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HIGHLIGHTS

• A simple two-step multi-element co-doping strategy is proposed to fabricate core-shell structured  LiCoO2 based on the different dif-
fusivities of dopant ions.

• The high diffusivity  Al3+/Mg2+ ions occupy the core of single-crystal grain while the low diffusivity  Ti4+ ions enrich the shell layer. 

• In-situ XRD demonstrates the mitigated structural distortion under a high cut-off voltage of 4.6 V, resulting in a significantly improved 
cycling stability.

ABSTRACT Inactive elemental doping is commonly used to improve the structural stability of high-voltage layered transition-metal 
oxide cathodes. However, the one-step co-doping strategy usually results in small grain size since the low diffusivity ions such as  Ti4+ 
will be concentrated on grain boundaries, which hinders the grain growth. In order 
to synthesize large single-crystal layered oxide cathodes, considering the different 
diffusivities of different dopant ions, we propose a simple two-step multi-element 
co-doping strategy to fabricate core–shell structured  LiCoO2 (CS-LCO). In the cur-
rent work, the high-diffusivity  Al3+/Mg2+ ions occupy the core of single-crystal grain 
while the low diffusivity  Ti4+ ions enrich the shell layer. The  Ti4+-enriched shell layer 
(~ 12 nm) with Co/Ti substitution and stronger Ti–O bond gives rise to less oxygen 
ligand holes. In-situ XRD demonstrates the constrained contraction of c-axis lattice 
parameter and mitigated structural distortion. Under a high upper cut-off voltage of 
4.6 V, the single-crystal CS-LCO maintains a reversible capacity of 159.8 mAh  g−1 
with a good retention of ~ 89% after 300 cycles, and reaches a high specific capacity of 163.8 mAh  g−1 at 5C. The proposed strategy can 
be extended to other pairs of low-  (Zr4+,  Ta5+, and  W6+, etc.) and high-diffusivity cations  (Zn2+,  Ni2+, and  Fe3+, etc.) for rational design 
of advanced layered oxide core–shell structured cathodes for lithium-ion batteries.
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1 Introduction

In recent years, the promotion of the concept of carbon neu-
trality has led to an increasing demand for lithium-ion bat-
teries (LIBs) [1–3]. LIBs were firstly commercialized by 
Sony Corp. in 1991, in which layered oxide  LiCoO2 (LCO) 
was employed as insertion/extraction cathode material in 
LIBs. Compared with polycrystalline cathodes, single-
crystal counterpart provides several advantages in practical 
applications [4, 5]. Single-crystal cathodes show the special 
monodisperse behavior and the absence of grain boundaries, 
and thereby avoid the unwanted microcracks occurred in 
polycrystalline particles. Besides, single-crystal cathodes 
with lowered specific surface area and defect concentration 
reduce their interface side reactions and improve their struc-
tural stability. Furthermore, single-crystal cathodes typically 
exhibit higher mechanical strength, which can contribute 
to an increase in packing density. This advantage is benefi-
cial for enhancing the volumetric energy density of LIBs 
[5, 6]. To satisfy the increased push of smart-mobile and 
fast-paced society, there is a greater need for single crystal 
LCO processing with higher energy density and superior 
structural stability. To ensure structural stability, the upper 
cut-off voltage of LCO is normally kept no higher than 4.5 V 
to avoid the transformation of LCO from O3 (octahedral 
triple-phase) to H1-3 (hybrid phases of octahedral O1 and 
O3) [7]. And the corresponding  Li+ that can be intercalated 
into or de-intercalated from the LCO lattice is only ~ 65% 
of the total amount of Li [8]. Indeed, increasing the upper 
cut-off voltage could effectively obtain the higher revers-
ible capacity, but the highly delithiated state with higher 
 Li+ extraction results in a significant degradation of cycling 
performance, accompanied by structural collapse, irrevers-
ible phase transition, electrolyte oxidation, lattice oxygen 
release, and dissolution of Co [9–11].

