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High-Entropy Surface Complex Stabilized LiCoO2 Cathode
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Jimin Qiu, Zhefeng Chen, Zhaoxia Lu,* Feng Pan,* and Weiguo Chu*

Elevating the charge voltage of LiCoO2 increases the energy density of
batteries, which is highly enticing in energy storage implementation ranging
from portable electronics to e-vehicles. However, hybrid redox reactions at
high voltages facilitate oxygen evolution, electrolyte decomposition and
irreversible phase change, and accordingly lead to rapid battery capacity
decay. Here significantly improved high-voltage cycling stability of Mg-Al-Eu
co-doped LiCoO2 is demonstrated. It is found that element co-doping induces
a near-surface high-entropy zone, including an innately thin disordered
rock-salt shell and a dopant segregation surface. The high-entropy complex
can effectively suppress oxygen evolution and near-surface structure
deconstruction. The phase change reversibility between O3 and H1-3 and
thermal stability of the cathode are greatly enhanced as well. As a result, the
co-doped LiCoO2 exhibits a remarkable cycling performance, retaining 86.3%
and 72.0% of initial capacity over 800 and 2000 cycles, respectively, with a
high cut-off voltage of 4.6 V. The feasible co-doping approach broadens the
perspective for the development of stable lithium-ion batteries with high
operating voltages.
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1. Introduction

Lithium-ion batteries have made great
contributions to modern society, facili-
tating our daily lives in areas such as
portable electronics, electric vehicles and
stationary energy storage.[1–3] With the
increasing of energy consumption, bat-
teries with higher energy densities are
urgently needed. Elevating the working
voltage of a battery can proportionally in-
crease the capacity and thus the energy
density. As a widely used cathode mate-
rial, LiCoO2 (LCO) can reach more than
220 mAh g−1 when charged to 4.6 V.[4]

However, operating at such a high voltage
usually leads to a rapid capacity decay.[5,6]

On the one hand, bulk phase transforma-
tions, including O3 to H1-3 and H2 to
M1 that occur at 4.55 and 4.2 V, respec-
tively, were considered as the main per-
formance hazard.[7–10] But on the other
hand, proper surface engineering can
help LCO achieve stable performance

without suppressing these phase transformations.[11–13] Thus,
the origin of LCO capacity degradation remains indistinct and
needs to be carefully unveiled.

Owing to the heavy O2p–Co3d hybridization, the oxygen oxi-
dation (O2− to O𝛼−, 0 < 𝛼 < 2) contributes capacity at voltages
higher than 4.3 V.[14,15] More specifically, the extraction of lithium
ions from the LCO leads to the increases of hole density in the
O 2p orbital.[16] Due to the reduced ionic radius and electrostatic
force, O𝛼− has higher mobility than O2−, which can move from
bulk to the surface and leak on the interface.[17,18] Oxygen evo-
lution from the particle surface leads to a series of cascading ef-
fects. First, it can promote electrolyte decomposition and form a
thick cathode electrolyte interphase (CEI) layer.[19] Second, irre-
versible phase transformation can happen, and the layered struc-
ture (CoO2) may transfer to spinel (Co3O4) and even rock-salt
(CoO). Last but not least, oxygen escape leads to poor mechani-
cal properties of cathode materials and induces lattice collapse,
which cause serious performance degradation of LCO at high
voltages.[12,20,21] Accordingly, prevention of oxygen loss from the
lattice is considered to be the key in developing high-voltage LCO
with long lifetime.

Foreign element doping has been verified to be an effect
method to limit the oxygen evolution and improve the stability
of LCO.[20,22,23] Intriguingly, in some doping cases, segregation
of the alien dopants can be observed on particle surface.[24,25]

For examples, a highly soluble Ni and Al can segregate on the
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surface of LCO[20] and LiNi0.94Co0.06O2,[26] respectively. These
segregations on the surface can form a high-entropy zone with
Co and Li[27] and reconstruct the surface with more stable
structures.[28] It has been found that the dopants slightly affect
the bulk chemistry, but greatly suppress CEI formation and near-
surface phase transformation.[20,26] Therefore, rational selection
and combination of dopants are expected to effectively tailor the
surface of LCO for high voltage operation and long-term cycling
stability.

