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An In Situ Formed Surface Coating Layer Enabling LiCoO,
with Stable 4.6 V High-Voltage Cycle Performances
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Qinghao Li, Hongyi Pan, Jie-Nan Zhang, Zheng Jiang, Wanli Yang, Xigian Yu,* Lin Gu,*

and Hong Li*

The development of high-voltage LiCoO, is essential for achieving lithium-
ion batteries with high volumetric energy density, however, it faces a

great deal of challenges owing to the materials, structure and interfacial
instability issues. In this work, a strategy is developed, through heat
annealing a precoated surface layer to in situ form a high-voltage-stable
surface coating layer, which is demonstrated to be highly effective to
improve the high-voltage performance of LiCoO,. It is discovered that
LiCoO, reacts with Li; sAlq sTi; 5(PO4); (LATP) at 700 °C to form exclusively
spinel phases in addition to Li;PO,, which are structurally coherent to the
layered lattice of LiCoO,. The heat annealing of the precoated thin layer of
LATP enables the formation of a high-quality surface layer. Spinel phases
possess high-voltage-stable structures with much weaker oxidizing ability
of lattice oxygen than layered structure. In addition, the Li;PO, is a good
lithium-ion conductor with excellent chemical stability at high voltages.
All these benefits contribute to the construction of a uniform and con-
formal high-voltage-stable surface layer with favorable lithium conducting
kinetics at the LiCoO, surface. The modified LiCoO, shows excellent 4.6 V
high-voltage cycle performance at both room temperature and 45 °C. The
thermal stability is greatly enhanced as well.

1. Introduction

profound impact on our daily life.! LiCoO,
has the highest material density among all
commercially available cathode materials
due to the perfect layered crystal structure
with a cubic close-packed oxygen-anion
framework, and therefore the LiCoO, bat-
tery has the highest volumetric energy
density, which is one of the most critical
performance specifications for portable
electronic LIBs.) Meanwhile, it is also
because of the perfect layered structure,
the transition metal (TM) slab of layered
lattice has strong tendency to glide after
removal of lithium ions at high voltages,
leading to the unfavorable phase transi-
tions (e.g., O3 to H1-3 at =4.5 V vs Li/Li")
and the resultant particle fracture.®! This
is even severer for LiCoO, than other
types of layered cathodes (e.g., high nickel
oxides) wherein the pre-existence or
the electrochemical-driven migration of
transition metal cations in lithium layer
(cation mixing) can more or less inhibit
the glide of the layered lattice.! Besides
the intrinsic bulk structure instability

The discovery of layered LiCoO, cathode by Prof. ]. B Goodenough
in 1980 led to the invention and successful commercialization
of lithium-ion batteries (LIBs), which have been making a

nature, the surface instability issues become more pronounced
at high voltages.l’! On the one hand, the recent research reveals
that the lattice oxygen of LiCoO, is activated after removal of
half lithium (Liy5CoO,, 4.2 V vs Li/Li*) and becomes highly
catalytic to oxidize carbonate electrolytes that are inherently not
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stable at voltages above 4.2 V (vs Li/Li*).l’} On the other hand,
the electrolyte decomposition products, cathode electrolyte
interphase (CEI), have also been found unstable at high volt-
ages and involved in a dynamic evolution of dissolution-depo-
sition over charge-discharge cycles.! As a result, the surface
of LiCoO, cannot be passivated and unceasing electrode/elec-
trolyte side reactions occur, leading to an increasing rise of cell
resistances, and eventually, failure of batteries. At present, the
commercial LiCoO, LIBs are restricted by an upper charging
cut-off voltage of 4.4 V (graphite as anode) that allows the utili-
zation of only around 0.62 mol lithium. To further improve the
energy-density of LiCoO, battery, it requires further elevation of
the charging voltage, in particular to voltages of above 4.6 V (vs
Li/Li*), which can make around 25% increment (vs 4.4 V) for
capacity.

