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ABSTRACT: Structural degradation of Ni-rich cathode

materials (LiNi,M;_,O,; M = Mn, Co, and Al; x > 0.5)
during cycling at both high voltage (>4.3 V) and high

temperature (>50 °C) led to the continuous generation of #& 2

microcracks in a secondary particle that consisted of
aggregated micrometer-sized primary particles. These micro-
cracks caused deterioration of the electrochemical properties
by disconnecting the electrical pathway between the primary
particles and creating thermal instability owing to oxygen
evolution during phase transformation. Here, we report a new
concept to overcome those problems of the Ni-rich cathode
material via nanoscale surface treatment of the primary
particles. The resultant primary particles’ surfaces had a higher
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cobalt content and a cation-mixing phase (Fm3m) with nanoscale thickness in the LiNi;¢Coy,Mn,,0, cathode, leading to
mitigation of the microcracks by suppressing the structural change from a layered to rock-salt phase. Furthermore, the higher
oxidation state of Mn*" at the surface minimized the oxygen evolution at high temperatures. This approach resulted in improved
structural and thermal stability in the severe cycling-test environment at 60 °C between 3.0 and 4.45 V and at elevated
temperatures, showing a rate capability that was comparable to that of the pristine sample.
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athode materials for the next generation of lithium-ion

batteries require higher energy density, longer cycle life,
and better safety for applications in electric vehicles and
stationary energy storage.1 Nickel-rich systems (LiNi,M;_,O,;
M = Mn, Co, and Al; x > 0.5) are considered as promising
candidates to meet such requirements, although their structural
degradation and thermal instability pose challenging hurdles.>>
These problems worsen with higher Ni content, higher
temperature, and higher cutoff voltage (>4.4 V vs Li*/Li).* In
general, Nirich cathode materials with a layered structure
commonly undergo structural degradation from the layered
phase (R3m) to the spinel-like phase (Fd3m) and rock-salt
phase (Fm3m) during cycling and at an elevated temper-
ature.> > The structural change is caused by the migration of
the transition metal (TM) ions into the lithium layer during
charging and discharging.6 The TM ions’ migration leads to the
layered-to-spinel phase transformation, and the transformation
is intensified by high-voltage and high-temperature cycling
because of the increasing number of vacant Li sites during full
delithiation and the diffusion of TM ions. These phase
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transitions with TM-ion migration are accompanied by changes
in the lattice constants and volume, which release oxygen from
the lattice. Such results can lead to thermal and structural
instability.”

The Ni-rich cathode materials, commonly prepared by a
general coprecipitation method are composed of round-shape
secondary particles in which many micrometer-sized primary
particles (grains) are aggregated.® Because all these primary
particles have different crystallographic orientation and slip
planes, anisotropic lattice volume expansion or contraction
between the grains during lithium intercalation or deinterca-
lation result in microcracks that act as new reaction sites with
the electrolytes in turn leading to electrical disconnection
between the grains.” As a result, a new solid electrolyte interface
(SEI) layer, comprising decomposition products of the
electrolyte, is formed along the active surface of the primary
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Figure 1. (a) Schematic diagram of the surface treatment on the primary particles. (b) Cross-sectional SEM image of the synthesized ST-NCM
cathode material. (c) STEM image of the primary particle in the region indicated by a red rectangle in (b). (d) EDXS profile of the ST-NCM surface

corresponding to the yellow arrow in (c).

particles (grains) developed by the microcracks. The SEI layers
on the surface of the grains inhibit electron and lithium
transport through the grain—electrolyte interface, thus
diminishing the electrical performance.'® To resolve the
structural and thermal instability of the Ni-rich cathode
materials, many researchers have implemented surface mod-
ification such as surface coating (Al,O;, AIPO,, Zr0,)" " and
developed core—shell structures.'"* Although the structural
degradation is intensified during cycling because of the
microstructural evolution caused by the reaction between
primary particles and the electrolyte inside the secondary
particles,"”**™!” most researchers have focused on the surface
modification of the secondary particles.'"'*'87%*

Herein, we propose the nanoscale surface treatment of
primary particles of LiNiy4Cog,Mny,0, cathode material using
a mixed ethanol solution with dissolved lithium and cobalt
precursors. This new approach resulted in improved structural
and thermal stability under severe conditions such as high
cutoff voltage (>4.4 V) and high temperature (>50 °C).

