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Lanthanide Contraction Builds Better High-Voltage LiCoO2 
Batteries

Jing Xia, Na Zhang, Yijun Yang, Xing Chen, Xi Wang,* Feng Pan,* and Jiannian Yao*

Cycling lithium cobalt oxide (LiCoO2) to a potential higher than 4.35 V (vs 
Li+/Li) can obtain an enticing capacity, but suffers from inferior structural 
stability. Herein, an ingenious Li-deintercalation/doping strategy is developed 
to synthesize the lanthanide-doped LiCoO2 (lanthanide (Ln) = praseodymium, 
neodymium, samarium, europium, gadolinium, erbium, or lutetium) with 
Ln occupying Li-sites. Electrochemical measurements show that the cycling 
stability of Ln-doped LiCoO2 increases as the lanthanide contracts. By rule, 
lutetium-doped LiCoO2 exhibits the best cycling stability, confirmed in both 
lithium half-cell and pouch full-cell. Comprehensive experimental charac-
terizations combining with theoretical calculations reveal that the lattice 
strain tuned by the lanthanide contraction plays a critical role in the struc-
ture stability of LiCoO2. This finding is an important step for building better 
high-voltage LiCoO2 batteries, as it is possible to achieve better high-voltage 
performance by combining the doping technology and performance improve-
ment rule disclosed in this study.
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1. Introduction

Lithium-ion batteries (LIBs), a popular 
energy storage device with high energy/
power density, have been widely used in 
portable electronics, and recently in elec-
tric vehicles.[1] However, with the progress 
in science and technology, the energy den-
sity of existing LIBs is difficult to keep 
up with the ever-increasing demand for 
battery endurance. Electrode materials, 
especially cathode materials, are the key 
for obtaining high energy density because 
they have a direct bearing on the working 
voltage and capacity of batteries.

Lithium cobalt oxide (LiCoO2), the 
preferred cathode material for portable 
electronic products, can further tap its 
unexploited capacity and energy density 
by increasing the upper cut-off voltage.[2] 
However, the inferior structural stability 

of LiCoO2 at potentials higher than 4.35  V (vs Li+/Li) leads to 
unsatisfactory cycle life.[3] Many researchers have intensively 
studied the high-voltage LiCoO2 (≥4.5 V) and improved its cycle 
life by various modification strategies, especially foreign ion 
doping.[1b,c,2c,4] For example, Ren’s group[1b] reported that the 
La-Al co-doping could improve the structural stability of LiCoO2 
at 4.5  V by suppressing the phase transitions during cycling. 
Both Li’s group[1c] and Cui’s group[4d] synthesized AlTiMg 
co-doped LiCoO2 and achieved stable cycling at 4.6  V by the 
synergistic regulation of the three elements. In addition to 
transition metal ion doping, non-metallic doping such as F and 
Se is also proven to be effective in improving the high voltage 
stability of LiCoO2.[4e,5] These foreign ions have a certain dif-
ference in ion radius. Therefore, some scientific questions are 
worth pondering: Are the doping of foreign ions with inappro-
priate sizes affect the high-voltage stability of LiCoO2? How is 
it affected? And how much impact on it? These questions, if 
answered well, could provide a reference for the selection of 
foreign ions to develop better high-voltage LiCoO2 batteries and 
improve the structural stability of other layered cathode mate-
rials. Thus, it is first and foremost to select some elements with 
similar chemical properties but different ionic radii for doping 
of LiCoO2, and all elements must be doped at the same site, 
namely Li site, Co site, or O site.

Lanthanide elements (denoted as Ln) have similar chemical 
properties because they have a same outer electronic configu-
ration except for the number of 4f electrons.[6] As the atomic 
number increases, electrons are added gradually to the poorly 
shielding 4f orbitals resulting in an increase in effective nuclear 
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charge and, correspondingly, a decrease in ionic radii, which 
is the so-called lanthanide contraction.[6,7] Inspired by this, we 
developed an ingenious Li-deintercalation/doping strategy to 
fabricate the Ln-doped LiCoO2 (Ln-LCOs, Ln = Pr, Nd, Sm, Eu, 
Gd, Er, Lu) with Ln cations occupying Li-sites, and surprisingly 
found that their cycling stability increased as the lanthanide 
contraction. The experimental results unequivocally linked 
the ionic radius of the Ln cations to the high-voltage stability 
of Ln-LCOs, where the ionic radius modulates the high-voltage 
stability of Ln-LCOs by changing the lattice strain. Combined 
with the theoretical analysis, we demonstrated how the lantha-
nide contraction improved the electrochemical performance of 
Ln-LCOs.