Surface modifications have been demonstrated as an effec-
tive strategy to improve the cycle stability of LiCoO, at high
voltages.®l Various surface doping and coating strategies
using different types of doping elements and coating mate-
rials, and through different synthesis methods have been
reported previously.l’! For example, a recent study reported a
Li-Al-F surface-modified LiCoO, showing excellent cycling
performances at 4.6 V. It was revealed that the surface doping
layer can restrain the harmful irreversible phase transition of
LiCoO, at voltage above 4.55 V.I'% More recently, our work on
trace Ti-Mg—Al codoping for LiCoO, also greatly improved
its cycle performance at 4.6 V, it was found that the surface
doping of Ti and its surface segregation stabilized the lat-
tice oxygen of LiCoO, and contributed to its enhanced high-
voltage cycle stability.!!l While various studies have shown
promising high-voltage cycle performances of LiCoO,, the
working mechanisms for their modification strategies are
different.'?l Overall, an ideal surface modification strategy
should enable the construction of a high-voltage chemically/
electrochemically stable and low-resistant surface layer for
LiCoO,. Besides, the surface layer should be uniform and con-
formal for homogenizing the lithium flux during the charge—
discharge process. This is particularly important for LiCoO,
when cycled high-voltages, as the structure is easy to collapse
at highly delithiated state and the local variation of lithium
content due to the inhomogeneous lithium de-/intercalation
may accelerate this process.

In this work, we have developed a method to construct
a high-voltage-stable layer with appropriate lithium con-
ducting property at the LiCoO, surface. First, the nanosized
Li; sAlysTi; 5(PO,); (LATP) fine particles are coated on micro-
sized LiCoO, particles by a mechanical mixing method. Then,
through high-temperature annealing, LATP reacts with LiCoO,,
converting the surface of LiCoO, to spinel Co;0, phase while
forming other spinel phases (CoAl,0, and Co,TiO, alike) and
Li;PO, simultaneously. Spinel oxide is known to have much
weaker oxidizing ability at high voltages than layered oxide,
and the oxygen activity has been considered as the root cause
of the surface instability. The in situ formed spinel phases can
thus inhibit the electrode/electrolyte side reactions and stabi-
lize the LiCoO, surface. LATP and newly formed Li;PO, are
both lithium ionic conductors with high chemical stability at
high voltages. Moreover, the well-controlled mechanical mixing
and the subsequent heat annealing processes ensure the
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engineering of a thin, uniform, and conformal surface layer.
All these factors contribute to the substantially improved cycle
stability of LiCoO, at high voltages. The LiCoO,, surface modi-
fied with 2 wt% LATP through the above-mentioned method,
exhibits superior 4.6 V cycle and rate performances at both
room temperature and 45 °C. The improved thermal stability
has also been revealed.

2. Results and Discussions

Figure la schematically illustrates the interface engineering
for LiCoO, using a commercial product (denoted as bare-LCO)
and nano-LATP (Figures S1 and S2, Supporting Information)
as the precursor materials by a solid-state reaction method.
Briefly, bare-LCO was mechanically mixed with LATP (=2 wt%)
thoroughly by mechanical mixing, forming LATP-coated LCO
sample (LATP@LCO), which was then annealed at various tem-
peratures to form a uniform protective coating for LCO with
strong chemical bonding. Specifically, the sample annealed at
700 °C is denoted as LATP@LCO-700. X-ray diffraction analysis
(XRD) was performed to examine the phase purity of the LiCoO,
after surface treatment (Figure S3, Supporting Information),
and all XRD patterns show similar profiles of a typical LiCoO,
without notable impurity phases, indicating the well-preserved
bulk structure of LiCoO, during the annealing process. The
morphology evolutions of the bare-LCO and the LATP@LCO
samples annealed at various temperatures were investigated by
scanning electron microscope (SEM), shown in Figure 1b-g.
It can be found that the relatively smooth surface of bare-LCO
is homogeneously coated with a rough layer of uniform small
particles after mechanical mixing with LATP. The surface then
becomes smooth and compact as the annealing temperatures
increase from room temperature to 550 °C, and it evolves into
newly grown grains with larger particle sizes at 700 °C. How-
ever, the observed grains gradually aggregate together as the
temperature further increases to above 800 °C. Thus, notwith-
standing that the bulk structure remains unchanged during the
annealing process, the observed morphological changes imply
that chemical reactions between LiCoO, and LATP may occur at
the surface of the LATP@LCO sample.

