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ABSTRACT

°Li MAS NMR spectra of lithium manganese oxides with differing manganese oxidation

states (LiMn104, LisMnsO;2, LixMn4Og, and Li;Mn>O,) are presented. Improved understanding

of the lithium NMR spectra of these model compounds is used to interpret the local structure of

the Li,Mn,0; cathode materials following electrochemical Li* deintercalation to various

charging levels. In situ x-ray diffraction patterns of the same material during charging are also

reported for comparison. Evidence for two-phase behavior for x < 0.4 (LixMn,0.) is seen by
both NMR and diffraction. B .
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The increasing demand in the electronics industry for lightweig &N t and high
energy power sources has resulted in the study of lithium intercalation mateYalsefor ellctrodes in
lithium ion rechargeable batteries[1]. The first commercially successful system using these
lithium intercalation materials was the Li,C/LiCoO, system[2]. However, the high cost and
toxicity of Co has subsequently led to development of alternative cathode materials. The lithium
manganese oxide spinel, LixMn,0O;, has been shown to be a promising intercalation material,
meeting cost, toxicity, and efficiency criteria. However, instabilities in the cycling behavior
after repeated charging and discharging processes limit the life of the cell[3, 4]. In addition,
efficient lithium intercalation is not completely reproducible, suggesting that the structural
properties of the materials vary with the synthesis conditions[5].

An understanding of the local structure in these materials and how this changes during
charging and discharging is required in order to maximize their performance as electrodes.
Diffraction studies yield long-range structural information, but do not dlrectly provide
information concerning the local order and environment of the lithium cations. ®Li (I=1) and Li
(I=3/2) MAS NMR are ideal probes of lithium local environments in these complex systems.

The aim of this research is to use MAS NMR to study the local order of the lithium
cations in lithium manganese oxide systems and to explore the structural and electronic
properties that are responsible for the large shifts observed in these systems. The improved
understanding of the lithium spectra of these materials will help in the interpretation of the local
atomic and electronic structures of lithium manganate electrode materials following discharging
and charging processes. Finally, these NMR studies should lead to an improved understanding
of the electrochemical behavior of these materials and contribute to the development of more
efficient battery materials.

INTRODUCTION




EXPERIMENT

Sample Preparation

LiMn,0;, Li;MnyOy and LisMnsO;, were prepared in air by solid state reaction of lithium
and manganese salts (LiCO3, Mn;O; and MnCO3). The starting materials were ground together,
formed into pellets and fired at different temperatures: LiMn,0; is formed after firing at 850°C
and LixMn;sOs and LisMnsO;» are prepared at 400°C[6]. Li:Mn,0, was synthesized by
intercalation of LiMn1,O4 with n-butyllithium in anhydrous hexane at 50°C for 24 hours[7].

To prepare the cathode for the electrochemical studies, LiMn,Oy spinel was mixed with
acetylene-black, KS2 graphite, vitreous carbon fiber and poly(tetrafluoroethylene) (PTFE) binder
in ethanol solvent. The mass ratio of the spinel and the other binder materials is 1:1. The
composite was rolled into a sheet, dried for approximately 12 hours at 70°C, and sintered in an
argon atmosphere for 1 hour at 350°C. Two cathode disks were punched out per batch. An
electrochemical cell designed at Brookhaven National Laboratory (BNL) was used for the
electrochemical deintercalation of lithium{8]. Lithium foil was used as the anode. 1:2M LiPF,
in an ethylene carbonate (EC) and dimethyl carbonate (DMC) solvent mixture was used as the
electrolyte. The anode and the cathode were separated by a Celgard polypropylene separator.
The capacities of each sample from each batch were measured galvanostatically at a current of
0.8mA, between 3.2V and 4.5V. °Li enriched LiMn,O, cathode was prepared for the NMR
experiments with °Li enriched Li-CO; (Isotec®; ®Li > 95%) as the Li source. The cathode disk
was then cut into small pieces. Each piece was weighed and all the pieces were fit together and
placed in the same cell. The cell was charged to a specific level, disassembled (in a glove box),
and one piece extracted from the cell. The cell was then reassembled, charged to another level
and the process repeated. All the separate pieces of the original cathode disk (now charged to
different levels) were washed with the solvent mixture to get rid of the remaining lithium-
containing electrolyte and packed into the NMR rotors for the NMR experiments. The extent of
lithium deintercalated (i.e., the charging level) was calculated from the weight of each piece of
electrode and the measured capacity of the cathode material (determined in a separate experiment
with a sample from the same batch).

