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ABSTRACT: Using a combination of time-resolved X-ray diffraction (XRD), in situ transmission LiMO; (M=NigsCoo1sAl0s)
electron microscopy (TEM), and first principles calculations, we explore the structural origin of the ;i
overcharge induced thermal instability of two cathode materials, LiNip §Cog 15Alg 05O, and LiNi; /3-
Co,/3Mn;/30,, which exhibit significant difference in thermal stabilities. Detailed TEM analysis
reveals, for the first time, a complex core—shell-surface structure of the particles in both materials that
was not previously detected by XRD. Structural comparison indicates that the overcharged
Li,Niy §C0.15Al5 050, (x < 0.15) particles consist of a rhombohedral core, a spinel shell, and a
rock-salt structure at the surface, while the overcharged Li,Ni;/3Co;,3Mn; 30, consists of a similar
core—shell-surface structure but a very different CdL,-type surface structure. The thermal instability of
Li,Nip §Cog 15Alp 05O, can be attributed to the release of oxygen because of the rapid growth of the
rock-salt-type structure on the surface during heating. In contrast, the CdI,-type surface structure of
the overcharged Li,Ni; ;;Co;/3Mn; 30, particles delays the oxygen-release reaction to a much higher

temperature resulting in better stability. These results gave deep insight into the relationship between the local structural changes
and the thermal stability of cathode materials, which is vital to the development of new cathode materials for the next generation of

lithium-ion batteries.
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B INTRODUCTION

The lithium-ion battery is the dominating rechargeable power-
source for cell phones, laptop computers, and other mobile
computing- and communication-devices. In addition, it is the
most promising power source for electric vehicles (EV) and
hybrid electric vehicles (HEV). The development of new elec-
trode materials for the next generation of lithium-ion batteries for
EV applications with higher energy density, longer life, and better
safety’ is still stagnating and requires systematic in situ studies of
the structural changes of the electrode materials during charge—
discharge cycling, aging, and thermal decomposition. The in-
formation obtained from these studies is vital for developing new
electrodes as well as for improving their performance in today’s
commercial lithium-ion batteries. Previous studies include the
use of various in situ and ex situ spectroscopic techniques, such as
X-ray and neutron diffraction, > X-ray absorption (XAS),*” and
nuclear magnetic resonance (NMR).*” These techniques are
powerful in investigating structural changes through the entire
electrodes but inadequate in exploring the microscopical origin
of the changes and where and how the new structure nucleated
and propagated during the electrochemical cycles and heating.
Hence, in situ spectroscopic techniques with high spatial resolu-
tion and location specificity are very much needed. High-resolu-
tion transmission electron microscopy (HRTEM) offers both
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local structure and chemical information for these phase
transitions."® However, HRTEM has its own drawback with
limited sampling of the sample and poor statistics; thus, if used
alone, the information of structure changes it provides may not
reflect the structure change of the entire sample, unless other
volume-averaged in situ spectroscopy methods are used. In this
paper, we report the first in situ TEM studies on the structural
changes of two important cathode materials, LiNiggCog sA-
lo.0sO» and LiNi; ;3Co;,3Mn; 30, at overcharged states during
heating. We carried out time-resolved in situ XRD studies during
heating for these materials in parallel with our TEM study. The
XRD results present a roadmap on the structure change on a
global level for the phase transitions, while TEM experiments
give local details about where the nucleation of the new phases
occurs and how the new phases propagate under overcharged
states during heating. The combination of these two techniques
provides a unique opportunity to understand the structural origin
of the thermal stability related to the overcharge. It also offers
useful guidance in developing new in situ TEM techniques for
research on battery materials.
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The Ni-rich layer-structured cathode materials, such as
LiNip §Co00.15Al0,0505, are good candidates for the new genera-
tion of Li-ion batteries, especially as power sources for EV and
HEV ag)lications, because of their high energy-density and low
cost.""'* In December 2009, Panasonic, one of the leading
lithium-ion battery manufacturers, announced their successful
formulation of a new high-capacity (3.1 Ah) 18650 Li-ion cell
using a Ni- based cathode material, similar to LiNiggCoqs-
Alj 05O, This development demonstrated the great potential of
this type of material and warranted an in-depth study of these
materials that will undoubtedly provide important information in
formulating high capacity cells. However, one troubling issue in
using Ni-rich cathode materials is their thermal instability that
might jeopardize safety during thermal runaway. It was reported
that at highly delithiated states (overcharged), the reduction
of Ni** during heating releases oxygen that can accelerate severe
thermal runaway by reacting with the electrolyte and leads to
catastrophic failure of the battery.">~'” The NiO with the rock-
salt structure formed at the surface of the electrode through
the reduction of Ni*" also causes a rise in the impedance of
the cathode during cycling, which degrades the cycle capacity
of the battery."® ' Therefore, more thermal stable cathode
materials with reduced Ni concentration, for example,
LiNi, 3Co4,3Mn; 30,, have been developed.zz’23 Thermal gravi-
metric analysis (TGA) reveals that the Li ssNi; /3Co; 3Mn; 30,
powders start releasing oxygen at higher temperatures and have
much less oxygen loss in comparison with the Lig 45Nig sCog 1sA-
lp.0sO» powdel's.14’24 The differential scanning calorimetry
(DSC) also shows that the former has higher onset temperature
and lower heat generation than the latter, indicating much better
thermal stability. Unfortunately, this higher thermal stability is
obtained at the expense of energy density. Recently, a concen-
tration-gradient cathode material based on layered Li—Ni—
Co—Mn oxides showed not only high energy density but also
excellent cycling and safety characteristics.”> XRD,"*** including
time-resolved XRD during heating,* has associated the oxygen
release of the Ni-based layered cathodes with several structural
transformations, including R3m (layered) — Fd3m (spinel) —
Fm3m (rock-salt) transitions, especially the last one to rock-salt
structure. However, little work on the nucleation, growth, and
the distribution of the new phases during phase transitions has
been reported. Combining HRTEM imaging with selected-area
electron diffraction (SAED) at a wide range of temperatures
25—450 °C (533 °C for LiNi;;3Co;,3Mn;,30,), we system-
atically investigated the local structural changes in overcharged
Li,Nip gCog.15Alp 050, and Li,Ni; ;3Co;,3Mn; 30, cathode ma-
terials. Our findings offer a complete picture on where and how
the new structures are nucleated and evolved locally on the
different phase-transition paths of these two materials. These
results provide valuable information about the role of each
transition metal (Ni, Co, and Mn) on the thermal- and structur-
al-instability of the materials during overcharging and heating
and are applicable to the development of new cathode materials
with a similar layered structure and high capacity and thermal