On the question of what impacts of the annealing tempera-
tures have on the structural and electrochemical properties of
the LATP@LCO samples, we performed preliminary electro-
chemical cycling tests for the samples that annealed at various
temperatures. The results of the electrochemical cycling in
Figure S4 in the Supporting Information reveal that the LATP @
LCO samples annealed at higher temperature (=700 °C) exhibit
a significantly enhanced capacity with the LATP@LCO-700 pre-
sents the best cycling stability, which strongly suggests that the
surface structure might have been changed under high-temper-
ature annealing. Thus, X-ray photoelectron spectroscopy (XPS)
was carried out to study the possible surface structural evolution
mechanism. Interestingly, the XPS spectra in Figure 1h show
that the position of Ti 2p peaks of the obtained LATP@LCO
sample after ball milling is close to that of the doped Ti in the
bare-LCO rather than that for the LATP, indicating the decom-
position of LATP on the LiCoO, surface after their mechanically
mixing. Further, the position of Ti 2p peaks for the annealed
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Figure 1. a) Schematic illustrations of the surface engineering of LCO. SEM images of b) bare-LCO and c) LATP@LCO without heat treatment.
The LATP@LCO sample annealed at various temperatures: d) 400 °C, €) 550 °C, f) 700 °C, and g) 800 °C. h) XPS Ti 2p spectra for the precursor samples

and the LATP@LCO samples annealed at various temperatures.

LATP@LCO samples progressively shift toward that of bare-
LCO with the increase of the annealing temperatures, and
well overlapped at the temperature of 700 °C, which imply that
a new surface structure that has similar Ti chemical environ-
ment to that of the bare-LCO was constructed (note that the
P signal can be observed on P 2p XPS spectra for all LATP pre-
coated samples; Figure S5, Supporting Information). Thus, it is
speculated that the surface coating layer should have a strong
binding state with the bulk for the LATP@LCO-700 sample.
Furthermore, the energy-dispersive X-ray spectroscopy (EDS)
mapping analysis on LATP@LCO-700 (Figure S6, Supporting
Information) reveals that the Co, P, Ti, and Al elements are
homogeneously distributed on the surface of the sample, dem-
onstrating that a uniform coating layer has been constructed
on LiCoO, surface. Since the LATP@LCO-700 shows the best
electrochemical performances, detailed characterizations were
carried out to elucidate the working mechanisms.

The surface structure of the as-prepared LATP@LCO-700
sample was investigated by high-angle annular dark-field
scanning transmission electron microscope (HAADE-STEM)
imaging and elemental mapping based on electron energy loss
spectra (EELS) (Figure 2a-h; another representative region
is displayed in Figure S7 in the Supporting Information).
Figure 2a displays the overall morphology of the probed par-
ticle, which shows a relatively neat surface. Detailed separated
crystalline structures between the bulk and the surface of the
sample were uncovered by the high-resolution HAADF images
(Figure 2b) captured in the selected region as highlighted in
Figure 2a. With a detailed analysis on their local lattice fringe,
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it was surprising to find that, while the bulk structure remains a
pristine layered structure with an interplane spacing of 0.47 nm
that corresponding to the lattice plane (003) of LiCoO,
(Figure 2c), the surface layer structure exhibits identifiable
spinel structural feature with a thickness of around 10-20 nm,
as indicated by the spinel structure model (Figure 2d). Thus,
these findings suggest that the pristine (thombohedral phase)
LATP coating layer transformed into a spinel-like phase after
the high-temperature sintering (note that unreacted LATP par-
ticle still can be found on the surface of LiCoO,, probably due
to poor contact or scattered giant LATP particles, and thus the
poor reaction kinetics; see Figure S8 in the Supporting Infor-
mation). Further, EELS mapping analysis on the coating layer
in Figure 2e-h reveals a concentration-gradient Ti distribution
in the surface region. Thus, it can be deduced that the newly
formed surface Ti-rich spinel-like phase can be a result of the
chemical reaction between the bulk (LiCoO,) and the surface
(LATP) at 700 °C.

In order to understand the reaction mechanism between
LiCoO, and LATP, XRD experiments were performed to inves-
tigate the reaction products of the LiCoO, and LATP powder
mixtures heat-treated at different temperatures for 1 h (mass
ratio of around 67:23). It can be found that progressive reac-
tions between LiCoO, and LATP occur with the increase of the
temperatures (Figure 2i). Detailed Rietveld refinement results
are shown in Figure S9 and Tables S1 and S2 in the Sup-
porting Information. It is very interesting to note that only at
the temperature of 700 °C of our interest, except for the olivine
Li;PO, phase, all other phases are spinel (Co;0,, CoAl,0,, and
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Figure 2. a) Low-magnification STEM image. b—d) Atomic-resolution HAADF image in the surface region, local layered, and spinel-like phases are
enlarged from the red and green frames, respectively, as indicated by the overlaid structural models. e-h) Elemental distribution of Co (red), Ti (green),
and O (blue) near the surface obtained from electron energy loss spectra mapping. i) Phase constitutions of reaction products of LiCoO, and LATP
heat-treated at different temperatures. j) Schematic illustration of the surface layer growth mechanism. The spinel phase is structurally more stable
than the layered phase with weaker oxygen-anion oxidizing ability at high voltages.