Herein, we propose a Mg–Al–Eu co-doping strategy to con-
struct a near-surface high-entropy zone on LCO particles by ex-
ploiting the self-segregation of these dopants on the surface. This
approach significantly improves the stability of LCO at a high
voltage of 4.6 V. A coherent disordered rock-salt layered can be
constructed on the surface during the co-doping process, which
works as a robust dam for effectively suppressing oxygen evolu-
tion. Near-surface segregation of the three dopants forms a buffer
zone for the mobile oxidized oxygen. In detail, the substitution of
Mg2+ and Eu3+ for Li+ helps to form a strong CoO–Mg/Co–O–Eu
bond, and suppresses the nearby oxygen oxidation due to the elec-
trochemical inactivity of Mg2+ and Eu3+; The substitution of Al3+

to Co3+ can greatly improve the stability of lattice oxygen, this
may benefit from the fact that the Al–O bond is much stronger
than the Co–O bond, and Al3+ does not participate in the oxida-
tion process. The high-entropy Mg–Al–Eu–Co–Li zone promotes
a reversible bulk phase transformation of O3 to H1-3 in LCO,
and it shows great success in restraining oxygen evolution and
CEI formation. This work not only paves the way for developing
stable lithium-ion batteries, but also raises fundamental issues
about how the LCO cathode evolves and maintains stable during
high voltage operation.

2. Results and Discussion

As illustrated in Figure 1a, the Mg–Al–Eu co-doped LCO (LCO-
MAE) was synthesized by using a one-pot solid-state process. The
high-entropy zone can form spontaneously on the surface. Both
LCO and LCO-MAE consist of micrometer particles, and the lat-
ter is slightly smaller (Figure S1, Supporting Information). The
prepared LCO and LCO-MAE show a hexagonal R3̄m structure
and no impurities were detected (Figure S2, Supporting Infor-
mation). The Rietveld refinements of XRD patterns are listed in
Table S1, Supporting Information. The c lattice parameter of
LCO-MAE was 14.0510 Å, a bit higher than that of LCO (14.0470
Å). After co-doping, the occupancy rate of heavy atoms on the Li
sites were 0.41% from the refinement, implying that the Li sites
are occupied by Mg and Eu ions. LCO-MAE particles were etched
from surface to interior for the detection of the corresponding
elements, and the X-ray photoelectron spectra (XPS) signals at
different etched times are collected in Figure 1b. The Li, Co, and
O signal intensities were almost unchanged during the etching
process, while the signal intensities of Mg, Al, and Eu gradu-
ally decrease to zero during etching. This result reveals that Al,
Mg, and Eu are enriched in the surface region, and their doping
depth increases sequentially. Similar to LCO-MAE, Al, and Mg
signals also show the gradient doping trend in LCO-A and LCO-
MA products (Figure S3, Supporting Information).

High-angle annular dark-field scanning transmission electron
microscope (HAADF-STEM) was employed for the atomic scale

structural information investigation. Generally, light elements,
such as Li and O, cannot be detected in the HAADF mode (Fig-
ure 1c). The cobalt atoms are neatly arranged in the LCO, and
there is no abnormality at the interface. In the edge zone of LCO-
MAE, obvious signals are observed in the Li layers (Figure 1d),
which indicates that Mg and Eu ions occupy the Li sites due to
the similar ionic radius. Besides, a thin rock-salt layer (≈1.5 nm)
is observed on the surface, which is consistent with the high-
resolution transmission electron microscopy images (HRTEM,
Figure S4e, Supporting Information). The rock-salt layer was also
observed in LCO-E (Figure S4c, Supporting Information) and
LCO-ME (Figure S4d, Supporting Information). This result in-
dicates that LCO with a nanoscale rock-salt surface layer can be
constructed by Eu gradient doping. When observing the central
zone of LCO-MAE, the signals in the Li sites almost fully van-
ished (Figure 1e, Supporting Information). These results further
confirm that the Mg and Eu ions were enriched in the surface re-
gion. Energy dispersive X-ray spectroscopy (EDS) elemental map-
pings also demonstrate the Mg, Al and Eu dopants tend to segre-
gate to the surface (Figure 1f). A possible reason for the gradient
doping of these elements is that they are difficult to penetrate into
the large Co3O4 precursor (Figure S5a, Supporting Information).
To confirm this hypothesis, we synthesize the LCO material with
nano Co3O4 precursor (LCO-MAE-Co3O4-N, Figure S5, Support-
ing Information). XPS etch results reveal that the distribution of
the dopants in LCO-MAE-Co3O4-N is more uniform than that of
LCO-MAE.

