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Thermal instability of pristine LiNipsMnysO, powder and cycled Li,NigsMnysO, electrodes in the
charged (x = 0.2) and discharged (x = 0.9) states (without electrolyte) was studied by in situ synchrotron
powder X-ray diffraction and thermogravimetric analysis (TGA) in the temperature range from 25 to
600 °C in inert atmosphere. Neither structural change nor oxygen loss was found in rhombohedral layered
LiNiysMn 50, upon heating to 600 °C. Li,NiypsMngs0O; electrodes were found to retain the rhombohedral,
layered structure with space group R3m until the temperature reached ~300 °C (~275 °C for
Lig»NigsMngsO, and ~350 °C for LigoNigsMngsO,). Rietveld refinement revealed that a considerable
amount of octahedral cations migrated from the transition metal layer to the Li layer in the rhombohedral
structure of Lip,NipsMngsO; from 100 to 275 °C while no detectable change in the cation distribution
was noted for LiggNipsMngsO, up to 300 °C. TGA results showed that the weight loss from
Lip»NipsMng 5O, and Lig¢NigsMngsO, began at ~260 °C and ~400 °C, respectively, and considerably
higher weight loss was found for Lig,NigsMng 5O, relative to LigoNigsMngsO, upon heating. The thermal
decomposition of charged Lip,NipsMng 5O, was found to occur at ~300 °C and to include the following
processes: (1) the formation of a spinel-type structure (Fd3m) at ~300 °C, which was shown present
between 300 °C and 600 °C, and (2) the formation of a rocksalt-type phase (Fm3m) at ~500 °C, which
was shown to be present between 500 °C and 600 °C. In addition to these two phase transitions,
recrystallization of a rhombohedral phase (having unit cell dimensions similar to those of pristine
LiNigsMng sO, but with considerably more interlayer mixing of Li and transition metal ions) was observed
upon heating LipoNigsMng 50, to 600 °C, which was accompanied with the appearance of Ni metal. The
onset temperatures of structural transitions to the spinel-type and rocksalt-type structures from
Lip,NipsMng 50, were ~100 °C and ~230 °C higher than those previously reported for Li,NiO, (x =

0.3) measured under similar conditions in previous studies, respectively.

Introduction

Recent research focuses on the development of large-scale
lithium-ion batteries for hybrid electric vehicle and electric
vehicle applications. Although high power and high energy
are highly desirable performance characteristics, safety is one
of the most important considerations in these applications.
Thermal stability of lithium storage materials with and
without the presence of electrolyte plays an important role
in the lithium battery safety characteristics. Li,NiO, is a
high-energy'™ electrode material, but its poor thermal
stability in the charged state limits its practical use, especially
in large-scale battery systems. Substitution of electrochemi-
cally inactive cations such as AI** has shown to improve
the thermal stability of Li,Al,Ni;—,0,.>” Differential scan-
ning calorimetry (DSC) measurements have shown that

substitution of 0.25 nickel ions per formula unit by aluminum
ions, that is, Li,Al;4Niz40,, reduces the rate and amount of
heat generated from the exothermic reaction associated with
charged electrodes in the presence of electrolyte.” However,
aluminum substitution reduces rechargeable capacities of
Li, ALNi;—,0,” as AI’" in the layered structure is not
electrochemically active. For example, Li,Ni; 0O, shows a
rechargeable capacity of ~175 (mA h)/g in the voltage range
of 2.5—4.15 V while Li,Al 16Nig 80O, exhibits 125 (mA h)/g
under the same condition.” Recently researchers have shown
that substitution of 0.5 Ni ions per formula unit by Mn in
the solid matrix (LiNigsMngsO,) not only results in signifi-
cantly improved thermal stability in comparison to Li,NiO,
electrodes®'? but also provides excellent reversible capacities
on the order of 200 (mA h)/g upon charging to 4.6 V.82
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The electronic structure of Ni ions in LiNipsMnysO, is
unique: Ni**(ty,%,") in LiNiO, is changed to Ni*"(ts,%,”)
upon substitution of Mn**(ts;’e,’). Lithium removal from
LiNi**(sMn**( 50, is accompanied by oxidation of Ni** to
Ni*" via Ni** while Mn*" remains electrochemically
inactive.'®?! DSC and accelerating rate calorimetry (ARC)
measurements in the presence of electrolyte have been used
primarily to study the thermal stability of Li,NigsMngsO,
electrodes. DSC data reported by Makimura and Ohzuku®
have shown that fully charged Lig;NigpsMngsO, (without
carbon or binder) containing a small amount of LiPF¢/EC:
DMC electrolyte solution has similar onset and peak tem-
peratures of ~200 °C but with much reduced heat generation
relative to NiO,. In addition, ARC results'®'! have suggested
that Li,NigsMng 5O, electrodes charged to 4.2 or 4.4 V in a
LiPF/EC:DEC electrolyte have onset temperatures of ~190 °C
and broad, exothermic peak temperatures of 240—280 °C.
However, other DSC studies have revealed higher onset and
peak temperatures of ~270 to ~280 °C for exothermic
reactions of Li,NigsMngsO, electrodes charged to 4.3 v? (x
is not reported) and 4.6 V2 (x = 0.25) in the presence of a
LiPF¢/EC:DEC electrolyte. Although these thermal measure-
ments are sensitive to probe the thermal behavior of electrode
materials under abuse conditions, the onset and peak tem-
peratures of exothermic reactions can be affected strongly
by the type®*** and amount'" of electrolyte solution, particle
size, and particle surface chemistry (the electrolyte—particle
interface) of active materials** and heating rates.?> Therefore,
it is difficult to probe the mechanism by which thermal
decomposition (typically endothermic reactions associated
with substantial oxygen loss from bulk) of the layered
LiNipsMng 5O, structure occurs and to compare its thermal
stability relative to Li,NiO, and its stabilized derivatives such
as Li,Nip7Co0.15Al9.150,.%%*

Ex situ and in situ X-ray diffraction measurements allow
the study of structural transitions of electrode materials as a
function of temperature, which is essential to understand the
thermal behavior of electrode materials. Previous studies® "
of electrodes in the absence of electrolyte have shown that
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the layered structure of Li,NiO, is shown to first transform
to a pseudospinel structure upon heating to relatively low
temperatures (~150 °C for x = 0.3) and then convert to a
rocksalt-type phase with significant oxygen loss***”>" at high
temperatures (~270 °C for x = 0.3). In general, the stability
of the layered structure relative to the pseudospinel structure
decreases and the extent of oxygen loss increases with
decreasing Li content in the Li,NiQ,.26:27:29:30 The improved
thermal stability of Li,Aly16Nipg9O> (x = 0.3 and 0.5) relative
to Li,NiO, has been attributed to the movement of AI>" ions
into tetrahedral sites from octahedral sites in the metal slabs,
which impedes further cation migration necessary for the
formation of pseudospinel and rocksalt phases and shifts the
phase transitions to higher temperatures.’®?’ Manganese
substitution in Li,Mng 1;Nig9sO, appears to have a similar
effect in stabilizing the pseudospinel structure to aluminum
addition, which leads to improved thermal behavior.”” A
recent X-ray diffraction study’' has reported that an
Lip»NigsMngsO, electrode in the presence of electrolyte
converts to the rocksalt phase upon oxygen loss at 340 °C,
and this decomposition temperature is shown to be higher
than those of Lip33NiO; (210 OC) and Lig»7NiggCog 15Al0 0502
(245 °C). However, discrepancy exists in the decomposition
temperature of Lip,NipsMngsO, between X-ray powder
diffraction®' and DSC (the temperature of heat release at
~275 °C)12 findings, both of which have been measured with
electrolyte. To compare the intrinsic thermal stability of
LiNipsMnysO, electrodes with that of LiNiO,-related
electrodes, which have been well studied upon heating
without electrolyte,zs*” we examine the thermal decomposi-
tion of LiNipsMngsO, electrodes without electrolyte by in
situ X-ray powder diffraction and thermogravimetric analysis
(TGA). We report X-ray diffraction data of pristine
LiNigsMng 5O, powder and Li,NipsMngsO, electrodes cycled
to 4.5 V in the temperature range from 25 to 600 °C collected
in situ in argon by using synchrotron radiation with a
Debye—Scherrer camera. Phase transitions and changes in
the cation distribution of the layered structure (space group
R3m) in the charged (x = 0.2) and discharged (x = 0.9)
electrodes will be reported. The mechanism of thermal
decomposition of Li,NipsMngsO, electrodes will be proposed
and discussed with respect to their improved thermal stability
and excellent stability upon cycling to ~5 V.