Results and Discussion. The schematic illustration in
Figure la shows the surface treatment process for the primary
particles of LiNij¢Coy,Mng,0, (NCM). A completely ionized
solution consisting of lithium and cobalt ions could penetrate
the core part of the particle along the grain boundaries because
there were many empty microspaces between the primary
particles. The cathode material was calcined at 800 °C for 4 h
(denoted as ST-NCM), and the calcinated particles had a
smooth surface, with no morphological changes when
compared with the pristine sample (Supporting Information
Figure S1). However, the Al,Oj-coated reference samples
clearly showed that the coated nanoparticles were distributed
throughout the surface of the secondary particles because Al-
isopropoxide, which was used as a precursor, was precipitated
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as Al(OH); nanoparticles in the isopropanol solvent (Support-
ing Information Figure S1). Figure 1b shows a cross-sectional
scanning electron microscope (SEM) image of a NCM particle
composed of the aggregated, fine, micrometer-sized primary
particles. Scanning transmission electron microscope (STEM)
image in Figure lc shows many microvoids between the
particles, enabling the surface treatment solution to penetrate
the core. Energy-dispersive X-ray spectroscopy (EDXS) of the
ST-NCM sample (along the yellow arrow in Figure 1c)
confirmed the higher content of Co atoms than Mn and Ni
atoms at a depth of ~60 nm into the interior (Figure 1d and
Supporting Information Figure S2). The higher Co content in
the Ni-based cathode materials led to better electrochemical
performance.”® In addition, the EDXS result of a randomly
selected primary particle showed the same trend to Figure 1d
(Supporting Information Figure S3).

Figure 2 presents more detailed structural and chemical
information on a primary particle’s surface, obtained by high-
angle annular dark-field (HADDF)-STEM and electron energy-
loss spectroscopy (EELS) analysis of the samples. Region 1 of
the pristine LiNi;¢Cog,Mn;,0, (NCM) sample exhibited an
uneven NiO-like cation-mixing (CM) layer with a space group
of Fm3m and thickness of 1—2 nm, as shown in Figure 2b (also
refer to Rietveld refinement results in Supporting Information
Figure S4 and Table S1). Here, bright spots of Li slabs resulted
from Ni** migration from the original TM slabs to lithium slabs
because Ni**, which has an ionic radius (0.69 A) similar to that
of Li* (0.76 A), could easily move to Li sites. The layered phase
with a space group of R3m was verified by the fast Fourier-
transform (FFT) pattern (inset of Figure 2c). In the ST-NCM
sample, region 1 consisted of the CM layer with a thickness of
~10 nm, as confirmed by the FFT pattern (inset of Figure 2e).
In region 2, however, Figure 2f shows that only the layered
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Figure 2. HADDF-STEM image of (a) LiNiy¢Cog,Mn,,0, (NCM) on the surface of a primary particle (grain). Magnified STEM image of the

NCM in (b) Region 1 and (c) Region 2 in (a). HAADF STEM image
primary particle (grain). Magnified STEM image of the ST-NCM in

of (d) surface-treated LiNiy4Co,,Mn,,0, (ST-NCM) on the surface of the
(e) Region 1 and (f) Region 2 in (d). The insets of STEM images show

digitalized fast-Fourier-transformed (FFT) patterns. EELS spectra obtained on the surface of a primary particle in Regions 1 and 2 of (g) NCM and

(h) ST-NCM.

(space group of R3m) phase was observed, which is identical to
the result for the pristine NCM sample. The NiO-like phase
with a nanometer-range thickness has been reported to act as a
pillar layer that suppresses the interslab collapse during
cycling;*' therefore, particle pulverization is expected to be
also reduced in our study.