Inactive elemental doping is commonly used to modify 
materials’ structure and physical properties, such as band 
gap, lattice structure, and charge redistribution, etc. for the 
optimization of their electrochemical performance [12, 13]. 
Different doping elements (Mg, Al, Ti, Mn, Ni, Se, Zr and 
Sn) are often used as dopants [14–19] to improve the elec-
trochemical performance of LCO. Recent research by Huang 
et al. showed that the doping of Mg ions in the Li layer cre-
ated the so-called pillar effect to stabilize the layered struc-
ture [16]. For multi-elements doping, a one-step co-doping 

strategy of ternary dopants was reported [19]. The synergistic 
effects of multi-element dopants stabilize the surface oxygen 
and promote the cycle stability of LCO at high-voltage of 
4.6 V. Although partial success has been achieved, one-step 
co-doping strategy seems to bring some other problems. Dur-
ing the one-step co-doping process, several codoped cations 
(heavy and/or high valence-state cation dopants  Ti4+,  Zr4+, 
and  Y3+, etc.) have been found to readily enrich on the grain 
surface and grain boundaries, and further induce the formation 
of polycrystalline particles due to the limited growth kinet-
ics in various cathode materials [19–22]. These agglomerated 
polycrystalline particles possess increased grain boundaries 
and a larger specific surface area, which will inevitably react 
with electrolyte during charge/discharge cycling. Therefore, 
designing an appropriate multi-element co-doping strategy to 
synthesize single-crystal cathodes with high performance is 
still quite challenging [23–25].

The diffusivities of cations show clear dependence on 
cation charge and radius [20, 21, 26, 27]. In this work, con-
sidering the large variation in diffusivity of different dopant 
ions, we propose a novel two-step co-doping strategy to dope 
Ti/Mg/Al into LCO, a model layered oxide cathode material. 
A core–shell structured single-crystal LCO (CS-LCO) cath-
ode material is obtained, where the high-diffusivity  Al3+/
Mg2+ ions occupy the core of single-crystal grains while the 
low diffusivity  Ti4+ ions just enrich the shell layer of each 
grain. The  Ti4+-enriched shell layer with Co/Ti substitu-
tion and stronger Ti–O bond, reduce the number of oxygen 
ligand holes and enhance the oxygen stability. In-situ XRD 
reveals that the CS-LCO exhibits mitigated phase transition 
from O3 to H1-3, resulting in reduced contraction of c-axis 
and structural distortion. Under a high cut-off voltage of 
4.6 V, the CS-LCO maintains a reversible capacity of 159.8 
mAh  g−1 with a good retention of ~ 89% after 300 cycles, 
and reaches a high specific capacity of 163.8 mAh  g−1 at 
5C. The proposed strategy can also be extended to other 
couples of low-diffusivity cations  (Zr4+,  Ta5+, and  W6+, etc.) 
and high-diffusivity ones  (Zn2+,  Ni2+, and  Fe3+, etc.) for 
controllable construction of single-crystal core–shell struc-
tured cathodes that improve not only the structural stabil-
ity, but also the electrochemical performance of other LIB 
cathodes. Our work described here provides a new insight 
into the fabrication of single-crystal LCO with enhanced 
electrochemical performance via multi-element doping for 
high energy–density LIB applications.
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2  Experimental Section

2.1  Material Synthesis

The purchased  Co3O4 (99.5%, International laboratory 
USA),  Li2CO3 (99.5%, International laboratory USA),  Al2O3 
(99%, International laboratory USA), MgO (98%, Interna-
tional laboratory USA), and  TiO2 (99.7%, Sigma-Aldrich) 
were directly used without purification.

2.2  Material Synthesis

LCO, MAT-LCO and CS-LCO were prepared by a solid-
state reaction method. For LCO, the  Co3O4 and  Li2CO3 were 
ground and sintered at 760 °C for 2 h and 1,000 °C for 12 h 
to obtain LCO. For MAT-LCO, the  Co3O4,  Al2O3, MgO, 
 TiO2 and  Li2CO3 were ground and sintered at 760 °C for 
2 h and 1,000 °C for 12 h to obtain MAT-LCO. For CS-
LCO, the  Co3O4,  Al2O3, MgO, and  Li2CO3 were ground 
and firstly sintered at 760 °C for 2 h and 1,000 °C for 12 h 
to obtain AMLCO intermediate. The AMLCO powder was 
than mixed with  TiO2 and sintered at 900 °C for 10 h to 
obtain CS-LCO.

2.3  Materials Characterization

The morphology and phase of cathodes were investigated by 
scanning electron microscope (SEM, MAIA3 and VEGA3) 
and X-ray diffraction (XRD, Rigaku SmartLab). In-situ 
XRD patterns were obtained using a specially designed 
cell with the beryllium (Be) window and at a scan rate of 
10°  min−1. The microstructure of CS-LCO was studied by 
TEM (JEOL JEM-2100F). The surface components analysis 
was studied by X-Ray Photoelectron Spectroscopy (XPS, 
Thermo Fisher Scientific Nexsa). The specific surface area 
of powders was determined by Brunauer, Emmett, and Teller 
method (BET, ASAP 2020).

