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6Li and 7Li magic-angle spinning (MAS) nuclear magnetic resonance (NMR) and in situX-ray diffraction (XRD) have been used
to study lithium manganate cathode materials (LixMn2O4, 0 < x # 1) during and following charging and discharging. Only one
major local environment is observed by 6Li MAS NMR from 0 to > 50% charging, from lithium in the tetrahedral sites of the spinel
structure, the resonance shifting by no more than 8 ppm in this range (from its original position at ca.520 ppm). When the cell is
charged above 50%, a new resonance is observed at <645 ppm, due to Li1 in a spinel local environment with nearby manganese
ions in oxidation states close to 14 (e.g.,in a composition such as Li0.1Mn2O4). The two resonances at <520 and 645 ppm are
both observed in the range 70 to <80 and 80 to 90% for the samples annealed at 850 and 6508C, respectively. These coexistences
occur over the same ranges as the two-phase coexistence, as observed by XRD during the first charging cycle. Resonances were
observed at 830 and 930 ppm, for the samples annealed at 650 and 8508C, respectively, at $90% charging. These same resonances
were seen after multiple charging cycles and are assigned to defect spinels with high manganese oxidation states. Additional res-
onances are observed for electrodes with high carbon contents at 22 to 213 ppm, from nonspinel phases, which grow in intensi-
ty with the number of charging cycles. The presence of the defect spinels and the additional impurity phases contribute to the
reduced capacity of these materials. Three-phase behavior is observed by in situ XRD during the first discharging cycle. These
results are discussed in terms of previous in situXRD charging/discharging results.
© 2000 The Electrochemical Society. S0013-4651(99)05-031-4. All rights reserved.
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The lithium manganese oxide spinel, LiMn2O4, is an inexpensive
and environmentally benign intercalation material, which has be
widely studied as a promising substitute material for LiCoO2 in the
commercial rechargeable battery LixC/LiCoO2.

1 The LiMn2O4
spinel has a three-dimensional structure, consisting of a cubic c
packed oxygen array with Mn ions in the 16d octahedral sites an
ions in the 8a tetrahedral sites.2,3 This three-dimensional Mn2O4 lat-
tice provides tunnels that allow lithium-ion diffusion. LixMn2O4
may be deintercalated electrochemically at ca.4 V vs.Li1/Li, in the
range 0 # x # 1, retaining the cubic Mn2O4 framework throughout.
At x 5 0, the spinel l-MnO2 is formed; this material has not bee
synthesized directly by a solid-state reaction.4,5 Lithium can also be
inserted into the interstitial octahedral vacancies (16c) of the sp
structure at ca. 3 V vs.Li forming Li2Mn2O4. This intercalation pro-
cess induces a Jahn-Teller distortion due to the predominance 4

Mn31 ions, reducing the Li2Mn2O4 crystal symmetry from a cubic
to a tetragonal rock salt structure.4,5 Lithium cations were shown to
reside on both 8a and 16c sites in this structure, despite the sho
Li distance between adjacent 8a and 16c sites.6,7

LixMn2O4 suffers from poor cycling behavior after repeate
charging and discharging, limiting the life of the cell. Several re
sons have been proposed for the capacity fading, including (i) a dis-
solution of the LixMn2O4 electrode in the electrolyte due to a dis
proportionation reaction that occurs on the surface of the LixMn2O4
particles, 2Mn31 r Mn41 1 Mn21

(solution), (ii ) the onset of the Jahn-
Teller deformation in the deeply discharged state (for LixMn2O4, x <
1), (iii ) the presence of an unstable two-phase region at higher po
tials (i.e., at x < 0.45), and (iv) electrolyte decomposition at high
potential.8-14 However, it is still not clear what the most importan
contributions to the poor cycling behavior are.

Very different cycling behavior has been observed for LixMn2O4,
depending on the synthesis conditions and starting materials. Fo
ample, lower temperature synthesis introduce higher oxygen con
(more cation vacancies) and a higher manganese oxidation s
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causing lower capacities but better capacity retention for LixMn2O4
as a <4 V electrode (0 # x # 1), in comparison to materials syn-
thesized at higher temperatures. The trends are reversed for the
deintercalation process (1 < x # 2), and higher capacity is observed
for the low temperature syntheses.15,16

Lithium manganese oxide spinels show a two-step potential p
file in the <4 V charge and discharge curves, which may be relat
to structural changes of the host material. Ohzuku et al. proposed,
based on early ex situX-ray diffraction (XRD) results, that a two-
step topotactic reduction mechanism occurs during the discharg
of Li0.27Mn2O4 to LiMn2O4: two cubic phases coexist for 0.27 < x <
0.60 at the 4.10 V plateau in LixMn2O4, and a single cubic phase is
observed for 0.60 < x < 1.00 at the 3.95 V plateau.4 Xia et al. also
reported a two-step process at 4 V, but showed that this was s
pressed for Li (or oxygen) rich materials.17 They also linked this
two-phase behavior with capacity fading at high potentials.18 Two-
phase behavior has also been observed by Richard et al. in their in
situ XRD studies of lithium-rich spinels.19 In contrast, Liuet al.,20

based on a combination of neutron diffraction and in situXRD stud-
ies, have shown that the discharge of l-MnO2 (for spinels prepared
at 8008C) occurs via a single phase A (0 < x < 0.2), then a two-phase
coexistence region (A 1 B: 0.2 < x < 0.4), a single-phase B (0.45 <
x < 0.55), and finally a single-phase C (0.55 < x < 1). Furthermore,
this work suggested that the phase change from B to C is sec
order, due to the absence of any two-phase coexistence betwee
two phases. The more recent results of Yang et al. obtained at very
slow charging rates, confirmed that three-phase behavior occurs
both the stoichiometric and lithium-rich spinels.21 A two-phase co-
existence of phase B and C was observed in the lower-poten
plateau in the range 0.6 < x < 0.9, which suggested that the B and C
phase change is first order, and is similar to the phase change
served in the upper potential plateau. The presence of the third ph
can be used to explain the two potential plateaus in the electroch
ical charge/discharge profiles,22-24 as well as the two oxidation/re-
duction peaks observed by cyclic voltammetry. The sharp init
drop in potential on Li1 intercalation in the range 0 < x < 0.1 is as-
signed to intercalation into the pure l-MnO2 spinel phase (phase A),
the upper potential plateau arising from the two-phase coexistenc
o ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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phase A and B (Li0.5Mn2O4). The intercalation of Li ions into a sin-
gle phase (phase B) results in a rapid lowering of the chemical po-
tential of the Li in the host Li0.5Mn2O4, resulting in a potential drop
of 100 mV, in the range x < 0.5. Further Li intercalation results in a
two-phase coexistence between LiMn2O4 and Li0.5Mn2O4 in the
lower potential plateau. Again, the chemical potentials of Li in these
host cubic spinel phases are similar over a large range, resulting in a
flat potential plateau.