More detailed observation on the surface chemical state of
primary particles of the NCM and ST-NCM cathodes was
carried out with EELS. The EELS profiles of the O K-edge and
Mn L, ;-edges located around 530 and 640 eV, respectively, are

directly linked to the electronic structure of the materials
(Figure 2gh). The ratio of the integrated intensities of Ly and
L,, I(L;)/I(L,), is correlated with the valence state of the
transition metals, and increasing the I(L;)/I(L,) ratio
corresponds to decreasing the oxidation state of manganese
ions.***> Table 1 summarizes the integrated I(L;)/I(L,) ratio
for the each region of the NCM and ST-NCM samples. Region
2 of the NCM sample had a I(L;)/I(L,) ratio of 1.98, which is
indicative of the dominance of Mn*". However, region 1 of the
NCM sample had a I(L;)/I(L,) ratio of 3.02, indicating a lower
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Table 1. Information of the Integrated L;/L, Ratio of the Mn
L-Edge on the Region 1 and 2

I(L;)/I(L,)ratio oxidation state of Mn
NCM (region 1) 3.02 ~2.67+
NCM (region 2) 1.98 4+
ST-NCM (region 1) 1.97 4+
ST-NCM (region 2) 2.01 4+

valence state of Mn™>”" than that in region 2. On the other
hand, the ST-NCM sample had a quite similar ratio of ~2.0,
which is consistent with the presence of Mn*" between the two
regions. The prepeak of the O K-edge near 530 eV, as indicated
by the red arrow in Figure 2g,h, was reported to be the result of
the transition from the O 1s state to the O 2p—TM 3d
hybridized state.**” This peak became weaker and shifted to a
higher energy as the oxidation state of Mn decreased because of
the weakened hybridization of the O 2p—Mn 3d orbital owing
to the 3d orbital of Mn with the filled e, state.”> In Figure 2g,
the prepeak of the O K-edge weakened and shifted to a higher
energy owing to the low oxidation state of Mn®* in region 1 of
the NCM sample. However, the ST-NCM sample showed no
difference between the prepeaks for both regions because of the

same oxidation state of Mn**. Consequently, we can recognize
that the Mn ions in the NCM sample had mixed oxidation
states of 3" and 4" on the surface of the primary particles.
Generally, the oxidation states of Ni, Co, and Mn in
LiNi;_,,Co,Mn,0, cathode materials are 2%, 3", and 47,
respectively, with small concentrations of Ni** and Mn’®"
ions.”"*® When Ni** and Mn* serve as the Jahn—Teller active
ions, Jahn—Teller (J—T) distortions are allowed by breaking
the symmetry of the cell.” In the case of the ST-NCM sample,
the CM layer on the surface, which resulted from the migration
of Ni** ions from TM slabs to Li slabs, induced a higher Mn**
proportion to compensate the charge valence (Supporting
Information Figure SS). The high average oxidation state of
Mn*" in the ST-NCM sample could effectively diminish the J—
T distortion.

The electrochemical properties of each sample were
evaluated using coin-type 2032R lithium half-cells between
3.0 to 445 V at 60 °C. The first charge—discharge profiles of
the NCM and ST-NCM samples at room temperature (RT, 25
°C) displayed no capacity decrease even after surface treatment
with discharge capacities of 192 mAh g™" (Figure 3a). The ST-
NCM sample also showed higher capacity retention of 80%
after 150 cycles (from 195 to 156 mAh g™') than the NCM
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Figure 3. (a) First charge—discharge profiles of the NCM and ST-NCM samples at 0.1 C rate between 3.0 and 4.45 V at 25 °C. (b) Cycle
performance of the NCM and ST-NCM samples between 3.0 and 4.45 V at 60 °C (charge rate: 0.5 C; discharge rate: 1 C, Q = discharge capacity).
(c) Charge and discharge voltage profiles of the NCM and ST-NCM samples after the 10th, 20th, 50th, 100th, and 150th cycles at 60 °C (each cycle
matched with black, red, blue, green, and pink color lines, respectively). (d) Differential curves of the NCM and ST-NCM samples corresponding to
(). (e) Rate capabilities of NCM and ST-NCM evaluated between 3.0 and 4.45 V at 2S5 °C. (Q = discharge capacity).
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Figure 4. Particle morphology and fine structure of primary particles after 150 cycles between 3.0 and 4.45 V at 60 °C. Cross-sectional FIB-SEM
images of the (a) NCM and (b) ST-NCM particles. HAADF-STEM images of (c¢) NCM and (d) ST-NCM particles. Magnified STEM images of (e)
NCM and (f) ST-NCM particles in the regions indicated by the yellow frames in (c) and (d), respectively. High-magnification STEM images of (g)
NCM and (h) ST-NCM particles in (e) and (f), respectively. The insets of (g) and (h) show the FFT patterns.