To evaluate the high-voltage stability, the cells were tested with
a cut-off voltage of 4.6 V. As presented in Figure 2a, LCO, LCO-
MA, and LCO-MAE exhibit a similar charge/discharge curves
and the same specific capacity of ≈217 mAh g−1 at 0.1 C (1 C
= 280 mA g−1). Although the phase transition persists after dop-
ing (Figure 2b), LCO-MAE shows much higher capacity than that
of LCO at high rates (122 mAh g−1 vs 8 mAh g−1 at 20 C), indicat-
ing that LCO-MAE could provide excellent power densities (Fig-
ure 2c). Furthermore, LCO-MAE demonstrates a prominent sta-
ble long-term cycling performance (Figure 2d and Figure S6, Sup-
porting Information), which exhibits capacity retention of 86.3%
and 72.0% after 800 and 2000 cycles at 1 C, respectively. In con-
trast, LCO and LCO-MA remains capacity of 6.4% and 68.7%,
respectively, only after 300 cycles. To the best of our knowledge,
the cycling stability of LCO-MAE is state-of-the-art among high-
voltage layered cathode materials (Table S2, Supporting Informa-
tion).

To study the reasons for the degradation of the LCO cathode,
we compared the typical charge-discharging curves during cy-
cling (Figure 2e–g). The charge/discharge curves of LCO were
severely deformed after cycling, while this deformation was partly
and totally suppressed in LCO-MA and LCO-MAE, respectively.
The H1-3 to O3 phase transition peaks at ≈4.5 V in dQ/dV pro-
files were similar at the 2nd cycle for the three cells (Figure S7,
Supporting Information), while they vanished in LCO and LCO–
MA after 100 and 200 cycles, respectively. Conversely, the H1-3 to
O3 phase transition peak at the 300th cycle in LCO-MAE almost
overlaps with the 2nd cycle, implying the significantly enhanced
phase transition reversibility. Single- and two-element doping of
LCO were also conducted (Figure S8, Supporting Information),
which reveals the synergistic effect of Mg–Al–Eu three-element
doping on electrode stability. In addition, we investigated the
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Figure 1. The formation and structural analyses of LCO-MAE. a) Schematic of the synthetic process to produce LCO–MAE. b) XPS depth profiles of Mg
1s, Al 2p, Eu 3d, Li 1s, O 1s, and Co 2p in LCO–MAE. HAADF-STEM images of c) LCO, d) edge zone of LCO-MAE, and e) central zone of LCO–MAE. f)
EDS mappings of LCO–MAE.

electrochemical performance of the samples with a doping ra-
tio (LCO-A1.25, LCO-M1.25, and LCO-E1.25) equal to the one
for LCO-MAE, the stability of LCO-MAE is obvious better than
the others (Figure S9, Supporting Information). More Eu and
Mg dopants can permeate into the bulk lattice when increasing
the doping ratio, while the cycling performance of LCO-MAE
changes little (Figure S10, Supporting Information). Moreover,
some other lanthanides (Sm, La, Ce, Pr, Nd) have been verified in
the Mg–Al–Ln co-doped LCO (Figure S11, Supporting Informa-
tion), which validates that such co-doping method is an effective
and universal approach to improve the high-voltage cycling stabil-