stability.

B EXPERIMENTAL SECTION

The cathodes consist of 84% active materials (i.e., LiNiggCog;s-
Alp 050, (Fuji Chemical) or LiNi, ;3Co; 3Mn, /30, (Seimi, Japan)), 8%
carbon black (Chevron), and 8% PVDF (Kureha). They were incorpo-
rated into a battery cell with a Li metal-foil anode, a Celgard separator,
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Figure 1. Time-resolved XRD patterns of overcharged Li,Ni §Cog 1 sA-
lo.0sO, (a), and Li,Ni; ;3Co; ;3Mn, 30, (b) in the absence of electrolyte.
The intensity profiles are drawn in color for clarity with those taken at
key temperatures in red color.

and a 1.2 M LiPF¢ solution in a 3:7 EC (ethyl carbonate)/DMC
(dimethyl carbonate) solvent as the electrolyte. The cell was charged
at a C/18 rate to 4.8 V, which reduced Li concentration to 0.15 based on
the total charge involved. The cell was then held at 4.8 V for 1 h to obtain
the overcharged state before transferring to a glovebox for disassembly.
The Li concentration for overcharge state was therefore slightly less than
0.15. The overcharged cathode (on the Al current collector) was rinsed
in DMC solvent to eliminate residual salts. For time-resolved X-ray
diffraction, we scratched off the cathode materials from the current
collector and loaded them into 0.5 mm-diameter quartz capillaries in a
glovebox. After hermetically sealing the capillaries, we mounted them on
the thermal stage of the beamline X7B at National Synchrotron Light
Source (NSLS), Brookhaven National Laboratory. Diffraction patterns
were collected continuously using a Mar-345 image plate detector in the
transmission mode while heating the capillaries to 600 °C. The
wavelength used was 0.3184 A. For the TEM experiments, we loaded
the overcharged cathode particles scraped from the current collector
into a small glass bottle filled with small volume of acetone to disperse
them. Supersonic vibration ensured that the particles were dispersed
well before dropping the sample on a TEM carbon grid. We carried out
HRTEM and electron diffraction using the JEM-3000F microscope
operated at 300 KV. The microscope is equipped with an ultrahigh-
resolution objective-lens pole-piece and a Gatan double-tilt heating
stage capable of measuring temperature in 1 °C accuracy. The
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overcharged sample is structurally stable in the high vacuum environ-
ment (3 X 10> Pa) in TEM at room temperature. We always use low
beam current and short exposure-time for image recording to ensure
no electron beam induced structural change. The HRTEM images
were simulated using homemade computer codes based on the multi-
slice method.