2. Synthesis and Characterizations

In order to achieve targeted doping at the Li sites, a new Li-
deintercalation/doping strategy is proposed to prepare Ln-LCOs 
(Figure 1a). The synthesis details of the samples are presented 
in the Methods section. Simply put, the commercial LiCoO2 
with bulk morphology was first fabricated into working elec-
trodes and electrochemically delithiated in Li half-cells to form 
Li1-x▫xCoO2. A small amount of Li-deintercalation leads to an 
increase in the electrostatic repulsion between adjacent CoO 
slabs, thus increases the layer spacing of LiCoO2 (Figure S1, Sup-
porting Information), which is conducive to the incorporation 

of large-sized Ln cations. The as-prepared Li1-x▫xCoO2 was 
thoroughly mixed with Ln(NO3)3·xH2O (Ln = Pr, Nd, Sm, Eu, 
Gd, Er, and Lu) and absolute ethyl alcohol by ball-milling, and 
then calcined at high temperature to obtain Li1-xLnxCoO2. X-ray 
photoelectron spectroscopy (XPS, Figure S2, Supporting Infor-
mation) results show that the Co peaks of Ln-LCOs are shifted 
to a lower binding energy than PLCO, indicating that the charge 
balance in Ln-LCOs is maintained by reducing the valence of 
Co. The morphology of LiCoO2 barely changed after ball milling 
except that more LiCoO2 particles were exposed on the surface 
of the electrode (Figure S3, Supporting Information). Besides, 
all the prepared LiCoO2 showed similar morphology (Figure S4, 
Supporting Information), indicating that lanthanide doping has 
a negligible effect on the morphology of LiCoO2.

The X-ray diffraction (XRD) patterns in Figure  1b demon-
strated the successful preparation of various Ln-LCOs. The 
(003)/(104) peak intensity ratio of all Ln-LCOs was reduced sig-
nificantly compared with pristine LiCoO2 (denoted as PLCO), 
suggesting that Ln cations were doped in their lithium layers. 
Rietveld refinements (Figure S5, Supporting Information) also 
further confirmed the occupation of Ln cations in 3a sites. To 
further verify the doping site of the Ln cations, using Lu-LCO 
as a prototype, we compared the structural differences between 
PLCO and Lu-LCO at the atomic level by scanning transmission 
electron microscopy with high angle annular dark field detec-
tion (STEM-HAADF). As shown in Figures  1c,d, both PLCO 
and Lu-LCO exhibit well-ordered layered structure. Compared 

Figure 1. a) Schematic diagram of targeted doping of Ln cations in LiCoO2. b) XRD patterns of PLCO and various Ln-LCOs. c,d) Atomic resolution 
STEM-HAADF images of PLCO and Lu-LCO, and their corresponding intensity plot (top right inset) and nano beam diffraction pattern (bottom right 
inset). O atoms and Li atoms cannot be observed in the HAADF mode due to their low atomic mass, but strong signals (marked with red dotted 
circles) can be observed in the Li layers of Lu-LCO, suggesting that the Lu atoms are doped in the Li layers.
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to PLCO, the strong signals can be observed in the Li layers of 
Lu-LCO (Figure  1d), suggesting that the Lu atoms occupy the 
3a sites of Li atoms, which further proves that Ln cations are 
incorporated into the Li layers. The electrochemically inert Ln 
cations can act as the pillars to support the CoO slabs, and 
thus preventing their structural collapse at the high delithiation 
state.

