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energy density among the reported cathode 
materials, thus dominates the current bat-
tery market for electronics.[3,4] The prac-
tical reversible capacity of LCO is only 
≈160  mA h g−1 with a cutoff voltage of 
4.35  V, far below the theoretical capacity 
(274  mA h g−1), thus there is still a large 
space for expanding the capacity.[5,6] Fur-
ther increasing the charging cutoff voltage 
is the most effective approach to extract 
more Li+ from the LCO framework.[7,8] For 
example, La- and Al-co-doped LCO offered 
an initial capacity of ≈190 mA h g−1 with a 
cut-off voltage of 4.5  V and retained 96% 
capacity after 50 cycles,[9] and Ti-Mg-Al 
co-doped LCO offered an initial capacity 
of 202  mA h g−1 with a cut-off voltage of 
4.6  V and retained 86% capacity after 100 
cycles.[10] However, the origin of structural 
stability by these trace doping remains 
unclear, which restricts the further devel-
opment of high-voltage LCO.

Our recent work revealed the structural 
differences between regular LCO and high-voltage LCO at the 
atomic level, and correlated the curvature of the Co-O layers 
near the surface with structural instability.[11] Li’s group reported 
a hybrid Co cation and O anion redox occurred at a high voltage 
of 4.6  V.[12] As shown in Scheme 1a, the generated Co4+ and 
O− species at high potentials would induce the severe surface 
side reactions, including the catalytic decomposition of the 
carbonate-based electrolyte, and the lattice O loss in the form 
of CO2. Such O loss would lead to the irreversible Co migra-
tion, formation of dense Co3O4 spinel phase at the surface that 
would block Li+ diffusion,[13] and lattice distortion in the bulk 
evolving into microcracks upon cycling.[14] Aiming to effectively 
resolve these critical issues, surface engineering is proved to 
be a direct and efficient strategy.[15] Lu’s group reported the ter-
nary lithium, aluminum, fluorine-modified LCO with improved 
cycling stability when operating at 4.6 V.[16] However, the active 
material was covered with a large amount of Al2O3 and LiAlO2 
particles rather than a uniform coating layer, and it was still 
susceptible to HF attack from the electrolyte, thus the inter-
facial stability and structural integrity deteriorated upon long-
term cycling. LCO with modified surface by electrochemically 
stable solid electrolyte Li1.4Al0.4Ti1.6(PO4)3 was prepared through 
mechanical mixing followed by a high-temperature annealing 
process to mitigate the catalytic effect of surficial Co4+ species at 
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1. Introduction

Driven by the pressing demands for high energy density in port-
able electronics, the cathode materials in lithium-ion batteries 
are desired to have a large capacity and a high operating voltage.[1] 
Considering the high tap density of the micrometer-size single 
crystals,[2] LiCoO2 (LCO) is advantageous in terms of volumetric 
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high voltages.[17] Coating with metal oxides,[18] fluorides,[19] and 
phosphates[20] was also investigated for surface passivation, but 
the coating layer cannot fully cover the surface of LCO parti-
cles due to the structural incoherency.[4,21] Li’s group prepared 
LCO single crystals with a semi-coherent LiMn1.5Ni0.5O4 spinel-
like shell by means of an electrochemical method to extend the 
operating voltage to 4.6 V.[22] However, it is difficult to control 
the electrochemical-induced surface spinel phase to achieve a 
homogenous surface phase transformation.

