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ABSTRACT: Interphase engineering is becoming increasingly important in
improving the electrochemical performance of cathode materials for
rechargeable batteries, including Li ion, Li metal, and all-solid-state batteries,
because irreversible surface reactions, such as electrolyte decomposition, and
transition metal dissolution, constitute one of these batteries’ failure modes.
In this connection, various surface-engineered cathode materials have been
investigated to improve interfacial properties. No synthesis methods,
however, have considered a plane-selective surface modification of cathode
materials. Herein, we introduce the basal-plane-selective coating of Li2SnO3
on layered Li[NixCo1−x]O2 (x = 0 and 0.5) using the concept of the thermal
phase segregation of Sn-doped Li[NixCo1−x]O2 due to the solubility variation
of Sn in Li[NixCo1−x]O2 with respect to temperature. The plane-selective
surface modification enables the formation of Li2SnO3 nanolayers on only the
Li[NixCo1−x]O2 basal plane without hindering the charge transfer of Li+ ions. As a result, the vertical heterostructure of
Li[NixCo1−x]O2−Li2SnO3 core−shells show promising electrochemical performance.

Interphase engineering is becoming increasingly important in
improving the electrochemical performance of rechargeable

batteries, such as Li ion, Li metal, and all-solid-state batteries,
because irreversible surface reactions are now known to play a
crucial role in these batteries’ failures.1−15 For example,
substantial electrolyte decomposition and transition metal
dissolution occur on the cathode surface at high voltages and
temperatures, resulting in a severe fading of capacity.16−19

Therefore, various surface-engineered cathode materials have
been investigated to suppress these irreversible surface
reactions.20−23 In this connection, a variety of surface
modification techniques have been developed for cathode
materials, including sol−gel synthesis, dry coating, and atomic
layer deposition.24−28 However, most methods were not able
to modify the cathode surface plane-selectively.29,30 Herein, we
introduced the basal-plane-selective coating of Li2SnO3 on
Li[NixCo1−x]O2 using the thermal phase segregation of Sn-
doped Li[NixCo1−x]O2 due to the solubility variation of Sn in
Sn-doped Li[NixCo1−x]O2 with respect to temperature. Sn was
easily doped in Li[NixCo1−x]O2 at ca. 700 °C, leading to the
formation of Li[SnzNixCo1−x−z]O2. However, Sn-doped Li-
[NixCo1−x]O2 decomposed to a mixture of Li2SnO3 and
Li[NixCo1−x]O2 at temperatures higher than ca. 700 °C
because of the poor solubility of Sn in Li[NixCo1−x]O2 at
higher temperatures. This is attributed to the fact that the
mixture of xLi2SnO3 and (1 − x)Li[NixCo1−x]O2 is
thermodynamically more stable than Li[SnzNixCo1−x−z]O2 at
these higher temperatures. During the phase segregation at

high temperatures, Li2SnO3 nanolayers were grown basal-
plane-selectively on the Li[SnzNixCo1−x−z]O2(001) surface,
forming the vertical heterostructure of basal-plane-selective
Li[NixCo1−x]O2−Li2SnO3 core−shells. To demonstrate the
basal-plane-selective coating of Li2SnO3 on Li[NixCo1−x]O2,
we performed various atomic-scale analyses such as scanning
transmission electron microscopy (STEM) with a high-angle
annual dark field (HAADF) mode, fast Fourier transformation
(FFT), and energy dispersive X-ray spectroscopy (EDS). We
also carried out the density functional theory (DFT)
calculation to clarify the origin of the phase segregation of
Li[SnxCo1−x]O2 at temperatures higher than 700 °C. More-
over, we compared the electrochemical performance of plane-
selective LiCoO2−Li2SnO3 core−shells with that of conven-
tional sol−gel-derived Li2SnO3-coated LiCoO2 to demonstrate
the role of the plane-selective surface modification in the
electrochemical performance of LiCoO2 at high charge cutoff
voltages.
Scheme 1 shows the schematic concept of the basal-plane-

selective coating of Li2SnO3 on Li[NixCo1−x]O2 due to the
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solubility variation of Sn in Li[NixCo1−x]O2 with respect to
temperature. When the sol−gel precursors of LiNO3, Ni-
(NO3)2·6H2O, Co(NO3)2·6H2O, SnCl2, and citric acid were
heated at 650−700 °C, 5 at. % Sn-doped Li[NixCo1−x]O2 (x =
0 and 0.5, space group: R3̅m) was obtained without impurities,
as shown in its X-ray diffraction (XRD) pattern (Figure 1a,b).
However, β-Li2SnO3 (space group: C12/c1) appeared above

700 °C, and its XRD peak intensities increased gradually as the
heating temperature increased from 700 °C (Figure 1a,b). This
indicates that Sn-doped Li[NixCo1−x]O2 gradually decom-
posed to β-Li2SnO3 and Li[NixCo1−x]O2 with increasing
temperature above 700 °C. This is further supported by
changes in the (003) plane peak positions of Sn-doped
Li[NixCo1−x]O2 (x = 0 and 0.5) with increasing temperature.