Experimental Section

A pristine LiNip sMn 5O, sample was prepared from heat-treating
lithium hydroxide and coprecipitated nickel manganese mixed-
hydroxide at 1000 °C for 12 h in air and quenching to room
temperature (RT). The detailed preparation procedure can be found
in earlier studies."*'® This sample was shown to have ~0.10 Ni
and Li interlayer mixing per formula unit in the rhombohedral
layered structure'” and to exhibit superlattice reflections that could
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be indexed consistently to the N 3anex. X N 3dpex. X Chex. SUpET-
structure with space group P3,12.%*7* Li,NiysMnysO, samples
were prepared by electrochemical cycling to 4.5 V under a current
density of C/50 (5.6 mA/g) in 2016 coin cells. A reversible capacity
of ~185 (mA h)/g was obtainable at C/50 in the voltage range of
2.5 and 4.5 V vs Li at RT, where detailed cell assembly and
properties of Li,Niy sMnysO, electrodes can be found in our previous
papers.'”** The lithium contents in the charged and discharged
electrodes were estimated from the charge passed in the lithium
cells, which gave rise to Lio'zNiO'SMl’l()jOz and LiO‘QNiO'SMl’l()jOz,
respectively.

Synchrotron radiation of BL02B2 at SPring-8 (Sayo-gun, Hyogo,
Japan), equipped with a large Debye—Scherrer camera,®> was used
to collect X-ray diffraction data of pristine LiNipsMngsO, powder
and Li,NipsMng 5O, electrodes as a function of temperature. The
incident beam was adjusted to a wavelength of 0.5 A by a Si(111)
monochromator to minimize the absorption by the samples. The
wavelength was calibrated to be 0.501 A by using CeO, standard.
The data were collected in the range of 0 to 75° in 260. A few
milligrams of each sample in the powder form was placed in an
Ar-filled quartz capillary (0.5 mm diameter and approximately 2
cm height) during the measurement. Argon gas having a purity of
99.999% was filled in the capillary. The temperature was increased
at a regular interval of 50 °C from 100 °C and above, with the
exception of an interval of 25 °C from 200 to 300 °C. The
temperature ramp-up for each step was completed in 1 min by
blowing hot air directly to the sample capillary. After reaching each
target temperature, the sample was held during 25 min before
measurement, and then X-ray diffraction data were recorded on
the imaging plate for 5 min.

The changes in the lattice constants of the rhombohedral
Li,NigsMng 5O, structure (R3m) in a hexagonal setting as a function
of temperature were calculated by using X’Pert HighScore Plus
(PANalytical). The lattice parameters of the rhombohedral structure
determined from X’Pert HighScore Plus (PANalytical) software are
in excellent agreement with those from the Rietveld refinement
using FullProf. Rietveld refinement analysis including cation
distributions in the rhombohedral structure and isotropic atomic
displacement parameters was performed using FullProf*® in the
range of 10—45° in 26 (d-spacing of 2.87—0.65 A), which included
more than 50 reflections. To avoid contributions originated from
carbon and binder in the electrodes, the (003)y.,. Bragg peak was
excluded in the refinements. Since an isotropic atomic displacement
parameter and occupancy of each site are highly correlated, the
following restrictions on the refined parameters were imposed: (1)
for the pristine LiNipsMngsO, at RT, isotropic atomic displacement
parameters were chosen and fixed, and only occupancies of nickel
and lithium ions on the 3a and 3b sites were refined; (2) for the
pristine LiNipsMngsO; in the temperature range between 100 —
600 °C, occupancies were fixed based on the refined values obtained
at RT, and isotropic displacement parameters on the 3a and 6c sites
were refined as a function of temperature; and (3) for the charged
and discharged Li,NipsMng 5O, electrodes in the temperature range
between 25 and 600 °C, isotropic atomic displacement parameters
were chosen based on the refined values obtained from the pristine
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sample at each temperature, and the occupancies of nickel and
lithium ions on the 3a and 3b sites were refined. The isotropic
displacement parameters of octahedral 3a (primarily transition metal
ions) and octahedral 6¢ (oxygen) sites of the pristine LiNipsMngsO»
sample were selected to be 0.3 and 0.7 at RT, respectively, based
on reported values of Li,NipsMnysO, samples from synchrotron
X-ray powder diffraction refinements.>”~>° It is noted that isotropic
displacement parameters found for Me on the 3a sites (0.75) and
for O on the 6¢ sites (1.5) at 600 °C are in good agreement with
those reported previously for metal oxides*° at high temperatures.
The isotropic displacement parameter of the octahedral 3b sites
(primarily lithium ions) in the charged electrode was chosen to be
higher (1.2)*' for having a larger fraction of vacancies than those
of the pristine powder (1.0) and the discharged electrode (1.0) at
RT. In addition, this parameter was set to linearly increase to 2.0
at 600 °C for the rhombohedral structure in the pristine sample as
a higher value than that (1.5) of oxygen at 600 °C that is expected
based on the difference in the atomic mass. As some nickel and
lithium ions were found previously in the tetrahedral 6¢ (nickel
and lithium ions) sites of charged and discharged electrodes at
RT,'®!7* the occupancy of these tetrahedral sites in the layered
structure were refined as a function of temperature in this study.
The isotropic displacement parameters of the 6c sites were selected
to be 0.6, which is larger than that of transition metal 3a sites and
smaller than that of the oxygen 6c sites.

Thermogravimetric measurements of pristine LiNipsMngsO,
powder, and electrodes of pristine LiNigsMnysO,, charged
Li»NipsMngs50,, and discharged Lip¢NipsMnysO, by using TG/
DTA-320 (Seiko Instruments) in the temperature range of 25—600 °C,
from which weight loss was obtained as a function of temperature.
A few milligrams of samples was loaded on an aluminum pan and
was heated at a rate of 5.0 °C/min under a flow of nitrogen gas
(150 mL/min). The purity of nitrogen gas used was 99.997%.

Results

Thermal Expansion of Pristine LiNiysMnys0, (25—
600 °C). Figure 1 shows powder X-ray diffraction patterns
of pristine LiNiysMngs0; in the temperature range between
25 and 600 °C, where no phase transition was noted. No
change in the cation distribution of rhombohedral LiNis-
Mn 50, (R3m) upon heating was detected from the Rietveld
refinement analyses. This is in contrast to the heating of an
ion-exchanged “LiNipsMngs0;” sample42 (having ~4%
interlayer mixing of Li and Ni per formula unit) prepared
from NaNiysMngsO,, which was shown to exhibit a distinct
phase transition at ~600 °C, and a considerable amount of
Ni (0.07 per formula unit) was found to migrate to the Li
layer upon heating to 800 °C. All the diffraction peaks in
Figure 1 were found to shift to lower angles as the
temperature was increased. The lattice parameters of @pex.
and chex. and the cpex /anex. ratio of the rhombohedral structure
in the hexagonal unit cell setting were shown to increase
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Figure 1. X-ray diffraction patterns of the pristine LiNigsMngsO, sample
at elevated temperatures in the ranges of 25—600 °C. The inset shows
highlighted (108)nex. and (110)nex. Bragg peaks. A clear peak separation of
the (108)pex. and (110)pex. reflections is observed as the increase in the
temperature, indicating nonisotropic thermal expansion on the pristine
LiNio_5MHo_5Oz‘