Aiming to solve the concerns induced by the surficial Co4+ 
and O− species (Scheme 1a), we proposed a directed cation and 
anion dual gradient strategy for the surface modification of 
LCO (DG-LCO). As Al3+ and Co3+ have similar ionic radii (0.535 
and 0.545 Å, respectively) and the same valence, it allows for a 
wide scope of Al substitution into LCO lattice. The large AlO 
bonding energy and smaller change in crystal dimension made 
Al3+ substituted LCO exhibit the improved structure stability 
and the lower lattice strain upon charge and discharge pro-
cess.[23] F surface doping can mitigate the interfacial side reac-
tion with the electrolyte, as F participates into forming a more 
stable transition metal (TM)-F bond that can directly modify 
the anionic oxidation process at high charge voltage.[24] Fur-
thermore, it could generate surficial TMFx species as one of the 
favorable components of cathode-electrolyte interphase (CEI), 
which can effectively resist the corrosion of HF in electrolyte, 
thus protect the cathode surface from HF attack and improve 
the CEI stability.[25] Accordingly, as shown in Scheme  1b, the 
electrochemically inactive cation and anion, Al3+ and F− here, 
were selected to gradiently substitute Co3+ and O2− at the sur-
face, thus minimizing the highly oxidized Co4+ and O− species 
at near-surface region when charged to high potentials, and 
greatly suppressing the induced surface side reactions, which 
is the key to maintain the structure stability of LCO at high 
potentials. Furthermore, the gradient surface exhibited a co-lat-
tice spinel future, which facilitated interfacial Li+ transfer and 
mitigated the structure collapse in deep charge state. All these 
factors synergistically contribute to the substantially improved 

cyclic stability and rate capability of DG-LCO at high operating 
voltages. This strategy opens new opportunities to develop 
high-performance cathode materials for commercial lithiumion 
batteries.

2. Results and Discussion

2.1. Dual Gradient Co-Lattice Spinel Surface

DG-LCO was prepared through a simple wet-coating process 
followed by medium-temperature calcination for bare LCO. The 
crystal structures of bare LCO and DG-LCO were investigated 
by X-ray diffraction (XRD) measurement. As shown in Figure 1, 
all Bragg diffraction peaks can be well indexed to the typical 
layered α-NaFeO2 structure with a space group of R-3m without 
detectable impurities.[26] The obvious decrease in the ratio of 
(003)/(104) peak intensities may be ascribed to the much more 
random stacking among DG-LCO single crystals. The Rietveld 
refinement results (Figure S1 and Table S1, Supporting Infor-
mation) present nearly the same lattice parameters for bare LCO 
and DG-LCO, hinting little influence on bulk structure. Scan-
ning electron microscopy (SEM) images indicate that, DG-LCO 
does not exhibit obvious morphology change as compared with 
bare LCO (Figure S2, Supporting Information). The elemental 
distribution was visualized by energy dispersive spectrometer 
(EDS) mapping (Figures S3 and S4, Supporting Information). 
Inductively coupled plasma optical emission spectroscopy (ICP-
OES) results (Table S2, Supporting Information) and the EDS 
spectrum fitting results (Table S3, Supporting Information) 
indicate that, the total doping content of Al and F are very low. 
To determine the distribution of the doping elements inside the 
particle, a cross-section sample was prepared by the focused ion 
beam (FIB) for EDS mapping. It is clear that, Al and F elements 
are enriched at the near-surface region within a thickness of 
about 60 nm (Figure 1b,c), hinting a gradient elemental doping. 
The molar ratio of Co/Al/F is 1/0.22/0.23 (Table S4, Supporting 

Scheme 1.  Surface design of cation and anion dual gradient for LCO. a) Regular LCO, showing severe surface side reactions due to the highly oxidized 
Co4+ and O− species at high potentials. b) Cation and anion dual gradient LCO with the minimized Co4+ and O− species, showing suppressed side 
reactions at high potentials.
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Information), further confirming the local enrichment of Al 
and F. To quantitatively analyze the elemental distribution 
along the depth, EDS line scanning was carried out along the 
white arrow in Figure 1b. As shown in Figure 1d, according to 
the relative elemental content, the depth profile can be divided 
into three regions. Region A is an ≈10 nm outermost layer of 
Li-Al-O-F with a constant atomic ratio. Region B is an ≈60 nm 
layer with Li-Al-Co-O-F elemental gradient, wherein Al and F 
contents gradually decrease in contrast to the gradual increase 
of Co content, confirming the implementation of cation and 
anion dual gradient. In Region C, there was a constant content 

