (CSA) interaction compounded with a small second-order quadrupolar interaction. Ni/Co
distribution and inhomogeneity of chemical shift tensors (§.g, and ncgs constants) associated with crystalline defects are accountable for
the variation in spread of the MAS spinning side-band manifolds between nickel uptake and preparation methods. The NMR study also
revealed that the HT method yielded broader Ni/Co distributions with greater lithium defects, while the LT method gave much more
homogeneous Ni/Co distributions with smaller defects. The NMR results were consistent with XRD data that showed a gradual
expansion in the unit-cell lattice with increasing Co content. All cells suffered alarge irreversible loss in overall capacity in the first cycle
and became stable in terms of cycle efficiency during later cycling. We have found that LiNi Co, _ VO, cathode materials prepared by
the LT method with more homogeneous Ni /Co distribution and smaller crystalline defects offer a small advantage in capacity over the
HT method. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction electrolyte and anode interface can also affect cell perfor-
mance, cathode structure is the decisive factor in cell
potential and performance. Only a few studies have tried to
illustrate the structure and properties of LiMVO, (M = Ni
or Co) inverse spinels and even less attention has been
directed toward their battery applications. These studies
included general characterization of crystal structure [6,7],
magnetic properties [6], infrared spectroscopy [8], phase
diagram [9], and electric conductivity [10]. The core struc-
tural characteristics would be the types of Li coordination,
integrity of the cathode materials, and Ni/Co concentra
tion and distribution, all of which are related to battery
performance.

Solid-state ‘Li NMR technique is sensitive to local
structural change and suitable for monitoring Li environ-
ments with varying adjacent metal content. Relevant struc-
tural characteristics, such as local bonding geometry, Li—O
" Corresponding author. bond distance, O—Li—O dihedral angle, and local electric

E-mail address: pjchu@rs970.ncu.edu.tw (P.P. Chu). field gradient are readily reflected in the Li static line

New systems of cathode materials such as LiNiVO, and
LiCoVQ, inverse spinel materials have attracted attention
for their unusually high voltage behavior when used in
rechargeable lithium batteries [1-5]. Three major systems
of high voltage cathode materials are currently available
for commercia lithium—ion cells: (1) LiCoO, by Sony
Energytec, (2) LiNiO, by Moli Energy (1990), and (3)
LiMn,O, by Bellcore. Both LiCoO, and LiNiO, possess a
layered structure while LiMn,O, has a spinel structure.
The upper voltage limits of these three systems are in the
4.1-4.5V range, whereas the inverse spinels in the present
study can sustain a voltage as high as 4.2-4.8 V.

Two methods were previously proposed to prepare the
cathode materials. Although compatibility between the
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shapes and MAS spinning side-band manifolds. Generally,
line broadening in a static NMR spectrum is caused by
chemical shift anisotropy, dipole—dipole interaction and
quadrupolar interaction. Although solid-state ‘Li NMR
spectroscopy is a useful technique for the micro-structural
analysis of cathode materials for lithium ion batteries, only
a few NMR research papers on the topic have been
reported [11-19].

Lithium atoms produced rather complicated MAS spin-
ning side-band manifolds in “Li NMR spectra. The major
tasks in this study were to resolve 'Li (1 =3/2) NMR
signals, governed by both chemical shift anisotropy and
quadrupolar interactions, and to disentangle the interaction
between Li coordination and surrounding Ni /Co distribu-
tion. These NMR results are compared with prior X-ray
studies and factors favorable to cell performance are pro-
posed. The present paper will focus on the anaysis of
micro-structural details and property relationships.

2. Experimental

LiNi,Co, _ VO, (0 < X < 1) samples were synthesized
by both the HT and LT methods. Typically, HT—
LiNi Co,_, VO, samples were prepared by reacting stoi-
chiometric quantities of Li,CO5, NiO, Co;0,, and V,04
in ar at 800°C for 12 h. LT—LiNiCo,_ VO, samples
were prepared by first dissolving stoichiometric quantities
of LiOH - H,O, Ni(NO,), - 6H,0, Co(NO,), - 6H,0, and
NH O, in deionized water. After vigorous stirring, a
brown gel was formed (the color became darker when Co
content was higher) and dried at 150°C for 12 h resulting
in a brown precursor. The final product was obtained by
heating the precursor at 500°C for 48 h.