linearly with increasing temperature, as shown in Figure 2a,b,
respectively. The linear thermal expansion coefficients of the
anex. and chex, axes are defined by using the following
equations:

o (a ) — 1 dahexA (1)
hex. hexrr AT
1 dchex.
OUCpex ) = e (2)
hex Chex.RT dar

where anexrr and cpex rt are the lattice parameters at RT. It
is interesting to note that the linear thermal expansion
coefficient of the cpex. axis, cpex) = 2.21 X 1073 °C™!
(25—600 °C), is considerably larger than that of the ape axis,
anex) = 1.68 x 1073 °C~ ! (25—600 °C), which leads to
greater Cpex/dnex. ratios at higher temperatures. In addition,
the oxygen positional parameter (z) of the rhombohedral
structure was found to increase very slightly from 0.2580(3)
at 25 °C to 0.2585(3) at 600 °C. Therefore, the LiO, slab
space (o(LiO;) = 3.4 x 1073 °C™h expanded more than
the MeQO; slab space ((MeO;) = 1.1 x 1073 °C™h upon
heating, as shown in Figure 2c. This anisotropy in thermal
expansion can be explained by the fact that weak Li—O
bonds expand more than strong Me—O (Ni**—O and
Mn**—0) bonds with increasing temperature (Supporting
Information Figure S1). Moreover, the volumetric thermal
expansion coefficient of LiNiysMngsO,, 5, was calculated
to be 5.64 x 1077 °C~! between 25 and 600 °C (Supporting
Information Figure S2). It is interesting to note that the
volumetric thermal expansion coefficient of LiNipsMngsO,
is similar to that of NiO (8 = 5.4 x 107° °C"H* and is
considerably larger than those of MnO (8 = 3.4—4.7 x 10>
°C™* and LigasNig750, (B = 4.2 x 1072 °C"H.*#
Given the occupancies of the transition metal (3a), lithium
(3b), and oxygen (6¢) sites equal to unity, Rietveld refinement
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Figure 2. Change in crystallographic parameters on the pristine
LiNipsMng 5O, sample as a function of the temperature in the range of 25

to 600 °C: (a) the lattice parameters, (b) Chex/dnex. ratio, and (c) the change
in the MeO, and LiO; slab space.

of synchrotron X-ray diffraction data allows the refinement
of the isotropic parameters of these sites as a function of
temperature. Figure 3 shows the change in the isotropic
displacement parameters for each site. The isotropic param-
eters of transition metal 3a and oxygen 6c sites were found
to increase almost linearly from 0.30 A% and 0.70 A2 at 25 °C
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Figure 3. Isotropic displacement parameters (B) refined by Rietveld analysis
of LiNipsMngsO, data as a function of the temperature in the range of
25—600 °C. For 3b site (predominantly lithium ion), a linear increase in
the values from 1.0 at 25 °C to 2.0 at 600 °C (without refining) is assumed
as the refinement of lithium ions using synchrotron X-ray diffraction data
is difficult. The occupancies were fixed based on the values refined at 25
°C in the entire temperature range.

t0 0.75 A% and 1.50 A2 at 600 °C, respectively. As expected,
the increase in the isotropic atomic displacement parameter
of oxygen 6c sites upon heating is much greater than that of
transition metal 3a sites. The slope of the increment in the
isotropic displacement parameters is calculated to be 1.3 x
1073 A%/°C for oxygen and 0.8 x 107> A%/°C for metal ions.
The information is used to estimate the change in the
isotropic parameters of lithium, oxygen, and transition metal
sites in the rhombohedral structure of the charged and
discharged LiNipsMngsO, electrodes at elevated tempera-
tures, which is necessary for the Rietveld refinements of
cation distributions as a function of temperature.
Structural Degradation of Cycled Li,NijsMngs0,
(25—600 °C). In situ X-ray diffraction patterns of charged
Lip»NigsMngsO, and discharged Lij¢NipsMngsO, samples
in the temperature range from 25 to 600 °C are shown in
Figure 4a,c, respectively. At 275 °C and lower, only the
rhombohedral structure (R3m) was found. Upon heating to
300 °C and higher, two phase transitions were noted in the
charged and discharged LiNipsMnys0, electrodes: (i)
300—350 °C, a spinel-type M304 (M = Li and Me) structure
(Fd3m) became evident as shown by the appearance of the
(220)pinet Bragg reflection in Figure 4a,c, which is charac-
teristic of cation ordering on tetrahedral 8a sites; (ii)
450—500 °C, a rocksalt-type MO phase (Fm3m) was formed.
The temperatures of these two transitions were slightly higher
in the discharged electrode relative to those of the charged
sample. In addition to these two phase changes, a third phase
transition was noted for the discharged electrode at 600 °C
(but not in the charged sample), where a new, crystalline
rhombohedral phase (relatively sharp peaks) and nickel metal
were detected in the discharged sample. As the X-ray
diffraction peaks of the spinel-type and rocksalt-type struc-
tures were found fairly broad (Figure 4), it is believed that
these structures do not have cation arrangements or the
stoichiometry of ideal spinel and rocksalt structures. In the
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following sections, we show in detail how the cation
distribution of the rhombohedral structure in the charged and
discharged samples changes as a function of temperature up
to 275 °C and how the unit cell dimensions of rhombohedral,
spinel-type and rocksalt-type structures change as a function
of temperature up to 600 °C.

Changes in the cation distribution of the rhombohedral
R3m structure (RT to 275 °C). The intensity ratio of the
(003)1ex. and (104)px. reflections of the rhombohedral struc-
ture (R3m) in Liy»NiypsMngsO, was noted to considerably
decrease with increasing temperature in Figure 4b while such
a change was not noted in LigoNigsMngsO, in Figure 4d.
Reduction in the intensity ratio of the (003)pex. and (104 )pex.
reflections can result from changes in the cation distribution,
in particular, migration from transition metal ions to the Li
layer. This hypothesis is confirmed by the Rietveld refine-
ment results. The crystallographic parameters, site occupan-
cies of the 3a, 3b, and 6¢ sites of the rhombohedral
Lig»NigsMngsO, structure, and corresponding refinement
error values (R., and Rp) are compared with those of
LipoNipsMngsO, at select temperatures, as shown in Table
1. The calculated and observed spectra and their differential
plots of Lip,NipsMngsO, at 200 and 275 °C and
LipoNigsMngsO, at 275 °C can be found in Supporting
Information Figure S3, which were used to generate the
refinement results in Table 1.

At 25 °C, the charged Li,NipsMnysO, electrode has
~0.03 nickel ions in the octahedral 3b sites of the Li layer
and ~0.03 nickel ions in the tetrahedral 6c¢ sites per formula
unit'” while the discharged sample was found to have ~0.06
and ~0.02 nickel ions in the octahedral 3b and tetrahedral
6¢ sites per formula unit, respectively. These refinement
results are consistent with previous findings,'®'”*37 which
have shown that (1) octahedral Ni ions could migrate from
the Li layer, thorough face-shared tetrahedral sites in the Li
layer, into the transition metal layer upon charge; and (2)
the process was in part reversible upon discharge.

Upon heating from 100 to 275 °C, the occupancy of the
3b sites in the Li layer (Li occupancy was fixed on the 3b
sites) was found to considerably increase, and that of the 3a
sites (transition metal layer) decreased in the charged sample.
Approximately 0.15 interlayer mixing per formula unit was
found in the charged sample at 275 °C, which suggests that
a considerable amount of cations (~0.09 cation per formula
unit) has migrated from the Li layer to the transition metal
layer upon heating. In contrast, no change in the cation
distribution was detected with certainty in LigoNipsMng 5O,
upon heating to 300 °C. As shown in Table 1, a relatively
high Ry, value was obtained for the refinement of
Lig»NipsMngs0, at 275 °C, which could be attributed to
broadening of diffraction peaks and the onset of structural
decomposition at this temperature (Supporting Information
Figure S3b).

