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ABSTRACT: The thermal conversion of chemically delithiated layered Li,;Ni,,Mn,O, (0.2 <y < 0.5) into spinel-like
LiNi,,Mn,O, (0.4 <y <1) has been systematically investigated. The formed spinel-like phases are metastable and cannot
be accessed by conventional high-temperature solid-state method. The layered to spinel transformation mechanism has
been studied by the Rietveld refinement of in-situ neutron diffraction as a function of temperature (25 to 300 °C). In par-
ticular, the ionic diffusion of Li and M ions is quantified at different temperatures. Electrochemistry of the metastable
spinel-like phases obtained has been studied in lithium-ion cells. Bond valence sum map has been performed to under-
stand the ionic diffusion of lithium ions in the Ni-rich layered, spinel, and rock-salt structures. The study can aid the un-
derstanding of the possible phases that could be formed during the cycling of Ni-rich layered oxide cathodes.

1. INTRODUCTION

The current lithium-ion battery technology powers a
wide range of modern devices (e.g., cell phones and lap-
tops) and electric vehicles.” The state-of-the art cathodes
include layered LiMO, (M = transition metal), spinel
LiMn,O,, and olivine LiMPO,."” In particular, the spinel
oxide is of great interest as the structure offers a 3D diffu-
sion pathway for Li* ions and its small volume change
during cycling.*™ Over the last two decades, however, the
development of solid solutions with the normal spinel
structure  Liect,80)Ma(oct,164) O a(tect.32¢) has been slow. For
example, only LiMn,_,Co,O, (o <y <1) and LiMn, Ni,O,
(o =y = 0.5) have been reported for their structural analy-
sis and electrochemistry in the Li-Mn-Ni-O and Li-Mn-
Co-O systems.”" A major reason is that LiM,0, (M = Nj,
Mn, Co, and their solid solutions) phases with Ni oxida-
tion state > 2+ and Co oxidation state > 3+ are difficult to
stabilize by the conventional high-temperature synthesis
processes. In contrast, layered LiMO, (M = Ni, Mn, Co,
and their solid solutions) phases with Ni oxidation state >
2+ are relatively easier to stabilize by high-temperature
processes (e.g., LiNi,;C0,,50,). Nonetheless, some lay-
ered compounds, e.g., LiMn, ,Co,0,, are yet to be report-
ed, and Koyama’s first principle study provided some in-
sight on the insolubility issue.”

The spinel and layered structures are rather similar in
which they both have the cubic close packed lattice of
oxide ions (Fig. 1)."* In the spinel phase, half of the octa-

hedral sites are occupied by the transition-metal ions
M?*>*, and one eighth of the tetrahedral sites are occupied
by lithium ions Li*. While in the layered phase, half of the
octahedral sites (3b) are occupied by transition-metal ions
M?*, and the other half (3a) are occupied by lithium ions
in an ordered manner. In fact, the partially delithiated
layered Li, MO, phase is feasible to convert into the spi-
nel LiM,O, phase when one fourth of the transition-
metal ions migrate from the octahedral site (3b) through
the empty tetrahedral sites into the octahedral sites (3a)
in the lithium layer, as show in Fig. 2. One of the most-
known examples is the conversion of the layered LiMnO,
into spinel LiMn,O, upon cycling at room temperature;
such a layered LiMnO, can be prepared by ionic exchange
of a-NaMnQ, with LiCl/LiBr.>**
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Fig. 1. Comparison the structural properties of layered (R-
3m) and spinel (Fd-3m) phases.
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Fig. 2. Schematic diagrams showing how a layered com-
pound can be transformed into a spinel phase, by promot-
ing ionic diffusion (I and IT) and structural reorganization
().

In an attempt to enlarge the normal spinel phase dia-
gram for the Li-Ni-Mn-O system, our strategy here is to
obtain new meta-stable spinel phases by promoting the
ionic diffusion of Li and M in the layered structure at in-
termediate temperatures (25-300 °C; Fig.2). For the first
time, the layered to spinel transformation mechanism is
captured by in-situ neutron diffraction of Li, ;Ni,,Mn,O,
(0.2 = y = 0.5) between 25 and 300 °C. At much higher
temperatures (>200 °C), the spinel phases are found to
convert into rock-salt phases, which are not electrochem-
ically active.