ity of LCO. It is worth noting that, among the Mg–Al–Ln co-doped
LCO, LCO-MAE delivers the best stability. To evaluate the possi-
ble expandability of this strategy, we treated Li-rich cathode mate-
rials (Li1.2Ni0.13Co0.13Mn0.54O2) with Mg(NO3)2•6H2O (0.5% mo-
lar), Al(NO3)3•9H2O (0.5% molar) and Eu(NO3)3•6H2O (0.25%
molar) at 500 °C for 5 h. These dopants also segregate on the
surface of secondary particles, and the cycling performance of
the product is improved after Mg, Al, Eu co-doping (Figure S12,
Supporting Information).

Since the phase transition process may greatly affect the sta-
bility of the cathodes, we conducted in-situ XRD measurements
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Figure 2. Electrochemical performance of LCO, LCO–MA, and LCO–MAE cells. a) Charge–discharge profiles and b) the corresponding dQ/dV curves.
c) Rate capability and d) cycling performance of the cell. Charge–discharge curves of e) LCO, f) LCO—MA, and g) LCO–MAE during cycling at 1 C.

on LCO and LCO–MAE during the first charge-discharge cycle
from 2.8 to 4.6 V at 0.1 C (Figure 3 and Figure S13, Support-
ing Information). The changes of (003) and (110) peaks repre-
sent the variation of lattice parameter c and a,[1,24] respectively,
and the abrupt (101) and (012) peak change reveals the Co–O slab
glide. The (003) peak shift of LCO-MAE was 1.24°, which was a
little higher than that of LCO (1.22°). The (110) peak moved in
the opposite direction to the (003) peak, but not as sharply, in-
dicating the variation of a was insignificant during the process.
The abrupt (101) and (012) peak shift indicates the appearance
of the H1-3 phase,[11] and the corresponding structure change
is illustrated in Figure 3c. Clearly, the O1a (in H1-3) phase ap-
pears at voltage higher than 4.55 V (during charging), which was
more intense in LCO-MAE relative to LCO (co-doping of Mg, Al,
and Eu fails to suppress the H1-3 phase transformation). Con-
sidering the superior high-voltage performance of LCO-MAE,
an LCO material with an H1-3 phase during operation can ex-
hibit excellent cycling stability if its near-surface region is stable
enough.[11]

To figure out the mechanism of LCO-MAE stability, morpho-
logical, and structural evolution of the cells after 300 cycles
were investigated in detail, especially in the near-surface regions
(Figure 4). The surface of cycled LCO-MAE is smooth, while
a rough surface is observed for the cycled LCO (Figure 4a,e),
indicating the accumulation of byproducts in the latter.[29] The
rough surface of LCO was further investigated by TEM (Fig-
ure 4b). As evidenced by the corresponding selected area elec-
tron diffraction (SAED) pattern (Figure 4c) and HRTEM image
(Figure 4d), the beneath region was the coexistence of spinel
(Co3O4 or Li1-xCo2+xO4) and rock-salt (CoO) structures. Similarly,
the near-surface region of the cycled LCO–MA degenerated into
a spinel structure (Figure S14, Supporting Information). The for-
mation of the above Li-ion blocking phases is accompanied by
oxygen releasing, which is inferred from the fact that the ratio
of O to Co of these generated structures is lower than that of the
pristine layered structure. In contrast, the layered R3̄m phase and
the preformed rock-salt shell were well maintained in LCO-MAE
(Figure 4f–h), implying the surface degradation was successfully
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Figure 3. Structural evolution of a) LCO and b) LCO-MAE during the initial charge-discharge process. To elaborate the relationship between O3 and
O1a (in H1-3) phase, the stack graphs under the high-voltages are displayed on the right of (a)/(b). c) Schematically illustrate the abrupt d(101) and
d(012) change during phase transformation from O3 to O1a (in H1-3); d(101) = L × sin(𝛼) and d(012) = L × sin(𝛽), if the d(003) decrease and no glide
happened, sin(𝛼) and sin(𝛽) will decrease, thus d(101) and d(012) are expected to slightly decrease; However, the d(003) decrease is accompanied by the
abrupt increase of d(101) and abrupt decrease of d(012), which implies the glide of the Co–O slab and the phase change from O3 to H1-3.