In the Rietveld refinements of data collected upon heating
to 250 °C, only the reflections of the rhombohedral structure
(R3m) were considered, and oxygen occupancy in the rhom-
bohedral structure was not refined because oxygen has a

(45) Adler, S. B. J. Am. Ceram. Soc. 2001, 84, 2117.
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Figure 4. X-ray diffraction patterns of (a) 4.5 V charged Lig»NipsMng 50, and (c) discharged LioNipsMng 5O, (after charging to 4.5 V) at elevated temperatures
in the range of 25—600 °C. The highlighted X-ray diffraction patterns of (b) Lip,NipsMngsO, at 25, 250, 2?5, and 300 °C and (d) Lig.9NipsMngsO; at 25,
250, 275, 300, and 450 °C. Arrows in the plots show unindexed peak with an interplanar spacing of 4.63 A, close to the (003)n.x. Bragg reflection of the

parent rhombohedral phase.

considerably smaller atomic scattering factor for X-ray relative
to transition metal ions. The formation of a considerable amount
of oxygen vacancies in a given structure upon heating would
typically lead to larger lattice expansion than pure thermal
expansion (known as chemical expansion®). In this study, we
postulate the extent of oxygen vacancy formation in the
rhombohedral structure of charged and discharged electrodes
from the expansion in the unit cell volume upon heating to 275
°C, which will be discussed in terms of detailed lattice parameter
analysis and TGA data in later sections. Further neutron
diffraction studies are needed to quantify to what extent oxygen

vacancies are formed in the rhombohedral structure of
LiXNio.sMn()jOz upon heating.

Changes in the Unit Cell Dimensions of Rhombohedral,
Spinel-Type and Rocksalt-Type Structures. The unit cells of
ideal spinel and rocksalt structures, which have cubic
symmetry and a cubic close-packed oxygen array, are shown
relative to the rhombohedral structure in Figure 5.¢ Lattice
parameters of spinel and rocksalt phases can be related to

(46) Ohzuku, T.; Ariyoshi, M.; Makimura, Y.; Yabuuchi, N.; Sawai, K.
Electrochemistry 2005, 73, 2.
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Table 1. Crystallographic Parameters for Lij;Nip.sMnos02 Obtained by the Rietveld Analysis at 25, 100, 200, and 275 °C and Liy9Nip.sMngs0,
at 25 and 275 °C*

composition Lip2NigsMng 50, (4.5 V charged) LiooNigsMng 50, (4.5 V discharged)
temperature (°C) 25 100 200 275 25 275
space group R3m R3m R3m R3m R3m R3m

lattice constants (A) (hex. = 2.8326(3)

Chex. = 14.373(1)

anex. = 2.8347(3)
Chex. = 14.389(1)

ahex. = 2.8436(3)
Chex. = 14.353(1)

Qhex. = 2.8698(4)
Chex. = 14.257(1)

anex. = 2.8700(3)
Chex. = 14.308(1)

ahex. = 2.8810(4)
Chex. = 14.366(1)

3a site Ni (2) 0.439(4) 0.435(4) 0.395(8) 0.345(10) 0.419(3) 0.424(5)
Mn (g) 0.5" 0.5" 0.5" 0.5° 0.5" 0.5"
Li (g) 0’ 0’ 0’ 0’ 0.03%" 0.03%%
B (A?»? 0.30° 0.31>¢ 0.39%¢ 0.45%¢ 0.30” 0.45%¢
3b site Li (g) 0.220” 0.220” 0.220” 0.220” 0.820” 0.820”
Ni (2) 0.031(4) 0.039(4) 0.079(8) 0.135(10) 0.063(3) 0.056(5)
B (A%»? 1.20" 1.33" 1.50” 1.63" 1.00” 1.437
6c site tetrahedral
Ni (g) 0.015(2) 0.013(2) 0.013(4) 0.010(5) 0.009(1) 0.009(2)
B (A% 0.60” 0.68” 0.80" 0.88” 0.60” 0.88”
octahedral
0 (9) 1.00” 1.00” 1.00” 1.00” 1.00” 1.00”
B (A%»? 0.70° 0.80¢ 0.92¢ 1.025¢ 0.70" 1.02¢
positional parameter  Ni (tetrahedral) 0.133" 0.133 0.132 0.130 0.130 0.130
z for 6¢ site
O (Octahedral) 0.2630(5) 0.2630(5) 0.2624(7) 0.2595(10) 0.2593(5) 0.2587(6)
unit cell volume (A%) 99.87 100.13 100.51 101.69 102.06 103.26
Ryyp (%) 15.2 16.5 18.6 27.6 14.5 14.4
Rg (%) 6.2 8.5 8.6 15.1 4.1 6.0

“Rietveld analysis was carried out in the range of 10—40° in 26 (1 = 0.501 A), corresponding to the d-spacing of 2.87—0.73 A. ” Not refined.
“ Fixed with the assumption based on the observation of NMR study.*> A small amount of lithium ions was observed after discharge. ¢ Isotropic
displacement parameter. / Fixed based on z for octahedral site. ¢ Fixed based on the B values obtained for the pristine sample.
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Figure 5. Schematic illustration of crystal structure of (a) an ideal layered material (R3m), (b) a spinel structure (Fd3m), and (c) a rocksalt structure
as a layered formulation along the [010]pex. or [110]cupic direction. (d) A MeO; basal plane of the layered material projected along [001]pex. consisting
of edge-shared MeOg octahedra and rocksalt structure with the same basal plane, which is perpendicular to [111]cubic. The spinel structure has two
kinds of basal planes as the layered formulation: (e) cations occupy octahedral sites only and 1/4 octahedral vacancies exists in the MeO, sheet and
(f) cations occupy 1/4 octahedral site and 1/4 tetrahedral site in the MeO> sheet and the basal plane is built up by corner sharing MeOg octahedra and
MeOy tetrahedra.

X 2\/ 2, Aspinel = Chex./ \/ 3 and Arocksalt — Ohex. X \/ 2, and Arocksalt
= chex_/2«/ 3. It should be noted that both spinel and rocksalt

those of the rhombohedral structure in the hexagonal unit
cell setting using the following relationships: dgpinel = Ghex.
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structures have a cpex/anex. ratio of 4.90 bound by the cubic
symmetry unlike the rhombohedral structure. Using these
relationships, the unit cell dimensions of spinel-type and
rocksalt-type phases in the charged and discharged samples
can be compared to those of the thombohedral structure in
the temperature range of 25 and 600 °C, as shown in Figures
6a—f. In these graphs, discontinuity in the lattice parameters
as a function of temperature is indicative of a structural
transition and the appearance of a new phase. Unit cell
dimensions and thermal expansion coefficients of the rhom-
bohedral, spinel-type and rocksalt-type phases observed at
select temperatures are listed in Table 2.

Four important observations are made from Figure 6. First,
the lattice parameters and cpex /anex. ratio of the rhombohedral
structure were found to considerably change in the charged
sample as a function of temperature while those found in
the discharged sample increased slightly from RT to 300 °C.
In the case of LipsNigsMngs0,, it was found that apex
continuously increased while chex. decreased with rising
temperature, which led to a sharp decrease in the cCpex/dhex.
ratio, as shown in Figure 6b. The change could be noted
easily in the diffraction data as peak doublets of (108)pex.
and (110)pex. and (2016 ),ex. and (220)yex., characteristic to the
R3m structure, were found to gradually merge into single
peaks upon heating to 300 °C, as shown in Figure 4. The
Chex./anex. Tatio of rhombohedral Li,NigsMngsO, decreases to
~4.90 as the temperature approaches 300 °C, which indicates
that the cubic close-packed oxygen array of the rhombohedral
structure approaches the cubic symmetry. At 275 °C, the
rhombohedral Lig,NigsMng 5O, structure was found to have
unit cell dimensions of @nex, = 2.89 A and cpex, = 14.22 A
and a Cpex/anex. ratio of 4.92, which is shown in Tables 1
and 2 and Figure 6b. The reduction in the Chex/anex. ratio of
the rhombohedral structure is consistent with the increasing
transition metal occupancy in the Li layer as temperature
was increased, which led to the decreased LiO; slab space
and thus reduced lattice parameter cpex .. In contrast, the chex/
anex. Tatio remains constant in the discharged sample up to
~300 °C (Figure 6e), which is in good agreement with nearly
constant cation distributions found from the Rietveld refine-
ment (Table 1).