3. Electrochemical Performance

The electrochemical performance of PLCO and as-prepared 
Ln-LCOs was evaluated in Li half-cells using metal Li as the 
counter/reference electrode. As shown in Figure 2a, the eight 
samples deliver similar initial capacity of ≈220  mAh  g-1 at 
0.1 C in the potential range of 3.0–4.6 V, but all Ln-LCOs show 
enhanced cycling stability compared with PLCO. Figure  2b 
reports the reversible capacities before and after cycling test 
at 0.5  C for all the Ln-LCOs and PLCO. The cycling stability 
of these eight samples is ranked as follows: PLCO  <  Pr-LCO 
<  Nd-LCO  <  Sm-LCO  <  Eu-LCO  <  Gd-LCO  <  Er-LCO  <  Lu-L
CO, that is, the cycling stability of the seven Ln-LCOs follows 
the same direction as lanthanide contraction, indicating that 

lanthanide contraction leads to the improvement of cycling sta-
bility. By rule, it is expected that Lu-LCO will exhibits a longer 
cycle life. As shown in Figure 2c, further cycling tests indicate 
that Lu-LCO indeed shows a long cycle life with a high capacity 
of 172.3 mAh g-1 at 0.5 C after 200 cycles. Not only that, Lu-LCO 
delivered a high capacity of 147.4 mAh g-1 even at a rate of 2 C 
(Figure S6b, Supporting Information), which is much higher 
than PLCO of 24.0  mAh  g-1 under the same test conditions. 
Such excellent electrochemical performance is better than many 
high-voltage LiCoO2 cathode materials reported so far (Table S1, 
Supporting Information).[1b,c,4a,c,e,8] For potential battery appli-
cations, Lu-LCO exhibited a stable energy density/medium 
voltage of 681.9 Wh kg-1 (≈179.4 mAh g-1, Figure S7, Sup-
porting Information)/3.80 V in a pouch full-cell after 80 cycles 
(Figure 2d), demonstrating its availability in commercial high-
voltage LiCoO2 batteries.

To reveal the modulation mechanism of Lu doping on the 
high-voltage stability of LiCoO2, various characterization tech-
niques, including in situ XRD, STEM-HAADF, XPS, and syn-
chrotron X-ray absorption spectroscopy (sXAS) were conducted. 
The detailed discussion was provided in the Supplementary Text 
of Supporting Information (Figures S8–S19 and Table S2, Sup-
porting Information). To sum up, the Lu atoms in the Li layers 

Figure 2. a) Cycling performance of PLCO and various Ln-LCOs in half-cell in the potential range of 3.0–4.6 V. b) The initial and 50th cycle discharge 
capacity of PLCO and various Ln-LCOs. c) Cycling performance of PLCO and Lu-LCO in a half-cell in the potential range of 3.0–4.6 V. (d) Energy density 
of the cathode materials (PLCO or Lu-LCO) and medium voltage of the pouch cells as a function of cycle number. The LiCoO2/graphite pouch-cells 
were cycled at 0.2 C in the voltage window of 3.0–4.55 V (equivalent to 4.6 V versus Li+/Li). Inset: pouch cells after 80 cycles. For PLCO-graphite pouch 
cell, obvious gas generation can be observed, indicating a large amount of oxygen release.
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can act as pillars to support the CoO slabs and thus reducing 
the lattice strain of the LiCoO2 by reducing the variation of the 
interlayer spacing. Because of such structure advantages, the 
detrimental phase transitions, oxygen release, microcrack for-
mation, and electrolyte decomposition were suppressed. It has 
been reported that the lanthanide elements all have very similar 
chemical properties,[9] Bader charge analysis was conducted 
to compare the effects of Ln cations in Ln-LCOs (Figure S20, 
Supporting Information). As expected, the charges around all 
Ln atoms have negligible differences, but are far more nega-
tive than those around Li atoms, indicating that the Ln cations 
can introduce additional electrons for the O atoms to reduce 
the charge compensation of lattice oxygen, and thus improving 
the stability of lattice oxygen. Therefore, gas evolution in Lu-
LCO-graphite pouch cells was significantly suppressed com-
pared to PLCO-graphite pouch cells (inset of Figure 2d). Due to 
the similar chemical properties of the lanthanide elements, the 
above-proposed modulation mechanism for the high-voltage 
stability of Lu-LCO is also applicable for other Ln-LCOs. Hence, 
the relationship between lanthanide contraction and structural 
stability of LiCoO2 will be discussed below.

