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ABSTRACT: To understand the origin of enhanced electrochemical
performances of MgO-coated LiCoO2 as cathode materials for lithium
ion battery, we investigate the internal structures of the materials at the
nanometer scale. The MgO-coated LiCoO2 are annealed at various
temperatures of 750−810 °C so as to find the optimized heat-treatment
condition. The surface morphologies and crystalline structures are
characterized by SEM, TEM, EELS, and XRD. The electrochemical
results show that the MgO-coated LiCoO2 delivers a high capacity with
excellent retention property. In particular, the sample annealed at 810
°C, which possesses the high doping level of Mg2+ ion in the Li sites,
exhibits the highest retention capacity without undergoing phase
transformation in the interfaces between the MgO-coating layer and
the bulk LiCoO2 during cycling. Lithium and vacancy ordering in the delithiated state is monitored by TEM measurements. By
comparison with the bare LiCoO2, we reveal that the MgO-coating layer plays a role in the prevention of lithium and vacancy
ordering in the near-interfaces, which is in agreement with the excellent electrochemical cycling performances of the MgO-coated
sample annealed at 810 °C. As a result, depending on the thermal treatment temperature, the Mg2+ ions from MgO layer diffuse
into Co and Li sites in LiCoO2, competitively, and affect the structural stability and electrochemical performances.

1. INTRODUCTION

Because of its highly accessible lithium diffusion pathway,
LiCoO2 has been one of the most predominant cathode
materials of the lithium ion batteries (LIBs) for portable
electronics since the first successful commercialization.1 The
practical capacity is limited to ∼140 mAh/g, that is, half of its
theoretical capacity (273 mAh/g), because it undergoes phase
transformation from monoclinic to hexagonal phase and,
therefore, its layered structure is easily collapsed at x > 0.5
(Li1−xCoO2).

2,3 A cell shows very good capacity retention
within the limited composition range of x < 0.5, that is, below
4.2 V, whereas above 4.2 V it suffers from rapid capacity fading
during charge/discharge cycling.
In order to raise the practical capacity or cycling stability of

the LiCoO2 electrodes at the high voltages, a lot of
modifications have been attempted. First, various dopants, for
example, Mg,4−12 Al,10 Zr,8,12 Sn,13 and so forth,14 have been
proposed to improve the electrochemical performances. In
particular, the Mg-doped LiCoO2 has been intensively
investigated because of its enhanced electronic conductivity4−8

and thermal7,9,10 or cycling4,8,9,11,12 stability. Alternatively,
because it is known that the capacity fade of LiCoO2 electrode
is attributed mostly to changes on their surfaces rather than to

bulk degradation,15 many studies of LiCoO2 coated with metal
oxides have been reported.11,16−31

Although various coatings have significantly improved the
capacity retention, the mechanism of capacity fading and the
effects of surface coatings have not been clearly explained and
they are still controversial. In Cho et al.’s pioneering study,25

they reported that the capacity retention of metal-oxide-coated
LiCoO2 correlates with the fracture toughness of the coated
oxides; particularly, ZrO2-coated one, which they called a “zero-
strain intercalation cathode”, did not exhibit lattice expansion
and showed the best cycling performances. Accordingly, they
assumed that a layer of LiZrxCo1−xO2 would be formed on the
surfaces as an origin of improved cycling ability. On the
contrary, Chen and Dahn reported that the coated phase on the
surfaces was the nanocrystalline ZrO2.

27 They proposed that
the enhanced cycling ability is caused by a reduction in the
contact area between LiCoO2 and electrolytes.
Because the above studies examined improvement in the

electrochemical performances of LiCoO2 by coating, a large
number of surface modifications using various materials (e.g.,
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MgO,11,16−21 Al2O3,
20−26 ZrO2,