Second, the unit cell volume of the thombohedral structure
was found to increase linearly, and the increase in the unit
cell volume of the charged and discharged samples as a
function of temperature were calculated to be 4.06 x 107>
°C™' (25-275 °C) and 4.63 x 107> °C™' (25-300 °C),
respectively. These values are slightly smaller than the
thermal expansion coefficients of pristine LiNigsMngsO,. The
dotted line shown in Figure 6¢,f corresponds to the thermal
expansion in the unit volume of pristine LiNipsMngs0, (8
= 5.64 x 107° °C™"). Therefore, the extent of oxygen
vacancy formation (which typically leads to considerable
lattice expansion®’) in the charged and discharged
Li,NipsMngs0, electrodes upon heating to 275 °C, is
considered insignificant, which will be supported with TGA
results shown in a later section. As the changes in the anex.
and cpex. Of the Lig,NigsMng 50, rhombohedral structure from
RT to 275 °C are affected not only by thermal expansion
but also by cation migration from the transition metal layer
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to the Li layer, the values of anex. and chex. were found to
first slightly increase and then decrease nonlinearly with
increasing temperature (Figure 6a), respectively. This is in
contrast to linear thermal expansion coefficients of
LigoNipsMngsO, unit cell dimensions in the temperature
range from 25 to 300 °C (with no cation migration as shown
in Figure 9), having 0(dnex) = 1.39 x 107 °C~" and 0((Cpex.)
=221 x 107° °C™", which are comparable to those of the
pristine sample.

Third, the rhombohedral phase was preserved partly at
temperatures greater than 300 °C, which was found to have
Chex/anex. Tatios approaching 4.9. The rhombohedral and
spinel-type phases were found to coexist upon heating of
the charged electrode from 300 °C to 450 °C, and the spinel-
type phase became the major phase at ~400 °C (relative to
the rhombohedral phase) for the charged electrode. This is
in contrast to the observation that the rhombohedral phase
remained as the major phase up to 500 °C for the discharged
electrode. Although X-ray diffraction data in this study
appear similar to those reported previously,’' detailed
analyses reveal findings different from the previous study,’’
which reports that the spinel-type phase is the dominant phase
at ~335 °C (Figure 3b of this previous study®') and the
formation of rocksalt-type phase occurs at ~340 °C. We here
use two models to show X-ray diffraction evidence of
rhombohedral-type and spinel-type phases at ~300 °C in the
charged electrode: (1) single-phase spinel-type model and
(2) two-phase model that consists of both rhombohedral-
type and spinel-type phases. When the single-phase model
was employed, a clear deviation in the calculated and
observed peak positions was confirmed, especially for the
(220)spine1 peak (Figure 7a inset), as shown in Figure 7a.
When the two-phase model was applied, an excellent
agreement between the calculated and the observed peak
positions was obtained, as shown in Figure 7b. The spinel-
type peaks are locating at lower angles of the rhombohedral-
type reflections, which lead to apparent peak broadening and
peak asymmetry at this temperature. Moreover, much greater
increases in the unit cell volume as a function of temperature
were noted for the rhombohedral-type phase (R3m) in the
charged (45 x 107> °C~") and discharged (14 x 107> °C™ "
samples relative to LiNipsMnysO, at 300 °C and higher, as
shown in Figure 6c¢.f, respectively. These values are signifi-
cantly larger than volumetric thermal expansion coefficients
of oxides, which are typically less than 10 x 107> °C~'.#
Therefore, it is postulated that the rhombohedral-type
structure gradually loses oxygen upon heating at temperatures
higher than ~275 °C, which can reduce the valence of
transition metal ions and increase the unit cell volume in
addition to thermal expansion. The stability of the rhombo-
hedral-type phase and its coexistence with the spinel-phase
at 300 °C and higher can suggest lower oxygen loss relative
to complete conversion to the spinel-type phase. It should
be noted that the increase in the unit cell volume of the
rhombohedral structure in Lig»NigsMngsO, as a function of
temperature at temperatures greater than ~275 °C is con-
siderably greater than that found in Lig9NigsMngsO,, which
indicates greater oxygen loss from Lig,NipsMngsO;.



4944  Chem. Mater., Vol. 20, No. 15, 2008
15.0 r . - T —
148] @ |
= “ o5 R3m : .- A
< r Ram (cation migration) : : -
148 | / 4
Ui [ ;‘.3- .-o°'o
144 o—o—c\ 0. 4
N .o : 4
142} § 710770 4
3ot : B i
< im0 .r““"'ﬂ—ﬂ ]
% : Lo O =
o 29 : i0..-0" i Fo3m
: : _ _ and
r 0—0—‘)'—‘/&) i R3mand Fd3m: Fm3m
2'8 i 1 : 1 1 E 1
0 100 200 300 400 500 600
T (°C)
T T B T .
(b) _ g
51k R3/m phase : 4
; LiohziNiolsMnOASO2
0. 0
Fors e D G o O o O g Yo St
o Ret.20) ! _ / i
Li, ;Ni, n:.Alo 10; : Fd3m and Fm3m phase
48 I 1 1 1 |
[} 100 200 300 400 500 600
T (°C)
125 , . — T T
(+ ; i —
© Fm3m
120 | \ A

10 F ED__.u.--\

< 15|
[+
£
3
° -
2 e
3 ’ .o
2 105 |- _ o ‘.‘O : i
5 RBm ; (cation migration) .5
O——-\(E)"—?_U-_O&; ;
100 - z i
: ip=564x10°°C"i
95 l N 1 " 1 N 1 1
0 100 200 300 400 500
T(C)

600

Crur B

g A

hax | Fhex.

Unit Cell Volume (A?)

Yabuuchi et al.

15.0 . . , T —
- (d) :

148 | : _ _ : 4
L = ' R3mand F@3m
R3m H ;

1486 : ERRLEE A
L Y- S = .i.0-
"ar OM T
14.2‘: 2

T é RS
i R
29 o
H : i and
2.8 1 1 1 i 1 1 . Rsm
0 100 200 300 400 500 600
T/°
T T ! T T i
(e) :
5.1 J
3 R3m phase
50 / .
\) . .. O--"
GO e fereane [a Faey OeeF -é--_;
Fd3m and Fmi3m phase
4.8 1 1 i 1 1 -
0 100 200 300 400 500 600
T (C)
125 L) 1 1 L) T —
® i
120 - A
15| _ i
Fd3m
\ o
10 D--0 -
105
100
95 1 1 El 1 1 E
500

100

200 300 600

T(C)

Figure 6. Change in the lattice parameters of (a) charged Lig,NipsMngsO; and (d) discharged LigoNipsMng 50 in the range of 25—600 °C. The
lattice parameters of spinel-type or rocksalt-type structure were converted to that of a-NaFeO,-type in a hexagonal setting. The changes in the ratio
of Chex/anex. for (b) Lig2NipsMng 5O, and (e) LigoNigsMng 5O, in the range of 25—600 °C are also shown. A cubic phase such as spinel and rocksalt
structures has the ratio of cpex/dnex. = 4.9. The change in the ratio chex/anex. for Lig3Nig.oAlg.1602 is also plotted in (b) for comparison.z(’ The unit cell
volumes for (c¢) Lig»NipsMng 5O, and (f) LigoNigsMngsO; in the range of 25—600 °C were calculated from (a) and (d), respectively, with the slope
observed for the pristine LiNipsMng50,. Oxygen loss from the material probably leads to deviation from the slope and/or the noncontinuous change
in the unit cell volume. The open circles, squares, and triangles correspond to the a-NaFeO, (R3m), spinel (Fd3m), and rocksalt (Fm3m) structure,

respectively.