of Co, reflecting the pure LCO bulk without Al and F elements. 
High-resolution transmission electron microscopy (HRTEM) 
images and the selected-region FFT maps in Figure  1e were 
used to analyze the local structures. Region I exhibits a low 
degree of crystallinity, hinting the amorphous character of the 
Li-Al-O-F layer. The selected region in the cyan rectangle was 
zoomed in and FFT transformed on the right panel. The images 
reveal the typical spinel structure. TEM electron energy loss 
spectra (EELS) show that (Figure S5, Supporting Information), 
Li signal persists from the surface to the bulk, along with O and 
Co signals. It confirms that, LixCoO2-type spinel-like surface 

Figure 1.  Structure characterization of DG-LCO. a) XRD patterns of bare LCO and DG-LCO powders. b) TEM image of DG-LCO cross-section sample 
by FIB and c) the corresponding EDS mapping images. d) The elemental distribution along the depth based on the EDS line scan data. e) HRTEM 
image of the DG-LCO cross-section sample. The selected regions were enlarged and transformed to FFT maps on the right panel.
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structure formed in DG-LCO rather than dense Co3O4, which 
can help to enhance the Li diffusion due to the intrinsic 3D 
Li+ diffusion channels in spinel phase.[27] Similar process was 
performed for the green rectangle in Region III, and a typical 
layered structure with a (003) spacing of 4.8 Å was identified, 
same with bare LCO (Figure S6, Supporting Information), fur-
ther confirming the intact bulk structure. Above observations 
strongly confirmed that, dual gradient spinel-like surface with 
a thickness of ≈60 nm was uniformly and coherently integrated 
on crystalline LCO.

2.2. Improved Electrochemical Performance

The electrochemical performance of bare LCO and DG-LCO 
was first evaluated in half cells between 3.0 and 4.6 V. The first 
charge–discharge profiles in Figure 2a show the high discharge 
capacity of 218 and 216 mA h g−1 at 0.1 C (1 C = 200 mA g−1) 

for bare LCO and DG-LCO, respectively. The dQ/dV results in 
Figure S7 (Supporting Information) were deduced from the 
charge–discharge profiles. Three oxidation peaks at 3.8, 4.1, and 
4.4 V can be related to the continuous phase transition from H2 
to M1, M1 to H3, H3 to H1-3 (M2), respectively.[5,28] The similar 
phenomenon is observed in the cyclic voltammetry (CV) curves 
(Figure S8, Supporting Information). Upon the CV test process, 
the cathode suffers from shallow charge and discharge, namely, 
Li+ intercalation/deintercalation at the particle near-surface 
region, thus CV is sensitive to the electrochemical behavior in 
the near-surface region while the dQ/dV curve reflects the bulk 
behavior. Different from the dQ/dV curves, the reduction peaks 
in the CV curves for DG-LCO were sharper than those for LCO, 
indicating a faster Li+ diffusion kinetics in DG-LCO, especially 
at the surface. The Li+ diffusion coefficients in bare LCO and 
DG-LCO were determined by the galvanostatic intermittent 
titration technique (GITT). As shown in Figure S9b (Sup-
porting Information), the Li+ diffusion coefficient for DG-LCO 