Scheme 1. Schematic Concept for the Synthesis of Plane-Selective Li[NixCo1−x]O2−Li2SnO3 Core-Shells

Figure 1. XRD patterns of bare LiCoO2 and 5 at. % Sn-added Li[NixCo1−x]O2 at various heating temperatures: (a) x = 0 and (b) x = 0.5. (c), (d)
Rietveld refinement results of XRD patterns in (a) and (b), respectively. (e) Theoretical Helmholtz free energy difference between zLi2SnO3 + (1
− z)LiCoO2 (Fmix) and Li[SnzCo1−z]O2 (Fdop).
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The (003) plane peak position of Sn-doped LiCoO2 obtained
at 700 °C is lower in 2θ than that of bare Li[NixCo1−x]O2.
This is attributed to the fact that the (003) plane of Sn-doped
Li[NixCo1−x]O2 expanded because of the replacement of Co3+

(radius: 0.545 Å) and Ni3+ ions (radius: 0.56 Å) with larger
Sn4+ ions (radius: 0.69 Å) in Li[NixCo1−x]O2. However, the
(003) plane peak positions of Sn-doped Li[NixCo1−x]O2
gradually shifted to the higher 2θ with increasing temperature,
and eventually, the XRD peak positions of the samples
obtained at 900 and 800 °C were almost the same as those of
bare Li[NixCo1−x]O2 (x = 0 and 0.5, respectively).
We performed Rietveld refinement to estimate the amount

of Sn in Sn-doped Li[NixCo1−x]O2 and the lattice parameters,
as shown in Figure 1c,d. The amount of z in Li-
[Snz(NixCo1−x)1−z]O2 (x = 0) decreased from 4.9 ± 0.7% to
0.8 ± 0.7% with increasing temperature from 700 to 900 °C.
The amount of z in Li[Snz(NixCo1−x)1−z]O2 (x = 0.5) also
decreased from 4.8 ± 0.5% to 1.2 ± 0.6% with increasing
temperature from 650 to 800 °C. As a result, the lattice
parameter c of Li[SnzCo1−z]O2 decreased with increasing
temperature. The lattice parameter c values of Li-
[Snz(NixCo1−x)1−z]O2 (x = 0 and 0.5) obtained at 900 and
800 °C, respectively, were almost the same as that of bare
LiCoO2. This reveals that the solubility of Sn in Li-
[Snz(NixCo1−x)1−z]O2 decreases with increasing temperature,
eventually leading to the phase segregation of Li-
[Snz(NixCo1−x)1−z]O2 into two phases of of Li2SnO3 and
Li[NixCo1−x]O2 at high temperatures.
We performed DFT calculations to demonstrate the thermal

phase segregation of Li[SnzCo1−z]O2. Figure 1e shows the
difference between the Helmholtz free energies (Fmix − Fdop) of
zLi2SnO3 + (1 − z)LiCoO2 (Fmix) and Li[SnzCo1−z]O2 (Fdop);
z is assumed to be 0.08 in the calculation, which corresponds
to a substitution of one of Co atoms by Sn in the 2 × 2
supercell of LiCoO2. The crystal structures and Helmholtz free
energies of Li2SnO3, LiCoO2, and Li[Sn0.08Co0.92]O2 are
displayed in Figure S1. The value of Fmix − Fdop is positive
at temperatures below ca. 1000 K, implying that Sn-doped
LiCoO2 is thermodynamically more stable than the mixture of
zLi2SnO3 and (1 − z)LiCoO2 at these temperatures. This is
consistent with our experimental results, where Sn-doped
LiCoO2 was obtained without impurities at 700 °C (973.15
K). The value of Fmix − Fdop, however, decreases with
increasing temperature. Eventually, this value turns from
positive to negative at ca. 1000 K. This indicates that the
mixture of zLi2SnO3 and (1 − z)LiCoO2 is thermodynamically
more stable than Sn-doped LiCoO2 at greater than ca. 1000 K.
This supports the results that the mixture of Li2SnO3 and
LiCoO2 was obtained at temperatures above 700 °C.
We compared the cross-sectional STEM and the corre-

