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Abstract

In situ XRD and °Li MAS NMR spectroscopy have been carried out during the first charge process for the layered cathode material Li[Li,,
oNizoMns,0]O,. In situ XRD results showed that the c-parameters of the Li[Li;,9NizoMns9]O, material increase only slightly at the end of
charge. The Mn and Ni K-edge EXAFS results revealed that this compound contains localized clusters resembling the local environments
found in Li,MnOj5 and lithium nickel oxide. The 5Li MAS NMR results showed the presence of Li in the Ni**/Mn*" layers, in addition to the
expected sites for Li in the lithium layers. All the Li ions in the transition metal layers are removed on the first charge, leaving residual lithium

ions in the lithium layers.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

LiCoO, is the most widely used cathode material in
commercial secondary lithium batteries as it is easy to
prepare and has a high theoretical specific capacity. How-
ever, the toxicity and high cost of cobalt represent some of
the problems of this material. Thus, extensive research has
been carried out over past 10 years to find alternative
cathode materials for LiCoO, in lithium-ion rechargeable
batteries. Recently, layer-structured lithium nickel man-
ganese oxides have been shown to be one of the most
promising alternative materials for LiCoO, since their elec-
trochemical and safety characteristics are comparable or
better than LiCoO, [1,2]. These materials contain alternat-
ing predominantly lithium layers, and layers containing
Mn**, Ni**, and, for x < 0.5, Li*.

Structural properties are strongly related to the electro-
chemical performance of cathode materials and hence, pow-
der X-ray diffraction (XRD) has been widely used to study
these materials. Synchrotron-based high resolution in situ
XRD has been demonstrated to be a powerful tool to study
the structural changes during charge and discharge [3].
However, the information obtained from XRD data is limited
to long-range structural order and XRD is not very sensitive
to light elements, such as lithium. Recently, °Li MAS NMR
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spectroscopy has been applied to examine the variations in
local structure of lithium manganate cathode materials for Li
rechargeable batteries [4,5]. °Li MAS NMR spectroscopy is
an excellent technique for characterizing local structure in
cathode materials with or without long-range order. In this
work, the effect of Li deintercalation on the layer-structured
lithium nickel manganese oxide, Li[Li;,oNizoMns,9]O, has
been systematically investigated by using in situ XRD,
EXAFS, and SLi MAS NMR spectroscopy.

2. Experimental

Li[Li;Ni3oMns,]O, powders were synthesized by
reacting stoichiometric quantities of a coprecipitated double
hydroxide of manganese and nickel with lithium hydroxide
at 900 °C for 24 h in O,. The concentration of lithium ions in
the transition metal layer was confirmed by quantitative
analysis of NMR peak areas (see later). Cathode specimens
were prepared by mixing the Li[Li;oMns,oNizg]O, powders
with 10 wt.% acetylene black and 10 wt.% poly-vinylidene
fluoride (PVDF) in n-methyl pyrrolidone (NMP) solution.
1M LiPF¢ in a 1:1 ethyl carbonate:dimethyl carbonate
(EC:DMC) solution was used as the electrolyte. The cell
was assembled in an argon-filled glove box. The cells were
disassembled for the NMR experiments and the electrodes
were washed with tetrahydrofuran prior to packing the
samples into the NMR rotors.
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In situ XRD spectra were collected on beam line X18A
(using a wavelength, 4 of 1.195 A) at the National Synchro-
tron Light Source (NSLS) located at Brookhaven National
Laboratory. The step size of the 20 scan was 0.02° in the
regions with Bragg reflections and 0.05° in the regions
without reflections. The XRD patterns were collected in
transmission mode. EXAFS measurements were performed
in the transmission mode at beamline 18B of the NSLS
using a Si(1 1 1) double-crystal monochromator detuned to
35-45% of its original intensity to eliminate the high order
harmonics. Energy calibration was carried out using the first
inflection point of the spectrum of Mn and Ni metal foil as a
reference (i.e. Mn K-edge = 6539 eV and Ni K-edge =
8333 eV). 'Li MAS NMR experiments were performed at
2947 MHz on a CMX-200 spectrometer with a double
resonance probe built by Samoson and coworkers equipped
with 2 mm rotors for MAS. Spin-echoes (90° — 7 — 180° —
T — acq) were used to acquire the spectra. The sequence was
rotor synchronized, with values of 7 being chosen, such that
they were equal to the rotor period (i.e. T = 1/spinning
frequency).