The first principle calculations were performed using an ultrasoft
pseudopotential method based on density functional theory (DFT), as
implemented in Quantum ESPRESSO.>® Appropriate k-point meshes
and energy cutoff of 40 hartree were chosen to ensure the convergence of
the self-consistent calculation. Nonmagnetic, ferromagnetic, and anti-
ferromagnetic solutions were considered in the calculations. General
gradient approximation (GGA) was used for exchange-correlation
functional, the correction for binding energy of O, molecule, and the
correction of GGA+U treatments were considered in the calculations.

B RESULTS AND DISCUSSIONS

(a). Time-Resolved XRD. Figure la shows a series of time-
resolved XRD patterns of the overcharged LiNijgCoqs-
AlpsO, particles (x < 0.15) from room temperature to
450 °C in the absence of the electrolyte. The XRD shows that
the as-overcharged Li,NipgCog5Alp0sO, particles have a
rhombohedral structure with the lattice parameter ¢ =
1.386 nm. The phase transition from the rhombohedral to
the spinel phase starts at about 171 °C and is completed at
about 207 °C, both values being lower than those of the fully
charged Lig,7NigsCoq 15Al0sO>. The phase transition from
spinel to the rock-salt phase starts at about 262 °C and finishes
at about 335 °C, as indicated by the decrease in intensity of the
311 and 511 (333) peaks of the spinel phase.

The time-resolved XRD for the overcharged Li,Ni,/3Co,/3-
Mn, /30, (Figure 1b) also shows some different phase-transition
behaviors compared to the fully charged Lig 33Ni; 3C0;/3Mn; /3-
0,.”” Although the rhombohedral is still the dominant phase up
to 210 °C, a new phase appeared as indicated by the additional
weak peaks that are indexed with a CdI,-type structure (denoted
as O1). The phase transition of the rhombohedral to the spinel
phase of the overcharged Li,Ni;3Co;,3Mn; /30, starts at about
210 °C and is completed at about 347 °C, which is significantly
higher than those of the overcharged Li,NigCog 15Alp0505.
Similar to the fully charged Lig 33Ni; 3C0;,3Mn;/30,, the spinel
structure of the overcharged Li,Ni; 3Co;,3Mn; /30, undergoes
another phase transition when heated above 298 °C, as indicated
by the gradually increased intensities of the 220 and 422 peaks
with the rise of temperature. XRD analysis (see Supporting
Information, Figure S1) points out that the increased intensities
of the 220 and 422 peaks are due to the partial occupancy of
the transition metals (Ni, Co, and Mn) at the Li sites (Wyckoff
position 8a). For convenience, we refer this kind of structure
as M304 (M = Ni; ;3Coy,3Mn, /3) type spinel,”’ to distinguish
with LiM,O,4-type spinel structure in which no transition
metals occupy at Li site. This M3;O, type spinel structure
pushes the phase transition to a rock-salt structure at a higher
temperature.

(b). In Situ TEM. Overcharged LiNipsC04 15Al5.05s05 Particles.
Overall examination of the overcharged Li,Nij3Co00.15Alp 050>
particles reveals that the particle sizes range from several
hundreds of nanometers to a couple of micrometers. Figure 2a
shows a typical low-magnification bright-field TEM image with
the corresponding selected area electron-diffraction pattern
(SAEDP) with a selected area of about 240 nm in diameter
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Figure 2. (a) Bright-field image from overcharged Li,NiygCoqsA-
lp.0sO; particles. (b—c) SAEDP (b) and HRTEM image (c) from the
circled area in (a). The inset in (c) is the schematic drawing of the
complex core—shell-surface structure of the overcharged particle with
the rhombohedral in the core, spinel in the shell, and rock-salt at the
surface. (I—III) First column (d) and second column (e): Diffracto-
grams (first column) and magnified images (second column) from areas
L, I, and III. The third column (f) contains the calculated images with
the defocus being 9 nm, and the thickness being 11, 8, and 9.8 nm
respectively for I, II, and IIL The fourth column (g) has the projections
of the rhombohedral-, rock-salt-, and spinel-structures along the I: [-1-
21]g, II: [112]gs, and II: [112] directions. The red, green, and blue
balls represent Li, Ni (Co, Al), and O, respectively. The subscript R, S,
and RS denote rhombohedral, spinel, and rock-salt structure,
respectively.