Co,TiO,) which are structurally coherent to the layered lattice
of LiCoO, (Figure 2j). The exclusive formation of the spinel
phases enables the growth on the surface of LiCoO,, ensuring
the uniform and conformal coating on particle surface as
revealed by the STEM images. From the chemistry point of
view, the incorporation of Ti has been demonstrated to be effec-
tive on the stabilization of lattice oxygen at high voltages.'"] In
addition, it is known that Li;PO, has appropriate lithium ionic
conducting ability and is chemically stable at high voltages,
which can promise a high-voltage-stable interface with suitable
lithium diffusion kinetics.!®! It should be noted that while the
surface reaction of LATP and LiCoO, may not exactly follow
the exact reactions as predicted by XRD analysis, it well coin-
cided with the phase evolution trend as revealed, elucidating
the key role of the heat annealing process and the critical
annealing temperature for the synthesis.

The electronic structure of the LATP@LCO-700 was fur-
ther studied by soft X-ray absorption spectroscopy (sXAS) to
illuminate the valence state of Co via various signal acquisi-
tion modes, that is, the total electron yield (TEY) and total
fluorescence yield (TFY). Owing to the difference escape depth
of secondary electrons and emitted photons, TEY mode has
a probing depth of 2-5 nm, while TFY mode probes the bulk
signal up to a depth of around 100 nm, respectively.'¥ The Co
L-edge sXAS spectra of the bare-LCO and LATP@LCO-700 are
shown in Figure S10 in the Supporting Information. While only
Co** feature was found in the bulk signal with TFY, a typical
Co”* pre-edge absorption at =776 eV was detected by TEY on
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the surface of both samples, such feature can be assigned to the
spinel species, Co;04 and Co,TiO,/CoAl,0,.! Noteworthily,
the TEY peak intensity at 776 eV for LATP@LCO-700 is larger
than that of bare-LCO, it suggests that a larger amount of low
valence Co containing spinel species exist on LATP@LCO-700
surface than that of the bare-LCO. Thus, taken together, these
findings indicate that the grown ultrathin coating on LATP@
LCO-700 can be composed of Co304 Co,TiO,/CoAl,0O, and
Li;PO,, as schematically illustrated in Figure 2j.

The effectiveness of the surface modification in stabilizing
LiCoO, cathode was evaluated by electrochemical tests in half-
cells within 3—4.6 V. Figure 3a,b shows the selected galvanostatic
charge/discharge profiles of bare-LCO and LATP@LCO-700 for
the 1st and the 50th cycle, which exhibit a high initial dis-
charge capacity of 220.1 and 214.6 mAh g™ at 0.2C, respectively.
After 50 cycles, the bare-LCO only remains 151.6 mAh g7,
which is much lower than that of LATP@LCO-700 (200.8 mAh g7).
For the 1st cycle, both cathodes exhibit notable voltage plateaus
at =3.82, =4.2 and =4.5 V in the charge/discharge profiles,
which can be attributed to the structural transition between
two O3 phases, order—disorder transition, and the phase
transition between O3 and H1-3 phase, respectively.'l After
50 cycles, while the voltage plateau at =4.2 V disappears and
the voltage plateaus at =3.82 and =4.5 V become shorter for the
bare-LCO sample, those voltage plateaus are remained for the
LATP@LCO-700 cathode, indicating a promoted reversibility
of the structural transition in the bulk of LiCoO, with surface
modification.

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. The electrochemical performance of bare-LCO and LATP@LCO-700-based half-cells: charge and discharge curves for a) the 1st cycle at
0.2C and b) the 50th cycle at 0.5C (1C = 274 mA g™). c¢) Cycling performance of the cells cycled at 0.5C at various temperatures of 25 and 45 °C.
d) Rate performance of the cells at room temperature at 0.1C, 0.5C, 1C, 2C, and 5C. ) Comparison of the cycling retention and initial discharge capacity

of various LiCoO, materials.