25−30 SnO2
31) have followed. In

particular, we have been interested in the MgO-coating because
significant improvement in cycle performances has been
achieved. In Amatucci et al.’s study, it was reported that the
capacity loss of LiCoO2 is strongly relevant to the Co4+ ion
resolution.32 Hence, Wang et al. claimed that a uniform surface
layer of Li−Mg−Co−O of the MgO-coated one prevents the
bulk LiCoO2 particles from direct contact with the electrolytes
and thereby inhibits the escape of Co4+ ions of the active
material.16,17 In addition, they speculated that the pillaring
effect of diffused Mg2+ ions into the interslab space would
enhance the improvement of specific capacity. This argument
was supported by Zhao et al.’s follow-up study, in which,
however, only circumstantial indirect evidence, that is,
increased peak intensities from XRD measurements, was
suggested.18 Up to now, there have been no experimental
reports providing direct evidence of Mg substitution on the
surfaces of LiCoO2 particles. Moreover, because the XRD
technique mainly probes the bulk structures rather than the
surfaces, we need to study structural features with techniques
distinguishing surfaces and bulk, for example, high-resolution
transmission electron microscopy (TEM). Meanwhile, most of
the MgO coatings were annealed at 600−800 °C in the
previous reports;11,16−21 however, the temperature effects on
the electrochemical performances or structural features of the
MgO-coated materials were not discussed.
In this study, we report investigations on structural and

electrochemical characteristics of the MgO-coated LiCoO2 with
various thermal treatments. These materials were calcined by a
solid state reaction with MgO nanoparticles. In particular, the
interfaces between bulk LiCoO2 and MgO-coating layers are
explored by TEM at the nanometer scale, which explains the
structural features induced by Mg substitution. This study also
examines the relationship between the structural evolution and
the electrochemical performances for the MgO-coated LiCoO2,
which is supported by the density functional theory (DFT)
calculations.

2. EXPERIMENTS
Pristine LiCoO2 powders were synthesized by solid-state
reactions (see Supporting Information for SEM image).
Li2CO3 and Co3O4 (>99.9% pure) as starting materials were
milled with zirconia ball for 24 h. The ratio of Li:Co was
adjusted to 1.04:1, considering lithium loss at high temperature
for synthesis. After the ball-milling process, powder mixture was
heated at 1000 °C for 6 h in air. MgO-coated LiCoO2 powders
were made from these pristine one and ∼50 nm-sized MgO
nanopowders which were obtained by ball-milling with a high
impact milling machine. The MgO particles were physically
mixed with 20 μm-sized LiCoO2 particles in a mechanical mixer
with a rotating speed of 150 rpm for 10 h. The relative
concentration of Mg (0.15 ± 0.05 wt %) was determined by the
inductive coupled plasma measurements. Then, the mixed
powders were heat-treated at various temperatures of 750, 770,
790, and 810 °C in air for 6 h, respectively, and slowly cooled
to room temperature.
The X-ray diffraction (XRD) patterns were obtained by a

Bruker diffractometer using Cu Kα radiation. Step-scan
recording for structure refinement was carried out with 0.02°
2θ step increment of 6 s duration. The Rietveld refinement
method was done for all data by TOPS-R V4.2 software. The
diffractometer point zero, Lorentzian/Gaussian fraction of the
pseudo-Voigt peak function, scale factor, lattice constants (a

and c), oxygen parameter (z), thermal factors for 3a, 3b, and 6c
positions, half-width parameters, preferred orientation and
asymmetry parameters were refined. The morphology of the
particles was studied using a scanning electron microscope
(SEM) (Magellan XHR, FEI Co., Oregon, U.S.A.) in the
secondary electron mode. The scanning transmission electron
microscopy (STEM) observations were performed using a Cs-
corrected STEM (JEM-2100F, JEOL, Co., Tokyo, Japan) at
200 kV, which is equipped with a spherical aberration corrector
(CEOS Gmbh, Heidelberg, Germany) and provides a
minimum probe of about 1 Å in diameter. The EELS spectra
were obtained in STEM mode with a total beam current of 0.2
nA for a probe size of about 0.5 nm, which were collected with
a Gatan GIF-200 spectrometer. For characterization of
electrochemical performances, the LiCoO2/Li coin-cells were
produced with the 1 M LiPF6 electrolytes (solvent: mixture of
ethylene carbonate and diethyl carbonate, 1:1 by weight ratio)
in the drybox with atmospheric condition. The cells were
cycled between 3.0 and 4.35 V at a rate of 0.2 C to determine
the capacities.