Figure 2.  Improved electrochemical performance of DG-LCO. a) The first charge/discharge profiles of bare LCO and DG-LCO within 3.0–4.6 V at 0.1 C. 
b) Rate performance of bare LCO and DG-LCO cathodes. c) Cycling performance of bare LCO and DG-LCO at room temperature within 3.0–4.6 V at 
0.5 C and d) corresponding average voltage change upon cycling. e) Cycling performance of bare LCO and DG-LCO at 0 °C (0.2 C) and 45 °C (2 C) within 
3.0–4.6 V. f) Cycling performance of DG-LCO pouch full cell within 3.0–4.55 V (equivalent to 3.05–4.6 V vs Li/Li+) at 1 C.
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was calculated to be ≈1.12 × 10−10 cm2 s−1 in the interme-
diate discharged state, much higher than that for bare LCO 
(≈4.05 × 10−11 cm2 s−1), which can be attributed to the recon-
structed spinel-like surface with 3D Li+ diffusion channels in 
DG-LCO (see Figure  1). As shown in Figure S10 (Supporting 
Information), both LCO and DG-LCO exhibited the decreased 
impedances with the cycle number, hinting the evolved surface 
structure. The similar phenomena have been reported[29] and 
should be related with the surface structure reconstruction and 
the activation of bulk structure. Overall, DG-LCO shows much 
smaller impedance at all selected cycles than LCO, indicating 
the better surface structure. The rate capability was compared 
between bare LCO and DG-LCO (Figure  2b). The bare LCO 
exhibited discharge capacities of 217.9, 190.6, 146, 122.7, 95.5, 
61.5, and 35.3 mA h g−1 at 0.1, 0.2, 0.5, 1, 2, 5, and 10 C, respec-
tively, while the DG-LCO showed the higher discharge capaci-
ties of 216.3, 213.1, 200, 191.3, 166, 144.1, and 108.1  mA h g−1, 
respectively. Above results evidently prove the ultrafast Li+ 
extraction/insertion kinetics, which can be ascribed to the 3D 
Li+ diffusion channels in the unique dual gradient co-lattice 
spinel surface.

Long-term cycling stability at a high cutoff voltage up to 
4.5 V or even 4.6 V is a challenge for current commercial LCO 
cathodes. The cycling stability in the voltage range of 3.0–4.5 V 
was evaluated at 0.2 C. DG-LCO exhibited an initial capacity 
of 199.0 mA h g−1 and delivered 188.6 mA h g−1 capacity with 
94.8% retention rate after 200 cycles, while the bare LCO can 
only delivered 105.9 mA h g−1 capacity with 53.7% retention rate 
(Figure S11, Supporting Information). To evaluate the long-term 
cycling stability of cathodes, LCO and DG-LCO were further 
tested at 0.5 C in 3–4.5 V. As shown in Figure S12 (Supporting 
Information), DG-LCO cathode delivered an initial capacity of 
175.1 mA h g−1 and a capacity of 162.6 mA h g−1 after 900 cycles 
at 0.5 C, corresponding to an superior high capacity reten-
tion rate of 92.9%.[30] For comparison, the bare LCO can only 
deliver 73.4  mA h g−1 capacity after 300 cycles, corresponding 
to a capacity retention rate of 42.7%. The corresponding charge-
discharge profiles at different cycles are displayed in Figure S13 
(Supporting Information).

When the upper cut-off voltage was further increased to 
4.6 V, as shown in Figure 2c,d, DG-LCO delivered a capacity of 
170.8 mA h g−1 with a retention rate of 86.9% and an average 
voltage decay of 0.08 V after 200 cycles at 0.5 C at room tem-
perature. In comparison, the capacity of bare LCO decreased 
to 102.0 mA h g−1 with only 51.2% retention rate and a much 
severer decay of 0.28  V in the average voltage. Furthermore, 
DG-LCO presented a higher coulombic efficiency than bare 
LCO, suggesting less interfacial electrolyte decomposition 
reaction and a higher energy conversion efficiency. The corre-
sponding charge-discharge profiles at different cycles for bare 
LCO and DG-LCO are presented in Figure S14 (Supporting 
Information). In order to explore the potential application of 
the cathodes in extreme conditions, long-term cycling measure-
ments were carried out at 0 and 45 °C (Figure 2e). When cycled 
at 0 °C, DG-LCO showed a capacity retention rate of 83.4% after 
100 cycles at 0.2 C, in sharp contrast to bare LCO (49.9%). When 
cycled at 45 °C, DG-LCO achieved a capacity retention rate of 
87.5% after 100 cycles and 79.4% after 200 cycles at 2 C, whereas 
in LCO these values were only 49% and 35.4%, respectively.