2.4  Electrochemical Measurement

To fabricate the electrodes, 90% active material particles 
(LCO, MAT-LCO and CS-LCO), 5 wt% super P and 5 
wt% polyvinylidene fluoride (PVdF) were dissolved in an 
appropriate amount of N-methyl-1,2-pyrrolidone (NMP) 

to prepare the slurries. Briefly, the mass loading of active 
oxides was 3.0 mg  cm−2. For coin-type half cells, lithium 
metal was used as anode. The electrolyte was formed 
by 1 M  LiPF6 dissolved in ethylene carbonate (EC) and 
dimethyl carbonate (DMC) (3:7 in volume). The punched 
electrodes have a diameter of 12 mm under a compression 
pressure of 2 MPa. Electrochemical tests were carried out 
by LAND instrument (CT-2001 A) at room temperature 
of 25 ℃. Galvanostatic intermittent titration technique 
(GITT) measurements were carried out on half cells within 
3.0–4.6  V (versus  Li+/Li). A titration current of 0.3C 
(1C = 200 mA  g−1) was used for 10 min along with the 
relaxation time of 1 h to reach the quasi-equilibrium poten-
tial. Cyclic voltammetry (CV) and electrochemical imped-
ance spectroscopy (EIS,  10−2–106 Hz) were conducted by 
Solartron 1470E (AMETEK, USA).

For coin-type full cells, prelithiated graphite was 
applied as negative electrode. The capacity ratio of nega-
tive/positive electrode is about 1.2 in the designed full 
cells. The first charge cycle was conducted by charging 
the assembled cells at 0.05C to 3.9 V, 0.1C to 4.1 V and 
0.2C to 4.3 V, the first discharge cycle was conducted 
by discharging the cells to 3.0 V at 0.1C. The subse-
quent charge–discharge cycle was conducted at 1C at 
3.0–4.55 V.

2.5  Density Functional Theory Calculation

The theoretical calculations were performed in the frame-
work of density functional theory (DFT) implemented in 
the Vienna ab initio simulation package (VASP) [28, 29]. 
The exchange–correlation energy was described by the 
generalized gradient approximation (GGA) + U [30, 31] 
with the Perdew-Burke-Ernzerhof (PBE) flavor [32], in 
which, the Hubbard U parameters for the d-orbitals of Co 
were set to 3.32 eV [33]. For geometry optimization, the 
plane-wave cut-off energy of 500 eV was employed. The 
Brillouin-zone integration was performed using a Monk-
horst–Pack grid of k-point sampling, and the meshes of 
Γ-centered 5 × 5 × 2 were used for the 2 × 2 × 1 supercell 
in the bulk structure  LiCoO2. The convergence criteria for 
energy were set to be  10−5 eV and force was 0.01 eV Å−1. 
The climbing image nudged elastic band (CI-NEB) method 
[34] was applied to calculate the minimum diffusion energy 
barrier.
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3  Results and Discussion

For atomistic understandings, we compare the diffusion 
barriers of Mg, Al, and Ti ions along the interlayers using 
the climbing image nudged elastic band (CI-NEB) method. 
As shown in Fig.  1a, for Al  (rAl3+  = 0.535  Å) and Ti 
 (rTi4+  = 0.605 Å) ions diffusing along Co  (rCo3+  = 0.545 Å) 
layer and Mg  (rMg2+  = 0.72 Å) ion diffusing along Li 
 (rLi+  = 0.76 Å) layer, the energy barrier follows the order 
of Mg (0.86 eV) < Al (1.42 eV) < Ti (1.8 eV). It is worth 
noting that  Ti4+ ion exhibit the highest energy barrier among 
them, confirming the low diffusivity of  Ti4+ ion in LCO. Fig-
ure 1b schematically illustrates the design and preparation of 
core–shell LCO (CS-LCO) via a two-step cation co-doping 
method, where the low diffusivity  Ti4+ ions and high-diffu-
sivity  Al3+/Mg2+ ions are chosen as a proof of concept. In 
the first sintering step,  Co3O4 are mixed with  Li2CO3 (Li/

Co = 1.1),  Al2O3 (1 wt%), and MgO (1 wt%), and sintered to 
obtain  Al3+/Mg2+ codoped LCO (AMLCO). In the second 
sintering step, the AMLCO powder is further mixed with 
 TiO2 (1 wt%) and sintered to obtain surface-Ti4+-enriched 
core–shell structured LCO (CS-LCO). For comparison, one-
step Ti /Mg/Al codoped LCO (MAT-LCO) is also prepared.