shown in Figure 2b. The SAEDP has a pseudohexagonal pattern
and can be indexed as the [-1-21]y diffraction pattern of the
rhombohedral (subscript R denotes rhombohedral). This result
agrees very well with our time-resolved XRD study for the same
sample before heating, showing that, when averaged over a
240 nm diameter area in SAEDP, the structural information
obtained is the same as that in XRD averaging 1 mm” sample area
(the area of the X-ray beam). Figure 2c shows the HRTEM image
taken from the edge of the circled area in Figure 2a; there are
three different types of areas, marked as I, II, and III rectang]es.
The diffractogram (Fourier transform of the image) from area I
(first column in Figure 2-1, denoted as Figure 2-I-d) is similar to
that of the SAEDP shown in Figure 2b, indicating that the
structure is rhombohedral. The magnified HRTEM image,
Figure 2-I-e, also has a pseudohexagonal pattern, is consistent
with the arrangement of the cations in the [-1-21] projection of
the rhombohedral structure (Figure 2-I-g). Image simulation
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(Figure 2-1-f) based on the rhombohedral structure closely
agrees with the experimental image in Figure 2-I-e. (please note
that although area I has the same rhombohedral structure as in
the bulk, it was not located in the core part of the particle. It is a
nanosized domain with rhombohedral structure located in a
mixed domain area referred as “shell” in this paper). However,
the diffractogram in Figure 2-II-d and image in Figure 2-II-e of
the area II are quite different from those of the area I. The
diffractogram for area II can only be indexed as the [112]gg
pattern of the rock-salt type structure (denoted with a subscript
RS). The HRTEM image of area II (Figure 2-II-e) depicts a
rectangular pattern, and is consistent with the arrangement of
cations in the [112]gs projection of the rock-salt structure
(Figure 2-1I-g). Our image simulation (Figure 2-1If) based on
the structure of rock-salt matches well with the experimental
image (Figure 2-1l-e). In the diffractogram of the area III
(Figure 2-11I-d), extra diffraction spots, for example, 11-1g, are
apparent, indicating the existence of a spinel structure (denoted
with a subscript S). Regardless of the similarity of the HRTEM
image of the area III (Figure 2-IIl-e) and that of the area II, a
characteristic pattern with alternating weak and strong contrasts
of (11-1)g planes is clearly observed. This points to the existence
of a spinel structure because only this structure has different
atomic densities in the (11-1) cation planes, as shown in Figure 2-
III-g. The atomic density for the (11-1) cation plane of the spinel
structure marked by the red arrows (A plane) is three times of
that marked by the black arrows (B plane) (for the arrangement
of the cations in (012)g, (11-1)s, and (11-1)gs, see Supporting
Information, Figure S2). However, the simulation would not
match the experimental image if we used only the pure spinel
structure. On the basis that the edge of the particle (about 4 nm
wide) is dominated by the rock-salt structure (Figure 2-II-e), we
assumed that there are two surface layers (about 4 nm thick on
the top and bottom of the particle) with the rock-salt structure in
area III, while the middle part is the spinel structure. Figure 2-III-f
illustrated our calculated image with 4 nm thick rock-salt at the
top surface, 2.4 nm thick spinel in the middle, and 3.4 nm thick
rock-salt at the bottom surface, resulted in good agreement with
the experimental image. On the basis of the above analysis, we
conclude that the particle consists of three phases: rhombohe-
dral, spinel, and rock-salt. The rhombohedral phase is the
dominated structure and generally in the core of the particle,
while the rock-salt structure generally distributes on the surface.
The shell (slightly off the surface) is mainly the spinel phase
mixed with small amount of rhombohedral phase (see Support-
ing Information, Figure S3). The overcharged particle can there-
fore be described by a core—shell-surface structure with
rhombohedral in the core, spinel in the shell, and rock-salt
structure on the surface. The inset in Figure 2c schematically
shows such a core—shell-surface structure. The crystallographic
relationship among rhombohedral, spinel, and rock-salt struc-
tures are described in the Supporting Information.