For the scalable production, pouch full cells were assembled 
with DG-LCO cathodes and mesocarbon microbeads (MCMB) 
anodes in the negative/positive (N/P) ratio of 1.14:1, and cycled 
at room temperature in the voltage range of 3.0–4.55 V (equiv-
alent to 3.05–4.6  V vs Li/Li+) at 1 C. As shown in Figure  2f, 
DG-LCO pouch full cells delivered a capacity of 1800  mA h 
with a retention rate of 88.6% after 100 cycles. All these results 
demonstrate that, DG-LCO offers both high rate capability and 
cycling stability for all climates.

2.3. Suppressed Surface Side Reactions

To validate the suppressed surface side reactions by the dual 
gradient design, in situ differential electrochemical mass spec-
troscopy (DEMS) was conducted to monitor the release of gas-
eous O2 and CO2 during the first charge–discharge process. 
As displayed in Figure 3a, there is an obvious CO2 signal peak 
from bare LCO at high voltages, coming from the side reac-
tion between the carbonate-based electrolyte and the Co4+ and 
O− species at the surface of LCO. In contrast, no detectable 
CO2 gas can be observed for DG-LCO (Figure  3b), indicating 
that the surface side reaction was effectively suppressed. To 
further investigate the surface chemical property of bare LCO 
and DG-LCO, surface-sensitive XPS and soft X-ray absorp-
tion spectra (sXAS) in TEY mode were adopted.[31] The redox 
behavior of Co and O were investigated by the XPS spectra of 
Co 2p and O 1s, as well as the Co L-edge and O K-edge sXAS. 
As shown in Figure S15 (Supporting Information), there is an 
obvious peak shoulder at 782  eV that can be assigned to Co4+ 
when charging LCO to 4.6  V. Differently, no Co4+ signal is 
observed for DG-LCO. Furthermore, Co L-edge sXAS spectra 
were also collected to validate this point. As shown in Figure S16 
(Supporting Information), different from LCO, there is no 
obvious peak shift in Co L-edge sXAS spectra when charging 
from 4.5 to 4.6 V  for DG-LCO, indicating less Co4+ species at 
the surface. In O K-edge sXAS, the absorption peak at ≈530.5 
and 532  eV in the bare LCO can be related with the electron 
transition from O 1s to the hole state in O 2p-Co 3d hybridized 
orbitals (Figure S16c,d, Supporting Information). The broad 
higher energy peaks above 533.5 eV can be assigned to the tran-
sition to the hybridized states of O 2p and Co 4sp orbitals. When 
charged to 4.6 V, the absorption peaks at ≈529 e V (marked by 
the magenta arrows) are due to the rehybridizations between 
O and Co ions with greater effective nuclear charge in the local 
CoO bond.[32] Moreover, the shoulder absorption peak in the 
higher energy region of ≈531.2 eV can be assigned to the higher 
oxidation state O−.[33] In comparison, the decreased peak inten-
sity at ≈531.2  eV for DG-LCO hints the reduced O− species at 
the surface. Figure 3c shows the F 1s XPS profiles of bare LCO. 
The peak at 688 eV can be assigned to the CF bond of poly-
vinylidene fluoride (PVDF) binder. In addition, there is a high 
concentration of LiF (685.5 eV) formed at 4.5 V, which can be 
related to the decomposition of LiPF6 in electrolyte.[34] The LiF 
peaks also can be observed at 4.3 and 4.4  V (Figure S17, Sup-
porting Information), and there is a continuous increase in the 
peak intensity from 4.3 to 4.5  V, indicates a continuous elec-
trolyte decomposition reaction. However, the peak intensity of 
LiF suffered from a sharp decrease when further charged to 
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4.6  V, indicating CEI damage at higher voltage since LiF was 
considered as one of the main components of CEI. It has been 
reported that the LiF could decompose when the particle size 
decreases to nanosize.[35] The similar phenomena of the LiF 
decomposition at high charge voltage also have been found in 
previous reports, e. g. Liu’s work,[36] Lebens-Higgins’ work,[37] 
Yoon’s work,[38] and Cherkashinin’s work.[39] The unstable CEI 
structure (the repeated growth and damage of CEI) would cause 
a lower Coulombic efficiency (CE) for LCO (see Figure  2c). 
Moreover, the unsatisfactory interfacial side reaction would 
even cause irreversible phase transformation of the LCO sur-
face structure and result in a severe capacity degradation upon 
repeated cycling. In Figure  3e, the F K-edge spectrum of the 
pristine sample is contributed by the PVDF binder (≈690 eV). 
When charged to 4.5  V, an obvious shoulder peak appears at 
≈692 eV, which can also be ascribed to the LiF species. In com-
parison, there is no detectable LiF signal in both XPS and sXAS 
results of DG-LCO (Figure 3d,f). Overall, it is hard to identify 