sponding EDS mapping images of plane-selective Li-
[NixCo1−x]O2−Li2SnO3 core−shells (Figure 2). Cross-sec-
tional thin STEM specimens were obtained using an Ar ion
slicer. Sn-doped Li[NixCo1−x]O2 particles are several hundreds
of nanometers in size, with plate-like morphology in the form
of a single crystal, as shown in their SEM images (Figure S2).
The (001) plane surface energy of LiCoO2 is known to be
lower than the surface energies of other planes (i.e., (104) and
(012)) in oxidizing atmospheres, resulting in the formation of
plate-like powders.31 When Sn-doped Li[NixCo1−x]O2 (x = 0)
was heated at 700 °C, Sn was uniformly distributed and
overlapped with Co in a particle, as shown in Figure 2a. This
indicates that Sn was doped in LiCoO2. At 900 °C, however,

Sn and Co are clearly separated, where Co is located in the
inside region and Sn in the outside region of a particle (Figure
2b). Considering their XRD patterns (Figure 1a), this suggests
that Li2SnO3 nanolayers were segregated outside LiCoO2 at
900 °C. Moreover, it is remarkable that Li2SnO3 did not cover
all facets of a LiCoO2 particle. Li2SnO3 layers were selectively
and uniformly grown only on the specific plane of LiCoO2.
This selective segregation behavior was generally observed in
all particles (see more STEM images in Figure S3). The same
plane-selective phase segregation was also observed in 5 at. %
Sn-added Li[NixCo1−x]O2 (x = 0.5) heated at 800 °C (Figure
2c). The thickness of Li2SnO3 layers in Li[NixCo1−x]O2−

Figure 2. Cross-sectional STEM and corresponding EDS mapping
images of (a) 5 at. % Sn-doped Li[NixCo1−x]O2 (x = 0) heated at 700
°C, (b) plane-selective Li[NixCo1−x]O2−Li2SnO3 (x = 0) heated at
900 °C, and (c) plane-selective Li[NixCo1−x]O2−Li2SnO3 (x = 0.5)
heated at 800 °C. Cross-sectional STEM-EDS line profiles of plane-
selective Li[NixCo1−x]O2−Li2SnO3 core−shells for (d) x = 0 and (e)
x = 0.5.
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Li2SnO3 core−shells was approximately 20−30 nm, as shown
in their EDS line profiles (Figure 2d,e).
To investigate the plane-selective segregation mechanism of

Li2SnO3 on Li[NixCo1−x]O2, we compared the cross-sectional
high-angle annular dark field (HAADF)-STEM images of 5 at.
% Sn-added Li[NixCo1−x]O2 (x = 0) obtained at different
cooling rates (Figure 3). Panels a and d of Figure 3,
respectively, show the Z-contrast HAADF-STEM images of
the slowly cooled (1 °C/min) samples and those of the
quenched samples. The bright gray and the dark gray regions
correspond to Li2SnO3 and LiCoO2, respectively, because the
atomic number of Sn is higher than that of Co. Their
magnified HAADF-STEM images at the interface between
Li2SnO3 and LiCoO2 (corresponding to the squares in Figure
3a,d) are displayed in Figure 3b,e, respectively. Their
corresponding FFT patterns indicate that the zone axes of
LiCoO2 and Li2SnO3 are [010] and [310], respectively, as
shown in Figure 3c,f. Panels a and b of Figure 3 clearly show
the continuous layered structures of Li2SnO3 and LiCoO2
without dislocations. In addition, since the zone axes of
LiCoO2 ([010]) and Li2SnO3 ([310]) are perpendicular to the
[001] direction of LiCoO2 and Li2SnO3, this implies that
Li2SnO3 nanolayers on the LiCoO2 surface were vertically
aligned along the [001] direction. Figure 3j shows the line
profile of the STEM image intensity across the interface
through line 1 along the [001] direction in Figure 3b. The
interlayer distances in the dark and the bright regions,

respectively, are approximately 4.65 and 4.94 Å. They are
almost the same as the interlayer distances of LiCoO2 (4.677
Å) and Li2SnO3 (4.937 Å) along the [001] direction. This
indicates that the solubility of Sn in LiCoO2 is negligible at 900
°C, which is consistent with the XRD results (Figure 1a).
Consequently, this suggests that, since the solubility of Sn in
LiCoO2 decreases with increasing temperature, Sn-doped
LiCoO2 obtained at 700 °C decomposes gradually with further
increasing temperature. Eventually, Li2SnO3 was grown outside
on the LiCoO2 surface at 900 °C.
For the quenched 5 at. % Sn-added Li[NixCo1−x]O2 (x = 0),