Figure 4. Morphological and structural evolution of the cathode materials after 300 cycles at 4.6 V. SEM images of a) LCO and e) LCO–MAE. b–d) TEM,
SAED, and HRTEM images of LCO. f–h) TEM, SAED, and HRTEM images of LCO–MAE. The selected areas for electron diffraction are marked by yellow
circles in (b) and (f). The fast Fourier transform region is marked by a yellow square in (h).
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Figure 5. Gas evolution detections during charging and abuse heating. a) In situ DEMS during charge process, and b) CO2 and c) O2 release. d) Thermal
stability of the charged cathodes, and e) CO2 and f) O2 release during abuse heating.

suppressed. Therefore, the high-entropy complex zone can en-
able excellent stable interfaces during battery operation.

Galvanostatic intermittent titration technique (GITT) was con-
ducted to analyze the role of the near-surface region on lithium-
ion transport (Figure S15, Supporting Information). The gap be-
tween charge/discharge potential and the corresponding relax-
ation potential is overpotential. The overpotential of LCO in-
creased significantly after 100 cycles, while that of LCO–MAE
was almost unchanged during the same process (Figure S15a,b,
Supporting Information). Despite the variation of overpotential,
the relaxed potentials of LCO at the initial states and after the cy-
cles were similar, implying that capacity decay of LCO is mainly
caused by internal impedance increases rather than redox chem-
istry or thermodynamics changes.[20] In addition, the calculated
lithium-ion diffusion coefficients of LCO-MAE is two orders of
magnitude higher than that of LCO in the low voltage range. Elec-
trochemical impedance spectroscopy (EIS) results demonstrate
that the charge transfer resistance (Rct) in LCO grew rapidly dur-
ing cycling, while it was quite stable in LCO-MAE (Figure S16 and
Table S3, Supporting Information). The almost unchanged Rct of
LCO–MAE indicates that the surface is stable, which is consistent
with the TEM results. Cyclic voltammetry (CV) curves show that
the stability of LCO at 4.6 V is poor, while the stability of LCO-
MAE is quite outstanding, and there is an activation process in
LCO–MAE (Figure S17, Supporting Information).

Gas evolution is an important indicator of the stability of the
electrodes and electrolyte.[30] To verify the effect of near-surface
high-entropy zone on gas evolution at high voltages, in situ dif-
ferential electrochemical mass spectrometry (DEMS) measure-
ments were conducted during the battery charging (Figure 5). An

obvious CO2 signal was observed in LCO at high voltages (Fig-
ure 5b), which is ascribed to the decomposing of the carbonate-
electrolyte.[31] The O2 signal was clearly detected in LCO at high
voltages (Figure 5c), suggesting the loss of lattice oxygen caused
by the higher ionic mobility of high-valence O species.[32] In
sharp contrast, there was negligible O2 and CO2 evolution in
LCO-MAE during the entire charge process. Therefore, Mg–Al–
Eu high-entropy interface effectively suppresses the oxygen loss
and thereby electrolyte decomposition during battery cycling.

We further clarified the thermal stability by simultaneously
probing the weight loss and gas evolution of charged cathodes
during abuse heating. As shown in Figure 5d, LCO and LCO–
MAE begins to experience obvious weight loss at 213 and 235 °C,
respectively. The weight loss rate of LCO is much faster than that
of LCO-MAE. The CO2 (reacted from active material and carbon
species) releasing point was delayed in LCO-MAE relative to LCO
(Figure 5e). A sharp O2 peak (274 °C) for LCO and a broad O2
peak (330 °C) for LCO-MAE were observed (Figure 5f). These re-
sults clearly identify that the LCO–MAE exhibits improved ther-
mal stability, which is in consistence with the performance of
high entropy Ni-rich layered oxides.[27] The XRD patterns of the
charged LCO and LCO-MAE cathodes after heating at 250 °C for
15 min in argon were displayed in Figure S18, Supporting Infor-
mation. The Co3O4 phase was detected in LCO, while LCO–MAE
still exhibited a layered structure, which also means that the ther-
mal stability of LCO–MAE was promoted.