the substituted F in DG-LCO due the little amount compared 
with PVDF, as the F sXAS spectra for OCV samples of LCO and 
DG-LCO are nearly the same. We deduce that, the decreased 
amount of lattice Co4+ and O− species on the particle surface of 
DG-LCO greatly hindered the decomposition reaction of both 
carbonate solvent and LiPF6 salt in electrolyte, enhancing the 
structural stability.

2.4. Enhanced Bulk Structural Stability

As the electrochemical performance is closely related to the 
structural evolution process upon cycling, ex situ XRD pat-
terns of DG-LCO electrodes at different states of charge during 
the first cycle were collected to track the structure evolution. 
Briefly, both bare LCO and DG-LCO experienced similar suc-
cessive phase transformations through H1→ H2→ M1→ H3 as 
they were discharged from OCV to 3.9, 4.2, 4.4, and 4.5 V,[7,40] 

Figure 3.  Dual gradient spinel-like surface prevented the interfacial side reaction. In situ DEMS of a) bare LCO and b) DG-LCO during the first 
charge–discharge process. The F 1s XPS spectra of c) bare LCO and d) DG-LCO at different states of charge. F K-edge sXAS spectra of e) bare LCO and  
f) DG-LCO under TEY mode at different states of charge.
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and obvious phase separation can be observed at 4.6  V, corre-
sponding to the phase transition from H3 to H1-3 (Figure 4a 
and Figures S18 and S19, Supporting Information).[41] To quan-
titatively compare the phase evolution processes of these two 
materials, the d-spacing of (003) peak was plotted as a function 
of the charge/discharge state in Figure 4b. At 4.6 V, bare LCO 
exhibited a severe lattice mismatch between H3 phase and H1-3 
phase with ∆d = 0.131 Å, while DG-LCO showed a smaller lat-
tice mismatch with ∆d = 0.073 Å, indicating a suppressed phase 
transition in DG-LCO.

The lattice mismatch between varied phases tends to induce 
lattice distortion and severely stress the structure.[42] HRTEM 

was used to characterize the structural change of bare LCO 
and DG-LCO cathodes when charged to 4.6  V. The surface 
region of bare LCO had transformed to spinel phase (indicated 
by the FFT map) with obvious lattice distortion in the neigh-
boring layered region. The observed curved fringes indicate 
severe disordering along the layer-stacking direction and build-
ups of increasing lattice stress (Figure  4c).[11] In comparison, 
the spinel surface of DG-LCO still persisted without inducing 
severe lattice distortion to the bulk (Figure  4d). To check the 
corresponding changes of the local structures upon cycling, 
the HRTEM images for the near-surface regions of LCO and 
DG-LCO at 10th, 50th, 100th, and 200th cycle were acquired. 