however, Li2SnO3 domains were observed inside a LiCoO2
particle. This is supported by the line profiles of the STEM
image intensity through lines 2, 3, and 4, respectively, in each
region of dark, interface, and bright areas, as shown in Figure
3e. The interlayer distance is approximately 4.65 Å in the dark
region and is 4.94 Å in the bright region. This indicates that
the inside domain and the outside area of the quenched sample
are Li2SnO3 and LiCoO2, respectively. This is opposite to the
result for the slowly cooled sample. The different morphologies
between the slowly cooled and quenched samples suggest that
Li2SnO3 was diffused out during a slow cooling process,
because the (001) surface of Li2SnO3 is more stable than that
of LiCoO2. It is also notable that, in contrast to the ordered
interface in Figure 3b,j, the disordered grain boundary was
observed at the lateral interface through line 3, as shown in
Figure 3e,k. This is due to the large lattice mismatch at the

Figure 3. STEM analysis of Li[NixCo1−x]O2−Li2SnO3 core−shells with different cooling rates and composition: (a)−(c) x = 0 with 1 °C min−1

(d)−(f) x = 0 with quenching and (g)−(i) x = 0.5 with 1 °C min−1. (a), (d), (g) Z-contrast HAADF images. (b), (e), (h) Enlarged Z-contrast
HAADF images of red squares in (a, d, g), respectively. (c), (f), (i) FFT patterns of (b, e, h) images, respectively. (j) Line profile of the STEM
image intensity across the interface through line 1 along the [001] direction in (b). (k) Line profiles of the STEM image intensity through line 2, 3,
and 4 in (e). (l) Line profile of the STEM image intensity across the interface through line 5 along the [001] direction in (h).
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lateral interface between the Li2SnO3 and LiCoO2 planes. The
disordered boundary is also generally less stable than the
ordered boundary. Therefore, we suggest that the plane-
selective growth of Li2SnO3 on the LiCoO2 basal plane
occurred to suppress the disordered boundaries.
Five at. % Sn-added Li[NixCo1−x]O2 (x = 0.5) also showed

the plane-selective growth of Li2SnO3 on the Li[Ni0.5Co0.5]O2
basal plane. Figure 3g shows the cross-sectional HAADF-
STEM images of 5 at. % Sn-added Li[Ni0.5Co0.5]O2 obtained at
slow cooling rate. Figure 3h shows the atomic resolution Z-
contrast HAADF image of the red square area in Figure 3g.
The ordered interface between Li[Ni0.5Co0.5]O2 and Li2SnO3
was clearly observed. The corresponding FFT pattern supports
that Li2SnO3 on the Li[Ni0.5Co0.5]O2 layers were vertically
aligned (Figure 3h). Figure 3l shows the line profile of the
STEM image intensity across the interface through line 5 along
the [001] direction in Figure 3h. The interlayer distances in
Li[Ni0.5Co0.5]O2 and Li2SnO3 regions were approximately 4.75
and 4.94 Å, respectively. They are consistent with the lattice
parameters obtained from the XRD Rietveld refinement
(Figure 1d).
To demonstrate the role of the basal-plane-selective coating