SEM analyses are conducted to observe the distinctions 
of the cathode morphology. As shown in Figs. 2a-b and 
S1, the LCO and CS-LCO show micron-sized single crys-
tallites in a size range of 2–5 µm. In contrast, MAT-LCO 
shows the agglomeration of primary grains with a grain size 
of hundreds of nanometers, which is attributed to the seg-
regation of Ti at the grain boundaries. This segregated Ti 
dopant hinders the further grain growth of LCO particles 
into large single-crystal grains, as shown in Fig. S2, which 
is consistent with previous studies [19–21]. As shown in 
Fig. S3, the specific surface areas of the as-sintered LCO, 

Fig. 1  Conceptual design and preparation. a DFT calculation of diffusion energy barrier of Mg, Al and Ti ions along LCO interlayer. Schematic 
illustration of the b synthesis and c structure design of core–shell LCO with Al/Mg bulk co-doping (gray core) and gradient surface Ti doping 
(orange shell). Density of states (DOS) of d LCO, e AMLCO and f CS-LCO
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CS-LCO, and MAT-LCO powders were measured by 
Brunauer–Emmett–Teller (BET), which are 0.359, 0.370 
and 0.800  m2  g−1, respectively. For CS-LCO, the formation 
of large single crystalline particles with low surface area and 
high mechanical strength will help reduce side reactions and 
improve structural stability. XRD analysis (Fig. 2c) shows 
that, after co-doping, there is no detectable impurity phases 
in CS-LCO. All the peaks are consistent with the standard 
 LiCoO2, which has a typical layered α-NaFeO2 structure with 
a space group R-3 m [13]. The high intensity ratio of (003)/
(104) peaks and clear split of (006)/(012) peaks (Fig. S4) 
suggest a highly ordered layered structure of CS-LCO.

The microstructural characteristics of CS-LCO are shown 
in Fig. 2d. After the two-step co-doping, the surface of CS-
LCO remains the layered structure with the interplanar 
spacing of 0.473 nm. The shell layer (~ 12 nm in thickness) 
exhibits a layered structure, as demonstrated by fast Fourier 
transform (FFT) images. Electron energy loss spectroscopy 
(EELS) analysis reveals a clear difference in elemental dis-
tribution between the core and the shell regions of CS-LCO. 
As shown in Fig. 2e, the EELS mapping reveals a higher 
concentration of Ti in the shell region, while Al/Mg dis-
tribute uniformly in both the core and shell region. Above 
results indicate the formation of a core–shell structure.

Fig. 2  Structure characterizations. SEM image of a LCO and b CS-LCO. c XRD patterns of LCO and CS-LCO. d HRTEM image of CS-LCO. 
Inset indicates the FFT pattern of white rectangle. e Elemental distribution of O, Co, Ti, Al and Mg near the surface. f EELS spectra collected 
separately from the shell and core regions of CS-LCO, EELS line profiling of g O K-edge and h Co L-edge. i EELS Ti L-edge intensity mapping
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The EELS spectra show a much higher peak intensity of 
Ti in the shell region than that in the core region (Fig. 2f, i). 
Further, the EELS spectrum mapping of Ti L-edge show that 
the shell layer is around 12 nm thickness. Previous research 
has shown that the intensity of O K-edge and Co L-edge 
are closely related to the structural stability [35]. As shown 
in Fig. 2g-h, the integrated area of O K-edge in the core is 
larger than that in the shell, which indicates less oxygen 
ligand holes and enhanced lattice oxygen stability in the 
shell. Moreover, the peak of Co L-edge in the shell region 
is 0.38 eV lower than that in the core, which could be attrib-
uted to the suppressed evolution of Co (from  Co3+ to  Co4+) 
due to the substitution of  Ti4+ in the shell [36, 37]. These 
results confirm that CS-LCO with Ti-enriched surface and 
Mg/Al-doped bulk is successfully prepared via the two-step 
cation co-doping method.