Figure 4.  Dual gradient spinel-like surface improved bulk structure stability. The ex situ XRD patterns of a) DG-LCO at different voltage states during 
the first cycle, and b) corresponding d-spacing evolution compared with bare LCO. The voltage points 3.9, 4.2, 4.4, 4.5, and 4.6 V were selected during 
charge process, and the voltage points 4.4, 4.3, 4.1, 3.8, and 3 V were selected during the discharge process. Cross-sectional HRTEM images of c) bare 
LCO and d) DG-LCO when first charged to 4.6 V (the insets are the corresponding FFT images, scale bar: 1/5 nm). Cross-sectional HRTEM images of 
e) bare LCO and f) DG-LCO after 200 cycles (the insets are the corresponding FFT images, scale bar: 1/5 nm).

Adv. Energy Mater. 2022, 12, 2200813
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As displayed in Figure S20 (Supporting Information), after 10 
cycles, LCO has a much thicker spinel region at the surface 
(>20  nm) than DG-LCO (≈10  nm). After 50 cycles, the spinel 
region for DG-LCO changes a little with sharp reflections in 
the FFT map while that for LCO becomes disordered with 
distorted lattice fringes indicated by the dispersed reflection 
in corresponding FFT map. After 100 cycles, the structural 
disorder for LCO becomes more serious while DG-LCO still 
preserves the good crystallinity. The bare LCO and DG-LCO 
materials after 200 cycles were cut through by FIB and the 
cross-section morphologies are displayed in Figure S21 (Sup-
porting Information). We can find lots of microcracks through 
the whole particle of bare LCO, while there were no obvious 
cracks in DG-LCO. The corresponding HRTEM image clearly 
shows numerous disordered regions with curved fringes and 
spinel-like regions in bare LCO after long cycling (Figure  4e). 
The lattice distortion and spinel phase accumulate especially 
near the particle surface (Figure S22, Supporting Information). 
In sharp contrast, DG-LCO can still retain the original lay-
ered structure in the bulk (Figure 4f) with a spinel-like surface 
(Figure S23, Supporting Information). The weaker spots in FFT 
map can be ascribed to the partial phase transformation from 
spinel to rock-salt phase, a thermodynamically more stable 
phase. As reported previously, the rock-salt phase is structural 
and electrochemically stable at highly delithiated state, thus 
the formed rock-salt phase can still protect the bulk structure 
upon cycling.[43] However, the TM ions in the Li layer would 
block the Li+ diffusion in the rock-salt phase, causing relative 
low Li+ diffusion dynamics and increased polarization,[44] con-
sistent with the charge/discharge profiles of DG-LCO with the 
cycle number in Figure S14 (Supporting Information). The XPS 
measurements for DG-LCO were carried out to further inves-
tigate the surface structure before cycling and after 200 cycles. 
As shown in Figure S24 (Supporting Information), the signals 
for Al show negligible change although the intensities are weak 
due to the low concentrations, hinting the stable dual gradient 
surface structure. F 1s XPS spectra for DG-LCO and LCO were 
also collected in Figure S25 (Supporting Information). LiF 
signal for DG-LCO is much weaker than that for LCO. It fur-
ther confirms the protective role of dual gradient strategy, con-
sidering that the formation of LiF comes from the surficial side 
reactions.

3. Conclusion

In summary, we successfully designed and constructed a cation 
and anion dual gradient spinel-like surface with a thickness 
around 60  nm in LCO by a wet-coating process followed by 
medium-temperature calcination. Comprehensive structural 
characterizations and electrochemical measurements demon-
strate that, the dual gradient design greatly reduced Co redox 
and O redox at the surface and minimized the Co4+ and O− 
species when charging to high potentials, thus decreased the 
related side reactions, making an ultrastable surface structure 
at 4.6 V high cutoff voltage. In addition, the surface has a spinel 
structure with the 3D Li+ diffusion channels, which enables the 
fast Li+ extraction/insertion kinetics during charge/discharge 
to achieve ≈191 mA h g−1 at 1 C at 4.6 V. All these advantages 

make DG-LCO an ultrastable cathode at high potentials, deliv-
ering a high capacity retention of 92.9% under a cutoff voltage 
of 4.5 V after 900 cycles, and also great cycling stability under 
4.6 V in the temperature range from 0 to 45 °C. The improved 
performance is validated in the pouch full cells. Our work 
unfolds new opportunities to design new cathodes with long 
lifespan and fast charge capability for high-energy-density lith-
ium-ion batteries.

