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LiMgPO4-Coating-Induced Phosphate Shell and Bulk
Mg-Doping Enables Stable Ultra-High-Voltage Cycling of
LiCoO2 Cathode

Jiajie Zhong, Wenguang Zhao, Minghao Zhang, Zu-Wei Yin, Zengqing Zhuo,*
Shaojian Zhang, Mingjian Zhang, Feng Pan, Bingkai Zhang,* and Zhan Lin*

Stable cycling of LiCoO2 (LCO) cathode at high voltage is extremely
challenging due to the notable structural instability in deeply delithiated
states. Here, using the sol–gel coating method, LCO materials (LMP-LCO) are
obtained with bulk Mg-doping and surface LiMgPO4/Li3PO4 (LMP/LPO)
coating. The experimental results suggest that the simultaneous modification
in the bulk and at the surface is demonstrated to be highly effective in
improving the high-voltage performance of LCO. LMP-LCO cathodes deliver
149.8 mAh g−1@4.60 V and 146.1 mAh g−1@4.65 V after 200 cycles at 1 C.
For higher cut-off voltages, 4.70 and 4.80 V, LMP-LCO cathodes still achieve
144.9 mAh g−1 after 150 cycles and 136.8 mAh g−1 after 100 cycles at 1 C,
respectively. Bulk Mg-dopants enhance the ionicity of Co–O bond by tailoring
the band centers of Co 3d and O 2p, promoting stable redox on O2−, and thus
enhancing stable cycling at high cut-off voltages. Meanwhile, LMP/LPO
surface coating suppresses detrimental surface side reactions while allowing
facile Li-ion diffusion. The mechanism of high-voltage cycling stability is
investigated by combining experimental characterizations and theoretical
calculations. This study proposes a strategy of surface-to-bulk simultaneous
modification to achieve superior structural stability at high voltages.
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1. Introduction

The battery community is deriving an
urgent demand for high-energy-density
lithium-ion batteries (LIBs), hence the need
for cathodes with high-capacity and high-
voltage operation.[1,2] LiCoO2 (LCO) has
been widely used in electronic devices be-
cause of its high theoretical capacity, high
volumetric energy density, and good cy-
cling stability.[3,4] The energy density can be
improved by operating LCO at high volt-
ages. For example, the usable capacity in-
creases from 140 to 173 mAh g−1 by in-
creasing the upper cut-off voltage of LCO
cathode from 4.20 to 4.45 V (vs Li+/Li).[5,6]

Unfortunately, pushing the LCO cathode
to a higher cut-off voltage tends to induce
instabilities in the bulk and at the sur-
face and thus significantly degrades cycle
life.[7,8] First, the phase transition from O1
to H1-H3 results in irreversible structural
damage, leading to cracks on the surface
and gradual diffusion to the interior, fol-
lowed by electrolyte penetration into the
interior of the LCO particles along the

cracks, generating severe interfacial side reactions and the disso-
lution of high-valent Co ions.[9,10] Second, at high voltage, with
the large proportion of Li (capacity) migrating out of the lattice,
the density of states of O2− overlaps with that of Co3+/Co4+, re-
sulting in the oxygen redox in the bulk and oxygen precipitation
at the surface, aggravating structural degradations.[11] Thus, the
high-voltage operation of LCO remains a formidable challenge.

To push the cutoff voltage higher and fully utilize the theoreti-
cal capacity of LCO, various optimization strategies have been ex-
plored and developed, such as elemental doping, surface coating,
and suitable electrolyte additives adding.[12–19] Elemental doping
has been implemented to suppress phase transition at high volt-
ages (from O3, Monoclinic, O3, H1, H2, H3, to O1 phases with
Li ions extraction). However, if LCO cathode is exposed to the di-
rect attack of HF, the operation of a high-voltage charge (>4.5 V)
results in many detrimental cathode/electrolyte interface reac-
tions, such as Co dissolution and O loss, which leads to capac-
ity loss.[20,21] On the other hand, surface coating focuses more
on LCO surface structure, such as promoting surface charge
transfer, mitigating interfacial reactions, and limiting electrolyte
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Figure 1. a) The schemes of LMP coating process induced synergistic modification on LCO. b) XRD of bare-LCO and 1%, 2%, and 3%LMP-LCO. c) XPS
spectra of Mg 1s in bare-LCO (upper inset) and 2%LMP-LCO (lower inset). d) XPS etching profiles of Mg in bare-LCO (upper inset) and 2%LMP-LCO
(lower inset).

penetration. But simple coating without causing internal struc-
tural change to LCO is hard to suppress the phase transition of
LCO. Therefore, co-optimizing the bulk and surface properties is
the key toward better high-voltage operation of LCO than doping
or coating alone.