NMR experiments were performed using a Bruker
DSX-400 (9.4 T) and a DSX-300 (7.5 T) NMR instrument,
with a "Li (I = 3/2) resonance frequency of 155.27 and
117 MHz, respectively. A norma /2 single-pulse excita
tion with a square pulse width of 4 s and a delay time of
1 s were used. The typical number of scans was 600 and
aqueous LiCl (0.5 N) solution was used as an external
reference. The rotation speed was kept as high as 11 kHz
to avoid an overlapping of the spinning side-bands.

Glass test cells were constructed and galvanostatically
cycled to the desired depths (usually from 3.0 to 45 V or
up to 4.7 V) using an Amel model 545 galvanostat-elec-
trometer at a current density of 0.1 mA /cm? and using 1
M LiBF, — EC + PC + DMC (1:1:4) as an €lectrolyte.

3. Results and discussion

The total ‘Li NMR spectrum of LiNiVO, with a rota-
tion frequency of 11 kHz is shown in Fig. 1c. Equally
spaced side-band manifolds concentrated around 0.0 ppm
are attributed to the (—1,/2 to 1/2) central transition. The

near mirror-image of the satellite lines correspond to the
singularity and shoulders of the (1/2t0 3/2) and (—3/2
to —1/2) satellite transitions are indicated in Fig. 1d of
the theoretical static powder spectrum according to the
first order quadrupolar interaction [11]. From the singular-
ity occurring at 500 kHz, (Fig. 1d), the electric field
gradient (ef.g.) tensor was found to be nearly axialy
symmetrical (n, = 0) with e*qQ = 667 kHz according to
the relationship

2
equ=§thI(2l—1) (1)

where | = nuclear spin operator, h = Planck’s constant,
vo = quadrupole frequency.

Comparing the total pattern at two different fields, we
have found that the spread of side-band increased linearly
with magnetic field strength, indicating that anisotropy is
originated from the first-order interaction [19]. However,
the only first-order interaction still existing in the central
transition (1/2 to —1/2) is the chemical shift anisotropy
dcsa SiNce quadrupolar interaction contributes only to the
second order. A blow-up of the (—1/2 to 1/2) centrd
transition portion (Fig. 1b) of the total spectrum reveals
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Fig. 1. Tota Li NMR spectra of LiNiVO, with rotating frequency
v, = 11 kHz. (&) A surviving second-order central transition, (b) a blow-up
of the central transition, (c) total spectrum, (d) static powder pattern of
3,/2 spin quadrupolar nuclel.
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that the side-band manifold is distributed asymmetrically,
confirming that the pattern is governed by the chemical
shift interaction with an anisotropy 6-g, Of about 257 kHz
and ng, Near 0.7. From the location of singularitiesin the
satellite transitions, the quadrupolar interaction tensor is
calculated to be nearly axialy symmetric with €>0Q near
667 kHz. Further expansion of the center band of central
transition located near 0 ppm (Fig. 1a) reveals a residue
line width of 6 kHz, which represents the effect caused by
the second-order quadrupolar interaction (H{® = 24 kH2).
This value is negligible compared to the spread of MAS
side-bands and its effect on side-band intensity is small.
The following discussion will be focused on the change of
CSA with structure and nickel content based on the under-
standing that ef.g. contributes negligibly to the MAS
side-band manifold.

With more cobalt substitution, the residual line width
became even smaller, reflecting even smaller quadrupolar
interaction than the x = 1.0 case described previously. The
side-band patterns of the ‘Li central transition for
LiNi,Co,_, VO, samples prepared by the HT method are
shown in Fig. 2. The side-band manifolds that were modu-
lated mainly by chemical shift anisotropy reached as far as
+ 200 kHz, but the residual line width of each side-band
was till narrow compared to the side-band separation of
11 kHz (the spinning rate). With the locations of the three
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Fig. 2. Superposition of the MAS side-band manifolds for
LiNi,Co,_,VO, samples prepared by the HT method at various x
stoichiometries.

singularities identified, the anisotropy and asymmetry can
be calculated following the relationships,

0, + 0,
Ocsn = 03 — 2 (2)
52 - 51
= 3
Tlcsa 85— 8190 (3
1
0150 = 5(51"‘52"‘53) (4)

where §,, 8,, 8, are the principal components of chemi-
cal shift tensors.