4. Relationship between Lanthanide Contraction 
and Structural Stability of LiCoO2

Although the modulation mechanism of lanthanide elements 
on the high voltage stability of LiCoO2 has been revealed by the 
detailed analysis using Lu-LCO as a prototype, the reasons why 

the electrochemical performance of Ln-LCOs change regularly 
with lanthanide contraction remains unexplained. To under-
stand how lanthanide contraction affects the electrochemical 
performance of Ln-LCOs, the synthesized samples were firstly 
studied by XPS and XRD techniques. XPS identified that Ln 
ions in Ln-LCOs have a valence state of +3 (Figure S21, Sup-
porting Information), so their ionic radii conform to the law of 
lanthanide contraction. From Pr-LCO to Lu-LCO, the (003) dif-
fraction peak gradually shifts to higher 2θ angles (Figure 3a), 
illustrating that the c-axis spacing of Ln-LCOs decreases with 
the decrease of Ln ion radius. The lattice parameters simu-
lated by theoretical calculations also have the same rules as 
above (Figure S22, Supporting Information). Furthermore, 
Rietveld refined lattice parameter c has a linear correlation with 
the length of calculated LnO bonds, as shown in Figure  3b. 
Based on these interesting experiment phenomena, it can be 
preliminarily concluded that the gradual improvement of the 
high-voltage stability of Ln-LCOs with lanthanide contraction is 
related to their crystal structure.

In fact, XRD experiment results are the overall average 
of the tested samples. We suspect that the doping of foreign 
ions will only cause changes in its local structure rather than 
all regions. Therefore, we compared the spacing between two 
adjacent Co atoms at different positions by theoretical simula-
tion. As shown in Figure 3c and Table S3 (Supporting Informa-
tion), the spacing between the two Co layers closest to the Ln 
atom is greatly enlarged, while the spacing between the next 
closest Co layers is smaller than the former. Interestingly, in the 
region far away from Ln atom, the CoCo spacing is almost 

Figure 3. a) XRD patterns of various Ln-LCOs at the (003) diffraction peak. b) Relationship between the Rietveld refined lattice parameter c of Ln-LCOs 
and the bond length of the LnO bonds. The dotted line shows the linear fit. c) CoCo spacing of PLCO and Ln-LCOs along the c-axis. Cox and Coy are 
located far away from Ln atom. d) Co force along the c-axis direction in the LiCoO2 structure, as a function of different degrees of Co misregistration. 
e) Oxygen release energy of the oxygen atom closest to the Ln ion in Ln-LCOs. f) EPR intensity variation tendency of the after-cycled PLCO and Ln-LCOs.
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unchanged. Therefore, it can be deduced that the doping of Ln 
cations with excessively large size will cause large Co misreg-
istration or lattice strain. Furthermore, the theoretical calcula-
tions on the structural stability of Ln-LCOs, expressed as Co 
force and oxygen release energy,[10] elucidate that the stability 
increases as the lattice strain decreases, i.e., lattice strain is a 
stability descriptor. Specifically, the Co force gradually decreases 
(Figure  3d and Table S4, Supporting Information) and the 
oxygen release energy gradually increases (Figure 3e) with the 
lanthanide elements from left to right, indicating that the sta-
bility of Co and lattice oxygen was improved gradually.

Based on the above analysis, we further conducted the post-
mortem studies on the cycled electrodes through XRD and 
electron paramagnetic resonance (EPR) experiments. From 
the XRD patterns in Figure S23a (Supporting Information), 
all diffraction peaks of Lu-LCO electrode can be indexed to the 
hexagonal LiCoO2 with R-3m space group, and the well-split 
(006)/(102) peaks indicate that the layered structure was well 
maintained. In contrast, the diffraction peaks of other Ln-LCOs 
gradually weaken or even disappear in the opposite direction 
of the lanthanide contraction, especially PLCO, most of its dif-
fraction peaks disappeared and the (003) peak was obviously 
split (Figure S23b, Supporting Information), indicating that a 
new spinel phase was generated in after-cycled PLCO, and its 
crystal structure was severely damaged.[11] This damage must 
be accompanied by the loss of lattice oxygen, thus the EPR 
experiments were conducted to study the generation of oxygen 
vacancies in the LiCoO2 (Figure S24, Supporting Informa-
tion). Figure  3f shows the EPR intensity variation tendency 

of the after-cycled PLCO and Ln-LCOs. The decrease in EPR 
signal intensity with lanthanide contraction implies a gradual 
decrease in oxygen release, which is consistent with the above 
experimental results. Therefore, the reduction of lattice strain 
caused by lanthanide contraction also affects the structural sta-
bility of LiCoO2 for long-term cycling.