3. RESULTS AND DISCUSSION

3.1. Structural Features of MgO-Coated LiCoO2. Figure
1a is a SEM image exhibiting the morphology of MgO-coated
LiCoO2, which was heat-treated at 810 °C. This sample is
covered with a layer of uniformly distributed beads of MgO,
which is confirmed by the energy-dispersive X-ray (EDX)
spectroscopy. The average size of the MgO beads is about 50
nm as shown in Figure 1b. The surface morphologies from the
SEM reveal no distinguishable characteristic at the micrometer

Figure 1. (a) Morphology of MgO-coated LiCoO2 heat-treated at 810
°C and (b) its enlarged image from SEM.
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scale depending on the heat-treatment temperature from 750 to
810 °C (Supporting Information).
Figure 2 shows the XRD patterns (upper figure) and c

parameter of the unit-cells (lower figure). In addition, the

refined structural parameters are summarized in Table 1. The
XRD patterns of the pristine LiCoO2 powders exhibit single-
phase α-NaFeO2 layered structure and are indexed assuming a
hexagonal axes option of rhombohedral R3 ̅m space group. The
well-defined doublets of 006/012 and 018/110 indicate the
stabilization of the 2D structure and an ordered distribution of
Li+ and Co3+ in the lattice.33 The lattice constants of the
pristine LiCoO2 are in good agreement with the previous study
by Akimoto et al. (a = 2.8161(5) Å, c = 14.0536(5) Å).34 With

increasing heat-treatment temperature up to 790 °C, the c
parameter increases. This is due to that the Co ions are
replaced by the diffused Mg ions from MgO, which observation
is consistent with Levasseur et al.’s study of the Mg-doped
LiCoO2.

9 However, the c parameter of the sample heat-treated
at 810 °C is not different from that of the pristine LiCoO2. This
is an evidence of the Mg replacement for Li sites at the high
temperature of 810 °C. Due to the disparity in ionic radii (Li+:
0.90 Å, Mg2+: 0.86 Å, Co3+: 0.685 Å), the Mg substitution on
Co sites expands c parameter due to larger size of Mg ion
whereas the Mg substitution on Li sites does not induce
significant change of the unit cell. This is also supported by the
DFT calculations (Supporting Information).
Typical cross-sectional TEM image of the MgO-coated

LiCoO2 annealed at 790 °C is shown in Figure 3a, which
reveals the microstructure of the outer edge of a particle. The
coating layer appears to cover part of the particle surface with
∼50 nm-sized MgO lumps. The EDX map of the Mg element
shows that the Mg ions are located in the near surface of
LiCoO2 (inserted in Figure 3a). The STEM image in Figure 3b,
which includes the same area as Figure 3a, shows the Moire ́
fringes formed by double diffraction of overlaying crystal sheets
in the interfacial region between MgO layer and bulk LiCoO2.
The selected area electron diffraction (SAED) patterns of
interfaces are definitely different from those of the inner area of
LiCoO2 in Figure 3b; the electron incidence was parallel to the
[001]hex zone-axes (the subscript “hex” represents the
hexagonal structure of LiCoO2 (R3̅m)). As shown in the
upper inset in Figure 3b, the interfacial SAED patterns exhibit
the three-spot split diffractions of fundamental (1̅1 ̅0)112 ̅0-type
reflections, which are corresponding to individual different
lattice plane spacing. On the contrary, there is no split SAED
pattern in the internal structures (lower inset in Figure 3b). It is
highly likely that substitution by Mg ions in the Co-layer
induces extension of the lattice parameter. These results are
consistent with the XRD results by the Rietvelt method.
Figure 4 shows high angle annular dark-field (HAADF)-

STEM images of the interfaces between MgO and LiCoO2,
which are recorded along the [11̅0] 112 ̅0hex zone axis. In this
figure, we observe the remarkable difference of interfacial
structures between the samples of 790 and 810 °C. The
HAADF image of the sample of 790 °C exhibits alternate bright
and dark stripes (Figure 4a); the relatively bright lines
composed of gray spots (high Z) are associated with the
transition-metal-rich layers whereas the dark lines (low Z) are
attributed to the Li-rich layers; therefore, the typical layered-
structures of LiCoO2 are observed in the almost entire region
of the sample. However, the internal structure of the sample of
810 °C (Figure 4b) is somewhat different from that of the
sample of 790 °C. In the area far from the interface, the Li
layers are invisible because of their low atomic weight (dark
lines); hence, similarly to the sample of 790 °C, we know that
the sample has ordered layered-structures. On the other hand,
the stronger contrast of the layers, which are supposed to be
originally occupied by Li ions, in the near interface indicates the
presence of heavier elements on Li sites; that is, the Li ions are
substituted by Mg ions from the MgO-layer. It is noticeable
that the Mg substitutions on different sites of Co or Li are
dependent on the heat-treatment temperature for the MgO
coating. Chemical analysis by the EELS shows that Co and Mg
are present in the surface of LiCoO2 heat-treated at 790 and
810 °C in Figure 4c and d, respectively. The EELS spectra
(single point data) were collected from the samples using a

Figure 2. (a) XRD patterns and (b) obtained lattice parameters of (1)
pristine and MgO-coated LiCoO2 heat-treated at (2) 750 °C, (3) 770
°C, (4) 790 °C, and (5) 810 °C, respectively.