A wide variety of other experimental techniques has been used to
study these materials, e.g., electrochemistry, transmission electron
microscopy (TEM), and X-ray absorption fine structure analysis
(XAFS).4,8,25Although 6Li |7Li NMR spectroscopy has been used to
study the stoichiometric lithium manganates,26-31the method has not
been extensively applied to study the materials following charg-
ing/discharging. NMR is an ideal method for probing the lithium
local structures and electronic states of nearby cations. 7Li NMR
spectra of diamagnetic materials are dominated by the quadrupolar
interaction and the homonuclear dipolar coupling, and some residual
broadening often remains,even under fast MAS conditions.32 In
contrast to 7Li, the much smaller quadrupolar moment and weaker
homonuclear dipolar coupling of 6Li allows higher resolution spec-
tra with fewer spinning sidebands to be obtained. The paramagnet-
ism of the lithium manganese oxide system,and the consequent in-
teractions between the nuclear and unpaired electron spins compli-
cate the acquisition and interpretation of NMR spectra. However, we
and other workers have shown that lithium MAS NMR of these sys-
tems can be used to study the local lithium environments in the lithi-
um manganese oxide systems.26,27,29A paper showing the 7Li MAS
NMR of samples intercalated at 3 V has recently been published.33

Again,the electron-nuclear dipolar coupling is much smaller for 6Li,
due to its smaller gyromagnetic ratio, and thus the 6Li spectra of
these materials contain many fewer spinning sidebands in the MAS
spectra and are easier to interpret. Acquisition of spectra at lower sta-
tic magnetic fields also results in reduced electron-nuclear dipolar
couplings.

We have been exploring the effects of synthesis temperature and
defect concentration on the electrochemical behavior of the lithium
spinels with NMR and XRD. The goal of this present work is to fol-
low the changes in local structure during and after the charging/dis-
charging and to correlate this with the electrochemical properties,
and long-range structure and multiphase behavior, as determined by
XRD. 6Li MAS NMR spectra of LixMn2O4 spinels were obtained at
several steps of the charging process. In situ XRD of lithium man-
ganese spinels synthesized at different temperatures are reported for
the same spinel samples,to allow comparison between long-range
and local probes of structure under conditions as similar as possible.
Preliminary results of our multiple charging studies are presented.

Experimental
Sample preparation.—LiMn2O4 was prepared in air by the solid-

state reaction of Li2CO3 and Mn2O3. Stoichiometric amounts of the
starting materials were ground together, formed into pellets,and
fired at different temperatures. LiMn650 was fired at 6508C for 48 h,
and LiMn850 was fired at 6508C for 12 h and then at 8508C for
24 h. 26 6Li enriched samples were synthesized with 6Li enriched
Li2CO3 (Isotec®; 6Li > 95%). Elemental analyses conducted at Gal-
braith Laboratories gave Li:Mn molar ratios of 1.00 and 1.02 for the
LiMn850 and LiMn650 samples,respectively.

Electrochemical studies.—Two sets of compositions for the com-
posite cathodes were used in the experiments. The first set is lower
carbon-content electrodes,consisting of spinel powder (LiMn850 or
LiMn650) mixed with acetylene black (5 wt %) and poly(vinyli -
denefluoride) binder (PVDF) (5 wt %). The mixture was then dis-
persed in 1-methyl-2-pyrrolidinone solvent,coated on aluminum foil
and dried under vacuum at 608C. These electrodes are labeled
LiMn850i and LiMn650i. A cathode disk (2.65 cm2) was punched
out of the Al f oil, weighed, and assembled in the cell. The second
method, used in our original preparation of electrodes,involved the
spinel phase, acetylene-black, KS2 graphite, and vitreous carbon
Downloaded 08 Mar 2011 to 129.10.186.149. Redistribution subject t
fiber mixed in a 9:1:5:2 ratio by mass and a poly(tetrafluoroethyl-
ene) (PTFE) binder. The components were slurried in ethanol,then
rolled into a sheet,dried for approximately 12 h at 708C,and sintered
in an argon atmosphere for 1 h at 3008C. The active material in the
final cathode is ca. 55 wt %. Two cathode disks (area 2.85 cm2) were
punched out per batch. These two types of electrodes are labeled
LiMn650ii and 850ii.

The cathode and the lithium foil anode were assembled with a
polypropylene separator (Celgard®) into a specially constructed elec-
trochemical cell,designed at Brookhaven National Laboratory, details
of which are described elsewhere.34 Filter paper was used in between
the cathode and the Celgard separator to prevent the electrolyte [1.0 M
LiPF6 in a 1:1 ethylene carbonate (EC):dimethyl carbonate (DMC)
solvent mixture (EM Industries,LP300)] from drying out. The same
cell was used for all the experiments.

The charge/discharge experiments were carried out with a battery
cycler (Arbin Instruments,College Station, Texas). Charging was
typically performed at a current rate of C/8 to C/10. For the NMR
experiments on electrodes LiMn650ii and 850ii,the cathode disk
was cut into small pieces,which were individually weighed and then
placed together again in the same cell. One piece of electrode was
extracted after the cell was charged to a certain level. Typically, the
cell was left for an hour to reach equilibrium before the cell was dis-
assembled. The cell was then reassembled, and the process was re-
peated. After each piece of the electrode was extracted, the current
was adjusted according to the active mass of cathode remaining in
the cell,so that the charging rate of C/8 to C/10 remained constant.
(This charging rate corresponds to a current density of 11 to
14 mA/g, depending on the measured capacity of the electrode.) As
a control, we also performed experiments where the whole cathode
was charged to a specific level, disassembled, and was used in the
NMR experiment. This method was used for all low-carbon content
electrodes because of the limited cathode material contained in these
thinner electrodes.