Figure 3c shows the cycle performance of bare-LCO and
LATP@LCO-700-based cells under a rate of 0.5C at 25 and
45 °C, respectively. It is found that, when cycled at 25 °C, the
bare-LCO cathode can deliver a discharge capacity retention of
50.3% with a capacity of 106 mAh g™! remains after 100 cycles,
while the LATP@LCO-700 exhibits a higher discharge capacity
retention of 88.3% with a larger capacity of 180.3 mAh g™'. The
LATP@LCO-700 exhibits even superior cycle performances to
bare-LCO at 45 °C, with 72.9% of discharge capacity retention
(160.9 mAh g™) versus 32.5% (73.7 mAh g7!) for bare-LCO after
100 cycles. The rate capabilities of the bare-LCO and LATP@
LCO-700 are also compared in Figure 3d. While the bare-LCO
exhibits discharge capacity of 225.5, 193.7, 1576, 120.4, and
68.5 mAh g~ under 0.1C, 0.5C, 1C, 2C, and 5C, respectively, indi-
cating a capacity retention of 30.3% at 5C, the LATP@LCO-700
exhibits discharge capacity of 216.3, 1978, 181.1, 156.2, and
118.6 mAh g at 0.1C, 0.5C, 1C, 2C, and 5C, respectively, giving
a superior capacity retention of 54.8% at 5C. Thus, these results
indicate that engineering a surface coating with hybrid phases
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for LiCoO, can not only enhance the cycle stability of the
cathode, but also improve the rate capability. Specifically, the
stable spinel phases can stabilize the interface between
the cathode and electrolyte, while the Li-ion conductive Li;PO,
and LATP phases provide a high ionic transport pathway
for facilitating interfacial kinetics, which synergistically con-
tribute to the enhancement of cycle and rate performances of
LATP@LCO-700 at hashed condition of high charging voltage
and elevated temperature. Moreover, when compared with the
results of the previously reported surface-modified LiCoO,
cathodes, the LATP@LCO-700 also demonstrates a superior
performance with the high initial discharge capacity and the
excellent capacity retention, and best high-temperature cycle
performances among the reported results (Figure 3e; Tables S3
and S4, Supporting Information).[101-1’]

To understand how the grown hybrid phase on LCO regulates
the interfacial properties and thus enhances the electrochemical
performances, electrochemical impedance spectroscopy (EIS)
and X-ray spectroscopic characterizations were performed.

(5 of 10) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Electrochemical and structural characterization of bare-LCO and LATP@LCO-700 cathode upon cycling. a,b) Electrochemical impedance
spectroscopy of the cathode before and after 50 cycles. ¢) O Ts and F 1s XPS spectra of the cycled cathode, and Co 2p XPS spectra collected on lithium
metal anode after 50 cycles. d,e) O K-edge XAS spectra of the bare-LCO and LATP@LCO-700 at various cycling stages.

Figure 4a,b shows the EIS spectra collected for the bare-LCO
and the LATP@LCO-700 cells before and after 50 cycles. The
quantitative analysis was performed by fitting the spectra with
an equivalent circuit model and the fitting results are shown
in Figure S11 and Table S5 in the Supporting Information. It
can be found that the bare-LCO and the LATP@LCO-700 cells
exhibit very similar impedance behavior before cycling. How-
ever, after 50 cycles, the bare-LCO cell displays a significantly
increased surface film resistance (Rsg, electrode/electrolyte
interface) and charge-transfer resistance (R.) when compared
with that of the LATP@LCO-700 cell, suggesting a significantly
deteriorated electrode/electrolyte interface.'® The improve-
ment on the interfacial stability of the LATP@LCO-700 cell
can be attributed to the physical isolation of the electrolyte
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from LiCoO, by the stable hybrid phase protective coating layer,
which could not only mitigate the undesirable interfacial side
reactions but also facilitate the Li-ion transportation between
the electrolyte and the cathode. XPS experiment was con-
ducted to study the surface chemistry information of CEI on
the LiCoO, electrode. Figure S12a in the Supporting Informa-
tion and Figure 4c shows the O 1s and F 1s XPS analysis for
the bare-LCO and LATP@LCO-700 electrodes before and after
50 cycles, respectively. It reveals that the CEI formed on the
bare-LCO and LATP@LCO-700 electrodes after cycling has
similar chemical components which can be mainly classified
as organic carbonate species and inorganic species (LiF and
Li,F,PO,). Further quantitative analysis of the XPS results in
Figure S12b in the Supporting Information indicates that the