Table 1. Structural Parameters of Pristine and MgO-Coated
LiCoO2 Obtained from the Rietveld Refinement of X-ray
Diffraction Data

a (Å) c (Å) V (Å3)

pristine 2.81676(6) 14.0560(6) 96.58
MgO-coated samples

750 °C 2.81658(6) 14.0552(6) 96.56
770 °C 2.81743(6) 14.0598(6) 96.65
790 °C 2.81743(6) 14.0600(6) 96.65
810 °C 2.81639(6) 14.0547(6) 96.55
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probe size of 0.2 nm. The shape, position, and intensity of Co
L2,3-edge and Mg K-edge data are very similar for both samples
heat-treated at 790 and 810 °C. From the DFT calculations, a
Mg substitution on a Co site is more favorable than
unsubstituted LiCoO2 by −0.222 eV per formula unit, whereas
that on a Li site is slightly less stable by 0.006 eV. We can
suppose that the Mg replacement for Co ions is energetically
favorable; however, the slight unfavorability of the Mg
substitution on Li sites in enthalpy can be overcome at high
temperatures. Consequently, the heat-treatment temperature
has influence on substitution of Mg ions in the MgO-coated
LiCoO2 samples.
3.2. Cycling Stability of MgO-Coated LiCoO2. The first

charge−discharge curves, which were obtained after first three
cycles for formation, of the pristine and MgO-coated LiCoO2

heat-treated at different temperatures are shown in Figure 5a.

In comparison with the pristine one (∼150 mAh/g), the
discharge capacity of MgO-coated samples is slightly increased
(∼156 mAh/g), regardless of the heat-treatment temperature.
However, the MgO coating effect becomes conspicuous after
repeated charge/discharge cycling. After 60 cycles, the
discharge capacities of MgO-coated LiCoO2 samples are
126.0, 122.5, 129, and 132.5 mAh/g, which are varied with
the heat-treatment temperatures of 750, 770, 790, and 810 °C,
respectively, whereas that of the pristine LiCoO2 is 110 mAh/g
as shown in Figure 5b. In Figure 5c, the discharge capacity of
each sample is plotted as a function of cycles. As the heat-
treatment temperature increases, the capacity retention
improves from 72.8% (the pristine sample) to 85% (the
MgO-coated sample heat-treated at 810 °C). In Figure 5d, dQ/
dV plots of the first and sixtieth cycles of the pristine and 810
°C heat-treated samples are shown. From the first cycle plots,

Figure 3. (a) Bright-field TEM image of MgO-coated LiCoO2 heat-treated at 790 °C. The inset shows an EDX chemical mapping in the same area.
(b) HAADF STEM image with Moire ́ fringes in the same area. The upper and lower insets are the SAED patterns of the interface (K) and inner (L)
area, respectively.

Figure 4. High-resolution aberration-corrected HAADF (Z-contrast) images in interface between MgO layer and LiCoO2 of MgO-coated LiCoO2
heat-treated at (a) 790 °C and (b) 810 °C, respectively. EELS spectra acquired at the surface of MgO-coated LiCoO2 heat-treated at (c) 790 °C and
(d) 810 °C, respectively.
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we find no significant differences between the pristine and
MgO-coated samples. However, after 60 cycles, the peak of the
pristine sample (3.9−4.0 V) is strongly diminished compared to
that of the MgO-coated sample, which shows clearly the effect
of MgO-coating layer for improvement in cyclability. In the
case of the MgO-coated sample heat-treated at 810 °C, the Mg
ions in the Li sites have a role of “pillars” to preserve the
layered structure, particularly, in the charged (delithiated) state,
which is a main reason it has enhanced cycling ability. The
similar “pillar effect” of Ni ions in the mixed metal oxides of the
layered structure with the excellent structural stability has
recently been reported by Cho et al.35