The extracted cathode was then washed with the solvent mixture
to remove the electrolyte residue, prior to the NMR experiments. The
amount of deintercalated lithium (the extent of charging) was calcu-
lated from the total number of coulombs passed and the weight of the
active material present in the electrode by assuming 100% efficiency.
Small errors may be introduced into this calculation, however, due to
a number of side reactions that can occur, such as electrode surface
passivation due to interaction with the electrolyte, and electrolyte de-
composition at higher potentials. For the experiments performed on
samples after multiple charging/discharging cycles,one cathode was
cycled between 3.2 and 4.5 V for 50 times and then cut into pieces for
the subsequent charging experiment. Each piece of this cathode was
charged to a certain extent, a higher charge cutoff potential of 5 V
being used for the fully charged sample.

Solid-state NMR spectroscopy.—6Li MAS NMR experiments
were performed at 29.47 MHz on a CMX-200 spectrometer with a
double resonance Chemagnetics probe equipped with 3.2 mm rotors
for MAS. A p/2 pulse width of 2.8 ms was used with a 0.24 s delay
time, and spectra were recorded with a rotor synchronized echo
pulse sequence. 7Li MAS NMR spectra (both one pulse and rotor
synchronized echo experiments) were also acquired with the same
probe at 77.83 MHz,using a 7Li p/2 pulse width of 2.4 ms. All spec-
tra were referenced to 1 M LiCl solution,at 0 ppm.

In situ XRD.—Studies of the LiMn850ii and LiMn650ii cathodes
were performed at the X18A beam line at the National Synchrotron
Light Source at Brookhaven National Laboratory. Data were col-
lected with transmission geometry, where the synchrotron X-rays
pass through the cell. The diffraction patterns were collected with
10.375 keV (l 5 1.195 Å) X-rays. The experimental setup is essen-
tially identical to that described in detail elsewhere.34 The cell was
continuously charged or discharged at a C/12 rate, while the XRD
powder patterns were acquired. Since the cubic structure of the
spinel LixMn2O4 is well known (space group Fd3m), only a limited
2u range was recorded (over 32 min),which was chosen so as to
o ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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include the three (511),(440), and (531) Bragg reflections. A full
scan between 2u values of 5 and 538 was taken for every fresh cell
before the charge. The sample was allowed to rest for at least 2 h
between the charge and discharge. Any zero-point errors in the 2u
values were corrected for by using the reflections due to aluminum
in the cell as internal references. The value of x in the formula
LixMn2O4 was calculated from the total number of coulombs passed,
at each stage of the charging/discharging, and the weight of the
active material present in the electrode, by assuming 100% coulom-
bic efficiency, as described above.

Results and Discussion
Electrochemistry.—Figure 1 shows the potential profiles obtained

during charging and discharging of the low-carbon cathodes
LiMn850i and LiMn650i. The two potential regions are clearly seen.
The slightly higher capacity of the material synthesized at a lower
temperature (LiMn650i) in the initial charge may be due to the dif-
ferent particle sizes of the cathodes materials; smaller particles are
formed at lower temperatures and may allow more efficient lithium
ion diffusion and deintercalation.35 After the first loss in capacity
during the first charge/discharge cycle, the capacity of the electrode
decreased steadily and was,for example, 97% (<124 mAh/g) and
70% (<91 mAh/g) of the initial capacity following discharge, after
4 and 20 cycles,respectively, for LiMn850i. The electrodes prepared
with higher carbon contents (LiMn650ii and LiMn850ii) show a
much lower capacity during the first charging (90 to 110 mAh/g for
LiMn650ii and LiMn850ii, in comparison to 130 to 140 mAh/g for
LiMn650i and LiMn850i). There was also a steady decrease in
capacity following the first discharge, the LiMn850ii electrode drop-
ping more rapidly. For example, by 50 cycles, the capacity had
dropped to 57% of the initial capacity for LiMn850ii (108 mA/g for
this particular electrode) and 70% for LiMn650ii. As shown in
Fig. 1, the normal two-step potential profile is no longer clearly pre-
sent after multiple cycles, the potential shifting to higher potentia
for the charge and to lower potentials for the discharge, at charging
rates of C/10 (based on the initial capacity). Thus it is clear that the
electrode processing conditions,as well as the intrinsic properties of
manganese oxide spinels,play an important role in determining the
capacity value and the capacity retention of the electrodes.

6Li MAS NMR and in situ XRD measurements of LixMn2O4 dur-
ing the first charge; NMR.—High resolution 6Li MAS NMR spectra
were obtained for the LiMn650i cathode charged to different extents
(Fig. 2). The spectra of samples following 0 to 75% charging are
dominated by a resonance at <520 ppm from the lithium cations in
the 8a tetrahedral site of the normal spinel phase.26 At least two less

Figure 1. Initial charge-discharge profiles (between 4.5 and 3.2 V) for
LiMn2O4 synthesized at different temperatures (LiMn850i and LiMn650i),
obtained at a charging/discharging rate of C/10. The 50th charge-discharge
curve is also shown for the LiMn850ii electrode.
Downloaded 08 Mar 2011 to 129.10.186.149. Redistribution subject t
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intense resonances are also observed at 0% charging, consistent with
our earlier work, where these additional resonances were assigned to
lithium ions in normal spinel sites,but near defects in the lattice.26

No obvious difference in the deintercalation behavior was observed
for the three different local environments. These resonances de-
crease in intensity on charging, as lithium is removed from the struc-
ture, but no significant shifts in the resonance frequencies were
detected. The spectra shown are of samples following 25 and 75%
charging, which represent samples charged to points in the centers of
the two potential plateaus in the charging curves (Fig. 1). At 95%
charging, which corresponds to a region in the charging curve where
the potential has started to rise (the sample was charged to final
potential of 4.4 V), the resonance at ca.520 ppm was barely visible,
and a new resonance at 648 ppm was clearly visible along with a
much less intense resonance at 831 ppm.