It can be estimated that the e2qQ values for the rest of
the samples are smaller than 667 kHz, consistent with the
understanding that lithium is a very weak quadrupolar
nuclei (Q < 0.002) whose quadrupolar coupling constant
remains small, even at strong electric field gradients €2qQ.
The lack of multiple overlapped groups of side-bands
indicated that only a single lithium coordinated species
was present. The nearly axially symmetricall CSA and
ef.g. tensor suggested that al lithium are octahedrally
coordinated, consistent with an inverse spinel structure. By
replacing more Ni with Co, spread of side-bands decreased
first and increased again with further increases in Co
content, a direct indication that chemical shift anisotropy
was larger in the beginning and initially decreased first and
followed by a rapid increase. Changes in the Ni /Co ratio
appeared to initiate structural changes as reflected by
changes in the CSA.

The MAS spinning side-band manifold of the Li central
transition for LiNi ,Co, _ VO, samples prepared by the LT
method is displayed in Fig. 3. Similar to the HT-sample, a
large spread in the MAS side-band manifold was observed
due to the size of §.g,. Again, the CSA was largest in the
beginning at low Co content, decreased first, and then
increased with increasing Co content. The main difference
between these two series was that the LT-sample showed
apparently smaller 6.5, than the HT-sample.

Furthermore, upon closer examination of the MAS
side-band intensity, the pattern was not reminiscent of any
known CSA asymmetry. The greatest discrepancy ap-
peared in the tail of the high spinning side-band intensity
which did not decrease sharply, but only tapered down
gradually. The three interaction parametersd,g,, dcsa and
Tcsa Can be derived by combining analysis of the wide-line
static NMR powder pattern and the side-band multiple
intensities at high rotation speed under magic angle (», = 11
kH2).

Table 1 summarized the fitting results of various Ni /Co
ratios using a simple lattice model for the LT and HT
samples. To better visualize the trends in these quadrupolar
interaction parameters, Figs. 4 and 5 show the variation of
Nesa aNd 8.gn With Ni content deduced from the pre-
scribed MAS side-band analysis. For the LT samples, with
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Fig. 3. Superposition of the MAS side-band manifolds for
LiNi,Co,_ VO, samples prepared by the LT method at various X
stoichiometries.

increasing Ni fraction, the 6., first decreased from 293
kHz (x = 0) to 150 kHz (x = 0.8) followed by an increase
to 283 kHz (x=0.9). The asymmetry m.g, remained
nearly 0.9 to 1.0 for all compositions. The isotropic chemi-
cal shift, 6,55, remained nearly 1.3 ppm. These results are
consistent with the randomly distributed Ni and Co in the
octahedral cage. [Ni],, did not appear clustered in the
sample prepared by the LT method. We have deduced the
three quadrupolar interaction parameters of the HT method
as shown in Table 1. The trends are also overlaid with LT
samples in Fig. 3 for better visualization. The results

Table 1
’Li NMR characteristics of LiNi,Co,_ VO, prepared by either the HT
or LT method

LiNi,Co,_ VO, Methods
HT method LT method
8 dcsa Mcsa O Scsa Ticsa
(ppm)  (kH2) (ppm)  (kH2)
LiCoVvO, 127 225 0.87 135 293 0.97

LiNig,CooVO, 142 210 086 133 240 094
LiNiy,CooovO, 113 195 085 135 180 092
LiNiggCop VO, 124 165 082 133 158 090
LiNiggCop,VO, 128 135 077 134 150 090
LiNiggCop VO, - - - 135 283 092
LiNiVO, —-213 300 060 - - -