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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cycled LATP@LCO-700 has a smaller ratio of the organic CEI
components but a larger ratio of LiF inorganic species when
compared with the cycled bare-LCO. The organic CEI species
can be derived from the electrolyte degradation, such as the eth-
ylene carbonate (EC) ring-opening, which can be triggered by
the highly oxidative Co*" as well as the activated lattice oxygen
at high voltage.'”! The relatively low content of organic CEI
components indicates the reduced electrode/electrolyte side
reactions, validating the suppressed lattice oxygen oxidizing
ability of the spinel phase (Co;0, and Co,TiO,/CoAl,O,) for
LATP@LCO-700. Meanwhile, the high content of inorganic
components (e.g., LiF and Li;PO,) ensures the high chemical
stability of the surface layer at high voltages, which is essential
for the stable cycling of LiCoO, at 4.6 V.}l We have also exam-
ined the Co deposition on lithium metal anode. As revealed in
Figure 4c, the Co 2p XPS signal can be observed for the lithium
anode of the bare-LCO cell, while no such signal can be found
for that of the LATP@LCO-700 cell, further supporting the for-
mation of a stable surface layer on LATP@LCO-700, which can
effectively prevent Co dissolution from the cathode. Further-
more, sXAS measurements were performed in TEY and TFY
modes with different probing depth simultaneously. Therefore,
both surface and subsurface bulk information can be obtained.
Figure 4d,e shows the O K-edge spectra collected on the bare-
LCO and LATP@LCO-700 electrodes at discharged state
at different cycles. The peaks of A and B can be assigned to
Co*(a1g)-O 2p hybridization states and Co*" (e,)-O 2p hybridi-
zation states, respectively, while the C peak corresponds to Co3*
(eg)—O 2p hybridization states.l’ For both electrodes at pristine
state, only C peak is observed, indicating the Co** in pristine
electrode. However, over cycling since the 1st cycle, two new
peaks of A and B emerge and progressively enlarge for both
electrodes, revealing the accumulation of Co* on the surface as
well as in the bulk. This result can be associated with the decon-
struction of LiCoO, structure and polarization enhancement at
high cut-off voltage upon cycling, which hinders the lithium
reinsertion during the discharge process and thus lead to the
existence of Co*". Compared with the bulk TFY signal, the rela-
tively weak Co** associated feature in TEY can be attributed to
inevitable interface reactions against carbonate electrolyte. By
comparison of the characteristic peaks (A and B) for both cath-
odes, it exhibits much more stable and smaller peak intensity
for LATP@LCO-700 when compared with those for bare-LCO,
suggesting that a much lower amount of Co*" accumulated on
the LATP@LCO-700 and relatively modest recovery over long
cycles. This is in good agreement with the higher reversibility
of lithiation/delithiation behavior for the LATP@LCO-700
cathode, as reflected on the well-maintained charge—discharge
profiles after 50 cycles (Figure 3a,b). Besides, the well-resolved
and unchanged Ti L-edge XAS spectra (Figure S13, Supporting
Information), for both TEY and TFY signals of the LATP@
LCO-700, further validates the well-preserved Ti coordinating
environment and thus the crystal structure of LiCoO, over the
cycling process. In summary, the surface modification enables
the formation of a high-voltage-stable surface layer on LiCoO,,
which can protect the surface structure of LiCoO, and also sup-
press the surface side reaction with electrolyte, thereby contrib-
uting to the substantially enhanced cycle stability at both room
temperature and elevated temperature.
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The thermal stability of the cathode is closely related to bat-
tery safety, which is another critical issue for LIBs. 1*l Explic-
itly, the delithiated oxide cathode material is facial to release O,
at elevated temperatures that may trigger the combustion
reactions and lead to the thermal runaway. Here, hard X-ray
absorption spectroscopy (hXAS) experiments were carried
out to evaluate the thermal stability of both bare and surface-
modified LiCoO,. The hXAS spectra can be used to quantify
the valence state of 3d TM elements and therefore the oxygen
release triggered reduction of TM can be recorded during
thermal decomposition.[??l Figure 5a shows the normalized
Co K-edge X-ray absorption near edge structure (XANES)
spectra for the bare-LCO and LATP@LCO-700 cathode elec-
trodes. The cathode electrodes were retrieved from half-cell at
charged state (4.6 V, Lij;4C00,) and then annealed at different
temperatures in the range of 25-350°C. Overall, for both
bare-LCO and LATP@LCO-700, the XANES spectra show a
continuous shift to low energy side with the annealing tem-
peratures increase from 25 to 350 °C, indicating the reduc-
tion of the high valence Co cations (Co*#**: mixed valence of
Co*" and Co** deduced from the initial charge capacity).l?]
The insets highlight the pre-edge peaks, which also show a
continuous shift to low energy side and a slight increase in
peak intensities. This can be attributed to the continuous
valance change from Co* to Co*" as well as local distortion
such as an increase of Co®" at the tetrahedral site.?!l To be
brief, the oxygen release occurs at delithiated LiCoO, and the
layered LiCoO, phase transfers into Co;0, spinel phase with
the increase of the temperature. To more explicitly describe
the thermal decomposition process, we plot the half-height-
energy of the XANES spectra, a descriptor for the valence
state of TM, versus temperature to quantitatively track the Co
reduction process (Figure 5b). A notable difference between
bare-LCO and LATP@LCO-700 can be observed at tempera-
tures starting from 200 °C where bare-LCO shows lower half-
height-energy values than LATP@LCO-700. This suggests the
earlier thermal decomposition of bare-LCO and thus the better
thermal stability of LATP@LCO-700. In addition, the differ-
ential scanning calorimetry (DSC) analysis was performed
to evaluate the thermal decomposition behavior of LiCoO, in
the presence of an electrolyte. As shown in Figure 5c, three
exothermic peaks in the DSC curves were observed during
the heating process of the charged Li,CoO, cathode with
electrolyte. Specifically, the first peak starting near 210 °C in
the DSC for the charged bare-LCO can be associated with the
decomposition of solvents on the surface of the active cathode
materials as a result of the reduction of Li,CoO,; the second
peak at around 240 °C can be due to the electrolyte combus-
tion caused by O, released from the Li,CoO,; while other
peaks at higher temperature can be related to the decomposi-
tion of the remaining electrolyte from the electrolyte combus-
tion.[?®) Remarkably, the triggering temperature for the first
exothermic peak of the DSC is significantly retarded for the
LATP@LCO-700 (221 °C), confirming the superior thermal
stability of the LATP@LCO-700. Thus, these results demon-
strate that the grown hybrid phase coating layer can effectively
mitigate the oxygen release from LiCoO, and the subsequent
reactions with electrolyte at elevated temperature, leading to
the improved thermal stability.
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Figure 5. a) Normalized Co K-edge XANES spectra for bare-LCO and LATP@LCO-700 electrodes annealed at various temperatures up to 350 °C after
being charged to 4.6 V. b) Variations of the half-energy position of Co K-edge XANES spectra for bare-LCO and LATP@LCO-700 electrodes as a func-
tion of annealing temperature. c) Differential scanning calorimetry analysis of bare-LCO and LATP@LCO-700 electrodes wetted with the electrolyte