2. EXPERIMENTAL SECTION

2.1 Synthesis. LiNi,,Mn,0, (0.2 < y < 0.5) samples were
prepared by a sol-gel method. Stoichiometric amount of
Li(OAc)-2H,0O, Ni(OAc),-4H,0, Mn(OAc),-4H,O were
first dissolved in distilled water and then maintained at
90 °C to form a sol/gel. The dried mixtures were decom-
posed at 450 °C, hand-grounded, and then further heat
treated at 800 °C for 12 h in air. To prepare Li,sNi,
yMn,O, (0.2 <y < 0.5), the layered compounds were re-
acted with NO,BF, in acetonitrile medium under Ar atm.
for 12 h. The lithium content was confirmed by Inductive-
ly Coupled Plasma Atomic Emission Spectroscopy (ICP-
AES).

2.2 Phase characterization. Phases were identified by
powder X-ray diffraction (PXRD, Rigaku Ultima IV pow-
der x-ray diffractometer, Cu K, radiation, 40 kV, 44 mA)
at 20 = 10° to 80° at a count rate of 10 s per step of 0.02° at
room temperature. Synchrotron X-ray diffraction was
performed at ambient temperature at 20 = 0.5° to 50°
with a 20 step size of 0.0001° with a monochromatic X-ray
(A = 0.414 A) at the Advanced Photon Source (APS). The
samples were packed into Kapton® Capillary Tube. In-situ
time-of-flight neutron diffraction (ND) data were collect-
ed at the Oak Ridge National Laboratory (ORNL) Spalla-
tion Neutron Source (SNS) POWGEN beamline using a
beam of neutron with a center wavelength of 1.333 A (cov-
ering a d-spacing range of 0.4 to 5.4 A). The samples were
packed into a vanadium tube and the data were collected
between 25 and 350 °C in a vacuum cryofurnace. The

room temperature synchrotron X-ray and neutron da-
tasets were refined by the conventional Rietveld method
using the General Structure Analysis System (GSAS)
package with the graphical user interface (EXPGUI).” The
background, scale factor, zero (for X-ray only), absorption
(for neutron only), cell parameters, atomic positions,
thermal parameters and profile coefficients for Pseudo-
Voigt / Finger, Cox, and Jephcoat (FCJ) Asymmetric peak
shape function were refined until the convergence was
achieved. Bond lengths were obtained by Bond Distance
and Angle Computation (DISAGL) Version Win32 Crystal
Structure Distance and Angle Program in the GSAS. The
bond valences were calculated by Bond Valence Calcula-
tion and Listing (VaList).” The bond valence sum map
was calculated by 3DBVSMAPPER.* Mass change/oxide-
ion vacancy was analyzed in air with a NETZSCH Jupiter
STA 449 F3 thermogravimetric analyzer.

2.3 Electrochemical performance. The active material
(80 wt. %), super P (10 wt. %) and polyvinylidene fluoride
(PVDF; 10 wt. %) were mixed in N-methyl-2-pyrrolidone
(NMP) overnight and then coated onto an aluminium
current collector. CR2032-type coin cells were then fabri-
cated in an Ar-filled glove box with the cathode thus pre-
pared, 1 M LiPF¢ in ethylene carbonate (EC)/diethyl car-
bonate (DEC) (11 by volume) as the electrolyte, and me-
tallic lithium as the anode. The cells were cycled gal-
vanostatically with an Arbin cycler from 4.9 to 2 V at a
rate of 5 mAg™.

3. RESULTS AND DISCUSSION

3.1 Structural analysis of Ni-rich spinels. All the as-
prepared layered LiNi,,Mn,0, (0.2 <y < 0.5) compounds
were found to be phase-pure and could be refined with a
hexagonal R-3m space group by Rietveld refinement on
synchrotron X-ray diffraction data (Fig. Si). From the
joint X-ray and neutron Rietveld refinements on partially
delithiated samples, approximately 4 to 8% of anti-site
defect (i.e., Li* in M site and vice versa) was found in the
investigated samples. To understand the transformation
from layered into spinel, the layered LiNi,,Mn,O, sam-
ples were first partially delithiated with NO,BF, in ace-
tonitrile medium, and the Li content in the samples was
confirmed by ICP-AES. Rietveld refinement of joint X-ray
and neutron diffraction confirmed that all the partially
delithiated Li, ;Ni,,Mn,O, (0.2 <y < 0.5) samples main-
tain the layered structure (Fig. 3.). The samples were sub-
sequently analyzed by in-situ neutron diffraction between
25 and 350 °C.
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Fig. 3. Rietveld refinement of the joint X-ray and neutron
diffractions of the partially delithiated Li,;Ni,sMn,,0,
at 25 °C.