Solid State MAS NMR Spectroscopy

°Li MAS NMR spectra were acquired on a CMX-200 spectrometer with double
resonance Chemagnetics probes. Single pulse and echo sequences were used with a resonance
frequency for °Li of 29.47 MHz and w/2 pulse widths of 2.8us. All the spectra were referenced to
a 1M LiCl solution, at 0 ppm.

In Situ X-rav Diffraction

In situ x-ray diffraction studies on LiMn,0O4 were performed on the X22A beam line at
the National Synchrotron Light Source at BNL. The cell assembly was specially designed for a
transmission x-ray diffraction experiment. During the first charging of the electrochemical cell at
a current rate of 0.65mA/cm® (C/10) between 3.2V and 4.4V, the (511), (333), (440), and (531)
reflections were monitored at 5% charging intervals. 10.33 keV (A=1.200A) x-rays were used.

RESULTS
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°Li MAS NMR spectra of LisMns0,,, Li-MnyOg, LiMn;0,4 and Li;Mn;04 are shown in
Figure 1. Large hyperfine shifts from the chemical shift position of diamagnetic compounds at
around O ppm are observed for the Mn(IV) compounds, i.e., two resonances at 1980 ppm and 847
ppm are seen for LisMnsO;, and one resonance at 687 ppm is observed for LixMnsOg. Much
smaller shifts are seen for the Mn(Ill) compound: two overlapping resonances at 101 and 118
ppm are observed in the spectrum of Li;Mn>04. The (hyperfine) shift for the LiMn,O, spinel, a
compound with an average Mn oxidation state Mn**?, lies in between the Mn(Ill) and Mn(IV)
shifts, at approx. 520 ppm. We previously assigned the resonance at 1980 ppm, observed for
Li;MnsO,2, to Li* in a 16d octahedral site and the resonance at 847 ppm to Li* in an 8a
tetrahedral site in the spinel structure[9]. The resonance at 687 ppm (Li-Mn4Oy) and 520 ppm
(LiMn>Og) are assigned to 8a sites of the spinel phase[9].
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Figure 1. The °Li MAS NMR
spectra  of (a) LioMniOy, (b)
Li;le'lsO[z, (C) LiMn304, and (d)
Li-Mn>0Os. (a) and (b) were acquired
with a rotor-synchronized echo
sequence (T=1 rotor period) with a
spinning speed of ~ 21 kHz. (¢) and
(d) were acquired at spinning speed
of 9 kHz. The isotropic resonances
‘are marked on the spectra.

The °Li NMR spectra of the spinel LiMn,O, are sensitive to the synthesis conditions. oLi
NMR of the spinel synthesized at the lower temperature contain several resonances, indicating
that there are several lithium local environments associated with the cationic defects[9]. These
cationic defects are also observed in lithium excess spinels (Li;+sMn2.50,) and transition metal
doped materials (LiM§gMn,.s04, M=Cu, Cr, Zn)[10].




The NMR spectra of lithium deintercalated spinel, LiyMn,;0, are not consistent with the
gradual removal of Li* and the accompanying oxidation of Mn>>* to Mn**.. As shown in Figure
2, the main resonance from the normal spinel phase (518 ppm at x = 1) shifts slowly to higher
frequency and decreases in intensity while charging in the range of 0 to ~ 50%. Two resonances
at 525 and 645 ppm were observed in the samples charged to 70%, while only one resonance is
observed at ~ 640 ppm in the highly charged samples (80 to 90%). A resonance at 930 ppm is
also observed in the charged samples. The resonance at ~ 91 ppm, observed at 0% charging, is
assigned to Li-Mn,O, that forms during the preparation of the cathode. Cathode materials
prepared at lower temperatures and with less carbon do not contain this phase. Note, however,
that this resonance is no longer observed (as expected) after 5% charging.
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Figure 2. °Li MAS NMR spectra of
LixMn>O, during the first charging process.
The spectra were acquired with a rotor
synchronized echo sequence at a spinning
speed of 20 kHz. The extent of charging
and isotropic resonances are indicated on the
spectra.