sample (65% retention from 198 to 130 mAh g™'), as shown in
Figure 3b. In addition, the ST-NCM sample exhibited better
cycle performance than the Al,O;-coated sample (Supporting
Information Figure S6¢c). The voltage profiles corresponding to
Figure 3b indicate that the average working voltage of the
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NCM sample became higher than that of the ST-NCM sample
with increasing cycle number during charging (Figure 3c).
Differential curves of the NCM and ST-NCM samples for 150
cycles at 60 °C revealed dominant double peaks at around 3.7
V, which are related to the phase transition from the
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hexagonall (H1) phase to the monoclinic (M) phase in the
charging process. As the number of cycles increased, the peak at
3.75 V of the ST-NCM sample maintained a similar intensity
after 150 cycles, in contrast to the peak of the NCM sample
(Figure 3d). The decreasing peak intensity of the NCM sample
is associated with the irreversible phase transition from H1 to
M that was caused by the J—T distortion of transition-metal
ions such as Ni** and Mn**.** In this aspect, the J—T inactive
Mn*" ions in the CM layer, on the primary particles’ surface of
the ST-NCM sample, prevented the irreversible phase
transition by suppressing the distortion. Despite the formation
of the CM layer, the rate capability of the ST-NCM sample was
quite similar to that of the NCM sample (Figure 3e). According
to Ceder et al,*' Li diffusion in a cation disordered rock-salt
phase proceeds by Li ions hopping from one octahedral site to
another via an intermediate tetrahedral site (o-t-o diffusion).
Thus, the thin CM layer of the NiO-like phase on the surface of
ST-NCM primary particles led to the favorable rate perform-
ance with no Li-diffusion limitation.

Figure 4a,b shows cross-sectional SEM images of the NCM
and ST-NCM particles, respectively, after 150 cycles at 60 °C
(also refer to Supporting Information Figure S7). The NCM
sample had extensive microcracks along the grains, but those
cracks were significantly diminished in the ST-NCM sample.
Figure 4c—h shows HAADF-STEM images of the NCM and
ST-NCM samples after 150 cycles. The secondary particles of
the NCM sample had severe cleavages along the grain
boundaries, as shown in Figure 4c. Furthermore, the primary
particles of the NCM sample had many fractures (Figure 4e) in
contrast to the ST-NCM sample (Figure 4f). Microcracks led
to the penetration of the electrolyte along the grains and the
reaction between the penetrating electrolyte and interior
particles, accelerating structural degradation and side reac-
tions.'"® The magnified image of Figure 4e (Figure 4g) shows
that along the cracks inside the particle of the NCM, the
layered phase partially changed to the spinel-like phase and
rock-salt phase after cycling, and the phases were identified by
inserting FFT patterns (STEM images of the randomly selected
NCM particles also exhibited a same trend, as shown in
Supporting Information Figure S8). The phase transition in the
NCM sample was deepened by the reaction between the grains
and electrolyte, with many microcracks providing an increasing
number of active sites. On the other hand, the ST-NCM sample
displayed a similar phase on the surface of the grains without
showing noticeable phase change compared to that before
cycling (Figure 4h). Owing to the pillar effect, the migration of
transition-metal ions to the lithium slab was contained,
therefore the volume change (caused by phase transition) of
the grains was effectively suppressed after 150 cycles. As a
result, the ST-NCM sample exhibited improved electro-
chemical performance as it was relieved from the loss of
electrical pathways.

The exothermic oxygen evolution with the structural change
during heating in a fully charged state is a crucial problem for
thermal stability in battery systems.** To evaluate the thermal
stability and safety of NCM and ST-NCM as cathode materials,
differential scanning calorimetry (DSC) measurements were
carried out on the NCM and ST-NCM electrodes soaking in
the electrolyte after charging to 4.5 V; the DSC profiles are
presented in Figure 5. The main peak temperature of 264 °C
for the ST-NCM sample is higher than the NCM sample’s peak
temperature of 230 °C, indicating a significantly increased peak
temperature of oxygen evolution from the lattice in ST-NCM.
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Figure 5. DSC profiles of NCM and ST-NCM after charging to 4.5 V.