As discussed above, a transformation of the layered
structure into spinel structure requires ionic diffusions of
Li" and M**" ions. To study such diffusion mechanism, a
constraint was created in the Rietveld refinement in
which Li" ions were allowed to occupy the octahedral (3b)
and tetrahedral (6¢) sites. Since the multiplicity of the
octahedral site is half of that of the tetrahedral site, an-
other constraint was made to reflect the increment of Li*
ions in the 6c sites, offsetting by twice the amount in the
3b sites. In addition, all of the ions (Li/Ni/Mn/Co), locat-
ed in the same crystallographic sites, were constrained to
have the same thermal factors. Also, no significant
amount of oxide-ion vacancies (207 —Oyq + 4€7) was
formed, as indicated by the negligible weight loss in the
thermogravimetric analysis (TGA) plot (Fig. 4). Evapora-
tion of lithium ion was unlikely to happen below 600 °C.
Therefore, the total amounts of lithium and oxide ions in
the samples were considered to be constant. Hereafter,
the structural parameters (cell constant, atomic position,
and thermal factor) were allowed to move freely until
convergence was reached.
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Fig. 4. Thermogravimetric analysis of Li, sNi,.,Mn,O, (0.2

<y < 0.5) as a function of temperature. The corresponding

oxide-ion vacancy in the samples was also calculated.
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Fig. 5. Change in the occupancy of Ni and Li ions at (3a,
3b) and (3a and 6c), respectively, in Li,sNi,sMn,,0z2 as a
function of temperature.

An observable ionic diffusion was found at 100 °C or
higher temperatures. Particularly, a movement of Ni ions
from 3a into 3b sites and a displacement of Li ions from 3a
into 6c sites were revealed (Fig. 5). Both increased steadily
with temperature until about 190 °C. Reflecting to the
diffraction patterns, the diffraction peaks (018) and (-120)
of the layered structure, with the d spacing of ca. 1.4 to 1.5
A, progressively merged into a single peak (022) of the
spinel phase (Fig. S2). At 200 oC, the spinel-like phase
had ca. 20% of the anti-site defect (Table 1, Tables S1 and
S2). Such a spinel-like phase was found to be metastable,
and was converted into a rock-salt phase at higher tem-
peratures. Above 200 °C, the diffraction patterns could
only be well fitted with a spinel (minor) and a rock-salt
(major) phases (Fig. 6, Fig. S3 and S4). The results indi-
cated that it was difficult to obtain high amounts of the
spinel-like phase as the samples always contained various
amount of layered and/or rock-salt phases.
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Fig. 6. Fractions of spinel and rock-salt phases in
Li,5;Ni,sMn,,0, after heat-treating between 200 and
300 °C. The Rietveld refinement of Li, ;;Ni,sMn,,0, after
heat treating at 200 °C is shown in the inlet.

Table 1. Structural solution of Ni-rich spinel
LiNi,¢Mn,_,O, prepared from Li,;Ni,sMn,,O, at 200 °C
for 12 h.

Atom Fractional coordination Occupancy Multiplicity

Li 0.375, 0375, 0375 0.804(4) o

Ni 0.375, 0375, 0375 0.196(4)

Li 0,0,0 0.098(2)

Mn 0,0,0 0.2 16

Ni 0,0,0 0.702(2)

o  ©02375(5),02375(5), ) -
0.2375(5)

Layered LiMnO, is well-known to convert into spinel
LiMn,O, upon cycling. This motivated us to further study
the role of Mn in the samples with different Mn content.
Surprisingly, the ionic diffusion was found to decrease as



the Mn/Ni ratio increases (Fig. S5 and S6). Above 200 °C,
the amount of rock-salt phase was found to increase with
increasing Mn content. TGA analysis showed that the
Li, sNi,sMn, O, sample had significantly more oxide-ion
vacancy (i.e., weight loss) between 150 and 200 °C, a trig-
ger for the formation of rock-salt phase.

Based on Deb’s in-situ XANES analysis of
LiNi,sMn,;O,, all Mn ions were found to be 4+ while
Ni** ions were oxidized upon charging.” This made us
assume that all Mn ions had a valence state of 4+ in the
investigated samples Li,;Ni,,Mn,O,. Based on the stoi-
chiometry, the oxidation states of Ni ions are, respective-
ly, 3+ and 3.34+ in Li, ;Ni, ;Mn, O, and Li, ;Ni,sMn,,O,.
The lower valent Ni ions favor their ions migration
through the tetrahedral sites (Table S3),**due to the
moderate octahedral-site-stabilization energy (OSSE)
However, the tendency of Ni*" ions to get reduced at ele-
vated temperatures destabilizes the spinel stoichiometry
and favors rock salt phase formation.