To further clarify the effect of Ti/Mg/Al co-doping on 
the electronic properties and lattice stability, the electronic 
density of states (DOS) of LCO before and after elemental 
doping are calculated by DFT. As shown in Fig.S5a, sim-
plified structural models of LCO, Mg/Al-codoped LCO 
(AMLCO) and CS-LCO are constructed to analyze the influ-
ence of their intrinsic electronic conductivity. Figure 1d-f 
illustrates that the pristine LCO exhibits semiconducting 
behavior with a band gap of 1.4 eV. After Mg/Al co-doping, 
AMLCO exhibits a metallic character with zero band gap, 
due to the induced orbital hybridization between Co/O and 
Mg/Al dopant ions near the Fermi level. The increased DOS 
near the Fermi level can effectively improve the electrical 
conductivity. On the other hand, for CS-LCO, the induced 
Ti ion facilitates the charge balance of dopants, thereby pre-
serving the semiconducting properties. The band gap of CS-
LCO significantly reduces from 1.4 to 0.2 eV. These findings 
suggest that Ti/Mg/Al dopant ions could effectively enhance 
the electronic conductivity of LCO.

The role played by the core–shell structure in stabiliz-
ing LCO cathode is evaluated by galvanostatic charge–dis-
charge (GCD) profiles in half-cells within a voltage range 
of 3.0–4.6 V (vs. Li/Li+). As shown in Fig. S6, at an initial 
cycle of 0.1C, CS-LCO (208.6 mAh  g−1) and MAT-LCO 
(210.5 mAh  g−1) exhibit a lower specific capacity than LCO 
(211.4 mAh  g−1) due to the co-doping of electrochemically 
inactive cations, which slightly sacrifices a small amount 
of capacity. However, the cycling stability of these three 
materials show obvious distinction. Figure  3a-c shows 
the continuous charge/discharge profiles from the 1st to 

the 150th cycle at 1C. The LCO displays a rapid capacity 
decay, resulting in a capacity of only 38.1 mAh  g−1 after 
150 cycles. In contrast, co-doping strategy is effective in 
improving stability, MAT-LCO exhibits a capacity of 120 
mAh  g−1. Notably, the capacity of CS-LCO continues to 
increase, reaching 185.2 mAh  g−1. Figure 3d-f shows the 
differential capacity (dQ/dV) curves measured at 5th, 75th 
and 150th cycles for those cathodes, respectively. For the 
first few cycles, all cathodes exhibit the characteristic peaks 
at ~ 3.95, 4.21, and 4.55 V in the charge/discharge profiles. 
For LCO, an increased polarization and weakened charac-
teristic peak can be observed after 150th cycles, indicat-
ing its poor structural stability under the high upper cut-off 
voltage of 4.6 V. Although MAT-LCO shows a little shift of 
the characteristic peak position, there is still a large drop in 
peak intensity. In contrast, the characteristic peaks of CS-
LCO keep stable, indicating enhanced structural reversibility 
of cathode promoted by the cation co-doping strategy. To 
further investigate the evolutions of voltage profiles, these 
charge/discharge curves are normalized in Fig. S7. The elec-
trochemical profiles of CS-LCO stably retain their overall 
shape within 150 cycles, whereas LCO suffers from dra-
matic voltage decay, losing its original profile. In addition, 
the average discharge voltages of LCO decreases from 3.901 
to 3.503 V, MAT-LCO decreases from 3.874 to 3.781 V, 
while that of CS-LCO slightly increases from 3.882 to 
3.925 V (Fig. S6d). We believe that the gradually increased 
average voltage and reversible capacity of CS-LCO can be 
ascribed to the progressive depolarization upon repeated 
charge/discharge cycles. The high roll strength makes low 
electrode porosity and inadequate infiltration for all LCO 
samples, indicating somewhat large electrochemical polari-
zation. The LCO with large volume changes (Fig. 4a) and 
MAT-LCO with high specific surface area will result in the 
full infiltration of electrolyte and reduction of polarization 
within 10 cycles. While the weak lattice volume changes 
of CS-LCO (Fig. 4c) make the gradual contact between the 
CS-LCO and electrolyte, corresponding to the increasing 
average voltage and reversible capacity within 150 cycles. 
Even after 300 charge/discharge cycles, CS-LCO still exhib-
its a good capacity retention of 88.7% under 4.6 V, whereas 
that of LCO almost reaches zero within the same number 
of cycles (Fig. 3g). The rate performance (Fig. 3h) shows 
that the CS-LCO delivers a large capacity of 163.8 mAh  g−1 
at a high rate of 5C, much higher than those of LCO (40 
mAh  g−1) and MAT-LCO (125 mAh  g−1), suggesting its 
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outstanding high-rate property. The CS-LCO electrode also 
shows reduced electrochemical polarization as the rates 
exceed 2C (Fig. S8). Moreover, the cycling stability under 

higher rate of 5C and higher upper cut-off voltage of 4.7 V 
are measured (Figs. S9-S10). The CS-LCO shows a capac-
ity retention of 90.9% (157 mAh  g−1) under 4.6 V after 300 