3. Results and discussion

The first charge curve is plotted in Fig. 1. The cell was
charged at a constant current of 0.16 mA for 47 h to reach
the 4.8 V cut-off limit with a specific charge capacity of
about 233 mA h/g. However, the charge capacity obtained in
the 4.7 V plateau was not completely reversible. This may be
due to the decomposition of the electrolyte and/or the
degradation of the cathode material. During the first charge,
19 XRD scans were continuously collected, as indicated in
Fig. 1. The in situ XRD patterns are plotted in Fig. 2 for
the regions with Bragg reflections (indexed based on a

hexagonal cell) from 003 to 105, and in Fig. 3 for the Bragg
reflections from 107 to 113. The scan numbers marked in
Figs. 2 and 3 correspond to the numbers marked on the
charging curve in Fig. 1. Each XRD scan took about 2.5 h. In
order to make an easy comparison with XRD data collected
with Cu Ko radiation, the 26 angles are converted to those
corresponding to a wave length of 2 = 1.54 Ain Figs. 2 and
3. The missing data in part of the scans is due to the X-ray
beam being unavailable during this time. Since the charging
process continued during this period, the incomplete spectra
were retained in the plot. Two hexagonal phases (H1, H2)
can be identified and their corresponding Bragg peaks are
indexed in Figs. 2 and 3. H2 is clearly visible from scan 7
onwards, and is associated with a slightly larger c-parameter
than the H1 phase. Work is currently in progress to explore
the effect of charge rates and surface versus bulk effects on
the structural changes that occur in this system, by acquiring
data with both laboratory and synchrotron X-rays sources
(which probe the first few layers and bulk phase, respec-
tively) as a function of the charge rate. No significant
changes in the XRD pattern are seen from scans 14 to 19,
consistent with the irreversible capacity seen in this part of
the charge curve.

Fig. 4 shows the Fourier transform magnitudes of the Mn
and Ni K-edge EXAFS spectra of the Li[Li;,oNi3oMns9]O,
compounds. The first coordination shell consists of oxygen,
while the peak feature due to the second coordination shell is
dominated by the nickel and manganese cations. The most
significant difference between the Mn and Ni K-edge
EXAFS spectra is observed in the second coordination shell.
The weaker intensity of the second coordination peak in the
Mn data indicates a smaller number of transition metals in
the first cation coordination sphere and thus, increased
numbers of Li ions. On the basis of the Mn and Ni K-edge
EXAFS results, we conclude that the lithium ions in the
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Fig. 1. The fist charge curve of a Li/ Li[Li;;oNiz9Mns9]O, cell from 3.0 to 4.8 V at a C/47 rate.
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Fig. 2. Insitu XRD patterns in the 003 to 105 region of a Li[Li;oNizoMnsg]-
O, cathode during the first charge at a C/47 rate (2.5 h for each 260 scan).
The 260 angles have been converted to those corresponding to Cu Ko
radiation (1 = 1.54 A).

transition metal layers are preferentially surrounded by Mn
ions, the material containing Li,MnOs-like local environ-
ments or domains; this is in good agreement with our NMR
results described later.

Fig. 5 shows the °Li MAS NMR spectra of Li;_,[Li;o-
Ni3oMns,0]O, as a function of state of charge. Two groups
of resonances are clearly observed, one at approximately
733-590 ppm and the other at 1498—1324 ppm. The large
shifts are ascribed to the hyperfine interaction between the
lithium nuclear spins and the unpaired electrons located on
the Ni*"/Mn*" ions. Based on our earlier °Li NMR studies of
Li,MnOj5 and Li[Liy,Mng 4Crg 4]O,, both the shifts and the
size and shapes of the spinning sideband manifold of the
resonances are consistent with the assignment of these
groups of resonances to Li in the predominantly Li layers
(733-590 ppm), and Li in the transition metal (Ni*"/Mn*")
layers (1498-1324 ppm) [6,7]. The resonance at 1498 ppm is
at a similar chemical shift position to that for Li in the
manganese layers in Li,MnOj;, and is assigned to Li sur-
rounded by six Mn*" ions in the first coordination sphere of
cations, i.e. Li(OMn)g. Note that the NMR shifts are con-
sistent with the presence of Mn*' ions and not Mn’",
suggesting that the nickel ions are predominantly present
as Ni*". On this basis, the resonance at 1324 ppm is tenta-
tively assigned to the Li local environment that contains a
Ni2" ion in the first coordination sphere [8]. Lithium in the
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Fig. 3. In situ XRD patterns in the 101 to 113 region of a Li[Li;;oNiz/o-
Mns,0]O, cathode during the first charge at a C/47 rate (2.5 h for each 20
scan). The 26 angles have been converted to those corresponding to Cu Ko
radiation (1 = 1.54 A).