4. Experimental Section
Material Synthesis: Bare LCO powders were purchased from Xiamen 

Tungsten New Energy Material Corporation. DG-LCO was prepared by a 
wet-coating process with 10 mmol LCO, 0.3 mmol Al(NO3)3 · 9H2O (99%, 
Aladdin) and 1.8  mmol NH4F (99%, Aladdin) solution with a molar 
concentration of 0.01 m followed by medium-temperature calcination.

Materials Characterizations: The crystal structure of samples was 
analyzed by XRD using a Bruker D8 Advance diffractometer (Cu Kα 
radiation, λ  = 0.154  nm). Rietveld refinements of XRD patterns were 
performed using GSAS software packages.[45] The ICP-OES (HORIBA 
JY2000-2) was conducted for elemental analysis. Morphology and 
elemental distribution investigation of the samples were conducted 
using a scanning electron microscope (SEM, Zeiss SUPRA-55) with 
a X-Max EDS detector. The HRTEM was performed on a JEM-100F 
microscope. TEM samples were prepared using the FIB. The chemical 
states of the selected elements were investigated by X-ray photoelectron 
spectrometry (XPS) on a Thermo Scientific Escalab 250Xi spectrometer. 
The sXAS measurements were conducted under the total electron yield 
(TEY) mode in an ultrahigh vacuum chamber at beamline 02B02 of the 
SiP·ME2 platform, Shanghai Synchrotron Radiation Facility (SSRF). The 
photon flux was about 1011 photons s−1 and the energy resolving power 
E/ΔE was up to 13 000@250 eV.

Electrochemical Testing: The positive electrodes were fabricated 
with 80 wt% active material, 10 wt% carbon black as the conductive 
additive, and 10 wt% PVDF (99%, Aladdin) as the binder. Then the 
powder was dispersed in N-methyl-1, 2-pyrrolidone (NMP, 99%, 
Aladdin) with continuously stirred for 12 h to obtain a homogeneous 
slurry. The slurry was then cast onto aluminum foil with a blade and 
dried at 120 °C in a vacuum oven for 12 h. The mass loading of active 
material was ≈3 mg cm−2. 2032-type coin cells were assembled in an 
argon-filled glovebox with LiCoO2 materials as the cathode materials, 
lithium foil as the anode, Celgard film as the separator, and 1 m LiPF6 
in ethylene carbonate/dimethyl carbonate (EC/DMC, 1:1 in volume) 
as the electrolyte. The pouch cells were fabricated with a capacity 
ratio of negative electrode capacity/positive electrode capacity (N/P 
ratio) = 1.14:1 with dimensions of 5.6  cm × 3.3  cm in the pouch-cell 
production line. The negative electrode was prepared with 92 wt% 
MCMB, 3 wt% SP (MTI Corporation KJ GROUP) and 5 wt% CMC 
binder. The positive electrode was fabricated with 92% LCO, 4% 
CNT, 2% acetylene black, and 2% PVDF binder. The mass loading of 
active material was ≈22 mg cm−2. The galvanostatic charge–discharge 
tests were carried out using a NEWARE battery test system. The CV 
and electrochemical impedance spectroscopy (EIS) were tested on a 
Solartron Analytical 1470E electrochemical workstation. The CV curves 
were obtained at a scan rate of 0.1 mV s−1 in the voltage range of 3.0–
4.6 V (vs Li/Li+) and the frequency range of EIS was 100 kHz to 0.1 Hz. 
The GITT was carried out on the Macrro Electrochemical Workstation. 
In situ DEMS was used to track O2 and CO2 gas evolution during the 
first cycle.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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