After examining many overcharged Li,NiggCop15Alp 0505
particles (several hundreds of particles), we found that most
particles have this kind of core —shell-surface structure. The rock-
salt surface layer is about a few nanometers, while the spinel shell
(mixed with small amount of rhombohedral) ranges from a few
nanometers to tens of nanometers. We note that the lattice
spacing of the (11-1)gg should be larger than that of the (012)g
or the (22-2) based on the lattice parameters of the bulk rock-
salt structure. However, the HRTEM images (Figure 2¢) show
that the lattice spacing of the (11-1)gs is basically the same as that

Figure 3. HRTEM images from the particle shown in Figure 2(c) after
heating at (a) 100 °C, (b) 200 °C, and (c) 300 °C. The insets are the
corresponding SAEDPs from a large area (~240 nm in diameter) of the
same particle. The circle in the images marks the same area at different
temperatures.

of (012), indicating that the lattice parameter of the rock-salt
structure on the surface is reduced at room temperature, as a
results of the interfacial stress by the spinel and rhombohedral
structures. Such a core—shell-surface structure is difficult to
detect by XRD.

We also compared the results from XRD and TEM on the
overcharged Li,Nig gCog 15Alg 05O, particles before heating. The
XRD data was collected by averaging a sample area in a mm-
length scale; only the rhombohedral structure was observed.
When we used SAED to probe the sample area in the range of
hundreds of nm, the spinel structure was occasionally observed
when we selected thin areas (less than 100 nm thick) (see
Supporting Information, Figure $4), but most of the time, we saw
only the rhombohedral structure. However, HRTEM imaging
revealed all three structures, the rhombohedral (located in the
core, far from the surface), spinel (the shell near the surface), and
rock-salt (at the surface layer or edge of the particle), in the scale
range of tens of nm. These three structures can be clearly
identified and distinguished by the symmetry of their atomic
arrangement (hexagonal dots for rhombohedral, fine lines for
rock salt, and alternating contrast lines for spinel) if the sample is
correctly orientated in imaging. These three structures were
observed simultaneously for the first time on an overcharged
sample at room temperature. Their direct identification, with
high spatial resolution and location specification provides us
powerful tools to follow the nucleation and propagation of the
new structure throughout the whole phase-transition process,
which is critical for understanding the thermal behaviors of the
electrode materials. It demonstrates that, at room temperature,
the “high temperature phases”, spinel structure (observed in
XRD only after heating above 171 °C), and rock-salt structure
(observed in XRD only after heating above 262 °C) are nucleated
and grown to tens of nm size at the outer shell and surface layer of
the overcharged Li,NipgCog15Alp 05O, particles. These “high
temperature phases” formed at room temperature by overcharge
serve as “seeds” to accelerate the phase transitions to spinel and
rock-salt structures during heating, both of which are associated
with oxygen loss. Therefore, any methods that would modify the
surface structure of the particle with proper control in preventing
overcharge, which reduces or eliminates “seed formation” of
“high temperature structures”, especially the rock-salt structure,
will improve the thermal stability of this type of materials.

The local structural evolution of the LiNiygCog 15Alp 0505
particles during heating was monitored in situ. We found that
the phase transitions during heating are irreversible, because of
the permanent loss of oxygen in high vacuum TEM, and the
structures of the sample after cooling back to room temperature
remained the same as they had been at high temperatures.
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Figure 4. (a) SAEDP of an overcharged Li,Ni, /3Co;/3Mn; /30, parti-
cle. (b—c) Dark field images using reflections of (b) 1005, and (c)
2-205. The dashed lines indicate the same position in (b) and (c). (d)
HRTEM image from the edge of the particle. The insets at the right-
middle and the right-bottom are the diffractograms from the red and
blue circled areas, respectively. Note that the reflections marked by the
circles in the right-bottom inset are due to the multiscattering effects
(e.g., the reflection marked by the red circle can be yielded through -2205
and 1000, double diffraction).

Therefore, the images we acquired at room temperature after
heating are fully representative of the sample at high tempera-
ture. Figure 3 shows the HRTEM images of the sample heated
at 100,200, and 300 °C for 30 min respectively for the same area
in Figure 2. After heating at 100 °C (Figure 3a), very weak 11-15
and -1-11g spots in SAEDP appear (inset of Figure 3a), denot-
ing an increase in the spinel phase. The circled area that display
a rhombohedral structure at room temperature shows alter-
native strong- and weak- (11-1)g lattice contrast, indicating that
they have changed to the spinel structure. After heating at
200 °C (Figure 3b), the intensity of the 11-15 spot in SAEDP
increased slightly. The same area as marked by a circle shows a
mixture of weak and strong fringes, similar to that in area III in
Figure 2-IIL This implies that the circled area consist of spinel-
and rock-salt-structures. Heating at 300 °C (Figure 3c), caused
the -1-11g and 11-1g spots in SAEDP to strengthen, indicating
the overall growth of the spinel phase in the particle. However,
at the edge, the spinel phase transformed into the rock-salt
phase, as seen in the circled area where the fine (11-1)gs fringes
of the rock-salt phase dominate even though a small number of
strong (11-1)s fringes of the spinel phase remain. After heating
at 400 °C, the circled area was transformed completely to the
rock-salt phase, though there were remnants of the spinel phase
in some areas. We checked many particles using SAED and
HRTEM, confirming that the majority phase is the rock-salt
phase after heating at 400 °C.