Figures 3 and 4 show the 6Li MAS NMR spectra of LiMn850ii
and LiMn650ii,respectively, at different stages of the electrochemi-
cal deintercalation process. Again, the resonance at 520 ppm,due to
the 8a tetrahedral site of the normal spinel phase, is observed to shift
only very slightly to higher frequency and to decrease in intensity as
the cell is charged. For example, the resonance at 518 ppm at 0%
charging shifts to 526 ppm by 50% charging for LiMn850ii and from
515 to 520 ppm for LiMn650ii. The resolution of these spectra is
much lower than that observed in Fig. 2,and the smaller less intense
resonances (at 566 and 605 ppm) are no longer observed. The lower

Figure 2. Ex situ6Li MAS NMR spectra of LiMn650i during the first charg-
ing cycle. The spectra were acquired with the rotor-synchronized quadrupo-
lar-echo sequence (t 5 1 rotor period) with spinning speeds of 20 kHz. The
isotropic resonances and the extent of charging are marked on the spectra. All
other peaks are spinning sidebands. Spectra are plotted in an absolute intensi-
ty scale, taking into account the sample mass and the number of acquisitions;
no attempt was made to take into account the changes in relative intensity that
may occur due to the different spin-spin (T2) relaxation times.
o ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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e
resolution is ascribed to the higher carbon contents of these el-
trodes. A second resonance at 645 ppm was observed for LiMn850ii,
along with the resonance at <525 ppm at 70% charging. This reso-
nance grows very slightly in intensity from 70 to 80% charging for
LiMn850ii. By 80% the resonance at 520 ppm has disappeared, leav-
ing only the resonance at ,640 ppm and a shoulder to lower fre-
quency. A new resonance at 930 ppm is observed at 90% charging.
A similar trend was observed for LiMn650ii, where the two reso-
nances at 521 and 642 ppm were observed to coexist from 80 to 90%
charging. At 95% charging, the resonance at 637 ppm,along with a
higher-frequency resonance, now at 830 ppm,was observed. This is
consistent with the 6Li NMR of the LiMn650i electrode at the end of
the charging curve.

The appearance of resonances at higher frequency, as the charging
progresses and the average manganese oxidation state in the spinel
phase(s) increases,is consistent with our studies of Mn41 and Mn3.51

model compounds,where 6Li (and 7Li) NMR resonances were found
at higher frequencies for spinels with higher manganese oxidation
states;26a resonance at 687 ppm was observed for Li2Mn4O9 [a vacan-
cy-rich spinel containing Mn(IV)36-38] and at 847 ppm for the Li1

ions in the tetrahedral sites in Li4Mn5O12 [a lithium-rich Mn(IV)
spinel36,37,39], in contrast to the shift observed for the Mn3.51 spinels
at around 520 ppm.26

In contrast to the low-carbon-content electrodes,new resonances
were observed for LiMn650ii and LiMn800ii at lower frequency
(212 to 91 ppm). The resonance at ,91 ppm is at a shift position typ-

Figure 3. 6Li MAS NMR spectra of LiMn850ii obtained during the first
charging cycle. The spectra were acquired (and are displayed) using the same
conditions and methods as those described in Fig. 2.
Downloaded 08 Mar 2011 to 129.10.186.149. Redistribution subject t
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ical for a Mn(III) compound.26 This is consistent with its disappear-
ance after only 5% charging at 4 V. An assignment of the resonances
at 22 to 212 ppm is discussed in detail in a later section.

XRD.—In situXRD patterns obtained during the first charging of
LiMn850ii and LiMn650ii are shown in Fig. 5 and 6,respectively
(patterns acquired during discharging are shown in Fig. 7 and 8). The
changes in the (511),(440),and (531) reflections of the spinel struc-
ture were followed to determine the changes in the unit-cell parame-
ters and phases present. As can be seen in Fig. 5, all the reflections
gradually shift to larger 2u values,as the cell is charged. All three
Bragg reflections from both samples broaden as charging proceeds in
the lower part of the 4 V plateau,but then narrow at around x < 0.5.
The lattice parameter of LiMn650ii drops more slowly, as a function
of (average) x than that for LiMn850ii, and there is some evidence for
a phase LixMn2O4 with a value for x close to 1 which persists to
almost 50% charging. Both samples show clear evidence for two-
phase coexistence at high potentials at 0.15 # x # 0.34 for
LiMn850ii and 0.10 # x # 0.24 for LiMn650ii. This behavior is
more clearly seen in the plots of lattice parameters (extracted from
the 2u values of the three Bragg reflections) vs. charging (Fig. 9).
Recent XRD studies involving the LiMn850i cathode are consistent
with the behavior of LiMn850ii cathode; a continuous solid solution
was observed at low charging potentials,while two-phase coexis-
tence is seen at high potentials.

Both the in situ XRD and 6Li NMR spectra are consistent with a
multiphase deintercalation process during the first charging, involv-
ing (at least) two cubic phases with different lithium local structures;
the lithium resonance at <640 ppm appears at almost identical charg-
ing levels (x < 0.3 for LiMn850 and x < 0.2 for LiMn650) as the
appearance of the low-lithium-content phase by XRD, with a lattice

Figure 4. 6Li MAS NMR spectra of LiMn650ii during the first charging
cycle. The spectra were acquired (and are displayed) using the same condi-
tions as those described in Fig. 2.
o ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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parameter of <8.05 Å (phase A). Thus,this resonance is assigned to
lithium ions in phase A. The range of the high-potential two-phase
region (as determined by both NMR and diffraction) is different for
the materials synthesized at different temperatures; two cubic phases
coexist for 0.15 # x # 0.34 for the LiMn850 and 0.10 # x # 0.24
for the LiMn650 cathodes.