5. In Situ Experiments and Improvement 
Mechanism
To further reveal the effects of Ln cations on the electrochem-
ical performance and structural stability of LCO, in situ XRD 
was performed to study the structural evolution of PLCO and 
Ln-LCOs during the first charge and discharge. As shown in 
Figure 4a, all samples underwent similar phase transitions 
during charging. However, when the cells were discharged 
to 3.0  V, a new peak, representing the H3 phase,[4a] appeared 
in PLCO (Figure  4a1) and Pr-LCO (Figure  4a2), implying that 
they have a low structural reversibility. Moreover, the variation 
range of the (003) peak of Ln-LCOs gradually decreases with 
lanthanide contraction (Figure  4a). The variation range of the 
(003) peak can be quantified as the variation of layer spacing 
according to Bragg’s Law, as shown in Figure  4b. Obviously, 
the variation in layer spacing of Ln-LCOs decreasing in the 
same direction as lanthanide contraction, which is benefi-
cial to reducing the lattice strain of Ln-LCOs along the c-axis 
direction and thus enhancing the electrochemical reversibility 
of Ln-LCOs. This deduction was further confirmed by the 

Figure 4. a) In situ XRD evolution of PLCO and Ln-LCOs at the (003) diffraction peak. b) The change values in layer spacing of PLCO and Ln-LCOs. 
c–e) Structural evolution mechanism of PLCO, LCO doped with large-sized Ln3+, and LCO doped with small-sized Ln3+.
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cyclic voltammetry (CV, Figure S25, Supporting Information) 
experiments.

Overall, the lattice parameters, Co force, oxygen release 
energy, and (003) peak variation range of Ln-LCOs all are lin-
early correlated with the Ln cation radius. Here a modulation 
mechanism of lanthanide contraction on the high voltage sta-
bility of LiCoO2 was proposed, as shown in Figure  4c–e. At 
low voltages, the extraction of Li ions from PLCO leads to an 
increase in the electrostatic repulsion between adjacent CoO 
slabs, causing their slippage in the a- and/or b-axis directions 
and thus detrimental pase transitions (Top half of Figure  4c). 
It has been reported that the LnO bond is stronger than the 
LiO bond,[12] so the Ln cations can suppress the slippage of 
the CoO slabs and thus low-voltage phase transitions of 
Ln-LCOs (Top half of Figure 4d,e). When the cells were charged 
to a higher voltage, PLCO showed inferior structural stability 
(Bottom half of Figure 4c), such as adverse CoO slab slipping, 
structural collapse, irreversible phase transitions, and gaseous 
oxygen release, due to the lack of structural support for CoO 
slabs.[13] But the electrochemically inert Ln cations in the Li 
layer can act as a pillar to support the CoO slabs and thus alle-
viating the structural deterioration of Ln-LCOs. These are the 
reasons why the electrochemical performance of all Ln-LCOs 
was improved compared to PLCO. Since the inherent large lat-
tice strain, Ln-LCOs doped with large-size lanthanide ions, typi-
cally Pr-LCO, cannot tolerate the structure deterioration caused 
by the extraction of a large number of Li ions (Bottom half of 
Figure  4d). Therefore, even though the high voltage stability 
of Pr-LCO was significantly improved compared to PLCO, it 
showed the worst electrochemical performance among all Ln-
LCOs. As the ionic radii decreases across the lanthanide series, 
the structural stability and electrochemical performance of 
Ln-LCOs are enhanced by reducing the lattice strain through 
the lanthanide contraction. Because of Lu3+ has the closest 
ionic radius to Li+, Lu doping is more favorable to improve the 
structural stability of LiCoO2 (Bottom half of Figure  4e), thus 
Lu-LCO shows the best electrochemical performance among all 
Ln-LCOs.