Oesa

Ocsa
cwsEEBBEL8Y

0 01 02 03 04 05 06 07 08 09 1

Ni stoichiometry (x)

Fig. 4. Variation of nega and Scgn With Ni stoichiometry (x) deduced
from the MAS side-band analysis for LiNi,Co,_,O, prepared by the
HT method (1cg, < and Scgy B A).

suggested that with increasing Ni fraction, 8.5, decreased
from 225 kHz (x = 0) to 135 kHz (x = 0.8), followed by a
rapid increase to 300 kHz (x = 1.0). The asymmetry nqsa
decreased from 0.87 (x=0) to 0.77 (x = 0.8), then de-
creased to 0.6 (x=1.0) while the chemical shift ¢
gradually decreased from 1.42 ppm (x=0.1) to 1.3 ppm
(x=0.4), then steadily increased to 1.28 ppm (x = 0.8)
except when LiCoVO, (x=0) and LiNiVO, (x=1). The
effective e?qQ values were larger and the asymmetry
change greater than LT samples with the same composi-
tions. Interestingly, we also noted a narrower line width in
the medium Ni /Co regime for both LT and HT samples.
The change in spread cannot be explained solely by the
Ni /Co distribution, since in the pure Ni and Co case,
where such issues were absent, we have also observed a
reduction in the spread of MAS side-band changing from
HT to LT samples. The Ni and Co distribution in the
HT-samples was not as random as in the LT-samples, but
showed increasingly inhomogeneous distribution with in-
creasing Ni fraction. The line width being the narrowest,
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Fig. 5. Variation of mega and 8cgn With Ni stoichiometry (x) deduced
from the MAS side-band analysis for LiNi,Co,_ VO, prepared by the
LT method (ncg, M< and Scgy W 2).
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Table 2
Elemental analysis from ICP-AES for LiNi,Co, _ VO, prepared by (a) the HT method; (b) the LT method

Theoretical values Experimental ICP-AES values
(2 HT method (b) LT method

LiCoVO, Li0.92C00.7V O, (LiggpNig g7V O3e3) Li0,93C00,95V Oy (Lig 93C00 05V O3.62)
LiNig1Co,VO, Lig.3Nig11C0g g0V Oy (Lig3Nig11C0g 8oV O3 97) Li0.65Nig,09C00 63V Oy (Lig 95Ni,09C0p 63V Oy 0)
LiNi4C0g VO, Lig.02Ni.41C00 60V Oy (Lig.9oNi41C0g 60V O3 67) Li0.94Ni32C00 66V Oy (Li .64 Ni 3C00 66V O3 05)
LiNig¢Co4VO, Li.61Ni0,62C00.38V Oy (Lig 91 Ni6,C0g 35V O3.95) Li.4Nig 60C0g .38V Oy (Lig64Nig60C0 33V Og.5)
LiNiggCoy,V O, Lig.02Ni.81C00 20V Oy (Lig 9o Ni61C0g 20V O3 67) Lig.95Ni.77C0g .18V Oy (Ligg5Ni 77C0g 16V O3 75)
LiNig¢Coq VO, Li0.62Ni.63C00.10Y Oy (Li 62 Nig3C0q 10V O3.99) Li.4Nigg5C0q VO, (Ligg4Nig5C00 1V O3 63)
LiNiVO, Lig.02Nig V04 (LiggpNiggVO390) Lig.95NigaV Oy (Ligg5Nig 9V O507)
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Fig. 6. The charge—discharge curves of Li/1 M LiBF, — EC + PC + DMC (1:1:4) /LiNi,Co, _ VO, cells (where x= 0, 0.2, 0.5, or 0.7), whose cathode
materials were prepared by the HT method (0.1 mA /cm?).
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and e?qQ being the smallest in the 80% Ni range may
have been due to a more homogeneous distribution of Ni
or Co cations in the medium composition range where
crystalline and cation defects were both at a minimum.