Fourth, the unit cell volumes of the spinel-type and
rocksalt-type phases found in the charged and discharged
electrodes at temperatures greater than 300 °C in the charged
and discharged samples are considerably larger than that of
the rhombohedral phase, as shown in Figure 6c¢.f, respec-
tively. For example, the spinel-type phase has a lattice

parameter of agpines = 8.36(1) A (anex. = 2.96 A and Chex. =
14.49 A) at 300 °C, which results in a unit cell volume (V
= 109.7 A%) that is considerably larger than that of the
rhombohedral phase (anex. = 2.89 A and Chex. = 14.22 A; 1%
= 1029 A3 ). This large, discontinuous increase in the unit
cell volume found in the cycled samples as a function of
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gs g L; at ~400 °C was attributed to the decomposition of PVDF
- S el . . .
ol2Q - 3 e E (10 wt % present in the electrode), which was noted in the
ElEg o3 £2 ElE
5133 22 2.3 g2
E 20 ; Zg- : Zg < g (47) Miner_al physics & c_rystallo_graphy: a 'handbook of physical constants;
£ w3 w3 s B American Geophysical Union: Washington, DC, 1995.
S ~ ~ S (48) Wang, L.; Maxisch, T.; Ceder, G. Chem. Mater. 2007, 19, 543.
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Figure 7. Phase analysis on the X-ray diffraction patterns of the charged Lip»NigsMn 50, obtained at 300 °C. (a) Single-phase spinel-type model and (b)

two-phase model that consists of the spinel-type and rhombohedral phases. A
2.96 A Chex, = 14.49 A in the hexagonal unit cell setting) and a large unit cel
2.89 A, chex. = 14.22 A and Viex, = 103 Az) The increase in the unit vol

t this temperature, the spinel-type phase has larger lattice parameters (dnex. =
1 volume (110 A%) in comparison to those of the rhombohedral phase (anex. =
ume of the spinel-type phase (approximately 7% at 300 °C) relative to the

rhombohedral structure in the charged electrode can be attributed to additional oxygen loss.

TGA data of the pristine LiNijsMn 50, electrode (Support-
ing Information Figure S4). The onset temperature of weight
loss and the amount of weight loss from discharged
LipoNigsMng 50O, electrode were found comparable to pristine
LiNipsMng 5O, electrode, which indicated that the oxygen
loss from LigoNipsMngsO; at temperatures lower than 400 °C
was insignificant.

Discussion

Stability of the Rhombohedral Structure (R3m).
Cation Migration in the Rhombohedral Structure (100—
275 °C). No change in the cation distribution of the charged
and discharged samples is noted upon heating from RT to
100 °C. A considerable amount of cations migrates from the
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Figure 8. TGA curves of the pristine LiNipsMnosO,, charged
Lip2Nig5sMng 50>, and discharged Lig9NipsMng 50, under nitrogen gas flow
in the temperature range of 25—600 °C. The pristine sample was measured
without carbon and binder, and no weight change has been observed in
this temperature range.
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Figure 9. Change in the occupancy of Ni and Mn ions at the 3a site for
Lio2NigsMng 505 (open circles) and Lig.oNigsMng 5O (open squares) in the
temperature range between 25 and 275 °C. The spinel structure (Fd3m)
can be presumed as the layered formulation, in which the occupancies of
transition metals at 3a site (metal layer) and 3b site (lithium layer) are 0.75
and 0.25, respectively.

transition metal layer to the Li layer, and the occupancy of
the 3a sites in the Lip»NipsMngsO, electrode gradually
decreases from ~0.94 in [D0474Li0.2Ni0.06]3b[|:|0'()6Ni0.44-
Mn**515,0, at 100 °C to ~0.85 in [CyesLioMeg is]s-
[Oo.1sMeg 8513.02 per formula unit at 275 °C, as shown in
Figure 9. As X-ray diffraction data in this temperature range
did not show any evidence of long-range ordering at
tetrahedral sites characteristic of the spinel structure, the
cations found on the tetrahedral 6c¢ sites by Rietveld analysis
(~0.02 nickel per formula unit for all samples as shown in
Table 1) were merged into the 3b site for simplicity in Figure
9. Cation migration from the octahedral 3a sites to 3b sites
(there are three adjacent edge-shared octahedral sites in the
Li layer for each 3a site) requires hopping through tetrahedral
6¢ sites in the lithium layer (face-shared with the 3a and 3b
sites), as discussed previously'®!”?° and shown in Figure
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10. Since it is very difficult for Ni** and Mn*" to occupy
tetrahedral sites, it is postulated that low-spin Ni*" ions (t2g6
e.') in Lig2NipsMng 50, from the transition metal layer hop
via tetrahedral sites (e* t,%) into the Li layer upon heating.
Further studies are needed to confirm this hypothesis.

The layered character of the thombohedral structure (R3n1)
can be stabilized by having high lithium contents in the lithium
layer, as evidenced by a constant occupancy of the 3a sites in
the discharged Lig9NipsMng 50O, electrode upon heating to 275
°C (Figure 9). This is in good agreement with the fact that the
Chex/anex. Tatio remains nearly constant up to 300 °C, as shown
in Figure 6e. It is not understood if the difference in the extent
of cation migration between the charged and the discharged
samples at temperatures lower than 300 °C results from
thermodynamic considerations or kinetic limitation. Previous
first-principles calculations have suggested that all layered
Li,MeO, structures with space group R3m (x < 1) are
metastable to spinel.*®*’ Cation migration, which is required
for the spinel formation, can be facilitated by vacancies in the
Li and transition metal layers at low temperatures. The number
of vacancies in the Li and transition layers of LigoNipsMngsO,
is much lower (less than 0.10 at 3a and 3b sites per formula
unit) than those of Lij2NijsMngs0,, which may prohibit cation
hopping from octahedral to tetrahedral sites and prevent cation
migration within cubic-closed-packed oxygen array and the
spinel formation.

Improved Stability of Rhombohedral LixNipsMngs0O>
against Oxygen Loss. The change in the ratio of Chex/@nex. Of
the rhombohedral Lij,NigsMngsO, structure (Figure 6b) is
attributed to gradual cation migration from the transition
metal layer to the Li layer upon heating. The increase in the
unit volume of Liy,NigsMngysO, is comparable to that of
pristine LiNipsMngsO, (Figure 6c,f), and TGA data show
negligible weight loss at temperatures below 275 °C.
Therefore, it is postulated that oxygen loss from the
rhombohedral structure is minimal upon heating to ~275 °C,
during which transition metal ions migrate to the lithium
layer to form a disordered rhombohedral structure (R3m).
The rhombohedral to the spinel-type phase transition occurs
between 275 and 300 °C, and the unit cell volume of the
spinel-type phase is considerably larger than that of the
rhombohedral phase, which suggests that oxygen loss from
Lip,NipsMngsO;, occurs at ~275 °C. This hypothesis is
further supported by the TGA result, where the onset of
weight loss in the Li2NigsMngsO; electrode (a weight loss
of 1 wt % relative to the pristine LiNiysMngsO, electrode)
occurs at ~260 °C (Figure 8 and Supporting Information
Figure S4). The onset temperature of oxygen loss found in
this study is in excellent agreement with that of heat release
(~275 °C) from prior DSC measurements of Ligs[Nigs-
Mn0‘5]0212 (in the presence of electrolyte). It is surprising
to note that oxygen loss from Lig,NigsMng 5O, found in this
study occurs at a considerably lower temperature than 340 °C
reported previously from X-ray powder diffraction in the
presence of electrolyte,®! particularly considering that (1)
similar heating rates were used and (2) electrolyte presence
may reduce the onset temperature.