6. Conclusion 

In summary, we selected seven lanthanide elements with sim-
ilar chemical properties for doping of LiCoO2, and demonstrated 
how the ionic radius affect the electrochemical performance of 
Ln-LCOs. Electrochemical measurements indicate that all Ln-
LCOs show enhanced cycling stability compared with PLCO, 
and the cycling stability of the seven Ln-LCOs enhancing in the 
same direction as lanthanide contraction. Using various charac-
terization techniques and theoretical calculations, we concluded 
that the lattice strain is a descriptor for the structural stability 
of LiCoO2, while the ionic radius is the initiator of lattice strain 
changes. To be specific, the electrochemically inert Ln cations 
in the Li layer can act as anchored pillars to suppress the irre-
versible phase transitions and enhance the stability of lattice 
oxygen. However, the large-sized Ln cation doping induces an 
increase in the lattice strain of Ln-LCOs, so Ln-LCOs doped 
with large-size Ln cations, typically Pr-LCO, cannot endure 
the structure deterioration caused by the extraction of a large 

number of Li ions. In the direction of lanthanide contraction, 
the radius of the Ln cations gradually decreases, so the electro-
chemical performance of Ln-LCOs gradually improves with lan-
thanide contraction, especially Lu-LCO, which exhibits the best 
electrochemical performance among all Ln-LCOs. Therefore, 
we firmly believe that the careful structural design, for instance, 
by using this rule to wisely select foreign ions, in combina-
tion with multiple modification strategies, could yield record-
breaking LiCoO2 battery performance in practical applications.

7. Experimental Section
Material Synthesis: Battery grade LiCoO2 (Canrd, China), and 

analytically pure grade Ln(NO3)3·xH2O (Aladdin, China) were used as 
raw materials to prepare Ln-LCOs (Ln  =  Pr, Nd, Sm, Eu, Gd, Er, and 
Lu). For the synthesis of various Ln-LCOs, commercial LiCoO2 (wt. 
80%), polyvinylidene fluoride (PVDF) binder (wt. 10%), and carbon 
black (wt. 10%) were first mixed, and fabricated into a thin sheet by the 
powder tablet method. The thin sheet was used as a working electrode 
to match with lithium metal sheet and assemble into pouch Li half-
cell, then the Li half-cell was charged to achieve the Li-deintercalation. 
The amount of lithium ions removed was controlled at ≈1  mole% by 
limiting the charging capacity. After electrochemical delithiation, the 
cell was disassembled to obtain electrochemically delithiated LiCoO2 
(Li1-x▫xCoO2). The after-tested electrode was rinsed with dimethyl 
carbonate (DMC) to remove the electrolyte residue on the electrode 
surface, and then dried at 80 °C. Finally, the Li1-x▫xCoO2 was thoroughly 
mixed with Ln(NO3)3·xH2O and an appropriate amount of absolute ethyl 
alcohol by ball-milling, and subsequently calcined in air at 1000  °C for 
10 h to form Ln-LCOs. The excess of 5 wt.% Ln(NO3)3·xH2O was added 
to compensate for the Ln loss during high-temperature synthesis. 
During the calcination process, PVDF binder and carbon black were 
removed due to thermal decomposition, and Ln cations were doped 
in the LiCoO2 structure. In the synthesis process, LiCoO2 maintains its 
hexagonal structure without change in all synthesis stages (Figure S1a,  
Supporting Information). After electrochemical delithiaion, the 
(003) diffraction peak of LiCoO2 shifted slightly to a lower 2θ angle  
(Figure S1b, Supporting Information), indicating that the interlayer 
spacing of LiCoO2 was enlarged, which is conducive to the incorporation 
of large-sized Ln cations. After calcination doping, the (003) peak shifted 
to a lower 2θ angle, which proved that the Ln cations were successfully 
doped in the lithium layer. In this work, we  optimized the Lu doping 
content of Lu-LCO, and the results indicated that Lu-LCO doped with 
1% Lu has the best electrochemical performance (Figure S6, Supporting 
Information). Therefore, the performance comparison between various 
Ln-LCOs was also based on 1% Ln doping.