NMR and XRD measurements obtained during the first dis-
charge.—The XRD patterns of LiMn650ii and 850ii,during the first
discharge, show clear evidence of a two-phase coexistence for both
samples in the two intercalation ranges 0.2 < x < 0.5 and 0.7 < x <
0.9 (Fig. 7 and 8). The corresponding lattice parameters for these
phases,as a function of the extent of intercalation, are plotted in
Fig. 9. The cutoff potentials in the discharge were set at 3.3 V in
order to avoid the Jahn-Teller active domain and preclude any possi-
bility of tetragonal distortions. The lack of these tetragonal distor-
tions was confirmed by taking a full scan between 2u limits of 5 to
558 at l 5 1.195 Å.

The 6Li MAS NMR acquired at 80 and 100% discharging of
LiMn850i is consistent with the XRD results (Fig. 10); following
100% discharging, a sharp resonance at 518 ppm,due to LiMn2O4 is
clearly visible (along with weaker resonances at <830 and 930 ppm).
A new resonance at 556 ppm is observed at 80% discharging, which
is broader than the resonance of the stoichiometric spinel,suggesting
a distribution of local environments.

Discussion of the multiphase behavior.—Our XRD results con-
cerning the number of different cubic phases in coexistence with
LiMn2O4 spinels show mixed results for the initial charge. The

Figure 5. In situ XRD patterns of the LiMn850ii electrode obtained during
charging. The (511),(333), (440),and (531) Bragg reflections of LixMn2O4
were monitored at x < 0.05 intervals during the first charging of the LixMn2O4
cell. Values for x are indicated on the powder patterns of particular interest. A
total capacity for the charge of 108 mAh/g was measured.
Downloaded 08 Mar 2011 to 129.10.186.149. Redistribution subject t
LiMn850ii sample shows behavior akin to that reported by Liu
et al.,18 but does not defininetly show the existence of three phases.
The broadening of the Bragg reflections on charging, followed by
subsequent narrowing at x < 0.5,does not allow us to rule out com-
pletely the presence of an additional phase at x < 0.5 (phase B). How-
ever, our recent results using the LiMn850i electrode showed very lit-
tle broadening in this range, suggesting that some nonequilibrium
effects may contribute to the peak broadening for LiMn850ii. The
LiMn650ii sample shows behavior that could be interpreted as evi-
dence of three-phase behavior, with two-phase coexistences in both
the upper and lower potential plateaus of the charge curve in the inter-
calation range 0.10 < x < 0.24 and 0.53 < x < 1. However, NMR spec-
troscopy does not provide any supporting evidence for the three-
phase behavior of the stoichiometric spinel; only a small shift of the
spinel resonance at <520 ppm is observed in the range x 5 1 to 0.5,
and there is no evidence for a new resonance at x < 0.5. Thus, it
appears that no new local lithium environment forms at x < 0.5,
under the charging conditions used in these experiments. Note that
this does not totally rule out the presence of more than one phase in
this range, only that the NMR is not sensitive to the phase change
(i.e., the long range structural change). This appears extremely un-
likely, however, given the large shifts observed in these systems.
Given the behavior of LiMn850i, it is likely that nonequilibrium
effects may also contribute to the behavior of LiMn650ii at low volt-
ages. Thus,we can conclude that we do not see any definitive evi-
dence for two-phase behavior in our systems in the low-potential
charging region. This is in contrast to high potentials,where two-
phase behavior is clearly seen by both techniques.

Three-phase behavior is seen by XRD during the discharge of both
samples. There are also some noticeable differences in the ranges of

Figure 6. In situ XRD patterns of the LiMn650ii electrode during charging.
Powder patterns are shown at x < 0.05 charging intervals based on the meas-
ured total capacity for the charge of 107 mAh/g.
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solid solutions and lattice parameters between charging and discharg-
ing, even though identical charge rates were used during charge and
discharge. For example, phase A is associated with a much larger
change of lattice parameters on discharge (from <8.05 to >8.10 Å) for
both samples. Phase A is also seen to coexist with the phase with inter-
mediate lithium contents over a larger range than observed during
charging. Both samples show a reduced capacity at higher potentials;
the sudden drop in potential between the two potential plateaus has
shifted and is broader than for charging, occurring from <24 to 48%
discharging for both samples. This drop is associated with the appear-
ance of the second phase. This phase then persists until more than 80%
discharging, where the third phase is observed. Despite the loss in
capacity, the third phase is associated with similar lattice parameters
as the original stoichiometric spinel, indicating that Li1.0Mn2O4 is
formed at the end of discharge. This is consistent with the 6Li MAS
NMR, where a sharp resonance at 518 ppm,which is assigned to the
stoichiometric spinel,was observed following full discharge.

The material LixMn2O4 (0.25 < x < 1) is a phase with a very large
solid-solution range. The range of solid solution may be very sensi-
tive to the defect levels. When defects are introduced into LixMn2O4
following charging and discharging, the solid solution ranges of the
phases originally close to x 5 0 and with 0.25 < x < 1 may no longer
remain the same. Furthermore, the kinetics and the thermodynamics
of the intercalation process will be altered by the presence of
increased defect concentrations,and may also be different for dein-
tercalation and intercalation. In the presence of increased defect con-
centrations,a slower discharge rate may be required so that equilibri-
um conditions are achieved during discharge. These nonequilibrium
conditions can readily result in apparent two-phase behavior for solid
solutions with a large composition range. Our NMR and XRD results
suggest that the increased defect concentrations or disorder created

Figure 7. In situ XRD scans during the first discharging of the LiMn850ii
electrode. The powder pattern of LixMn2O4 was collected from x < 0 to 1.
Powder patterns are shown at x < 0.056 charging intervals.
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by the charge/discharge process may be at least partly responsible for
some of the changes in multiphase behavior. More experiments are in
progress to try to separate intrinsic multiphase behavior in these sys-
tems from nonequilibrium effects more clearly.