Fig. 3  Electrochemical performance. Continuous charge/discharge curves from 1st to 150th cycles of a LCO, b MAT-LCO and c CS-LCO at 
1C under 4.6 V. Differential capacity (dQ/dV) curves at 5th, 75th and 150th cycles of d LCO, e MAT-LCO and f CS-LCO. g Cycling stability 
of half-cells at 1C under 4.6 V from 1st to 300th cycles. h Rate stability of half-cells. i Cycling stability of CS-LCO//graphite full-cells at 3.0–
4.55 V (equivalent to 4.6 V versus Li/Li+) at 1C from 1st to 300th cycles. j Summary of cycling lifespan of recently reported Li-ion full cells
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cycles at 5C. And it also shows a capacity retention of 61.7% 
(121 mAh  g−1) after 300 cycles even under the higher cut-off 
voltage of 4.7 V. Besides, the CS-LCO//graphite full-cells 
exhibit exceptional long-term cycling stability, as evidenced 
by the capacity retention of 84.68% (569.9 Wh  kg−1) after 
300 cycles at 1C (Fig. 3i). The comparison of reported 
Li-ion full cells with this work is exhibited in Fig. 3j [19, 
38–43], where the CS-LCO//graphite full cell reported in 
this work shows superior long-term cycling stability. Based 
on these observations, we can conclude that the core–shell 
structure synthesized by the co-doping strategy is effective 
to maintain the stability of LCO and reduce its voltage drop.

To gain deeper insights into the structural evolutions of 
cathode under high voltage, in-situ XRD is conducted to 
investigate the variations in lattice parameters and phase 
transition behavior of LCO, MAT-LCO and CS-LCO cath-
odes. Figure 4a-c shows the stacked peak profiles along 
with the first change-discharge cycle at 0.3C. As shown in 
Fig. 4d-f, during charge from 3.0 to 4.2 V, phase transition 
from the H1 phase to the M1 phase occurs [8]. The evolu-
tion of the c lattice parameter, which is calculated from the 
(003) peak, shows similar changes for all three samples. The 
lattice parameter ranges from 14.06 to 14.43 Å. Upon charg-
ing to 4.6 V, distinct differences in the c lattice evolution 
are observed. LCO (from 14.43 to 13.67 Å, Δc = 5.68%) 
exhibits a significant contraction, whereas MAT-LCO (from 
14.44 to 14.04 Å, Δc = 2.63%) and CS-LCO (from 14.42 to 
14.09 Å, Δc = 2.34%) display a similar and slight contrac-
tion. Those findings suggest that pristine LCO suffers from 
a larger volume change (O3 to H1-3) under high voltage. 
As the structure transforms from O3 to H1-3, shift of the 
O–Co–O slabs occurs (along with lithium rearrangement) 
and the c-lattice of the unit cell shrinks dramatically, result-
ing in internal stress accumulation and structure damage [7, 
44]. In contrast, MAT-LCO and CS-LCO effectively sup-
press undesired lattice distortion, indicating that the layered 
structure is well preserved even in the highly delithiated 
state. Additionally, CS-LCO have a little bit higher voltage 
platform at the beginning of charge. As we discussed before, 
some  Co3+ ions are replaced by  Ti4+ ions, which may lead to 
the extraction of some  Li+ ions for charge balance, resulting 
in a higher voltage platform during the charge process.

To further explore the changes of interfacial impedance 
under varied state of charge (SOC), in situ electrochemical 
impedance spectroscopy (EIS) experiments are performed in 

the initial cycle (Fig. S11). Table S1 shows the fitted electro-
chemical parameters based on the equivalent circuit shown 
in Fig. S12, in which Rsf and Rct refer to the resistances of 
surface film and charge transfer, respectively. The Rsf and Rct 
decrease gradually as the charging voltage increases from 
3.2 to 4.6 V. In the subsequent discharge process, the Rsf 
and Rct both increase continuously from 4.6 to 3.0 V. The 
CS-LCO exhibits lower electrochemical impedance than that 
of LCO in the initial charge/discharge process, indicating 
decreased charge transfer resistance and enhanced  Li+ ion 
diffusion during redox reactions. In addition, as shown in 
Fig. S13, the polarization becomes more significant as the 
cut-off voltage increases, which is attributed to structural 
decay and electrolyte decomposition at higher voltages.