When cycling under high voltages, highly oxidative O2 and
oxygen radicals escaping from the LCO lattice can aggressively
decompose the carbonate–electrolyte and form a thick CEI
layer.[33] The cycled electrodes were investigated by time-of-flight
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Figure 6. The 3D cathode surface reconstruction. The 3D reconstruction of CoO2
−, C2HO−, CH2

−, CO3
−, and LiF2

− fragments at the a) LCO and b)
LCO–MAE cathode surface after 100 cycles. The corresponding vertical TOF-SIMS signals integration of the fragments in c) LCO and d) LCO-MAE.

secondary-ion mass spectrometry (TOF-SIMS) to analyze the in-
formation of CEI. The surface of LCO was seriously corroded
as its top surface was much rougher than that of LCO-MAE
(Figure 6a,b). The high content of LiF in LCO–MAE ensures a
robust CEI film at high voltages,[21,34,35] which was confirmed by
the distribution of the fragments. There was a thicker CEI film in
LCO (≈25 nm) relative to LCO–MAE (≈10 nm) (Figure S19, Sup-
porting Information). The decomposition products of carbonate-
electrolytes such as C2HO−, CH2

−, and CO3
− species in LCO–

MAE are much lower than that of LCO, indicating that the high-
entropy zone significantly suppressed the carbonate-electrolyte
decomposition at high-voltages.

All the CEI species that approximately overlapped with the ac-
tive material (CoO2

−) of LCO-MAE suggest a stable CEI layer,
while the CEI species did not match well with the active mate-
rial of LCO (Figure 6c). The accumulation of CEI components
beyond the zones of active material indicates continuous strip-
ping of CEI layer from LCO during cycling,[36] which implies
an unstable and nonuniform CEI film. XPS of the cycled elec-
trodes were presented in Figure S20, Supporting Information.
There was more LiF in the cycled LCO-MAE electrode than that
of cycled LCO before etching. After 300 s of etching, the signal
of Co element in LCO–MAE was stronger than that of LCO, indi-
cating a thicker CEI layer in the latter. The stronger O 1s signal
in LCO means that the degree of electrolyte oxidation in LCO is
higher than that in LCO–MAE.[20] These results were basically
consistent with the TOF-SIMS results. Furthermore, a clear Co
signal was detected in the cycled Li anode paired with LCO, but
not in LCO–MAE (Figure S20b, Supporting Information), sug-

gesting that Co dissolution was successfully suppressed after Mg,
Al, and Eu co-doping.

The suppressed oxygen evolution at high voltage during cy-
cling and the enhanced thermal stability under abused heating
of LCO–MAE relative to LCO, is closely related to its near-surface
high-entropy zone. To specifically illustrate the stabilization of
the high-entropy zone (disordered rock-salt shell and dopant-
concentrated layered region), the oxygen-vacancy (Vo) formation
energy in the fully de-lithiation layered structure and rock-salt
structure are calculated (Figure 7). The Vo formation energy of
the plain LCO is 1.954 eV, which increases to 2.075 for the Al
doped LCO and over 2.4 eV for the Mg and Eu doped LCO, indi-
cating the enhanced lattice oxygen stability (Figure 7a). Further-
more, the Vo formation energy of the plain CoO rock-salt shell is
calculated to be 2.599 eV (Figure 7b), which is higher than that
of 1.954 eV for the layered LCO. More importantly, the Vo for-
mation energies increase to 5.049, 4.563, 5.481, and 4.315/5.057
eV in the Al, Mg, Eu, and Li doped CoO rock-salt. These re-
sults imply that the high-entropy rock-salt shell can act as a ro-
bust dam to suppress the formation and migration of oxygen-
vacancy, thus considerably improving the structural stability. In
brief, the near-surface high-entropy zone prevents the formation
of oxygen-vacancy on the interface and let alone migration into
the bulk.