Overcharged LiNi;3Co1,5Mn ;505 Particles. The size of the
Li,Ni; ;3C07,3Mn; /30, particles is similar to that of the Li,Nij g
Cop.15Al0,050, ones, ranging from hundreds of nanometers to a
few micrometers. Unlike the overcharged Li,Nip §Cog 15Alp 0504,
there is no trace of the rock-salt structure on the surface. For most
particles of the overcharged Li,Ni;;3Co;/3Mn,; /30, when we
tilted the particles to the [001]g orientation, we observed the
reflections that the rhombohedral lattice prohibits. Figure 4a shows
the SAEDP of the particle. We indexed the spots with strong
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Figure 5. (a) HRTEM image of an overcharged Li,Ni; 5Co;/3Mn, /30,
particle. (b—c) diffractograms from the (b) red and (c) green circled
area in (a). (d) HRTEM image of the same particle after heating at
200 °C. (e—f) diffractograms from the (e) red and (f) green circled area
in (d).

intensity by the rhombohedral structure. One set of the weak
spots marked by the green circles is indexed as the [111] pattern
of the spinel structure LiM,O, (M = Ni;/3Co;/3Mn;/30,).
Another set of the weak spots, marked by the red circles,
seemingly represent the extinct reflections of the rhombohedral
structure, LIMO,, implying a primitive hexagonal structure. We
have ruled out the possibility that the weak spots may be caused
by the Li ion and vacancy ordering. Our diffraction intensity
calculations show that the supperlattice spots due to the Li ion
and vacancy ordering would be much weaker than what we
observed in Figure 4a because of the weak scattering power of the
Li ion. By tilting the sample to the other orientations, we
determined that this set of the spots correspond to the Cdl,-
type structure MO, (denoted as O1) which is formed by the
sliding of two-thirds of the MO, layers after removal of the Li
from the rhombohedral phase.*® This is consistent with the XRD
observation that shows weak O1 peaks. Figure 4b illustrates the
dark-field image formed by applying a small aperture to allow
only the 1005, reflection to pass through the aperture. Un-
doubtedly, the O1 phase (bright area) is distributed at the surface
of the particle. The dark-field image (Figure 4c) formed by using
the 2-205 reflection demonstrates that the distribution of the
spinel phase is slightly off the surface. Figure 4d is the HRTEM
image from the edge of the particle. The diffractogram (right-
middle inset) from the surface (red circle) has only the reflec-
tions of the O1 phase, while that from the area circled by a blue
line (right-bottom inset) contains the reflections of both the O1
and the spinel phases. On the basis of these observations, we
conclude that most of the overcharged LiNi,; 3Co;/3Mn;,30,
particles have a core—shell-surface structure with the O1 on the
surface, the spinel phase in the shell, and the rhombohedral phase
in the core. By comparison with the overcharged LiNijpg
Cog.15Alp 050> at room temperature, the overcharged Li,Ni, /5-
Co;,3Mn, /30, forms a Cdl,-type MO, structure at the surface,
which protects the particle from losing oxygen.

Figure Sa shows the HRTEM of an overcharged Li,Ni; ;3Co, /3.
Mn, /30, particle. The diffractograms from the red- and green-
circled areas (Figure Sb and Sc) denote that both areas consist of
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Figure 6. HRTEM images taken from an overcharged Li,Ni; ;3Co; 3Mn, /30, particle. (a) Before heating. (b—d) After heatingat (b) 100 °C, (c) 400 °C,
and (d) 500 °C. The insets are the corresponding SAEDPs taken from large area (~240 nm in diameter) of the same particle. Each SAEDP consists of
[-1-21]gr and [112]5 patterns (subscripts R and S represent the rhombohedral and spinel phase, respectively). The overlapped spots, for example, 012 and

22-25, -210g and —440s, are labeled by two index.