The galvanostatic intermittent titration technique 
(GITT) is further used to quantitatively evaluate the 
chemical diffusion coefficient of  Li+ ion (DLi+,  cm2 
 s−1) by different methods [45–47]. GITT measurements 
are conducted at 0.3C in the initial two cycle and 1C in 
3rd–300th cycles. As shown in Fig. 5a-d, CS-LCO exhibits 
the smallest electrode polarization during the 3rd–300th 
cycle, whereas LCO and MAT-LCO exhibit rapid increase 
of electrode polarization since the 50th cycle. Besides, 
CS-LCO takes 30 days to complete 300 cycles, which is 
longer than LCO (13 days) and MAT-LCO (21 days). The 
longer cycling time means CS-LCO has the better cycling 
stability. The typical potential versus time profiles of LCO, 
MAT-LCO and CS-LCO are shown in Fig. S14. A linear 
relationship between potential and τ1/2 can be observed, 
and DLi+ can be calculated based on the Fick’s second law 
as follows [48, 49]:

where m and M indicate the mass and molar mass of the 
electrode material, respectively. VM  (cm3  mol−1) refers to 
their molar volume, and A  (cm2) stands for their active area. 
The DLi+ evolution of cathodes during cycling is shown in 
Fig. 5e-g. The calculated DLi+ values are similar for the 
three cathodes during the  3rd cycle, where the average DLi+ 
is around 1.4 ×  10−10  cm2  s−1. The average DLi+ of CS-LCO 
has almost no change during the 50th–300th cycle, while 
that of LCO drastically decreases. The GITT results con-
firm that the effectively co-doping strategy can maintain the 
stable  Li+ diffusivity. As confirmed by in-situ XRD, LCO 
undergoes a large contraction of c lattice due to the phase 
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transition of O3 to H1-3 when charging voltage exceeds 
4.5 V. This large contraction result in severe structural dis-
tortion and the formation of a thick CEI during repeated 
cycles, which potentially block the  Li+ diffusion [18, 25]. 
In contrast, cation co-doping in CS-LCO helps facilitate the 
(de)intercalation of  Li+ ions and prevent the structure distor-
tion, hence maintaining a high  Li+ diffusion coefficient even 
after long-term cycling.

To further examine the change of surface composition of 
cathode after cycling, XPS was introduced to characterize 
the cathode/electrolyte interphase (CEI) layer. In general, 
C = O/Li2CO3 (531.0 eV) and  CO3

2− (290.0 eV) are related 

to the presence of lithium carbonate. As shown in Fig. S15, 
it can be found that, compared with LCO, the amount of car-
bonate was obviously reduced after co-doping (MAT-LCO 
and CS-LCO). The presence of more carbonate on the sur-
face always results in higher impedance, which is consistent 
with EIS results as shown in Fig. S16. As for F 1s, the peaks 
are primarily assigned to LiF (685 eV) and PVdF (687 eV). 
LiF is the main F-containing components in CEI due to the 
prevailing HF attack at cathode surface, resulting in capacity 
fading under high voltage [50]. The relatively low content 
of LiF in CS-LCO indicates a thinner CEI layer, and the 

Fig. 4  Structural evolutions of LCOs during initial charge/discharge cycle at 0.3C. Charge/discharge curves and in-situ XRD results of a LCO, 
b MAT-LCO and c CS-LCO for the initial cycle. The c lattice evolution of d LCO, e MAT-LCO and f CS-LCO as a function of charge/discharge 
voltage, fitted from the in situ XRD patterns. Δc represents the variation of c lattice parameter from O3 to H1-3 phase transition during  Li+ de-
intercalation
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reduced side reaction at cathode/electrolyte interface. As for 
the O 1 s, the higher intensity of lattice oxygen (529.5 eV) 
obtained from CS-LCO confirms the suppressed lattice oxy-
gen oxidizing ability.

Previous studies reported the origin and evolution of glid-
ing layers and microcracks under high voltages [51]. Charg-
ing to a high voltage, more  Li+ ions are extracted from the 
original structure, resulting in the slab gliding of layered 
structure. Typically, these gliding traces will disappear in 
the subsequent discharge process if the structural change 
is reversible. However, there are also irreversible gliding 
events that accumulate over long-term cycling and form 
microcracks, exposing fresh surfaces to the electrolyte. The 

penetration of the liquid electrolyte along the layered gliding 
increases the risk of electrolyte decomposition.