In this work, we demonstrate that a cost-effective LiMgPO4
(LMP) coating on commercial LCO cathodes (bare-LCO) enables
stable ultrahigh voltage cycling (>4.60 V). The schematic of the
LMP coating process and chemical composition of bulk Mg-
doped and surface phosphate-coated LCO samples (LMP-LCO)
are displayed in Figure 1a. During coating processes that involve
post-thermal treatment, partial Mg-ions in the coating layer dif-
fuse into the bulk structure of LCO, leading to Mg-doping at

Li-sites. Meanwhile, the substituted Li-ions in LCO also diffuse to
the outer surface of LCO along with the coating sources (Li+ and
PO4

3−) to form Li3PO4. Thus, LMP-LCO provides a LMP/LPO
(LiMgPO4/Li3PO4) protection layer on the surface of LCO and
stabilizes the structure of the LCO host via Mg-doping as well
as the interface between LCO and the electrolyte. After the bulk
and surface modification, LMP-LCO achieves a discharge capac-
ity of 149.8 mAh g−1@4.60 V and 146.1 mAh g−1 @4.65 V af-
ter 200 cycles at a current rate of 1 C. The electrochemical cy-
cling of LMP-LCO at cutoff voltages of 4.70 and 4.80 V still get
very good cycle stability comparable to that at 4.60 and 4.65 V.
As confirmed by both experimental characterization and theo-
retical calculations, the improved high-voltage electrochemical
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performance is ascribed to the full utilization of structural sta-
bility through the creation of an Mg-doped bulk structure.

2. Results and Discussion

2.1. Phase Composition and Structure of Bare-LCO and LMP-LCO

The LMP-LCO cathodes are prepared by a sol–gel method (see
the Experimental section). the X-ray diffraction (XRD) patterns
show that the original (003) peak (emerging at ≈19.6°), a direct
response to the lattice parameter c, shifts to lower angles with the
weight of LMP coating increasing, which reflects an increase of
lattice parameter c. Thus, after the sol–gel process is completed,
LMP coating leads to a slight increase in the crystal constants of
LCO with no change in the crystal structure (Figure 1b). The den-
sity functional theory (DFT) method is used to obtain the lattice
parameters (Table S1, Supporting Information), which suggests
a increased parameter lattices of c and V in LMP-LCO. Interest-
ingly, with the increase of weight percentages of LMP, there is no
diffraction signal belonging to the LMP, but the diffraction sig-
nal of crystalline MgO appears in 3%LMP-LCO, indicating that
the introduction of a large amount (3 wt.%) of precursor mag-
nesium salt leads to MgO formation and the amount of crys-
talline phosphate is too small to identify them. X-ray photoelec-
tron spectroscopy (XPS) with depth-profiling data has been used
to explore the composition changes of bare-LCO and LMP-LCO
(Figure 1c,d). Unexpectedly, for bare-LCO, Mg 1s spectrum dis-
plays a small peak area with binding energy (BE) of 1303.4 eV,[22]

indicating bare-LCO itself contains a certain amount of Mg2+.
For LMP-LCO, unsurprisingly, the peak intensity of Mg2+ spec-
trum is greatly increased, and the signal of P5+ spectrum takes
place at BE of 133.0 eV, which is attributed to P–O in phosphate
(Figure S1a,b, Supporting Information). XPS depth profile anal-
ysis supports that element P distribution within several tens of
nanometers in LMP-LCO due to the high-temperature calcina-
tion process (Figure S1c,d, Supporting Information). In addition,
the Co 2p spectrum of bare-LCO and LMP-LCO displays similar
satellite features (Figure S2a,c, Supporting Information), indicat-
ing the chemical environment of Co remains unchanged after
LMP coating. In O 1s spectra (Figure S2b,d, Supporting Informa-
tion), the peak located at 529.6 eV is characteristic of oxygen ions
in the LCO crystal lattice. The peak emerging at 531.6 eV is asso-
ciated with oxygen-containing absorbed species (such as C=O in
CO3

2−) on the LCO surface with a deficient coordination.[23–25]

The O 1s spectra peak of ≈532.62 eV is attributed to P–O in
phosphate. Indeed, the use of ion sputtering for depth profiling
may induce particle mixing and the creation of different phases.
Therefore, XPS depth profiling alone hardly provides quantita-
tive information evaluating the doping level of Mg-dopants and
detecting possible places of Mg-dopants.