X-Ray Diffraction (XRD): The X-ray diffraction (XRD) measurements 
were conducted on a SmartLab (Rigaku, 9kW) diffractometer with Cu Kα 
X-ray source (λ = 1.5406 Å) at a scan rate of 5 min-1 between 15 to 70° 
(2θ). To obtain the lattice parameters of samples, the XRD patterns were 
fitted using Rietveld method by the general structure analysis software 
(GSAS), and the wRp and Rp values of all samples were controlled <5% 
to ensure the reliability of the fitting results. A specially designed cell 
device equipped with beryllium (Be) window was used to conduct the 
in situ XRD experiments. The in situ XRD patterns were recorded within 
the 2θ range of 15–25° during charging/discharging at a current density 
of 0.2 C (1C = 274 mA g-1), and the interval time for each 2θ scan was 
4 min.

Micromorphology and Microstructure Observation: The 
micromorphology of samples was observed by a FEI Apreo S LoVac 
field-emission scanning electron microscope (FE-SEM). The atomic 
resolution STEM-HAADF (scanning transmission electron microscopy 
with high angle annular dark field detection) imaging, nano-beam 
diffraction (NBD), and spatially resolved EDS were characterized by a 
Titan G2 60–300 microscope (300 kW) equipped with a probe spherical 
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aberration corrector and “super X” EDS system. Since the electron 
beam cannot penetrate micron-sized particles, the particles were 
thinned to <200 nm by a FEI Helios DualBeam Focused Ion Beam (FIB) 
operated at 2–30 kV. To prevent the specimen from being damaged and 
contaminated by the Ga ion beam, 1.5 µm thick Pt layer was deposited 
on the surface of the particles before lift-out and thinning.

X-Ray Photoelectron Spectroscopy (XPS): The surface chemistry of 
samples was investigated by ESCALAB 250 XI X-ray photoelectron 
spectroscopy (Thermo Scientific) with a Mg/Al Kα x-ray source. The 
binding energy of all samples was calibrated by C1s peak at 284.6 eV as 
the internal standard.

Electron Paramagnetic Resonance (EPR): Electron paramagnetic 
resonance (EPR) spectrometer is an extremely powerful tool for 
detecting oxygen vacancies and oxygen free radicals. The evolution of 
lattice oxygen of samples was investigated using Bruker A300-10/12 
electron paramagnetic resonance spectrometer with a magnetic field of 
100  kHz. For the preparation of EPR samples, PLCO/Li and Ln-LCOs/
Li half-cells were disassembled after cycled at 0.1 C for the first 5 cycles 
and 0.5 C for subsequent 45 cycles, and the after-cycled electrodes were 
rinsed with dimethyl carbonate (DMC) to remove the electrolyte residue 
on the electrode surface. The symmetrical EPR signal peaks centered 
g ≈ 2.003 ± 0.001 represent the O- free radicals or oxygen vacancies.[14] 
In addition, all EPR tests were performed at a low temperature of 100 K.

Synchrotron X-Ray Spectroscopy: All synchrotron X-ray spectroscopy 
(XAS) studies were performed at the Beijing Synchrotron Radiation 
Facility (BSRF, China). Soft X-ray absorption spectroscopy (sXAS) 
measurements at the O K-edge were conducted at beamline 4B7B. 
Hard X-ray spectroscopy (hXAS) measurements at the Co K-edge 
were performed at beamline 1W1B. Note that the pristine samples 
and after-cycled samples were performed in the transmission mode 
and fluorescence mode, respectively. The hXAS data were analyzed 
by the Demeter software package. Quantitative curve fitting of the k3-
weighted extended X-ray absorption fine structure (EXAFS) oscillation 
was performed within 0–4  Å using the ARTEMIS module of IFEFFIT. 
In this work, the cells for XRD, EPR, TEM, and XAS characterizations 
were tested in Li half-cells at 0.1  C for the first 5 cycles and 0.5  C for 
subsequent 45 cycles. Before the characterization of after-cycled 
electrodes, which were rinsed with dimethyl carbonate (DMC) to remove 
the electrolyte residue on the electrode surface.

Fabrication of Half-Cells: The electrochemical properties of LiCoO2/Li 
half-cells were conducted using CR2032 coin cells. For the fabrication of 
working electrodes, active materials (wt. 80%), polyvinylidene fluoride 
(PVDF) binder (wt. 10%), and carbon black (wt. 10%) were first mixed 
in N-Methyl pyrrolidone (NMP) solvent to form a homogeneous slurry. 
The obtained slurry was coated on an aluminum metal current collector, 
and then dried at 80 °C for 12 h. The loading of cathode active materials 
in all half-cells was controlled within the range of 3–4 mg cm-2. The coin 
cells were assembled in an argon-filled glovebox using lithium metal as 
counter electrode, Celgard 2025 membrane as separator, and the solution 
composed of 1 M LiPF6 in ethylene carbonate/dimethyl carbonate/ethyl 
methyl carbonate (EC : DMC : EMC = 1 : 1: 1 vol.%) as electrolyte.