3. Conclusion

In summary, we present a Mg–Al–Eu co-doping LiCoO2
cathode with significantly improved high-voltage cycling and
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Figure 7. Oxygen-vacancy (Vo) formation energy at different coordination
environments. a) The situation of fully de-lithiation layered LCO. OCo3
corresponds to undoped LCO, while OAlCo2, OMgCo3, and OEuCo3 corre-
spond to doped LCO. b) The situation of the rock-salt CoO structure. OCo6
corresponds to undoped CoO, while OAlCo5, OMgCo5, OEuCo5, OLiCo5
(adjacent to Al), and OLiCo5 (adjacent to Eu) correspond to doped CoO.
It is found that the oxygen vacancy in OEuCo3 cannot be created since Eu
will shift and maintains full coordination with oxygen, thus oxygen-vacancy
formation energy in OEuCo3 is speculated to be higher than 2.456 eV.

thermal stability. It is found that these dopants are segregated
on the surface and form a near-surface high-entropy zone, in-
cluding a disordered rock-salt shell and a dopant-concentrated
region. Such high-entropy region can suppress the oxygen evolu-
tion and Co ions dissolution, thereby prevent CEI formation and
near-surface structure deconstruction. Aided by the complex sur-
face, the phase change between O3 and H1-3 is highly reversible
even after 300 cycles at 4.6 V in LCO–MAE. Consequently, the co-
doped LCO cathode exhibits a prominent cycling performance
with 86.3% capacity retention over 800 cycles at 2.8–4.6 V and
72.0% capacity retention over 2000 cycles at 3.0–4.6 V. These find-
ings shed new light on revealing the stability mechanism of high-
voltage layered cathode materials, and advancing batteries with
high energy densities for practical applications with feasible ap-
proaches.

4. Experimental Section
Materials Synthesis: Bare LiCoO2 and Mg, Al, Eu doped/co-doped

LiCoO2 were synthesized by a solid-state reaction approach using Li2CO3
(98%), Co3O4 (99.9%), MgO (99%), Al2O3 (99.9%), and Eu2O3 (99.99%)

as raw materials. For the preparation of LiCoO2, the Li:Co was 1.05:1 (an
excess 5% Li sources was added to compensate for high-temperature
lithium loss). For Mg and Al co-doped LiCoO2, the ratio of Li, Co,
Mg, and Al was 1.045:0.995:0.005:0.005. For Mg, Al, Ln (Eu, Sm, La,
Ce, Pr, Nd) co-doped LiCoO2, the ratio of Li, Co, Mg, Al, and Ln was
1.040:0.995:0.005:0.005:0.0025. The doping ratio of each alien element
was the same for all the other samples. The mixed raw materials were
calcined at 550 °C for 4 h and then 950 °C for 10 h in air to obtain the prod-
ucts. During the materials formation, Mg and Eu tend to occupy the Li sites
while Al occupies the Co site, depending on the size of the atoms.[9,37,38]