High-resolution transmission electron microscopy (HR-TEM)
is used to further illustrate the changes between the pristine
bare-LCO and LMP-LCO (Figure 2a,b). A clear lattice stripe with
Co and Li layers (a crystal spacing of d = 0.455 nm) extending
to the very edge of atomic planes is observed in the bare-LCO
(Figure 2a). A fast Fourier transform (FFT) in the selected re-
gion 1 allows the observation of a very well-oriented (003) crystal
plane (Figure 2c,d).[26] Meanwhile, in contrast, a surface coating
layer with a thickness of ≈5–10 nm is readily observed after the

LMP coating, where the red dashed line indicates the boundary
between the LCO and the surface coating layer. FFT images in
regions 2 and 3 (Figure 2e,f) suggest that the crystal structure
of the reconstruction layer consists primarily of olivine structure
LiMgPO4 (well-oriented (020), (211), and (220) crystal faces), with
a few and dotted distribution of orthorhombic structure Li3PO4
((141), (131), and (211) crystal faces) at the outmost surface of par-
ticles. The presence of the Li3PO4 indicates that some Mg-ions in
the sol–gel may diffuse into the bulk phase of LCO and replace
Li-ions in LCO since a smaller ionic radius of Mg-ion (0.72 Å)
than Li-ion (0.76), in which the following chemical reaction takes
place during calcination: 3Li+ + 2Mg2+ + 2PO4

3− + 2LiCoO2 →
(LiMg)Co2O4 + LiMgPO4 + Li3PO4. More similar HR-TEM struc-
ture characterizations for bulk layered structure and surface coat-
ing layer are identified in Figure S3 (Supporting Information),
further confirming the intact bulk structure and a seamless coat-
ing layer of LMP-LCO particles. Further cross-section elemental
distribution of one LMP-LCO particle visualized by HR-TEM en-
ergy dispersive spectrometer (EDS) mapping (Figure 2g–j) shows
an overall homogeneous distribution of the elements Co, O, and
Mg in the bulk. In particular, element Mg is distributed homo-
geneously in the bulk and no obvious segregation is observed on
the surface, indicating Mg-ions may diffuse into bulk LCO. In
addition, scanning electron microscopy (SEM) images show that
the particles of the bare-LCO powder are very regularly with a di-
ameter of ≈ 3–5 μm (Figure 2k; Figure S4, Supporting Informa-
tion). After the LMP coating process, the spherical morphology
of 2% and 3%LMP-LCO (Figure 2m) is also very smooth with
no visible rough spots or pores compared to 1% LMP-LCO sam-
ples (Figure 2l,n). The uniformly elemental distributions are also
visualized by SEM EDS mapping (Figure S5, Supporting Infor-
mation). The above observations strongly confirm that LMP/LPO
surface coating layer with a thickness of ≈5-10 nm is smoothly,
uniformly, and coherently integrated on crystalline LCO, which
direct contact between the active substance and the electrolyte
(especially at high voltages) is avoided, thus inhibiting interfacial
side reactions.