after charging to 4.6 V.

3. Conclusions

In summary, a novel surface modification method has been
successfully developed, which demonstrates its effectiveness
on the enhancement of the high-voltage cycle and thermal sta-
bility of LiCoO,. We discover that LiCoO, can react with LATP
at 700 °C to form exclusively the spinel phases (Co;04, CoAl,O,,
and Co,TiO,) in addition to Li;PO,, which have coherent lat-
tice structure to layered lattice of LiCoO,, enabling the forma-
tion of a surface coating layer on LiCoO,. The stable spinel
phases can suppress the occurrence of oxygen redox evolu-
tion at high voltages and elevated temperatures, and also avoid
direct exposure of highly oxidative Co*" to electrolyte, effec-
tively mitigating electrolyte degradation and surface structure
deconstruction. In addition, the lithium ion conductive phase
Li;PO, is not merely high-voltage chemically stable but also
provides a facilitated interfacial lithium ion diffusion pathway.
Taken all these benefits together, the LiCoO, with surface mod-
ification through 700 °C heat annealing, the precoated LATP
layer exhibits the significantly enhanced discharge capacity
retentions of 88.3% and 72.9% at 0.5C for 100 cycles when
cycled at room temperature and 45 °C, respectively, which are
much higher than those of bare-LCO (only 50.3% and =32.5%
capacity remains, respectively). Moreover, the XANES and DSC
experiments reveal that the thermal stability of the LiCoO, has
been greatly improved as well. In brief, this work demonstrates
an effective surface modification method that enables the for-
mation of a high-quality surface layer for stable cycling of the
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LiCoO, cathode at high voltages, which could be widely applicable
to the designs of other high-voltage and high-energy-density
cathode materials.