the O1 and spinel phases. After heating at 200 °C, the structure
changes (Figure Sd). The green-circled area has transformed to
the M;0,-type spinel structure, as evidenced by the disappear-
ance of the diffraction spots of the O1 in the diffractogram
(Figure Sf). In the red-circled area, the O1 remains, the inten-
sities of most of the O1 spots in the diffractogram weaken
(Figure Se), while those of the spinel become stronger than they
were before heating (Figure Sb), indicating that part of the O1
phase changed into the M30, type spinel phase. The O1 phase
disappeared after heating the sample above 300 °C. The forma-
tion of the O1 phase, rather than the rock-salt structure, at the
surface of the particle is crucial in protecting the particle from
losing oxygen. Moreover, the formation of the M30, type spinel
phase from the Ol phase may seed the transition from the
LiM, O, type spinel to the M;O, type spinel at high tempera-
tures. In contrast, for the Li,Niy gCoq 5Alg 050, the removal of
the Li during overcharge entails the loss of oxygen at the surface,
because of the formation of the rock-salt structure. The rock-salt
structures at the surface of the Li,NiggCoq 15Alg 5O, particles
formed by overcharge serve as seeds for phase transition during
heating, so easing the transformation from the spinel structure to
the rock-salt structure, and resulting in poor thermal stability.
Figure 6a shows the HRTEM image of a particle with the
beam direction along [-1-21]R direction at room temperature.
The rhombohedral- and spinel-phases are present. The SAEDP
(inset of Figure 6a) acquired from the particle’s larger area
(~240 nm in diameter) also shows weak reflections of the
spinel structure, for example, 11-15 and -1-11g spots. After

heating at 100 °C, the edge of the particle changes to the spinel
structure (Figure 6b). The spinel phase grows, extending to the
core of the particle as the temperature increased. Starting at
about 400 °C, the rock-salt phase appeared at the surface of the
particle, as shown in Figure 6¢c. More of the rock-salt phase
forms after heating at 500 °C, but the spinel phase persists,
even at the edge. The SAEDP from the larger area (inset of
Figure 6d) clearly reveals the reflections of the spinel structure.
Interestingly, at 500 °C, the intensity of -1-11g weakens, while
that of 2-20 strengthens in comparison with those exposed to
temperatures below 500 °C. This agrees very well with the
time-resolved X-ray observations, indicating the formation of
M;0, type spinel structure M3O,, in which the tetrahedral
sites (8a) are occupied by Ni, Co, and Mn ions; in contrast,
they were occupied by Li* only in the regular LiM,0, -type
spinel. Apparently, the formation of the M;0, type spinel-
structure pushes the formation of the rock-salt structure to
higher temperatures, and resulted in the improvement of the
thermal stability of the material. We attribute the formation of
the M;0, type spinel and its stability over a wider temperature
range compared with the Li,Nig §Co0g 15Alg 05O, sample to the
Co and Mn concentration. It is well-known that Ni*" is highly
unstable and is easily reduced to Ni** to form NiO. On the
other hand, Mn*" is quite stable, as evidenced by the naturally
existing MnO,. In the Li,Ni; 3Co;,3Mn; 30, sample, Mn is
mostly in the Mn*" state. Therefore, even after all the Li* are
removed during overcharge, and all of the Ni and Co ions are
reduced to Ni** and Co®", the system still remains stabilized in
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the (Ni**;,3C0%",,3Mn*"}/3)30, type of structure with the
average oxidation state of M*3*, similar to the M;0, type
spinel.

(c). First Principles Calculations. During charging and over-
charging cycles, the Li ions diffuse from the core to the surface of
the particles. The distribution of the Li ion in the particle is likely
not uniform with concentration gradient between the core and
the surface. It has been reported that the decomposition reaction
of Li,MO, (M = Ni, Co, or Mn) at different Li ion concentration
differs significantly.” For layered Li,NiO,, it decomposes into
spinel LiNi, O, and layered LiNiO, at high Li concentration (e.g,,
0.5 < x < 1), while it decomposes into spinel LiNi,O, and rock-
salt NiO with release of O, at low Li concentration (e.g,, x <
0.5).%° For Li,Co0,, it decomposes to spinel LiCo,0, and
layered LiCoO, at high Li concentration, but decomposes to
spinel LiCo,0y, and spinel Co30, and O, at low Li concentra-
tion. For Li,MnO,, spinel Lip sMnO, and layered MnO, were
found to be energetically stable.”® As we mentioned above,
during charge the core of the nanoparticles are expected to have
higher Li concentration, thus the layered structure Li, MO, (M =
Nig sCop,15Alp0s for LiNipsCoq,15Alo 0502 M = Ni;/3Co,/3-
Mn, 5 for Li,Ni, 5Co, 3Mn, ;30,) is preferred. As Li concentra-
tion decreases from core to the shell, the spinel structure
appears to be energetically stable. At the surface, the Li concen-
tration is close to zero, the rock-salt structure and layered O1
structure are therefore expected for Ni-rich LiNipgCog ;s-
AlppsO, and Co—Mn-rich LiNi;,3Co,/3Mn; /30, particles,
respectively.