2.2. Improved Cycling Stability at the Ultra-High Voltage

To reveal the advantages of the LMP coating modification, the cy-
cling stability and rate capability of bare-LCO and LMP-LCO cath-
odes are cycled in half cells with a high cut-off voltage (Figure 3).
The corresponding discharge–charge voltage profiles of cells with
bare-LCO and LMP-LCO cathodes are generally consistent with
the characteristic profiles of Li/LCO in carbonate-based elec-
trolytes (Figures S6–S9, Supporting Information). As presented
in Figure 3a, under the cut-off voltage of 4.60 V, the 2%LMP-
LCO archives a reversible capacity of 149.8 mAh g−1 at 1 C af-
ter 200 cycles, corresponding to a capacity retention of 73.42%
and Coulombic efficiency of ≈99.9%, while the pristine bare-LCO
cathode displays only 82.0 mAh g−1 and 42.44% capacity reten-
tion after 100 cycles. We note that the bare-LCO exhibits rapid
capacity fading and decreasing average discharge voltage com-
pared to the LMP-LCO. At a cut-off voltage of 4.65 and 4.70 V, the
capacity retention of 2%LMP-LCO is 71.76% (146.1 mAh g−1) af-
ter 200 cycles and 67.02% (144.9 mAh g−1) after 150 cycles at 1 C,
respectively (Figure 3b,c). To further evaluate the stability of the
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Figure 2. a,b) TEM/HRTEM images bare-LCO and 2%LMP-LCO, respectively. c–f) Corresponding FFT images calculated from blue zone (c), red zone
(d), yellow zone (e), and orange zone (f), respectively. g–j) The cross-section TEM EDS elemental mappings of Co, O, and Mg (scale bar: 500 nm) on
one 2%LMP-LCO particle. k) SEM images of bare-LCO, l) 1%LMP-LCO, m) 2%LMP-LCO, and n) 3%LMP-LCO, respectively.

LMP-LCO, cells based on LMP-LCO are also tested at the ultra-
high cut-off of voltage (4.80 V). After two activation cycles at
0.2 C, the first cycle (1 C) discharge specific capacity of 2%LMP-
LCO is 217.2 mAh g−1 with a coulomb efficiency of 96.78%. Af-
ter 100 cycles, the capacity retention of 2% LMP-LCO is 62.98%
(136.8 mAh g−1). With the increase in cut-off voltage, the cy-
cling performance effects of coating change become more ob-
vious. Moreover, the 1%LMP-LCO and 3%LMP-LCO cathodes
exhibit less reversible capacity and higher polarization in the
charge/discharge profiles compared to the 2%LMP-LCO, empha-
sizing the 2%LMP-LCO is the optimal amount in the coating pro-
cess (Figure 3d).

There are, however, two unexpected observations in the elec-
trochemical cycling of LMP-LCO. Specifically, first, in all cycling
performances at different cut-off voltages for both bare-LCO and

LMP-LCO, what is striking, really remarkable, that initial capac-
ity quickly loses within the first five cycles due to interfacial re-
action. After the five cycles’ charging/discharging processes, the
amount of capacity loss is greatly reduced, less than 0.18 mAh
g−1 per cycle. In the whole 200 cycles, the first five cycles con-
tribute 52% and 51% of capacity loss of 2%LMP-LCO cathode at
a cut-off voltage of 4.60 V and 4.65 V (Figure 3a,b), respectively.
A similar observation is also found for 4.7 V and 4.8 V cycling
of LMP-LCO. It indicates that capacity fading may be caused by
surface cobalt dissolution during the first five cycles.[27] Second,
for the 2%LMP-LCO electrodes, the retention of the discharge
capacity for the 4.70 V and 4.80 V cutoff is 78% and 72% for
10–150 cycles and 10–100 cycles, respectively. The cycle stabil-
ity with 4.70 V and 4.80 V cutoffs is comparable to that for the
4.60 and 4.65 V charging conditions, which is in contrast with the
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Figure 3. Improved electrochemical performance of LMP-LCO. a–d) Cycling performance of bare-LCO and 1%/2%/3% LMP-LCO within a) 3.0–4.60 V,
b) 3.0–4.65 V, c) 3.0–4.70 V, and d) 3.0–4.80 V (vs Li/Li+) at 1 C. e,f) Electrochemical impedance spectra of the bare-LCO and 2%LMP-LCO after the 1st,
10th, and 100th cycles, respectively. g) Rate performance of the bare-LCO and 1%/2%/3%LMP-LCO, respectively.

expectedly more severe degradation of the bulk and surface struc-
tures of LCO at high voltages.[28,29] At 4.80 V, LixCoO2 is almost
fully delithiated and exists in the O1 structure. This observation
implies that the LMP-LCO bulk and LMP/LPO surface are very
stable over ultra-high-voltage cycling.