NMR experiments following multiple charging cycles.—7Li MAS
NMR was acquired for the LiMn650ii and LiMn850ii samples fol-
lowing 11 and 50 charge/discharge cycles, in order to explore the
causes of the reduced capacity of these electrodes,and to help assign
the lower frequency resonances. 7Li MAS NMR spectra were acquir-
ed for these samples because little of the original 6Li enrichment
remained following multiple charging cycles. Following 11 cycles,
the main resonance at <520 ppm has disappeared, and the one-pulse
spectrum of the LiMn650ii electrode in the discharged state is domi-
nated by a resonance at 624 ppm (Fig. 11). The resonance at 22 ppm
appears to have shifted to 212 ppm. Following 50 charging cycles,
the resonance at 624 ppm has disappeared, and two new resonances
at 838 and 930 ppm are observed, in the discharged state. The reso-
nance at < 213 ppm has continued to grow in intensity. The one-
pulse spectrum of the LiMn850ii electrode following 50 charging/
discharging (not shown) is essentially identical,indicating that both
samples contain the same defect sites or have the same structure after
multiple charging.

In order to determine which lithium resonances observed follow-
ing 50 cycles correspond to ions that may be deintercalated (at <4 V),
7Li MAS NMR was performed on sections of the LiMn850ii elec-
trode charged to various levels (Fig. 12). Note that echo experiments
were performed to ensure that no broad resonances were lost during
data acquisition. This accounts for the differences in appearance of
the spectra shown in Fig. 11b and 12 (at 0% charging). A higher
capacity of 70 mAh/g was obtained for this electrode during the 51st

Figure 8. In situ XRD scans collected during the first discharging of the
LiMn650ii electrode. Powder patterns are shown at x < 0.056 charging
intervals.
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Figure 9. Variations in the cubic lattice parameters as a function of the lithium content for (a) LiMn850ii and (b) LiMn650ii during the first charging, and (c)
LiMn850ii and (d) LiMn650ii during the subsequent discharging.
charge, in comparison to the capacity results shown in Fig. 1 for the
same electrode for the 50th charge. This is due to the higher cutoff
potential (5 V) used for this particular experiment. The lithium ions
which give rise to a resonance at 930 ppm are deintercalated first. The
intensity of the resonance at 838 ppm increases slightly, and a shoul-
der at ca.765 ppm gradually becomes visible; note that this shoulder
may be buried under the broad component in the spectrum of the elec-
trode in the fully discharged state. The lithium species at 213ppm is
not deintercalated following charging. Since it gives rise to approxi-
mately 40% of the lithium signal,it is not surprising that these elec-
trodes show a significant reduction in capacity. Thus,one contribution
to the loss in capacity comes from the reactions that occur during the
processing of the carbon-rich electrode at higher temperatures and
during multiple charging cycles,which result in species that resonate
between 21 and 212 ppm.

Assignments of the resonances observed at high frequencies and
multiple charging.—There appear to be (at least) two characteristic
resonances (at ca. 930 and 830 ppm) that are observed at a higher
potential (between 4.3 and 5 V), during the first charging and follow-
ing multiple charging cycles. These resonances appear to be associat-
ed with two defect sites containing Li1, which increase in concentra-
tion following multiple charging cycles. One defect is more preva-
lent, or formed preferentially, in the high-temperature spinel (and
results in a resonance at 930 ppm),while the other defect is associat-
ed with the lower-temperature material, which is known to contain a
higher concentration of defects. These local environments behave
very differently during charging of the multicharged electrodes; the
environment giving rise to the 930 ppm resonance is deintercalated,
Downloaded 08 Mar 2011 to 129.10.186.149. Redistribution subject 
while the environment giving rise to the 830 ppm environment in-
creases in intensity, indicating the generation, or population of differ-
ent cation sites during charging.

One possible compound with the lithium NMR resonances in the
same shift range as the two high-frequency resonances is rock-salt-
type phase Li2MnO3, which has three 6Li or 7Li resonances at either
905, 922, and 1817 ppm in one reference27 or at 850, 875, and
1770ppm in another.29 No resonance is observed at <1800 ppm in
our samples,nor is there any evidence for the formation of this phase
by XRD, and thus the two resonances cannot be assigned to Li2MnO3.
Instead, the synchrotron XRD pattern of a sample of LiMn850ii fol-
lowing 50 charging/discharging cycles shows the presence of at least
two cubic (spinel) phases and a number of minor, poorly crystalline
phases. The two resonances are thus assigned to defect lithium sites
in spinel phases.

At least three possible local environments may be envisaged for
Li1 in these defects sites:Li1 in 8a,16d, or 16c sites. If we assume
that predominantly Mn(IV) materials are present toward the end of
charging, the shifts of both resonances are closest to those for the 8a
sites,since much larger hyperfine shifts are predicted for 16c and 16d
sites in Mn(IV) spinels.26,40 For example, our 6Li NMR results of
Li4Mn5O12 and LiMn1.5M0.5O4 (M 5 Zn or Cu) show resonances at
1800 to 2200 ppm,which are assigned to lithium in the 16d octahe-
dral sites of these predominantly Mn(IV) materials. Thus,the reso-
nance at 830 ppm,whose intensity increases during charging, is
assigned to Li1 in a 8a tetrahedral site with one or more nearby man-
ganese or oxygen vacancies,resulting in a defect site. Furthermore,
vacancies are highly likely to be present in the original cathode mate-
rial synthesized at lower temperatures (LiMn650).26,27 Manganese
to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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dissolution,which is one proposed mechanism for the capacity fade,
results in the formation of manganese deficient phases within the
LiMn2O4-Li2Mn4O9-Li4Mn5O12 phase diagram, suggesting that the
cation vacancies are responsible for the defect site.13 The manganese
dissolution mechanism is also consistent with the gradual shift of the
spinel resonance from ,520 to 624 to 831 and 930 ppm,following 1,
11, and 50 charging cycles,respectively; this shift is consistent with
an increase in the average oxidation state of the spinels. Recently,
Shao-Horn et al. also suggested the formation of [LizMn2-z]O4(0 <
z < 0.33) after cycling the layered LiMnO2 cathode multiple times.41

Tarascon et al. showed two reversible oxidation-reduction peaks at
4.5 and 4.9 V, which are related to local cation defects and are intrin-
sic to the spinel manganese oxide.12 They suggested several possible
defects; Mn ions in the tetrahedral sites,Li ions in the 16d octahedral
sites,or oxidation of octahedral Mn to 15. However, no clear evi-
dence is seen for Li in the octahedral site, surrounded by Mn41, in the
charged sample.