Elemental analysis by ICP-AES is summarized in Table
2 for the two samples prepared by the HT and LT meth-
ods. The composition suggested that the LT method gave
an Li:Ni:Co ratio closer to the 1: x:(1 — x) stoichiometry,
although the average Li stoichiometry in each VO, cage
was about 0.94. On the other hand, the HT method gave
rise to a greater deviation from stoichiometry of Li:Ni:Co
ratio, where Li content bore an even lower average value
of 0.92 for each VO, unit. The missing elements created
empty octahedral sites where Li, Ni and/or Co were
missing. Crystalline defects can be significant in the fol-
lowing three ways: (1) they distort VO, symmetry, V-O
bond length, and O—V -0 bond angles; (2) they create a
larger unbalanced electric field leading to a greater electric
field gradient at the Li center; and (3) they make more
room for Li migration during charge/discharge process.
With these assumptions, the changes in MAS profile sug-
gest that the mixed Ni/Co samples (1> x> 0) contain
less crystalline defects than those parent samples (x =1 or
x = 0) prepared by both the HT and LT methods, and that
the LT method gives rise to samples with less crystalline
defects than the HT method. The larger 6.g4 Vvaue ob-
served in the HT samplesis related to the larger number of
Li deficiencies. However, the smaller 6.5, Vvalues in the
mixed Ni /Co samples imply that Ni and Co atom distribu-
tion must be considered.

Our prior studies showed that the XRD patterns of all
mixed Ni/Co samples prepared by either the HT or LT
method were very similar to those of their inverse-spinel
parent compounds, LiCoVO, and LiNiVO,. The absence
of amorphous domain in the diffraction data indicated that
the materials were highly crystalline at all compositions.
The diffraction peaks all appeared very sharp, confirming
that individual Ni-rich or Co-rich domains did not form.
Most interestingly, an almost linear increase in the lattice
constant, L, from 8.22 A (x=1.0) to 8.28 A (x=0) [4],
was detected with increasing Co content for both HT and
LT samples, which had different degrees of Li deficiency.
If Co and Ni were homogeneously distributed among
lattices, there would be no lattice defects. This finding is
inconsistent with the fact that Ni has a smaller effective
cation radius than Co and that there is a Ni /Co distribu-
tion in the lattice. While XRD results indicated that Ni and
Co are homogeneously distributed, 'Li NMR data showed
that there were significant differences in the microstructure
between HT and LT samples due to the fact that Li spin
interactions are extremely sensitive to local crystalline
defects, while the XRD technique gives bulk-averaged
results that fail to provide any information regarding local
structural variations.

The inhomogeneity of these materials is partly responsi-
ble for their electrochemical behavior in charge/discharge

voltage, cell capacity, and cycling efficiency. Fig. 6 shows
a comparison of the charge—discharge characteristics of
Li/1 M LiBF,— EC+ PC+ DMC (1:1:4)/Z cells where
Z is either a LiCoVO, or LiNi Co,_,VO, (where x=0,
0.2, 0.5, or 0.7) cathode materia prepared by the HT
method. As nickel stoichiometry x increased to 0.8 or
above, the cel had to be charged higher than 4.8 V.
Undoubtedly, some electrolyte oxidation occurred at such
a high voltage causing a rapid decline in capacity during
the initial cycle. As a result, we were unable to obtain
satisfactory cycling performance for cells with x = 0.8, 0.9
and 1.0. Fig. 7 displays the charge and discharge
curves of Li/1 M LiBF,—EC+ PC+DMC (1:1:4)/
LiNi, Co,_,VO, cells (where x = 0 or 0.5), which showed
similar cell behavior using cathode materias prepared by
the LT method.

The capacity data of Li /1 M LiBF, — EC + PC + DMC
(1:1:4) /LiNi ,Co, _ VO, cells (where x=0 or 0.5 se-
lected from Figs. 6 and 7 are listed in Table 3 for two
cathode materials prepared by both the HT and LT meth-
ods. In order to be representative, LiNi,;Co,-VO, was
selected. In general, the LT method offers a small advan-
tage in capacity over the HT method. All cells suffered a
large irreversible loss in overall capacity in the first cycle
but cycle efficiency stabilized during cycling.