Figure 3. In situ x-ray diffraction scans
showing the evolution of (511), (333), (440)
and (531) Bragg peaks of Li,Mn->O4 during
the first charging cycle of the cell
Diffraction patterns are shown in intervals
of x = 0.05, from x = 1 (bottom) to ~ O (top)

In situ x-ray diffraction patterns obtained during the charging of Li,Mn>O4 are shown in
Figure 3. All the reflections shift to larger 28 angles as the charging proceeds, indicating that the



lattice parameter decreases with lithium deintercalation. No significant change in the lattice .
parameter of the original phase (I) is observed for x < 0.5, instead a second phase () with a
smaller lattice parameter grows in. Peak splitting of all the reflections was observed in the 60 to
~90% charging ranges and both phases coexist. In samples charged above 90%, the diffraction
lines from the original spinel phase disappear and the only the reflections from phase II remain.
Similar observations have been made by earlier workers[11, 12]. Our diffraction patterns are
similar to those observed by Dahn et al. [11] where two phases were also observed for x < 0.4.
However, unlike their results, we observe a sudden change in lattice parameter between phase I
and phase II. The appearance of the biphasic region for x < 0.4 is consistent with the NMR
results where two separate resonances were observed at x = 0.3.

Comparison of diffraction and NMR results: Only very small shifts in the frequency of the SLi
spinel resonance are observed, as the lithium is extracted from Li,Mn,O; in the range x = 1.0 to ~
0.5, the resonance shifting from 518 to 526 ppm. This is somewhat surprising, given the
sensitivity of lithium NMR to the manganese oxidation state: For example, the resonance from
'Li" cations in the tetrahedral site shifts from ~ 520 in LiMn,O4 to 687 (in Li-Mn4QOs) and 847
ppm (in LisMnsOy5), as the manganese oxidation state is increased from +3.5 to +4.0. Since 50%
charging corresponds to an increase in the average oxidation state from +3.5 to ~ +3.75, a
significant change in shift of more than 80 ppm is predicted. Any phase that does not contain
lithium cations (e.g., A - MnO,) will not be detected by NMR. However, no evidence for a
second phase is observed by diffraction in this charging range, and thus our NMR results cannot
be explained by suggesting another phase is present with a high manganese oxidation state
(unless this phase is amorphous). LiMn,O, is a hopping semiconductor, and the size of the
lithium (hyperfine) shift depends on the (unpaired) electron spin density in the d orbitals. Since
only a small shift is observed, the unpaired electron spin density in the e, orbitals near the Li*
cations must remain very similar during the initial stages of charging. We have previously
showed that lithium cations near defect sites are coordinated to higher oxidation state manganese
ions (via Li-O-Mn bonds), presumably due to an increase in the energy of the Mn e, orbitals, in
comparison to energy of the e, orbitals in the defect-free spinels. Thus we propose that the
changes in manganese oxidation state occur locally, and that the Mn oxidation state does not
increase uniformly over the whole sample: During the early stages of deintercalation, removal of
a Li" cation results in an increase in the manganese oxidation state near the Li* vacancy. Due to
an increase in the energy level of the e, orbitals, associated with the Li* removal, there is no
significant overall change in the electron spin density in the Mn e, orbitals in Mn atoms
coordinated to Li atoms in the Li* -containing regions of the crystallite. One possible explanation
for these results is that as charging proceeds, Li* is deintercalated from regions in the sample with
similar, essentially constant, manganese oxidation states. This suggestion is also consistent with
the flat voltage plateau in this region. Clearly, at higher charging levels this no longer holds true
and a new phase (II) is formed. The resonance of the phase II at ~ 640 ppm is consistent with-
lithium in a local environment surrounded by manganese ions in an oxidation state close to +4.

The intensity of the resonance at close to -2 ppm decreases in cathode materials
synthesized at lower temperature and with less carbon. It increases, however, after multiple
charging cycles, as does the resonance at 930 ppm. The resonance at 930 ppm is also observed in
samples deintercalated chemically (with acidic solutions) and is associated with Mn* ions. The
intensity of both resonances increases as the capacity of the cell fades, and these resonances
appear to be associated with cell failure mechanisms/reactions.




CONCLUSION

SLi MAS NMR has been shown to be sensitive to the manganese oxidation states and
lithium local structure. The compounds with higher manganese oxidation states show higher
 resonance frequencies in their °Li NMR spectra. Two distinct °Li resonances are observed
during lithium extraction from LiMn,Oys, indicating the presence of a two-step process involving
two phases with different (local) discrete manganese oxidation states. Li* is extracted from the
normal spinel phase when the cell is charged from x = 1 to x = ~ 0.4 in Li;Mn,O4; a second
phase containing manganese in a higher oxidation state (close to +4) exists for x < 0.4. This two
phase behavior is also observed by diffraction. We are currently applying the above
methodology to study a variety of different doped and undoped lithium manganates as a function
of the charging cycle. It is hoped that the improved understanding of the deintercalation
mechanisms that result from joint NMR and diffraction studies of this type will help explain
mechanisms for capacity fading of the cell.
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