It should be noted that not all the manganese ions need necessa-
ily to be in a 14 oxidation state, in all the defect sites,making defi-
nite assignments difficult at this point. Indeed, a shift of <900 to
1000ppm is consistent with out predictions for Li1 in the octahedral
site of a mixed Mn31/Mn41 spinel.26 Furthermore, the fact that the
defect associated with the 930 ppm resonance may be deintercalated
indicates that there must be a certain concentration of nearby Mn(III)
ions associated with this defect. Thus this resonance is assigned to 
defect associated with mixed-valent Mn31/Mn41 ions. Clearly, more
work is needed to pin down the exact local structures that give rise
to these resonances. Nonetheless,we can conclude that the spinels

Figure 10. 6Li MAS NMR spectra of LiMn850i during the first discharging
cycle. The spectra were acquired with the rotor-synchronized echo sequence
(t 5 1 rotor period) with spinning speeds of 15 kHz. The isotropic resonances
and the extent of discharging are marked on the spectra. Spectra are plotted in
an absolute intensity scale, taking into account the sample mass and the num-
ber of acquisitions; the possible changes in relative intensity that may occur
due to the different T2 relaxation times of the resonances were not taken into
account.
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that remain following multiple charging are no longer stoichiomet-
ric defect-free materials, but contain at least two different lithium
environments.

Implications for the electronic structure of LixMn2O4.—LiMn2O4
is a small polaron semiconductor, electronic conduction occurring via
hopping of electrons between eg orbitals on adjacent Mn31/Mn41

cations.42,43Thus,the gradual removal of Li1 from the structure dur-
ing deintercalation should result in a decrease in the number of
mobile electrons throughout the whole solid. A gradual shift of the
6Li/7Li resonance to higher frequency during charging might be
expected. The NMR spectra are not,however, consistent with this. On
the basis of the shifts observed for the Mn(IV) and Mn(13.5) spinels,
significant changes in frequency of more than 80 ppm are predicted
to have occurred by 50% charging, which should correspond to an
average manganese oxidation state of 13.75. Surprisingly, only a
very small shift to higher frequency of approximately 8 ppm is
observed as the Li1 is extracted from LixMn2O4 in the range of x 5
1 to <0.5. This suggests that the local atomic and electronic structure
near the lithium ions that remain in the structure does not vary sig-
nificantly in this range. These results do not appear initially to be con-
sistent with the XRD pattern, where the lattice parameters gradually
increase in this charging range, indicating the presence of a continu-
ous solid solution and a smooth change in manganese oxidation state.
Our NMR results are, however, consistent with very local structural
and electronic perturbations (around the Li1 vacancy) following
deintercalation of a lithium ion. The structural perturbations caused
by removal of the lithium ion do not appear to affect the Li-O-Mn
overlap of the nearby lithium ions (and the lithium ions in the bulk)
significantly. The electron associated with Li1 deintercalation cannot
be removed from a delocalized band, but must be removed from (or
must result in) localized molecular orbitals surrounding the lithium
site. The very small change in lithium shift during the first stages of

Figure 11.7Li MAS NMR one-pulse spectra, acquired at the spinning speed
of 20 kHz,of the LiMn650ii electrode in the discharged state, after (a) 11 and
(b) 50 charge/discharge cycles.
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charging may also be related to,or consistent with the flat potential
profile in this region,since lithium ions are deintercalated from a very
similar local environment in this model. These suggestions do not
appear to be inconsistent with recent ab initio results,which have
shown that Li insertion into a l-MnO2 lattice results in a substantial
delocalization of the electron from the Li atom to both adjacent man-
ganese and the oxygen ions.44,45

It is difficult to ascribe the NMR results observed during charging
to nonequilibrium effects or insufficient relaxation of the electrode
prior to acquiring the NMR data; we see no evidence for a second,
lithium-depleted phase from 0 to <75% charging (containing high-
valent manganese ions) by both NMR and diffraction. However, on
discharging the electrode, a new resonance is observed at 556 ppm,
consistent with a new local environment for Li1, with nearby Mn
ions with average oxidation states of greater than 3.51. Thus it is
clear that different local environments for lithium are possible,
depending on how the electrode is charged/discharged and the nature
of the defects present in the sample. Clearly, further NMR experi-
ments on model compounds,and theoretical calculations, are re-
quired to understand this process more fully.

Li1 in reduced environments in the high-carbon electrodes.—Two
resonances are observed in the low-frequency region, for the spectra
of the electrode before charging, at 85 to 91 and 22 ppm for
LiMn850ii, and 85 and 21 ppm for LiMn650ii (Fig. 2 and 3). These
resonances were not present before processing of the cathode. The
resonance at 85 to 91 ppm has disappeared in the electrode following
5% charging, but the resonance at approximately 22 ppm is observed
in both samples throughout the charging. The intensity of these reso-
nances varies between sample batches and on the method used to
process the electrode. The cathode samples whose spectra contain
these resonances have smaller capacities than the cathodes without

Figure 12.7Li MAS NMR spectra of LiMn850ii after 50 charge/discharge
cycles and following subsequent charging. The spectra were acquired with a
rotor synchronized echo-sequence at a spinning speed of 20 kHz. Spectra are
plotted in an absolute intensity scale, and the isotropic resonances and the
charging extents (in mAh/g units) are marked on the spectra.
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these resonances. For example, the capacity for LiMn850ii in Fig. 3
and LiMn650ii in Fig. 4 are only 97 and 88 mAh/g, respectively, for
the first charge. In contrast,the high-carbon content electrodes whose
NMR spectra show much lower intensities of these resonances have
capacities of up to <100 to 110 mAh/g [e.g., the electrodes
LiMn850ii and LiMn650ii used for the in situ XRD studies (Fig. 5-
9)]. Both resonances were not observed (Fig. 2) in the spectra of the
low carbon-content cathode (LiMn650i). Resonances observed at
approximately 90 ppm and 21 to 212 ppm cannot be assigned to
lithium in Mn3.51 to Mn41 spinels. Resonances at approximately
100 ppm were observed for the Mn(III) compounds Li2Mn2O4 and
LiMnO2.