Additionally, to evaluate the interface ion transfer resulting
from LMP modification, the combinatorial evaluation is done
using the galvanostatic intermittent titration technique (GITT),
electrochemical impedance spectroscopy (EIS), and rate capabil-
ity tests. The GITT curves of bare-LCO and LMP-LCO as a func-
tion of specified capacity (Figure S10a,b, Supporting Informa-
tion) shows that during the charging processes the voltage plat-
form of LMP-LCO (blue line) always displays a lower charged po-
tential than that of bare-LCO (red line) and during discharging
processes the voltage platform of LMP-LCO (blue line) always
displays a higher discharged potential than that of bare-LCO (red
line). By calculating the GITT curve, the polarization changes of
the two positive materials can be obtained (Figure S10c,d, Sup-
porting Information). By calculating the voltage variation of each

intermittent charge/discharge, we can see that the polarization
of 2%LMP-LCO is smaller than bare-LCO because of the inter-
face reaction inhibited by the coating layer. In Figure S11 (Sup-
porting Information), we calculated the ionic diffusion coefficient
of the two positive materials by the GITT and formula DGITT =

4
𝜋𝜏

( mBVM

MBS
)2(ΔEs

ΔEt
)2. Due to the LMP/LPO coating layer with 3D Li-

ion diffusion channels, the Li-ion diffusion coefficient (DLi+) for
2%LMP-LCO (≈2.1 × 10−9 cm2 s−1) raises more than one order
of magnitude compared to bare-LCO (≈3.5 × 10−10 cm2 s−1).

The above conclusion is further supported by EIS tests
(Figure 3e,f; Table S3 and Figure S12, Supporting Information).
The cathode interfacial resistance (RCI) of the bare-LCO cell in-
creases significantly after the first cycle, indicating sluggish Li-
ion transport through the cathode/electrolyte interface. However,
the increases in RCI of 2%LMP-LCO cell show only mild varia-
tions without a sharp increase, due to a stable cathode/electrolyte
interface with a robust charge-transfer kinetic after LMP mod-
ification. The rate capability further highlights the advantages
of our LMP-LCO samples. By linear fitting of the low-frequency
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region of the impedance spectrum (Figure S13, Supporting Infor-
mation), we obtained the regression equation of the fitting line
(Table S4, Supporting Information). The fitting results clearly
show that the slope k of the regression equation of bare-LCO is
much larger than 2%-LMP-LCO, and a higher slope meant poor
ion diffusion. The Li-ion chemical diffusion coefficient (cDLi+)
by impedance fitting is also given in Table S5 (Supporting Infor-
mation) based on the Equations S1 and S2 (Supporting Informa-
tion). After the 1, 10, and 100 cycles, the cDLi+ in 2%-LMP-LCO
is consistently higher than that of bare-LCO. Therefore, it can
be concluded that the Li-ion diffusion in coated samples is sig-
nificantly higher than in bare-LCO. It is important to take note
of the difference in the Li diffusion coefficient of EIS compared
to that of GITT analysis. The DLi+ calculated by GITT is higher
than that calculated by EIS. This difference is due to the results
obtained under different equilibrium conditions. Compared with
the GITT results, the EIS results are obtained under more bal-
anced conditions, and the electrode has a longer relaxation time.
At all tested rates, the LMP-LCO exhibits a higher capacity than
that of bare-LCO (Figure 3g). 2%LMP-LCO delivers a reversible
discharge capacity of 120.8 mAh g−1 after a 25-folds increase
in the current rate from 0.2 to 5 C within a cut-off voltage of
4.65 V. When the current rate is reset back to 0.2 C, the capacity
of 2%LMP-LCO is almost fully recovered. These results clearly
verify that LMP modification guarantees bulk structural stability,
high cathode/electrolyte interphase stability, and maintain a be-
nign Li-ion transport. Overall, LMP-LCO shows greatly improved
electrochemical performances at ultra-high charging cut-off volt-
ages of 4.60, 4.65, 4.70, and 4.80 V compared with bare-LCO (a
comparison of the performances with reports in the literature for
high-voltage LCO is also provided in Table S6, Supporting Infor-
mation).