Structural and Morphological Characterizations: The morphologies of
the samples were examined by scanning electron microscopy (SEM,
NOVA NanoSEM 430, Thermo Fisher Scientific, US). The high-resolution
TEM images and energy dispersive X-ray spectroscopy (EDS) elemen-
tal mapping were acquired on transmission electron microscopy (TEM,
Tecnai F20, Thermo Fisher Scientific, US). For atomic structural anal-
ysis, the particles were first sliced by focused ion beam (FIB/SEM,
Nova200 NanoLab, Thermo Fischer Scientific, USA), and then observed by
high-angle annular dark-field scanning transmission electron microscope
(HAADF-STEM, JEM-ARM300F, Japan). The powder X-ray diffraction pat-
terns were recorded on an X-ray diffractometer (D/MAX 2500, Rigaku com-
pany, Japan) at a step mode (0.02o/step and a sampling time of 1 s). In-
situ XRD data were collected using an in-situ XRD cell (Beijing Science
Star Technology Co., Ltd, China) at a scanning rate of 5o min−1. The el-
ement analysis and etching profiles were acquired on an ESCALab 250Xi
electron spectrometer. The element contents of the samples were deter-
mined by an ICP-AES (IRIS Intrepid II, Thermo Electron Company, USA).
The information of CEI on the cycled cathodes was acquired from time-
of-flight secondary-ion mass spectrometry (TOF-SIMS, ULVAC-PHI nan-
oTOF II, Japan). X-ray photoelectron spectra (XPS) were acquired on an
ESCALab 250Xi electron spectrometer (Thermo Fisher Scientific, USA). A
simultaneous thermal analyzer coupled with gas chromatography-mass
spectrometry (STA-GC/MS, STA8000-Frontier-Clarus SQ8, PerkinElmer,
Netherlands) was used for detecting the O2 and CO2 evolution and weight
loss simultaneously of the charged electrode (SOC: 4.6 V; LCO:PVDF:
acetylene black = 94:3:3) during heating (from 30 to 600 °C, 10 °C min−1;
N2).

Electrochemical Measurements: The cathode electrodes were fabri-
cated by mixing LCO (80%), polyvinylidene fluoride (PVDF, 10 wt%), and
acetylene black (10 wt%) in N-methyl-2-pyrrolidone (NMP) solvent, fol-
lowed by casting the slurry onto aluminum foil and dried at 100 °C in a vac-
uum oven overnight. The mass loadings of active materials in the cathode
films were ≈2 mg cm−2. The electrochemical performances were evaluated
in CR2025 coin cells with metal Li as anodes, Celgard 2316 as the sepa-
rator and an electrolyte of 1 m LiPF6 with a 1:1:1 volume ratio of ethylene
carbonate: ethyl methyl carbonate: dimethyl carbonate, and 5% vinylene
carbonate (VC) additive. The cells were galvanostatic tested at 2.8–4.6 V (1
C= 280 mA g−1). Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) measurements were conducted on an electrochemi-
cal workstation (CHI660D). Galvanostatic intermittent titration technique
(GITT) electrochemical performance measurements were carried out on
a Neware battery test system (CT-4008T-5V10mA-164, Shenzhen, China).
In situ differential electrochemical mass spectrometry (DEMS) experiment
was conducted to detect the O2 and CO2 gas evolution during first charge.

Computational Details: DFT calculations were conducted using the
Vienna Ab Initio Simulation Package (VASP) with a plane-wave basis
set[39,40] and the projector-augmented wave pseudopotentials.[41] Gener-
alized gradient approximation (GGA)[42] in the Perdew–Burke–Ernzerhof
(PBE) form was used to treat the exchange-correlation effects.[43] The
plane-wave cutoff energy was fixed at 520 eV. The GGA+U method was
used to account for the strong correlation in the calculations.[44,45] The
Hubbard U parameter of Co was 3.3 eV.[46] The Brillouin zone was sam-
pled by Monkhorst–Pack k-point grid[47] with a total number of at least
1000/(the number of atoms per cell) points for all directions. The conver-
gence tolerance for residual force was 0.02 eV Å−1 on each atom during
structure relaxation. Spin polarization was taken into consideration and
the ferromagnetic configuration was set as the initial magnetic structure.
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 16146840, 2023, 24, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202300147 by U
niversity T

ow
n O

f Shenzhen, W
iley O

nline L
ibrary on [20/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advenergymat.de


www.advancedsciencenews.com www.advenergymat.de

To examine the thermodynamic stability of oxygen we calculated the oxy-
gen vacancy formation energy Ef (VO), which is defined as:

Ef (VO) = E (VO) + 1
2

E (O2) − E (pristine) (1)

where E(VO) and E(pristine) are the total energy of the oxygen-deficient
and pristine structure, respectively. E(O2) is the energy of an oxygen
molecule. To correct the self-interaction errors within DFT, a −1.36eV en-
ergy correction for the O2 molecule was used in all calculations.[46]
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