Fabrication of Pouch Full-Cells: For the fabrication of pouch full-
cells, the cathode electrodes were prepared by mixing the cathode 
materials (wt. 95%), super-P (wt. 3%), and PVDF (wt. 2%) in NMP to 
form a homogeneous slurry, and coating the slurry to both sides of the 
aluminum metal current collector, followed by drying at 80 °C for 12 h. 
The areal density of cathode materials was controlled within the range of 
6–7 mg cm-1 (both sides of the current collector were 12–14 mg cm-1). 
The anode electrodes were prepared by mixing the commercial graphite 
(wt. 95%), super-P (wt. 2%), carboxy methyl cellulose sodium (CMC, wt. 
1.5%), styrene butadiene rubber (SBR, wt. 1.5%) in deionized water to 
form a homogeneous slurry, and coating the slurry on a copper metal 
current collector, followed by drying at 80 °C for 12 h. The areal density of 
anode materials was adjusted according to the capacity ratio of 1.05–1.10 
between anode and cathode. The separator and electrolyte used in the 
pouch full-cells were the same as those used in the half-cells.

Electrochemical Measurements: The electrochemical measurements 
of half-cells were conducted on a Land CT2001A battery test system. 

The electrochemical properties of all cells were measured at room 
temperature. For the half-cell tests, galvanostatic charge/discharge 
mode was performed. For the pouch full-cell tests, an additional 
constant voltage mode was added during the charging process. For the 
long-term cycle test, the pouch full-cells were first charged to 4.55 V at 
a constant current of 0.2 C, and then charged at a constant voltage of 
4.55 V until the current dropped to 0.01 C.

Note that the fresh pouch full-cells were cycled at low current 
densities for the pre-formation process before the long-term cycle test. 
Specifically, the pouch full-cells were charged at a constant current 
of 0.01  C for 2  h followed by resting for 10  min, and then charged to 
4.55 V at a constant current of 0.01 C and charged at a constant voltage 
of 4.55 V until the current dropped to 0.01 C. After resting for 4 h at room 
temperature, the pouch full-cells were discharged to 3  V at a constant 
current of 0.01  C. Finally, the pouch full-cells were rested at 50  °C for 
48 h to promote the contact between electrodes and electrolyte.

First Principles Calculations: The spin-polarized density functional 
theory (DFT) calculations were performed via the projected augmented 
wave (PAW) method [15] implemented in Vienna Ab initio Simulation 
Package (VASP) [16] with the Perdew–Burke–Ernzerhof (PBE) exchange-
correlation functional of generalized gradient approximation.[17] The 
lanthanides-doped LiCoO2 were modeled by substituting one out of 
27 Li or Co ions in the 3  ×  3 super cell. The plane-wave cutoff energy 
was set at 500  eV. For geometry optimization, the lattice parameters 
and all atoms were free to move in all directions until the force on 
each atom was <≈0.02  eV  Å-1 and the energy convergence threshold 
was set to 10-5 eV. The Brillouin zone was sampled with 3  ×  3  ×  2 
Gamma-centered k-point grid. The oxygen release energy of Ln-LCOs 
in the full Li state was calculated by removing the oxygen atom closest 
to the doped lanthanide atom. The calculation formula was as follows: 
DE = EO2

 + ELi1-x▫xCoO2
 – ELiCoO2

, where the EO2
 represents the energy of 

oxygen molecule, the ELi1-x▫xCoO2
 denotes the energy of defect LiCoO2 

with one oxygen vacancy, and the ELiCoO2
 stands for the total energy of 

perfect lanthanides-doped LiCoO2. For the calculation of Co force, all 
atoms and cell parameters were relaxed except the fixed c coordinates of 
the Co atoms. The misalignment values of Co in the c-axis were set as 0, 
0.01, 0.02, 0.03, 0.04, 0.05, 0.06, and 0.07 Å, respectively.
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