Furthermore, the peak area indicative of the total generated
heat (resulting from the oxygen evolution) in the ST-NCM
sample was 696.8 J g~', which is lower than that in the NCM
sample (910.9 J g7!). A correlated study using X-ray absorption
spectroscopy (XAS) was performed to understand the thermal
decomposition mechanism with structural change in each
sample. The XAS spectral measurement is a powerful method
to identify fine structure information, such as electronic states
and local environments for each transition-metal ion.

Figure 6 shows the temperature dependence of Ni, Co, and
Mn K-edge X-ray absorption near edge structure (XANES)
spectra for the fully charged NCM and ST-NCM materials at
4.5 V during heating at temperatures up to 450 °C. All TM K-
edge XANES spectra showed characteristic peaks of a layered
structure with R3m symmetry, including typical quadrupole-
allowed 1s — 3d (peak A) and dipole-allowed 1s — 4p
transitions with and without ligand-to-metal charge transfer
(LMCT) (peaks B and C, respectively). Since the peak is
associated with changes in the average oxidation state of the
absorbing atoms, an in situ thermal XANES study can support
the direct probing method for atomic-selective electronic
structural characterization. The Ni and Co ions in both fully
charged NCM and ST-NCM materials were oxidized to states
of 4+, while the Mn ion remained in the initial 4+ state. As the
temperature was increased beyond 300 °C, the overall
absorption peak features for all the transition metals in the
NCM sample abruptly shifted to the lower energy region and
finally showed rock-salt like characteristics, which means that
the transition-metal ions were effectively reduced to Mn*, Ni**,
and Co*" and the phase transition to divalent TM oxides
occurred. On the other hand, the ST-NCM sample showed
relatively smaller peak shifts to the lower energy region
compared with those of the NCM sample. All TM K-edge
XANES spectra gradually evolved to show typical spinel-like
peak features with shoulder peaks B, and B,, not rock-salt-like
features. At temperatures above 300 °C, the Mn and Co K-edge
XANES spectra corresponded to the trivalent Mn** and Co**
states, respectively, while the Ni K-edge XANES spectrum
showed a clear Ni*" peak feature.

Figure 7 shows the corresponding radial distribution
functions (RDF) of Fourier-transformed (FT) transition-
metal K-edge EXAFS spectra for the charged electrodes heated
to 450 °C. Before heating, the fully charged NCM and ST-
NCM samples displayed typical RDF features of the R3m
layered structure with both six-coordinated TM—O and edge-
shared TM—TM bonding pairs. Below ~250 °C, on the whole
both the charged NCM and ST-NCM samples retained the
layered structure, showing a constant RDF peak feature. Above
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Figure 6. Normalized TM K-edge XANES spectra of the (a) Mn K-edge, (b) Ni K-edge, and (c) Co K-edge of NCM and ST-NCM as functions of

heating temperature.
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and (c) Co K-edge of NCM and ST-NCM as functions of heating temperature.

~250 °C, however, the RDFs of the two samples exhibited
different spectral tendencies, reflecting the effect of surface
treatment of primary particles with pillar layer on the thermal
behavior. In the NCM sample, the RDF features of all TM
elements abruptly changed to their cubic Fm3m rock-saltlike
local structures (TM**—O phase) and remained constant up to
450 °C. The cubic structural environment with divalent TM**
ions led to the overall FT peak shift to higher r space region
(marked with 4p), compared to those of the R3m layered
structure. It should be noted that the edge-shared TM—TM in
Fm3m symmetry can be differentiated from that in the R3m
layered structure. On the other hand, the ST-NCM sample
showed a rather different RDF dependence, compared with