2.3. Structural Reversibility and Interfacial Stability of LMP-LCO

To illuminate the reasons for the improved electrochemical per-
formances after LMP modification, the cyclic voltammograms
(CV) profiles of bare-LCO and LMP-LCO are first studied.
Figure 4a,b display the initial five CV profiles carried out between
3.0 and 4.65 V. As can be seen from CV curve, the transformation
(two reduction peaks) related to H1-3→O3(II) and O3(II)→O3(I)
in bare-LCO gradually weakens and tends to disappear with the
increase of cycle number.[5,30] In sharp contrast, the two reduction
peaks of LMP-LCO could still be observed with the increase in
scans. Furthermore, in the CV curves of bare-LCO, the potential
differences between the oxidation and reduction peaks at two O3
phase transitions also increase from 0.38 to 0.79 V, and thus the
bare-LCO cathode sufferes from larger polarization.Therefore,
the LMP-LCO cathode shows excellent reversible redox peaks and
very small polarization, which suggests high structural reversibil-
ity and contributes to the outstanding electrochemical perfor-
mances as discussed in Figure 3.

It is noteworthy that for LCO cathode, with the increase of the
voltage, oxygen redox (O2− ↔ On−) in cobalt oxide layers (-CoO6−)
begins to contribute to capacity. At high potentials (>4.60 V), due
to the overlap of O2− 2p orbit and Co3+/Co4+ pair in cobalt ox-
ide layers of LCO, the oxidation/reduction processes of LCO no
longer be provided by cobalt metal alone, and anionic oxygen is

also involved.[5,27,31] The oxidized On− species will alter the CoO6-
coordination status in cobalt oxide layers, and even be induced to
release O2. Therefore, oxygen redox reversibility is crucial to the
structural reversibility and stability of the LCO cathode at high
voltages. To further elucidate the boosted structural reversibility
of LMP-LCO, the oxygen K-edge high-efficiency mapping of res-
onant inelastic X-ray scattering (mRIXS) technique with a prob-
ing depth of 100–200 nm is employed.[32,33] This technique can
differentiate the intrinsic oxygen signal from the strong transi-
tional metal character that is enlarged in the spectroscopic analy-
sis of O K-edge, thus identifying the oxygen redox activity of LCO.
Figure 4c,d show the O K-edge mRIXS mapping in bare-LCO and
2%LMP-LCO cathodes at different charge/discharge states, re-
spectively. In pristine samples of bare-LCO and 2%LMP-LCO, the
vertically extended, broad features (brown and white regions) at
≈524 eV emission energy correspond to Co−O hybridization. Af-
ter charging to 4.65 V, this hybridization feature remains strong
and further broadened due to the increased Co−O hybridization
in highly oxidized states. More importantly, the feature of lat-
tice oxidized oxygen merges at ≈522.3 eV emission energy (red
circle). When LMP-LCO cathode is discharged to 3.0 V, the fea-
tures disappear, indicating reversible oxygen redox in LMP-LCO.
Strikingly, the strong signal for lattice oxidized oxygen in LMP-
LCO cathode is well maintained after 50 cycles and even en-
hanced after 10 cycles. For a direct comparison, during the first
cycle, the signal of lattice oxidized oxygen in bare-LCO appears
when charged to 4.65 V and then disappears when discharged
to 3.0 V, indicating oxygen redox behavior of bare-LCO similar
to that of LMP-LCO cathode in the first cycle. However, after 10
cycles, the intensity of the oxidized oxygen signal decreases sig-
nificantly, and after 50 cycles, the intensity is still weakened, indi-
cating a fast decay of the oxygen redox reactions after the repeated
charge/discharge process, in contrast to that of LMP-LCO. There-
fore, this finding supports the idea that the LMP-LCO cathode has
superior oxygen redox stability, which stabilizes the cobalt oxide
layers in LCO.

To evaluate the interfacial stability of bare-LCO and LMP-LCO,
post-mortem scanning electron microscopy (SEM) analyses are
performed before and after cycles to monitor their surface mor-
phologies. As shown in Figure 5a,c, after 100 charge/discharge
cycles, visible micro-cracks and the exposed layer structures (red
arrow) caused by the accumulation effects of stress can be ob-
served on the surface of bare-LCO compared to its pristine sam-
ple, which suggests there is a degradation of the surface struc-
ture. The direct exposure of the interior structure to electrolytes
will lead to an increase in cobalt leaching and a sharp decay
in capacity after prolonged cycling at high voltages. In contrast,
the surface of LMP-LCO particles remains intact (Figure 5b,d),
is uniformly distributed, and has no cracks after 100 cycles. To
further analyze the effect of LMP coating on interfacial stabil-
ity, the operando differential electrochemical mass spectrometry
(DEMS) experiments are performed to capture gas evolution dur-
ing the first charge of bare-LCO and 2%LMP-LCO to 4.65 V,
as shown in Figure 5e,f. Irrespective of the cycling profile, gas
O2, which is largely related to the activity of oxygen on the cath-
odes’ surface, is detected above 4.0 V versus Li+/Li for both bare-
LCO and LMP-LCO; however, near 4.40–4.65 V, the O2 gas re-
leased from the LMP-LCO cathode is much less than that of
the bare-LCO. It is suggested that the LMP modification could