Figure 6 shows the observation of lattice plane gliding 
at 4.6 V after 300 cycles. For LCO, the gliding traces are 
evident as in-plane shear along the (003) plane, vertical to 
the c axis of the layered structure, which ultimately results in 
the accumulation of irreversible structural deformation and 
the creation of significant cracks. Moreover, serve gliding 
is also observed in small primary particles of MAT-LCO, 
possibly due to the larger contact area with the electrolyte. In 
contrast, the entire structure of CS-LCO is well maintained 
after 300 cycles, showing almost reversible gliding. Notably, 
due to the capacity decay, LCO can only be cycled for 195 h 

Fig. 5  Li+ ion diffusion. a Cycling performance and overpotential properties of LCO, MAT-LCO and CS-LCO. The GITT curves of b LCO, c 
MAT-LCO and d CS-LCO at the 3rd, 50th, and 300th cycle. The corresponding  Li+ ion diffusion coefficients of e LCO, f MAT-LCO and g CS-
LCO at the 3rd, 50th, and 300th cycle
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at 1C (relative to the theoretical capacity), whereas CS-LCO 
can be cycled for 825 h, four times the cycling time of LCO 
(Fig. 5a). These results indicate the crucial role played by 
co-doping induced core–shell structure in effective suppress-
ing irreversible gilding and maintaining structural integrity.

As shown in Figs. 4 and 6, LCO undergoes a significant 
phase transition process under 4.6 V. The accumulation of 
volume changes and layer gilding eventually leads to the col-
lapse of the structure. To further illustrate the structural deg-
radation after long-term cycling, ex-situ XRD is performed. 
The (003) peak of LCO and MAT-LCO moves to a lower dif-
fraction angle after 100 cycles (Fig. S17), indicating the  Li+ 
irreversible de-intercalation probably caused by structural 
transition and accumulation of CEI film during continuous 
cycling. In contrast, CS-LCO exhibits a weak shift of (003) 
peak and enhanced structural reversibility. In addition, the 

collapse of layered structure and the larger surface area can 
increase the possibility of the liquid electrolyte decomposi-
tion during long-term cycling. This could result in the larger 
charge transfer impedance, as shown in Fig. S16. The redox 
kinetics are explored through cyclic voltammetry (CV) scan-
ning as shown in Fig. S18. During the discharge process, the 
cathodic peaks at 4.45, 4.1 and 3.8 V relate to the phase tran-
sition of H1-3/O3, the order–disorder phase transition, and 
the phase transition of M2/H3, respectively [41, 52]. With 
increasing scanning cycles, the peaks of LCO are weakened 
gradually and the polarization phenomena become more pro-
nounced. These observations suggest that the phase transi-
tions of H1-3/O3 and H2/H1 become irreversible. Notably, 
the peaks of the anodic process of CS-LCO are sharper than 
LCO, indicating faster charge transfer kinetics. After 100 
cycles, the redox peak positions and intensities of CS-LCO 

Fig. 6  Structural evolutions after long-term cycling. SEM images and the corresponding schematic diagrams of the initial and after 300 cycles 
of a‑c LCO, d‑f MAT-LCO and d‑i CS-LCO cathodes
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remain almost unchanged, demonstrating its exceptional 
structural reversibility and stability during long-term cycling 
at high voltages.

4  Conclusions

In summary, a single-crystal core–shell  LiCoO2 (CS-LCO) 
cathode is designed and synthesized by a simple two-step 
co-doping strategy. This reliable co-doping strategy results 
in the preservation of single-crystal morphology and the 
suppression of phase transition under deep delithiation. In 
this designed core–shell structure, high-diffusivity  Mg2+/
Al3+ ions are doped into the core region of single-crystal 
particles to optimize physical properties, such as conductiv-
ity and  Li+ ion diffusivity, while low-diffusivity  Ti4+ ions 
enrich the shell layer to enhance the surface structure stabil-
ity. Under a high cut-off voltage of 4.6 V, CS-LCO exhibits 
a stable capacity of 159.8 mAh  g−1 (88.73% retention) at 1C 
after 300 cycles, and reaches a high capacity of 157 mAh  g−1 
(90.9% retention) at 5C after 300 cycles. Even at a higher 
cut-off voltage of 4.7 V, CS-LCO still exhibits good reten-
tion of ~ 61.7% at 1C after 300 cycles. These achievements 
may provide guidance for the rational design of core–shell 
structured cathodes with multiple dopants involving low-dif-
fusivity cations  (Zr4+,  Ta5+,  W6+, etc.) and high-diffusivity 
ones  (Zn2+,  Ni2+,  Fe3+, etc.).
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