2117

NCM, on the same thermal conditions. Above ~250 °C, the
RDFs for all of the TM ions developed features of the cubic
Fd3m spinel-like phase with the coexistence of edge-shared and
corner-shared octahedral sites. This means that the pillar layer
on the surface of primary particle could lessen the thermal
shock to the core-charged NCM material. Under the thermally
mitigated environment, the Co and Ni ions in the layer would
have the chance to easily migrate to the empty interstitial sites
between the edge-shared octahedral slabs, instead of participat-
ing in the direct phase transition to cubic Fm3m rock salt. The
atomic rearrangement resulted in a new generation of corner-
shared TM—TM interactions (marked by * in Figure 7) and
then the formation of short-range order of the spinel-like phase.
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On the basis of the XANES result of the Ni**, Co®*, and Mn*
states at the higher temperatures, the locally thermal-driving
phase was estimated to be a mix of the normal spinels of
Ni**Co**,0, and Ni**Mn**,0,.

As shown by the results, a thermally driven structural
degradation mechanism can be suggested for the NCM and ST-
NCM samples, based on the assumption that the atomic-
selective thermal reductions of the TM elements during heating
gave rise to the oxygen release from the lattice. The reaction
can be classified as follows

NCM sample: 3(NCM)* O, (layered)

— 3(NCM)**O (rock-salt-like) + %OZT

ST-NCM: 3(NCM)4+O2 (layered)
- (Niz+C303+Mn3+)3O4 (spinel-like) + O,1

The structural change accompanied the oxygen evolution
from the lattice, and the amount of the evolved oxygen for the
structural transformation from the layered to rock-salt phase
was higher than that for the transformation from the layered to
spinel phase. This result is attained by the stabilized structure
with pillars on the surface of grains. In addition, the stronger
Mn—O bonding by Mn*" in the ST-NCM primary particle’s
surface restrained the release of oxygen, and therefore the ST-
NCM sample showed lower total generated heat in the highly
delithiated state.

In conclusion, the LiNi,¢Coy,Mn,,0, cathode material with
surface-treated primary particles (ST-NCM) was prepared
using the solution with completely ionized lithium and cobalt
sources. The ST-NCM primary particles’ surface, which
consisted of a cation-mixing layer as a pillar layer, effectively
improved the structural stability and electrochemical perform-
ance by suppressing the microcracks in the particles and grains
during cycling. Moreover, the ST-NCM evidently prevented
the oxygen evolution from phase transition at elevated
temperature by suppressing the structural degradation and
stronger Mn—O bonding. This concept of coating for the
primary particles can be applied as a new strategy for surface
modification to realize improvements in both electrochemical
properties and thermal stability.

Experimental Section. Preparation of Electrode Materi-
als. The cathode materials of LiNiysCoy,Mn,,0, were
synthesized by a coprecipitation method.*> The ST-NCM
sample was prepared from a fully ionized solution. First, 0.17
mol of CH;COOLi and 0.2 mol of (CH;COO),Co were
completely dissolved in ethanol (50 g). Next, 100 g of the
cathode powder synthesized as cathode material was added to
the solution. The mixed solution was vigorously stirred at 70
°C until the solvent completely evaporated. Finally, it was
calcinated at 800 °C for 4 h in air to remove the impurities after
drying at 150 °C for 1 h.

Electrochemical Properties. The electrochemical properties
were tested in a coin-type 2032R cell with a lithium—metal
anode. Composite electrodes were prepared with 92% active
material, 4% Super-P carbon black, and 4% poly(vinylidene
fluoride) (PVDF) binder in N-methyl-2-pyrrolidinone and cast
onto aluminum current collectors with active material loadings
of 8—9 mg/cm® The electrolyte for the half-cells was 1.15 M
LiPF4 with ethylene carbonate—dimethylene carbonate—dieth-
ylene carbonate (30:40:30 vol %) (Panax Etec). The cycling
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tests of the half-cell were performed between 3.0 and 4.45 V at
a 0.5 C charge rate and a 1 C discharge rate at 60 °C.