The different surface structure for Li,Nig gCoq 15Alg 05O, and
Li,Ni; ;3C0;,3Mn; /30, particles was further clarified by our first
principle calculations for the following oxidation reaction:

2MO; (layered, O1) — 2MO (rocksalt) + O, (1)

where M represents a transition metal such as Ni, Co, and Mn, or
their related alloys. The reaction enthalpy for the above reaction
can be written as

AH = 2E(MO) + E(0,) —2E(MO,) (2)

where, the E(MO), E(O,), and E(MO,) are forming energies of
MO, O,, and MO,, respectively. Here, the negative reaction
enthalpy means that it is exothermic for MO, to decompose to
rock-salt MO with release of O,, implying that the rock-salt
structure is more stable. In contrast, the positive enthalpy
indicates that the MO, is more stable than MO. By considering
the inclusions of the correction for binding energy of O, molecule,
1.36 eV/O,, and the correction of GGA+U treatments (with
U=6.4¢V forNi, 3.3 eV for Co,and 3.5 eV for Mn),31 we obtained
the averaged reaction enthalpy AH ~ —0.8 eV per O, for
M = NipgCo0¢,0, and AH ~ +1 eV per O, for M = Ni, ;3Co, /3-
Mn, 30,, respectively. The negative enthalpy for M = Nigg.
Co(,0, points out that it is thermodynamically stable to form a
rock-salt MO structure for Ni-rich compound, while the positive
enthalpy for M = Ni; ,3Co,,3Mn, /30, indicates that the layered
MO, with O1 structure is energetically favorable. The origin for
the enhanced stability of Ol-structure MO, at the surface for
Li,Ni; ;3Co1/3Mn; /30, particles is mainly from the large energy
required for decomposing MnO, (~ +3 eV/O,) into MnO,
comparing with CoO, (~ +1.7eV/0O,) and NiO, (~ —1.5eV/O,)
cases. In contrast, the formation of rock-salt MO at the surface for
the overcharged Li,Nig 3Cog 15Alg 05O, particles is largely due to
the negative reaction enthalpy of 2NiO, — 2NiO + O,.

Therefore, from the energetic point of view, to enhance the
thermal stability of the layered Li,MO, against decomposition of
MO, when overcharged, it is suggested to decrease the Ni
concentration, while increasing the Mn concentration of the
Li,MO, particles. To obtain the high energy density, it would be
desirable to make the material Mn rich at the surface and Ni rich
in the bulk.

Bl CONCLUSIONS

We studied the structural changes of overcharged Li,Nigg.
Co.15Alp05O, and LiNi;;3Co;/3Mn;,30, cathode materials
during heating using combined time-resolved XRD, in situ
TEM, and first principles calculations. We observed a complex
structure with a rhombohedral core, the spinel shell, and the
rock-salt structure at the surface for the overcharged Li Nigg.
Cog.15Alo 050> particles at room temperature. Heating the sam-
ple in the microscope, the spinel phase propagates toward the
core of the particle. Meanwhile, the rock-salt phase grows toward
the spinel phase region. After heating at 400 °C, most particles
transform into the rock-salt phase. For overcharged Li,Ni, 3Co 3-
Mn; 50,, at room temperature, the surface is the Cdl,-type
structure, rather than the rock-salt-type structure which changes
to the M30, type spinel phase in elevated temperatures. Heating
the sample transforms the rhombohedral structure in the core to
the spinel structure, which then transforms into the M;0, type
spinel, and pushes the formation of the rock-salt phase to much
higher temperatures than that for Li,Nip §Cog 154l 05s0,. On the
other hand, the delithiation of Li,NiggCoq 15Alg05sO, during
overcharge causes the loss of oxygen at the surface because of
the formation of the rock-salt structure. The rock-salt structure at
the surface of the Li,NipgCog5Alg0sO, particle formed by
overcharge serves as nucleation center for the phase transition,
thereby easing the transformation from the spinel structure to the
rock-salt structure, and resulting in poor thermal stability. Our
study suggests that Mn plays a major rule in suppressing the
formation of the rock-salt structure on the surface. Therefore,
increasing the Mn content on the surface of the particles might be
an effective way to improve the thermal stability of the layered
cathodes, while retaining the high energy density by keeping high
Ni concentration in the bulk.
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