3.2 Electrochemical properties. The electrochemistry of
the heat-treated samples Li,;Ni,,Mn,O, (0.2 <y < 0.5
150-200 °C) was analyzed with a coin-cell configuration.
The cells were allowed to cycle between 2 and 4.9 V under
a small current density of 5 mAh/g (Fig. 7). Interestingly,
a sloping curve was observed for Li,sNi,sMn,,0, (150
°C) with a specific capacity of 1o mAh/g, a typical feature
for layered cathodes. Upon further discharge, a new plat-
eau was observed at ca. 2 V with a capacity of ca. 50
mAh/g. The second plateau was similar to the two-phase
lithium ion insertion reaction in Li,,,NiO, (0o < z < 0.7).26
At 160 °C, the voltage for the sloping curve regions de-
creased slightly, but the voltage for the 2V plateau re-
mained unchanged. The specific capacities were found to
decrease to different extends.
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For samples with higher Mn contents, the 2 V plateau
was not observed, while the two sloping curves were pre-
sent for all the temperature range. Similar to the
Li, sNiosMn,,O, sample, the cell voltage and capacity
were found to decrease with increasing temperature (Figs.
S7 and S8).

3.3 Ionic conduction pathway analysis. Direct observa-
tion of lithium-ion pathway is only feasible if the Li ions
are ordered in different state of charge/discharge in the
structure.”” Such a transport information can be con-
firmed experimentally by measuring the anisotropic con-
ductivity of a single crystal along different crystallograph-
ic directions.”® An alternative method, called maximum
entropy method (MEM) on in-situ neutron diffraction
patterns, has also been used to study electrode materials
(e.g., LiyFePO,). Here we use a simple method called the
bond valence sum (BVS) map to provide useful infor-
mation about the ionic pathway This method can shed
light on understanding the transport behavior of different
ionic species (e.g., Li*, Na*, O%).****3" Excellent examples
can be found for garnet-type Li;La;M,0,, (M = Nb, Ta)
and olivine-type LiFePO,.”**

To understand the conduction pathway for Li ions in
the Ni-rich layered, spinel, and rock-salt phases, 3D bond
valence sum (BVS) maps were constructed by assuming
that all Mn ions were 4+ in both the layered and spinel
phases. Also, the valences of Ni and Mn were assumed to
be 2+ in the rock-salt phases. The contour plots of low bv
mismatch were constructed to reveal the Li-ion pathways
in the investigated samples.
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Fig. 8. 3D bond valence sum map of the Ni-rich layered
oxide projected on (a) (110) and (b) (003) planes. The (100)
plane in the rock-salt phase is shown in (c). The (100),
(10), and (111) planes in the spinel phase are shown, re-
spectively, in (d), (e), and (f).

As shown in Fig. 8, 2D, 3D and oD pathways were re-
vealed, respectively, for the Ni-rich layered
Li,sNi,sMn,,0,, spinel LiNiMnO,, and rock-salt
Li,3;Nio;;Mn, 5,0 phases. The results are similar to the
BVS maps of LiCoO, (R-3m), LiMn,O, (Fd-3m) and NiO
(Fm-3m). Although Ni-rich spinel with 3D Li ion conduc-
tion pathway is expected to have good electrochemical
properties, our Rietveld refinement analysis clearly
showed that the ionic diffusions were not fully completed
to yield the non-defective spinels in all investigated sam-
ples. Such an imperfection created defects (e.g., anti-site,
vacancy) and the potential 3D ionic pathway was largely

impeded.
Lastly, Mohanty et al. recently reported a similar
phase transformation of layered-type

Li,,Mn, Ni,,;Co,,0, into spinel phase, driven by cell



voltages and cyclings.”® Zheng et al. observed such a phase
transformation occurring on the surface by high resolu-
tion transmission electron microscopy (HR-TEM).>* Alt-
hough our study focused on the in-situ phase transfor-
mation at elevated temperatures, it is anticipated that Ni-
rich layered compounds (R-3m) could undergo a similar
degradation process through the formation of Ni-rich
spinel and rock-salt phases, after long cycling at ambient
condition.

In conclusion, this work provides an understanding
on the possible phases that are formed on heating partial-
ly delithiated samples at moderate temperatures. The
results could become useful on subjecting Ni-rich layered
oxides to prolonged cycling, particularly at elevated tem-
peratures.
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