Materials Characterization. Powder X-ray-diffraction (D/
Max2000, Rigaku) measurements at 26 = 10—80°, using Cu K
a radiation, were used to identify the phases. The morphology
of the samples was observed using SEM. The cross-sectional
TEM samples of particles were prepared by a focused ion beam
(FIB) technique (FEI Helios Nano Lab 450). Additionally, the
samples were thinned by a low-energy Ar-ion milling system
(Fischione Model 1040 Nanomill). The HAADF-STEM
images were taken using a probe-side aberration corrected
TEM ((JEOL JEM-2100F). EELS spectra were recorded using
an image-side aberration corrected TEM (FEI Titan® G2 60—
300) operated at an accelerating voltage of 80 kV. In situ
transition metal (Ni, Co, Mn) K-edge XANES and extended
EXAFS spectra were collected on BL10C beamline at the
Pohang Accelerator Laboratory (PAL), Korea. The mono-
chromatic X-ray beam can be obtained from high intense X-ray
photons of multiple wiggler source using liquid-nitrogen cooled
Si(111) double crystal monochromator (Bruker ASC). The
transimitted XAFS spectra were collected using homemade
heating stage in the temperature region from room temperature
to 450 °C for ~4 h (ie, heating rate = 2 °C/min). DSC
samples of the cathodes were prepared by charging to 4.5V ata
0.1 C rate and then the dissembled electrodes were prepared in
the dry room. The dissembled electrodes were washed with
dimethyl carbonate solvent several times, and fresh electrolytes
were added after drying the electrode. The electrode transferred
to aluminum pan and heated at a rate of 5 °C/min.

B ASSOCIATED CONTENT

© Supporting Information

TEM images, Rietveld results, and battery cycling data. This
material is available free of charge via the Internet at http://
pubs.acs.org.

B AUTHOR INFORMATION

Corresponding Author
*E-mail: jpcho@unsit.ackr. Phone: +82-52-210-2910. Fax:
+82-52-210-2909.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the IT R&D program of MOTIE/
KEIT (Development of Lirich Cathode and Carbon-free
Anode Materials for High Capacity/High Rate Lithium
Secondary Batteries, 10046309).

B REFERENCES

(1) Bruno, S; Jiirgen, G. J. Power Sources 2010, 195, 2419—2430.

(2) Arai, H. Solid State Ionics 1998, 109, 295—302.

(3) Feng, L.; Isaac, M. M.; Dennis, N.; Tsu-Chien, W.; Mark, D. A,;
Huolin, L. X.; Marca, M. D. Nat. Commun. 2014, 5, 3529.

(4) Jung, S.-K; Gwon, H.; Hong, J.; Park, K.-Y.; Seo, D.-H.; Kim, H,;
Hyun, J,; Yang, W.; Kang, K. Adv. Energy Mater. 2013, 16931—16940.

(S) Nam, K. W,; Bak, S. M; Hu, E.; Yu, X,; Zhou, Y.; Wang, X.; W,
L.; Zhu, Y.; Chung, K. Y; Yang, X. Q. Adv. Funct. Mater. 2013, 23 (8),
1047—1063.

(6) Gu, M; Belharouak, I; Zheng, J; Wu, H,; Xiao, J; Gengc, A;
Amine, K; Thevuthasan, S.; Baer, D. R; Zhang, J.-G.; Browning, N.
D.; Liu, J.; Wang, C. ACS Nano 2012, 7 (1), 760—767.

(7) Kaoru, D. Electrochem. Solid-State Lett. 1999, 3, 125—127.

DOI: 10.1021/acs.nanolett.5b00045
Nano Lett. 2K|5, 15, 2111=2119

MPEREX Ex. 1009

Page 8


http://pubs.acs.org
http://pubs.acs.org
mailto:jpcho@unsit.ac.kr
http://dx.doi.org/10.1021/acs.nanolett.5b00045

Nano Letters

(8) Kleiner, K; Dixon, D.; Jakes, P.; Melke, J.; Yavuz, M.; Roth, C.;
Nikolowski, K.; Liebau, V.; Ehrenberg, H. J. Power Sources 2015, 273
(0), 70-82.

(9) Haifeng, W. J. Electrochem. Soc. 1999, 146, 473—480.

(10) Watanabe, S.; Kinoshita, M.; Hosokawa, T.; Morigaki, K;
Nakura, K. J. Power Sources 2014, 258 (0), 210—217.

(11) Kim, M. G.; Cho, J. J. Mater. Chem. 2008, 18, 5880—5887.

(12) Lee, S. M,; Oh, S. H,; Ahn, J. P.; Cho, W. L; Jang, H. J. Power
Sources 2006, 159, 1334—1339.