lithium layers of Li,MnOs; resonates at approximately
700 ppm. The much broader resonance observed for Li-
[Li;oNizoMns0]O,, also at approximately 733 ppm, is
ascribed to the large number of different local environments
for Li in the Li layers, that result from the presence of Ni**,
Mn** and Li* ions in the first and second cation coordination
spheres surrounding the lithium ions. Based on the nature of
the overlap expected between the 1/2-filled Ni*" €, orbitals
and the lithium 2s orbitals (via the oxygen orbitals), we
tentatively ascribe the shoulders to higher and lower frequen-
cies of the 733 ppm resonance to lithium environments that
contain large numbers of Ni*" ions in the second and first
cation coordination spheres, respectively (i.e. Li environ-
ments that interact with Ni*" via so-called 180 and 90°
Li—O-Ni interactions).

The results indicate that lithium ions replace some of the
transition metals in the predominantly Ni**/Mn*" layers.
The lithium substitution into the transition metal layers is
ascribed to the strong coulombic driving force for charge
ordering of 1" and 4" cations on a trigonal lattice, when they
are present in a 1:2 ratio, as occurs in, for example,
Li,MnOs. This should be contrasted to the charge ordering
process for Ni*™ and Mn*" ions, which is associated with a
smaller energy [9].

On charging, Li ions in both the Mn*"/Ni*" and lithium
layers are removed and no new resonances are observed.
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Fig. 4. Fourier transform magnitudes of the Mn and Ni K-edge EXAFS spectra of Li[Li;,NizoMns,o]O, compounds.

Only the resonance due to Li in the lithium layers at
~570 ppm is observed for the 231 mA h/g charged sample.
This behavior is dramatically different from that of
Li[Lip,Mng 4Crg4]O, where the resonances at approxi-

___,A,N\ 231 mAh/g
/| \, 154 mAhlg

77 mAh/g

24 mAh/g

g

1498

1324

pristine

I T T T T T T T 7
4000 2000 0 -2000 -4000

ppm

Fig. 5. °Li MAS NMR spectra of Li; _[Li;,0Ni3oMns/]O5 as a function of
state of charge. All spectra were acquired with spinning speeds of 38 kHz.

mately 1400 and 700 ppm, due to the Li,MnO3; domains
in the solid, remain while the Li" ions in the Mn*"-doped
LiCrO, regions are removed. The resonance at 570 ppm
contains relatively few spinning sidebands, and, based on
the larger magnetic susceptibility of the § = 3/2 Mn*" ions,
in comparison tothe S = 1 Ni*"and S = ONi*" ions, cannot
be due to lithium in an octahedral site with predominantly
Mn** ions in the first cation coordination sphere. Thus, the
lithium that remains in the lattice at higher potentials
appears to be predominantly nearby nickel. Finally, Li in
the transition metal layers in environments such as
Li(OMn)g is readily removed, even though this process
must involve the oxidation of a more distant transition
metal ion. This is consistent with our results for
Li(NiMn)( 5O, [8].

4. Conclusion

The variations in the structures of the Li[LijgNizjo-
Mns,0]O, electrode during the first charge process have
been investigated by using in situ XRD, EXAFS, and
®Li MAS NMR techniques. In situ XRD results show that
the c-parameter for the Li[Li;,oNizoMns]O, material
increases only slightly during charge. From the observation
of EXAFS results, it is found that the Li[Li;,oNiz9Mns 9]0,
compound contains localized clusters of Li,MnO5; and
lithium nickel/manganese oxide. The °Li MAS NMR results
of Li;_,[Li;,oNi30oMns0]O, at different charge states reveal
that Li is found not only in the Li layer but also in the
Ni**/Mn*" layers, primarily in an environment surrounded
by six Mn*" as in Li,MnOs; this is in agreement with the
EXAFS results. All the Li" ions in the Ni**/Mn** layers are
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removed on charging, the residual Li" occupying sites near References
nickel in the lithium layers.
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