in electrochemical performance, we compared the rate and
cycle performances of plane-selective Li[NixCo1−x]O2−
Li2SnO3 (x = 0) core−shells with those of conventional
Li2SnO3-coated LiCoO2. (Figure 4). Conventional coating of
Li2SnO3 on bare LiCoO2 was carried out using a sol−gel
synthesis.32,33 The sol−gel coating of Li2SnO3 was not plane-
selective, and Li2SnO3 islands were randomly coated on all
facets of LiCoO2 (Figure S4). The rate performance of LiCoO2
was evaluated at various C rates from 0.1 (16 mA g−1) to 10 C
(1.6 A g−1) rates in the voltage range 3.0−4.5 V (vs Li/Li+).
The plane-selective LiCoO2−Li2SnO3 core−shell showed
remarkably better rate performance than did the conventional
sol−gel-derived Li2SnO3-coated LiCoO2, as shown in Figure
4a. The corresponding voltage profiles are presented in Figure
S5. Li+ ions are intercalated and deintercalated into LiCoO2
through edge planes along the in-plane direction (normal to
the [001] direction). The coating layers of the conventional
sol−gel-derived Li2SnO3-coated LiCoO2 partially cover the
charge-transfer planes, which are edge planes normal to the in-
plane direction, as shown in Figure 4b, because the
conventional coating was not plane-selective. This coating
layer hinders the charge transfer of Li+ ions, resulting in an
increase in charge-transfer resistance. However, the basal-
plane-selective LiCoO2−Li2SnO3 core−shell did not increase
charge-transfer resistance, because the Li2SnO3 nanolayers
were selectively coated only on the LiCoO2 basal plane, except
for the charge-transfer planes (Figure 4c). This was supported
by the impedance analysis of LiCoO2/LiCoO2 symmetric cells.
The basal-plane-selective LiCoO2−Li2SnO3 core−shell showed
a lower charge-transfer resistance (smaller semicircle) than did
the conventional Li2SnO3-coated LiCoO2 (Figure 4d). The
cycle performances of the plane-selective Li[NixCo1−x]O2−
Li2SnO3 (x = 0 and 0.5) core−shell were also better than the
conventional Li2SnO3-coated Li[NixCo1−x]O2−Li2SnO3 (x = 0
and 0.5) (Figure 4e and Figure S6, respectively). Their
corresponding Coulombic efficiencies are presented in Figure
S7. This suggests that the plane-selective core−shell shape is
also beneficial for suppressing the transition metal dissolution
and irreversible electrolyte decomposition at high voltages
(>4.3 V vs Li/Li+). We also examined the electrochemical
performance of LiCoO2 with various amounts of Li2SnO3

shells from 1 to 5 at. %. Even the small shell amount of 1 at. %
Li2SnO3 exhibited excellent cycle performance over 100 cycles
with a high reversible capacity of 191 mA h g−1 (Figure S8). In
addition, the plane-selective LiCoO2−Li2SnO3 core−shell
showed stable capacity retention even at the elevated
temperature, 60 °C (Figure S9).

Figure 4. (a) Rate performances of plane-selective LiCoO2−Li2SnO3
core−shell and conventional sol−gel-derived Li2SnO3-coated LiCoO2.
Schematic charge transfer of Li+ ions for (b) conventional sol−gel-
derived Li2SnO3-coated LiCoO2 and (c) plane-selective LiCoO2−
Li2SnO3 core−shell. (d) Nyquist plots of LiCoO2/LiCoO2 symmetric
cells for conventional sol−gel-derived Li2SnO3-coated LiCoO2 and
plane-selective LiCoO2−Li2SnO3 core−shell. (e) Cycle performance
of conventional sol−gel-derived Li2SnO3-coated LiCoO2 and plane-
selective LiCoO2−Li2SnO3 core−shell at 1C rate.
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In summary, we demonstrated the basal-plane-selective
coating of Li2SnO3 on a Li[NixCo1−x]O2(001) surface (x = 0
and 0.5) using one-pot synthesis through the solubility
variation of Sn in Li[NixCo1−x]O2 with respect to temperature.
Our theoretical DFT calculation revealed that the mixture of
Li2SnO3 and LiCoO2 becomes thermodynamically more stable
than Sn-doped LiCoO2 with increasing temperature. This
implies that the solubility of Sn in Li[NixCo1−x]O2 decreases
with increasing temperature. As a result, we observed that Sn-
doped LiCoO2 was segregated into Li2SnO3 and Li[NixCo1−x]-
O2 with increasing heating temperature. Moreover, Li2SnO3
nanolayers grew selectively only on the Li[NixCo1−x]O2 basal
plane, forming the vertical heterostructure of Li[NixCo1−x]-
O2−Li2SnO3 core−shells. The basal-plane-selective growth of
Li2SnO3 was attributed to the lattice mismatch at the lateral
interfaces between Li2SnO3 and Li[NixCo1−x]O2 planes. We
also compared the electrochemical performances of the plane-
selective Li[NixCo1−x]O2−Li2SnO3 core−shells (x = 0 and
0.5) and conventional sol−gel-derived Li2SnO3-coated Li-
[NixCo1−x]O2 at a high voltage range of 3.0−4.5 V (vs Li/Li+).
The plane-selective Li[NixCo1−x]O2−Li2SnO3 core−shells
showed better rate and cycle performances than did the
conventional Li2SnO3-coated Li[NixCo1−x]O2. We believe that
the interphase engineering of plane-selective surface mod-
ifications are promising for cathode materials demanding
excellent charge transfer at interphase between electrolytes and
active materials.
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