(13) Cho, J,; Kim, T.-J; Kim, Y.-J.; Park, B. Electrochem. Solid-State
Lett. 2001, 4, A159—A161.

(14) Yonghyun, C.; Sanghan, L.; Yongseok, L.; Taeeun, H.; Jaephil,
C. Adv. Energy Mater. 2011, 1, 821—828.

(15) Miller, D. J.; Proff, C.; Wen, J. G.; Abraham, D. P.; Bareiio, J.
Adv. Energy Mater. 2013, 3 (8), 1098—1103.

(16) Lee, E.-].; Chen, Z.; Noh, H.-J; Nam, S. C.; Kang, S.; Kim, D.
H.; Amine, K.; Sun, Y.-K. Nano Lett. 2014, 4873—4880.

(17) Feng, L.; Dennis, N.; Isaac, M. M.; Tsu-Chien, W.; Huolin, L.
X.; Marca, M. D. Energy Environ. Sci. 2014, 7, 3077—308S.

(18) Lee, H; Kim, Y,; Hong, Y.-S.; Kim, Y,; Kim, M. G.; Shin, N.-S,;
Cho, J. J. Electrochem. Soc. 2006, 153, A781—A786.

(19) Meng, X; Yang, X.-Q; Sun, X. Adv. Mater. 2012, 24 (27),
3589-361S.

(20) Guo-Rong, H,; Xin-Rong, D.; Zhong-Dong, P.; Ke, D.
Electrochim. Acta 2008, 53, 2567—2573.

(21) Cho, Y,; Oh, P.; Cho, J. Nano Lett. 2013, 13 (3), 1145—52.

(22) Sun, Y.-K; Chen, Z.; Noh, H.-J.; Lee, D.-J.; Jung, H.-G.; Ren, Y.;
Wang, S.; Yoon, C. S.; Myung, S.-T.; Amine, K. Nat. Mater. 2012, 11
(11), 942—947.

(23) Rougier, A.; Saadoune, 1; Gravereau, P.; Willmann, P.; Delmas,
C. Solid State Ionics 1996, 90, 83—90.

(24) Laffont, L.; Gibot, P. Mater. Charact. 2010, 61 (11), 1268—
1273.

(25) Rask, J. H.; Miner, B. A.; Buseck, P. R. Ultramicroscopy 1987, 21
(4), 321-326.

(26) Boulineau, A.; Simonin, L.; Colin, J.-F.; Canévet, E.; Daniel, L.;
Patoux, S. Chem. Mater. 2012, 24 (18), 3558—3566.

(27) Gu, M; Genc, A; Belharouak, I; Wang, D.; Amine, K;
Thevuthasan, S.; Baer, D. R; Zhang, J. G.; Browning, N. D; Liy, J,;
Wang, C. Chem. Mater. 2013, 25 (11), 2319—2326.

(28) Shaju, K.; Subba, G.; Chowdari, B. Electrochim. Acta 2002, 145—
151.

(29) Chevrier, V.; Ong, S.,; Armiento, R.; Chan, M; Ceder, G. Phys.
Rev. B 2010, 82 (7), 075122.

(30) Shao-Horn, Y. Understanding Phase Transformations in
Lithium Battery Materials by Transmission Electron Microscopy. In
Lithium Batteries; Nazri, G.-A., Pistoia, G., Eds.; Springer: New York,
2003; pp 478—506.

(31) Lee, J.; Urban, A; Li, X.; Su, D.; Hautier, G.; Ceder, G. Science
2014, 343 (6170), 519—522.

(32) Nam, K.-W,; Bak, S.-M.; Huy, E;; Yu, X;; Zhou, Y.; Wang, X.; Wy,
L, Zhy, Y.; Chung, K-Y.; Yang, X.-Q. Adv. Funct. Mater. 2013, 23 (8),
1047—-1063.

(33) Noh, M,; Cho, J. J. Electrochem. Soc. 2013, 160 (1), A105—A111.

2119

DOI: 10.1021/acs.nanolett.5b00045
Nano Lett. 2K|5, 15, 2111=2119

MPEREX Ex. 1009
Page 9


http://dx.doi.org/10.1021/acs.nanolett.5b00045