In samples containing more Co content, both charge
and discharge capacities were higher than those in which
Ni and Co occupied half of the octahedral sites. The
greater crystalline defects in sampleswhere x=1or x=0
are likely to have a distorted VO,, making it easier for
lithium intercalation/deintercalation. However, when
compared to the samples of mixed composition (x = 0.5),
such structural defects led to lower crystalline free energy
and destabilized the framework of the lattice. As a result,
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Fig. 7. The charge and discharge curves of Li/1 M LiBF, —EC+PC+
DMC (1:1:4) /LiNi,Co,_ VO, cells (where x =0 or 0.5) with cathode
materials prepared by the LT method (0.1 mA /cm?).
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Table 3

A comparison of selected capacity data of Li/1 M LiBF, — EC + PC + DMC (1:1:4) /LiNi,Co, _ VO, cells (where x=0 or x= 0.5) with cathode

materials prepared by either the HT or LT method

Cycle X=0.0 X=05
Charge capacity Discharge capacity Cycle Charge capacity Discharge capacity Cycle
(mA h/g) (mA h/g) efficiency (%) (mA h/g) (mA h/g) efficiency (%)
HT method
1st 63 40 64 50 35 69
2nd a4 38 86 40 34 85
3rd 33 29 88 37 33 90
4th 38 35 90 34 31 91
5th 33 29 88 40 37 91
LT method
1st 69 47 67 67 44 65
2nd 36 32 88 34 30 89
3rd 31 28 90 29 26 92
4th 30 26 88 27 25 91
5th 28 24 89 27 25 92

cycling efficiency decreased rapidly as the cycling process
continued. In comparison, LT prepared samples with re-
duced structural defects showed higher cathode material
integrity as reflected in the improvement of cycling effi-
ciency. Nevertheless, the initia charge and discharge ca-
pacities of LT prepared samples were lower than HT
prepared samples.

Invariably, the cathode that gives rise to higher charge
voltage shows lower cycle efficiency, a trend consistent
with the understanding that samples with greater defects
favor Li transference, but may be harmful to sample
integrity during cycling. With greater crystalline defects,
the cathode structure will soon decay to a metastable
configuration during cycling.

4, Conclusions

Solid-state 'Li NMR studies of an inverse spinel struc-
ture of LiNi,Co,_VO, cathode materials reveded how
the Li environment varied with Ni /Co content. The NMR
results (Table 1) indicated that crystalline defects in the
inverse spinel structure of LiNi, Co,_ VO, have strongly
affected charge/discharge voltage, capacity, and cycling
efficiency. ‘Li NMR analysis of high speed MAS (v, = 11
kHz) side-band multiplets showed that major spin interac-
tions are chemical shift anisotropy heavily dependent upon
Li—O bond distance and O-Li—O dihedral angle, and
reveded that Li defects and Ni/Co distributions are pre-
sent in the neighboring octahedral cage. The results are
consistent with randomly distributed Ni and Co. [Ni],, did
not appear clustered for the sample prepared by the LT
method, but in the samples prepared by the HT method, Ni
and Co were not distributed as randomly as in the LT
prepared samples, but showed increasingly inhomogeneous
distribution with increasing Ni fraction.

ICP-AES analysis of the composition of the end-prod-
ucts showed that all compounds were lithium deficient and
deviated from the theoretical value of x= 1. The result
indicated that lithium mass was lost during the heating
process, and caused crystalline defects. Larger numbers of
crystalline defects in the HT prepared samples gave rise to
higher ef.g. for the remaining lithium, as reflected in the
larger spread in the side-band manifolds. These results
demonstrated that the LT method produced cathode materi-
als with the most uniform Ni/Co distribution, and that
samples prepared by the HT method required annealing to
homogenize the Ni/Co distribution. While XRD results
indicated that Ni and Co atoms were homogeneously
distributed, ‘Li NMR data showed that there were signifi-
cant differences in microstructure between the HT- and
LT-prepared samples. The present study has clearly
demonstrated that the solid-state NMR technique is capa
ble of deducing the micro-structural information, such as
Li coordination and Ni /Co distribution, which is relevant
to Li transferability in cathode materials.
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