4. Experimental Section

Synthesis of LiCoO, Materials: The bare LiCoO, (bare-LCO) powder
(with 0.2 wt% Ti doping) employed in this work is commercial. To
synthesize the LATP, a mixture of Li,CO3, Al,O;, TiO,, and NH4H,PO,
precursors was ground by ball milling at room temperature for 5 h and
heated at 400 °C for 2 h followed by 900 °C for 5 h in air. The as-prepared
LATP was grounded by a pulverizer to form fine particles with a size of
hundreds of nanometers (Figures ST and S2, Supporting Information),
and then 2 wt% of the pulverized LATP was added to LiCoO, powder
to form a homogenous mixture with a VC blending and modifying
machine (VCH-5, Wuxi Xinguang Powder Equipment Co., Ltd., China).
The mixture was then further mechanically mixed at 3000 rpm min™" for
20 min using a mechanical fusion device (VSH-3, Wuxi Xinguang Powder
Equipment Co., Ltd., China), which can perform uniform particle coating
for industrial level fabrication. Last, the mixture was calcined in air at
400, 550, 700, 800, and 900 °C for 4 h, respectively, to obtain various
LATP modified-LiCoO, samples.

Electrochemical Measurements: The positive electrodes were fabricated
with 92 wt% active material, 3 wt% carbon black as a conductive additive,
and 5 wt% polytetrafluoroethylene as a binder. The calculated amount
of powder was dissolved in N-methyl pyrrolidone solvent to obtain a
homogeneous slurry, which was then cast onto aluminum foil with
a blade and dried at 120 °C in vacuum for 6 h. Then, the electrodes were
cut into disks (@10 mm, with 3 mg cm2 active material). Coin cells (CR
2032) were assembled with bare-LCO or various LATP modified LiCoO,
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materials as cathode materials, lithium foil as the anode, polypropylene
as separators, and 1 M LiPFg in ethylene carbonate/dimethyl carbonate
(EC/DMC, T:1 in volume) as an electrolyte in an argon-filled glovebox.
The galvanostatic charge—discharge tests were carried out in the voltage
range of 3.04.6 V using a Land CT2001A battery test system (Land,
Wuhan, China). The EIS was measured at 25 °C by an impedance
analyzer (IM6ex) with a perturbation of 5 mV in the frequency range
10 mHz to 1 MHz.

SEM, XPS, and XRD Characterization: Morphological investigation
and EDS mapping analysis of the samples were conducted using a field
emission scanning electron microscope with an energy dispersive X-ray
detector (SEM, S4800, Hitachi). The crystal structure of samples was
analyzed by XRD (Bruker, D8 ADVANCE). The XPS spectra were recorded
by an ESCALAB 250 Xi, Thermo Fisher with monochromatic 150 W Al Ker
radiation. The XPS data were analyzed with software Avantage and the
binding energies were calibrated by the C 1s line at 284.4 eV from carbon
black. In order to avoid the air exposure, all XPS samples after cycling
were transferred with an air-proof sample holder provided by Thermo
Fisher.

STEM Characterization: TEM sample was prepared using a focused
ion beam (FIB) method. Cross-sectional lamella was thinned down to
100 nm thick at an accelerating voltage of 30 kV with a decreasing current
from the maximum 2.5 nA, followed by fine polish at an accelerating
voltage of 2 kV with a small current of 40 pA. The atomic structure of
the LiCoO, was characterized using an ARM-200CF (JEOL, Tokyo, Japan)
transmission electron microscope operated at 200 keV and equipped
with double spherical aberration (Cs) correctors. The attainable
resolution of the probe defined by the objective prefield was 78 pm. The
HAADF images were acquired with a collection angle of 90-370 mrad.
The EELS elemental mapping was performed with an energy dispersion
of 1 eV per channel.

X-Ray Absorption Spectra (XAS) Characterization: The soft-XAS
measurements were recorded at beamline 8.0.1 of the Advanced Light
Source (ALS) at Lawrence Berkeley National Laboratory. The data were
collected in both TEY and TFY modes. All the spectra were normalized
by the intensity of the incident beam. The hard-XAS data were collected
at beamline BL14W at Shanghai Synchrotron Radiation Facility (SSRF).
XANES spectra were processed using the Athena software. The
electrodes after the first charge were heated for 15 min at different
temperatures in the muffle furnace placed in the glovebox.

Thermogravimetric-Differential ~ Scanning ~ Calorimetry ~ (TG-DSC)
Characterization: The TG-DSC analysis was carried out using a
simultaneous thermal analyzer (Netzsch STA 449 C) with a heating rate
of 5°C min~'in air. The samples for TG-DSC analysis were prepared with
4 mg cathode materials and 10 pL electrolyte loading into a stainless-
steel pan sealed with a gold-plated copper seal.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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