The stability of Lip2NigsMngysO, is remarkable in com-
parison to LiosNi; 00,%°, where oxygen loss from bulk begins
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Figure 10. Schematic illustrations of the phase transition from the rhombohedral structure at 25 °C to the spinel-type phase observed at 275 °C. For
Lio2NipsMng 50,, cation mixing progresses between 3a and 3b sites during heating, leading to the formation of the pseudospinel structure (partial occupation
of cations at 16d octahedral sites as a spinel phase), while for LigoNipsMngsO,, cation displacement was not confirmed until 275 °C. Cations, presumably
Ni*" ions, migrate from the octahedral sites in the metal layer to the octahedral sites in the lithium layer via face-shared tetrahedral site in the lithium layer.

at ~180 °C upon conversion of the layered structure (R3m)
to a pseudospinel structure (such as LiossNis 304>7). Oxygen
loss from rhombohedral Lij»NipsMngsO, occurs at temper-
atures ~100 °C higher than that from Lig3Ni; 205>’ The
improved thermal stability of the rhombohedral Lij,-
NipsMn 5O, phase may be attributed to the existence of
Mn*" ions (50% of transition metal ions) in the structure as
oxygen loss from Mn*" 0, begins at ~300 °C in argon.>>>°
Excellent stability of Li,NipsMng 5O, electrodes upon cycling
to ~5 V reported recently'” can be attributed to the intrinsic
stability of rhombohedral LiNipsMnsO, against oxygen
loss, particularly at low lithium contents. The thermal stability
of the rhombohedral LiNipsMngsO, structure can be im-
proved by increasing its lithium content, which is shown
previously in Li,Ni0,.>>?%?° The onset temperature of
decomposition to the spinel-type phase is shifted to a higher
temperature (~350 °C) in LiyoNigsMnsO, relative to that
of Li,NigsMng 50, (~275 °C). This is further supported by
the TGA result that the oxygen loss from LioNipsMny 5O,
at temperatures lower than 400 °C was minimal (<1 wt %
relative to that of pristine LiNigsMngsO, electrode).

Thermal Decomposition of Li,NipsMngs0,. Structural
changes of LipsNipsMnosO, and LipoNipsMngsO, upon
heating from RT to 600 °C in argon are shown in Figure
11a,b, respectively. In this section, we discuss the formation
of the spinel-type and rocksalt-type structures upon oxygen
loss from the rhombohedral structure.

Transition from the Rhombohedral (R3m) to Spinel-
Type (Fd3m) Structure (~275—450 °C). It is proposed that
the phase transition from the rhombohedral structure to the
spinel-type structure in Lig,NipsMngsO, can be written as

[0y 64Lig 2Mey 16155 [0 16Meg 8413,0, =
0.5(1 = [Lig 41—y Meay1 -y )salMes] 16404 +30,1 (3)

where y represents the extent of oxygen loss relative to
Li2NipsMng 5O, upon conversion to the spinel-type structure.

The value of y may vary between 0 and 0.2. When y is equal
to 0.2, oxygen loss associated with the formation of the
spinel-type phase is ~7 wt %. This is in good agreement
with the fact that the weight loss of LigsNigsMngsOa
electrode is ~8 wt % relative to pristine Lig,NipsMngsO,
electrode at 400 °C (Figure 8), where the spinel-type phase
becomes the dominant phase (Figure 4a and Figure 6).
Detailed stoichiometries and cation distributions of the
spinel-type structure at different temperatures are not known.
Comparison of observed lattice parameters of the spinel-
type structure in Figure 6 with those of known spinel
compounds may provide some insights to the average valence
of transition metal ions, the extent of oxygen loss in the
spinel-type structure, and the cation distributions. The lat-
tice parameter, dgpinct, Of the spinel-type phase found in the
charged sample at 400 °C is equal to 8.36 A, which is
comparable to that of NiMnyOy (@spines = 8.39 A at RT; 8.42
A at 400 °C; the average valence of transition metals =
2.7)>'2 but considerably larger than that of LiNi,Oy (dspiner
= 8.04 A at RT),?® LiNig sMn, 504 (dgpines = 8.17 A at RT)>?
and LiMn,O4 (aspine = 8.24 A at RT)54 having average
transition metal valence of 3.5. This comparison further
supports that the spinel-type structure in the charged sample
at 400 °C may have y values close to 0.2, having a chemical
formula of [LigsMegs]sa[Mez]16¢04 (with a valence state of
3+) provided that all the Li ions are located on the tetrahedral
8a sites. As the intensities of the (220)spinet and (422)spinel
reflections of the spinel-type phase are clearly visible in

(49) Van der Ven, A.; Ceder, G. Phys. Rev. B 1999, 59, 742.

(50) Schilling, O.; Dahn, J. R. J. Electrochem. Soc. 1998, 145, 569.

(51) Gillot, B.; Baudour, J. L.; Bouree, F.; Metz, R.; Legros, R.; Rousset,
A. Solid State Ionics 1992, 58, 155.

(52) Brabers, V. A. M.; Terhell, J. Phys. Status Solidi A 1982, 69, 325.

(53) Ariyoshi, K.; Iwakoshi, Y.; Nakayama, N.; Ohzuku, T. J. Electrochem.
Soc. 2004, 151, A296.

(54) Ohzuku, T.; Kitagawa, M.; Hirai, T. J. Electrochem. Soc. 1990, 137,
769.
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Figure 7 (transition metals most likely present on the 8a sites,
the formation of stoichiometric [Li]s,[Me:]16404 analogous
to [Li]su[Niz] 16404 as suggested for the thermal decomposition
of Li,NiO,*® is unlikely upon heating of Lig,NipsMngsO,
in this study. This is in agreement with a recent study of
nuclear magnetic resonance,”> where thermally treated
LiosNiO; has a cation distribution significantly different from
the ideal LiNi,O4 spinel structure. The spinel-type phase is
stabilized over a much wider temperature window (~300—600
°C) against conversion to the rocksalt-type phase upon
heating of Lig»NigsMngsO; relative to Liy3NiO, (Figure 11a
and Supporting Information Figure S5). The increased
stability of the spinel-type structure is consistent with the
observation that oxygen loss from Liy,NigsMngsO; is
considerably smaller than that from Liy3;NiO, for a given
elevated temperature. It is postulated that the spinel-type
structure, having a chemical formula of [Liga/i-yMesy
(1-y]sa[Mez] 16404 (the extent of oxygen loss, y > 0), may
consist of Mn>" that can disproportionate into Mn*" and
Mn** 2! The Mn*" ions can occupy the tetrahedral sites and
stabilize the spinel-type structure against further oxygen loss
and conversion to the rocksalt-type phase upon heating to
higher temperatures. This hypothesis is supported by the
existence of many thermodynamically stable Mn and/or Ni
spinel compounds such as Mn;0,°® and NiMn,0,,>? in which
(divalent) manganese ions are located at the tetrahedral sites.

Similar lattice parameters (d@gpine = 8.35—8.40 A) were
found for the spinel-type phase in the discharged and charged
samples. Therefore, it is believed that the spinel-type structure
in the discharged sample may have similar valence state of
transition metal ions to that in the charged sample. Although
the spinel-type phase becomes noticeable at ~400 °C, the
rhombohedral phase exists as the major phase in the
discharged sample at temperatures lower than 550 °C. This
is in contrast to thermal decomposition of the charged
sample, which has the spinel-type structure as the major
phase in the temperature range from 400 to 550 °C (Fig-
ure 6).