26 On this basis,the <90 ppm peak may be definitely
assigned to a local environment containing Mn(III),of which Li1 in
a rock-salt-type (Li2Mn2O4) local environment appears the most like-
ly. Mn(III) might be formed during the sintering of the electrode at
moderate temperatures under argon gas and in the presence of resid-
ual ethanol used in the formation of the slurry. The LixMn2O4 com-
position range 1.0 # x # 2 is not a continuous solid solution,the two
phases LiMn2O4 and Li2Mn2O4 coexisting in this range. Thus,even
a small level of reduction of the cathode should result in the forma-
tion of some Li2Mn2O4. Lithium deintercalation of Mn(III) com-
pounds occur between 2.8 and 3.5 V, consistent with the immediate
disappearance of this resonance at low charging levels. Evidence was
noted by ex situ XRD of some of these processed electrodes for
shoulders to higher 2u values of some of the Bragg reflections from
the stoichiometric spinel, consistent with the presence of small
amounts of additional impurity phases. The intensity of these addi-
tional peaks was too small to permit further analysis. We note that
additional peaks were not observed for the samples used in the in situ
XRD experiments,which also showed higher capacities.

The resonance at 21 to 22 ppm,which increases in intensity and
shifts to lower frequency (212 to 213 ppm) as the sample is charged,
has not been observed previously for spinel phases. The Li1 that
gives rise to this environment is not deintercalated during charging
and is responsible for loss in capacity of the electrode. Variable tem-
perature 7Li MAS NMR experiments of LiMn850ii cycled for 50
cycles were also performed in order to help in the assignments of the
resonances. As the temperature is increased, no significant shift in the
position of the resonance at 213 ppm is observed, while the reso-
nances in the high-frequency region are very sensitive to temperature,
shifting to lower frequency. The Li isotropic chemical shifts for dia-
magnetic Li compounds range between 3 and 29 ppm,46 and thus the
observed shift is consistent with lithium in a metallic environment or
in an environment with only a small hyperfine contribution to the
shift. We have observed resonances for lithium in Mn(III) compounds
(e.g., orthorhombic LiMnO2) which show only small hyperfine shifts
do not have a simple Curie-like dependence on temperature. In this
case we have ascribed the behavior to a number of competing shift
mechanisms.40 The 7Li T1 (3 ms) measurements for the 212 ppm
resonance suggests a nondiamagnetic environment. At least two
explanations are possible: (i) this resonance is due to Li1 ions on the
surfaces of the carbon or spinel particles. Results for lithium interca-
lated into some carbons can lie in this range and are not inconsistent
with this suggestion.47,48(ii ) Some nonspinel phases are formed dur-
ing multiple charging, e.g., a MnO2 phase formed by a dispropor-
tionation reaction. The XRD pattern of LiMn850 following multiple
charging contains a number of very broad reflections (in addition to
the spinel reflections),which may be indexed to the most intense
reflections of MnO2 pyrolusite/ramsdellite intergrowth phases,but
the data are not good enough to allow more detailed analyses. How-
ever, we have observed temperature-independent 7Li shifts in this
range following Li-intercalation into g-MnO2.

49 g-MnO2 consists of
ramsdellite and pyrolusite intergrowths50,51 and spinel-ramsdellite
and spinel-pyrolusite transformations have been previously reported
in the literature.52-54 A recent transmission electron microscopy
(TEM) study of layered LiMnO2, during the initial charge, showed a
partial transformation of the layered structure to ramsdellite-
MnO2.

41 We are currently synthesizing and acquiring NMR spectra
of various MnO2 phases to help test the second suggestion. However,
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the important conclusion that should be made from this section of the
work, that is independent of the exact NMR assignments,is that the
lithium ions that cannot be deintercalated can be directly seen and
quantified by NMR. The change in the concentration and types of
lithium ions that are not deintercalated may be readily followed dur-
ing the charging process.

Conclusion
NMR may be used to follow the charging and cycling of lithium

manganese spinels. In electrodes prepared with high contents of car-
bon at 3008C, irreversible reactions occur to form nonspinel phases,
which are associated with a loss of capacity of the electrode. A Mn(III)
compound or local environment is also formed, but lithium ions in this
phase are readily deintercalated. No side reactions involving lithium
are observed for the electrode processed at lower temperatures with
reduced carbon contents. Furthermore, the 6Li MAS NMR spectra of
these electrodes show much higher resolution (due to the reduced car-
bon contents),allowing more detailed information concerning the
effect of charging on different local environments to be obtained.

The 6Li MAS NMR spectra show discrete (hyperfine) shifts as a
function of charging level, as opposed to a gradual continuous shift,
indicating that there is a distinct number of local environments,with
characteristic bonding environments and oxidation states of the near-
by manganese ions. This behavior is consistent with the two-plateau
regions of the potential vs. charging curves, rather than a gradual
change in potential. In theory the hyperfine shift of the different res-
onances should yield further information concerning the electronic
structure (as probed by Li1) at each stage of the charging. Two-phase
behavior is observed in the high-potential region,by both MAS NMR
and XRD diffraction. There is no evidence, however, for two-phase
behavior during the low-potential plateau by NMR, at least during
charging. The NMR is also extremely sensitive to the presence of Li1

in defect sites; two major resonances associated with Li1 in defect
spinels with high manganese oxidation states (approaching 14) are
observed at high charging levels. These two resonances increase in
intensity following multiple charging, along with the resonances
from lithium in nonspinel phases. The conversion of the spinel to the
defect and impurity phases is presumably a cause of the loss in capac-
ity in some of our materials. The lithium in the impurity (nonspinel)
phase is not deintercalated.

Finally, this paper has demonstrated how sensitive NMR is to the
formation of small concentrations of defect phases during and fol-
lowing charging/discharging. Furthermore, NMR can be used to de-
termine the types of defects that are responsible for capacity loss,and
are not deintercalated during the charging. Experiments are now in
progress to follow the changes in the lithium MAS NMR of elec-
trodes cycled under a wider range of conditions.
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