We employed the TEM measurements and SAED patterns to
investigate the phase transformation during cycling and the
MgO-coating effect in detail. In Figure 6, the TEM image of
fresh (uncycled) sample of MgO-coated LiCoO2 heat-treated at
810 °C (left, large figure) and the SAED patterns (right, small
figures) of region A (interfacial area), B (middle area), and C
(area distant from the interface, i.e., bulk LiCoO2) are shown;
the electron incidence were parallel to the [010]hex zone axes.
For the sake of simplicity, the typical diffraction spots were
indexed in terms of the R3 ̅m structure with the hexagonal
notation. All three areas exhibit the same diffraction pattern of
R3̅m. In Figure 7, the TEM image and the SAED patterns of
the same sample after 60 cycles and then recharged at 4.35 V

are shown. The TEM image (upper large figure) shows the
MgO-coating layer of which thickness is ∼50 nm. The SAED
patterns of interfacial area, which is denoted as A, prove that

Figure 5. Charge/discharge profiles of MgO-coated LiCoO2 with various heat-treatment temperature: (a) first and (b) sixtieth cycles. (c) Discharge
capacity vs cycle. (d) dQ/dV plots of the first and 60th cycles of pristine and MgO-coated LiCoO2 heat-treated at 810 °C.

Figure 6. Bright-field TEM image in the interface of fresh (uncycled)
MgO-coated LiCoO2 heat-treated at 810 °C between MgO layer and
LiCoO2. The SAED patterns are obtained from interfacial area (A),
middle area (B), and area distant from interface (C), respectively.
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the interfacial area retains its original structure of LiCoO2 in the
[010]hex zone-axis. Meanwhile, the SAED patterns of inner
region of LiCoO2 (denoted as B) represent structural
alterations from the R3 ̅m structure, which indicates that the
inner region undergoes structural transformation during
delithiation (charging). It is noticeable that the similar
transformation is also observed in the surface region of
noncoated LiCoO2 (denoted as C). Note that new spots of
weak reflections are appeared in the middle of the (000) and
(101) reflections from lithium and vacancy ordering (marked in
a yellow circle).36 In Figure 8, a dark-field TEM image of the

MgO-coated sample heat-treated at 810 °C is shown, which is
from the same area as in Figure 7; the direct beam is blocked by
the aperture while one diffracted beam, marked in a yellow
circle (Figure 7c), is allowed to pass the objective aperture in
TEM operating system. A dark field image shows the
distribution of lithium and vacancy ordering area formed by
weak reflection in the SAED pattern. In this figure, it is

observed that the lithium and vacancy phases are located in the
interior (B in Figure 7) and noncoated surface area (C in
Figure 7) of LiCoO2, but they do not exist in the interfacial area
between MgO-layer and LiCoO2 (A in Figure 7). Combining
this result and the high resolution TEM images in Figures 6 and
7, we suppose that the interfacial area with Mg substitution on
Li sites does not undergo phase transformation during cycling;
as a result, it would improve the structural stability of MgO-
coated sample heat-treated at the high temperature of 810 °C.
It is important to note that this effect from MgO-coating is
strongly dependent on the heating temperature. Therefore, it is
believed that lithium and vacancy ordering could have a
detrimental effect on the structural integrity of LiCoO2 crystals,
which would lead to structural degradation and gradual capacity
fading during electrochemical cycling.

4. CONCLUSION
We have prepared MgO-coated LiCoO2 with thermal treatment
at various temperatures by the solid state reaction method. The
annealing condition controls the structure of LiCoO2 surface.
The fabricated coin cell demonstrates that the capacities are
dependent on the MgO-coating layer. Interestingly, the MgO-
coated LiCoO2 annealed at 810 °C shows the highest initial (at
the first cycle) and retention capacity (at the sixtieth cycle) in
the voltage range of 3.0−4.35 V at 0.2 C rate. Its surface layer
rarely suffers from phase transformation during charge/
discharge cycling. The characteristics of interfaces between
MgO layer and bulk LiCoO2, which seem apparently similar at
the μm scale regardless of the thermal treatment temperature,
are probed by TEM at the nanometer scale. The results
confirmed that diffusion of Mg2+ ions from the MgO-coating
layer into the interfacial area is accompanied by competitive
substitution on the Co or Li sites depending on the thermal
treatment temperature. This study provides the direct evidence
associated with lithium and vacancy ordering in the delithiated
state, which was highly related to the cycling performances.
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