Transition from the Spinel-Type (Fd3m) to the Rocksalt-
Type (Fm3m) Structure (above ~500 °C). It is proposed that
the phase transition from the spinel-type structure to the
rocksalt-type structure in Lip,NigsMngsO, occurs when the
extent of oxygen loss from bulk, y in Lig,NipsMng 50,2, or
[Li0.4/(1_y)M62y/(1_)v)]ga[Mez]1(,d04 approaches 0.2. This forma-
tion of the rocksalt-type structure can be written as:

0.5[Liy sMey slg,[Me,] 640, —
(2 = 22)[Liy 155/ yMeg 62511 -0 +20, (4

where z represents the extent of additional oxygen loss
relative to Lio'zNio'sMno‘sozfzy (y = "’02) (OI' [Li()jMe()'s]ga-
[Me;]16404 having all lithium ions on the 8a sites) upon
conversion to the rocksalt-type structure. The value of z may
vary from 0 to 0.25. When z = 0.25, the rocksalt-type phase
may be formulated as [Lig 167Meos33]O, in which the average
oxidation number of transition metals is calculated to be
2.2+. When z is equal to 0.25, oxygen loss associated with

(55) Chazel, C.; Menetrier, M.; Carlier, D.; Croguennec, L.; Delmas, C.
Chem. Mater. 2007, 19, 4166.
(56) Goodenough, J. B.; Loeb, A. L. Phys. Rev. 1955, 98, 391.
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the formation of the rocksalt-type phase is ~14 wt % based
on the Lip»NigsMngsO; electrode. This is in good agreement
with the fact that the weight loss of Lig,NipsMnysO,
electrode is ~11.5 wt % relative to pristine Lig,NigsMng 5O,
electrode at 600 °C (Figure 8 and Supporting Information
Figure S4), at which temperature the rocksalt-type phase
becomes the dominant phase (Figure 4a and Figure 6) with
the minor spinel-type phase. In addition, lattice parameter
of the rocksalt-type phase, drocksarr, 1 4.29 A at 600 °C (Table
2), and it is comparable to that of NipsMnosO (drocksat =
4.33—4.36 A at 600 °C), which was estimated from the
thermal expansion coefficients of NiO** and MnO** (Sup-
porting Information Table S1). Having the similar unit cell
dimension to rocksalt NipsMngsO suggests that the rocksalt-
type structure formed from Liy»NipsMngs0O; at 600 °C may
have a chemical formula close to [Lig j67Megg33]O, which is
likely to consist of NiZt, Mn?*, Lit, and Mn>*.

The phase transitions found in Lip9NipsMng 5O, at 600
°C are considerably different from those found for
Lig»NigsMngsO,. In addition to the rocksalt-type phase
(Arocksare = 4.32 A) as the major phase, a new rhombohedral
phase (anex. = 2.91 A and chex. = 14.45 A) and nickel
metal (deupic = 3.55 A) are present as minor phases. This
new rhombohedral phase has lattice parameters similar
to those of the pristine sample (anex. = 2.91 A and Chex. —
14.43 A at 600 °C) and considerably different lattice
parameters from those of the rhombohedral structure
observed at temperatures below 550 °C, as shown in
Figure 6d. It is postulated that the appearance of this new
phase results from the recrystallization of the rhombohe-
dral LiNipsMngsO, structure at high temperatures. This
observation is in good agreement with the recrystallization
of LiNiO; upon thermal decomposition of Li,NiO, when
x is greater than or equal to 0.5.>**% It should be mentioned
that the intensity of (003)nex. is relatively low relative to
other reflections, which indicates that the recrystallized
LiNipsMngsO, structure has greater extent of interlayer
mixing than the pristine sample. This observation is in
good agreement with previous findings,'> which reveal
that the LiNipsMng 5O, samples synthesized at 600 °C in
air show considerable interlayer mixing (~0.16 per unit
formula). Since the oxygen partial pressure is low in this
experimental condition (an argon filled capillary), this
recrystallization of the rhombohedral phase is accompa-
nied with solid-state reduction of the spinel-type to the
rocksalt-type phase and the formation of the Ni metal.
The lattice parameter of Ni metal (a = 3.55 A at 600 °C)
is in good agreement with the reported values (a = 3.52
A at 25 °C and 3.56 A at 600 °C).”” It is noted that the
lattice parameter of the rocksalt-type phase found in
the discharged sample is considerably larger than that in
the charged sample. This difference may be related to the
fact that the rocksalt-type phase in the discharged sample
has a higher concentration of Mn ions than that in the
charged sample.

Comparison with Previously Proposed Decomposition
Mechanisms of LixNiO>-Based Oxides. As shown in Figure

(57) Owen, E. A. Y., E. L. Philos. Mag. 1936, 21, 809.
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11a,b, the proposed decomposition mechanism of
Li()AzNi()AsMIl()Asoz and Li()AgNi()AsMIl(UOQ in this Stlldy includes
cation migration in the rhombohedral structure, conversion
to the spinel-type structure and coexistence of the rhombo-
hedral and spinel-type structures, and conversion to the
rocksalt-type structure and coexistence of the spinel-type and
rocksalt-type structures. The proposed mechanism is similar
to that reported previously for LiNiO,*?’ (shown in
Supporting Information Figure S5), but one difference is
noted. Previous studies®®?” have proposed a phase transition
from the spinel-type (pseudospinel) to the disordered rhom-
bohedral structure. However, this phase transition is not
found (Figure 11a); in contrast, it is shown in this study that
cation migration occurs and the interlayer mixing increases
in the rhombohedral structure at temperatures greater than
~100 °C, and the rhombohedral phase in Liy»NigsMngsO2
gradually loses oxygen at temperatures higher than ~275
°C and disappears at ~450 °C. It should also be mentioned
that several previous studies?®*® have suggested that Li,NiO,
decomposes into spinel LiNi,O4 and rhombohedral LiNiO,
when x is greater than 0.5 and into spinel LiNi,Oy, rocksalt
NiO, and O, when x is less than 0.5 upon heating. However,
these decomposition processes, specifically stoichiometric
spinel [Li]s,[NiMn];6¢04 and pristine rhombohedral
[Li]sp[Nip sMng 5]3,05 structures, are not found upon heating
of LioAzNiQA5Mn0A502 and LioAgNiojMnojOz (Without electro-
lyte) to 600 °C in argon in this study (Figure 11a,b).

Conclusions

Thermal instability of cycled LipNigsMngsO, and
LipoNipsMngsO, electrodes has been examined by in situ
synchrotron X-ray diffraction and TGA measurements upon
heating from RT to 600 °C in argon (in absence of
electrolyte). This study shows that LiNipsMnysO, has
thermal stability superior to other Li,NiO,-related materials
by comparing X-ray diffraction and TGA data collected
under similar experimental conditions. We note the follow-
ing: (1) a higher onset temperature of oxygen release
(occurring at ~275 °C for Lig,NigsMngs0,, ~100 °C higher
than those of Lig3NiO, and ~40 °C higher than Li3Nig -
Co0o.15Al9,150,%°7) as a result of increased stability of the
disordered rhombohedral structure and (2) reduced oxygen loss
as a result of the increased stability of the spinel-type phase
(partly retained at 600 °C) against oxygen loss to form the
rocksalt-type phase upon heating to 600 °C. The information
not only allows the comparison of intrinsic thermal stability of
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different electrode materials but also provides new insights to
the origin of the electrochemical behavior of LiNiysMnysO»
and design of new electrode materials with increased thermal
stability. For example, the intrinsic stability of rhombohedral
Li,NiysMng 50, structure at very low Li contents against oxygen
loss is believed key to the good cyclability of Li,NijpsMngs0,
electrodes to high voltages such as ~5 V.'7 It should be
mentioned that the onset temperature of thermal decomposition
and decomposition products from Li,NipsMnysO, electrodes
in this study can be used to compare with those of other
materials measured under similar conditions to show relative
thermal stability and understand stability origin of materials.
However, as the thermal decomposition of electrodes can be
dependent on the oxygen partial pressure (argon filled capillaries
vs practical Li batteries) and heating rates (controlled heating
or abuse battery testing), care should be taken in the direct
comparison of thermal decomposition products found in abused
lithium batteries and those reported in this study.
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