Small 2023, 19, 2300802 © 2023 Wiley-VCH GmbH2300802 (6 of 11)
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Figure 4. a,b) Cyclic voltammetry of cells with bare-LCO and 2%LMP-LCO at a scan rate of 0.2 mV s−1 within 3.0–4.65 V, respectively. c,d) The O K-edge
mRIXS mapping of the bare-LCO and 2%LMP-LCO cathodes at different charge/discharge states.

efficiently suppress the evolution of O2 gas. Meanwhile, the re-
leased CO2 gas for the LMP-LCO, which is usually derived from
the carbonate-electrolyte decomposition reactions at high volt-
ages, is also smaller than that of the bare-LCO. Therefore, the
LMP modification on LCO can hinder the formation of highly
reactive oxygen radical during the electrochemical process.

It is natural to ask why the LMP modification promotes struc-
tural reversibility, i.e., redox reversibility of Co and O ions in Mg-
doped LCO (Mg-LCO, in Figure 6a). To this end, we have ana-
lyzed the geometrical and electronic structure for LCO with and
without Mg-dopant by the DFT method. One thing to note is that

oxygen redox is often ascribed to the covalency of the transition
metal and oxygen bonds.[11,34] Many theoretical studies and exper-
iments have proved that oxygen would be involved in the redox
reaction of cathodes due to the net charge density gains or losses
around oxygen.[35,36] Therefore, the oxygen redox reversibility can
be improved by properly reducing the covalent strength of the
Co−O bonds. The energy difference between the transition metal
(TM) and oxygen band centers, i.e., Δ, reflects the covalent and
ionic strength of the TM−O bonds. The significant increase of
Δ (less covalent strength) suggests that the TMs are mostly re-
sponsible for the redox process. Figure 6b shows the projected

Small 2023, 19, 2300802 © 2023 Wiley-VCH GmbH2300802 (7 of 11)
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Figure 5. a–d) SEM images of bare-LCO (a,c) and 2%LMP-LCO (b,d) before and after 100 cycles. e,f) DEMS during charging the bare-LCO and 2%LMP-
LCO cathode to 4.65 V, respectively.

Figure 6. a) The crystal structure of Mg-LCO. b) The density of states projected over the Co 3d and O 2p states at Li0.5CoO2 (left) and Li0.5MgCoO2
(right) with the schematic orbital energy diagram of Co 3d and O 2p states to evaluate the influence on the electron structure change of Co and O by
the Mg-doping. c) The ΔCo3d -O2p-composition profile for LCO with and without Mg-dopant, where ΔCo3d -O2p is the energy gap between Co 3d and O 2p
band center. d) The Bader charge of Co and O ions with the increase of Li content in LCO and Mg-LCO. e) The cell volume-composition profile for LCO
and Mg-LCO.
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density of states (pDOS) of the Co 3d and O 2p orbitals in the LCO
and Mg-LCO with the band structure of the redox mechanism.
The energy difference calculated through the results of pDOS,
Δ, expands ≈0.58 eV after Mg-doping, from 2.14 to 2.72 eV. Elec-
tron removal from this scenario is more likely to result in an ad-
equately positioned band for triggering reversible anionic redox.
In other words, this reduces the probability of neighboring oxy-
gen bonds (O−O) by electron transfer and enhances the stability
of the oxygen skeleton. And more pDOS calculations in LixCoO2
(0 ≤ x ≤ 1) (Figure 6c; Figure S14, Supporting Information) fur-
ther demonstrate that Mg-doped LCO always has a larger Δ than
that of pure LCO. Figure 6d shows that the Bader charges of Co
and O in Mg-LCO are always larger than those in pure LCO at
different delithiated states, indicating Co cations have fewer pos-
itive charges and O anions have more negative charges. This re-
sult is consistent with the prediction of energy difference, i.e.,
Mg-doping reduces the covalency of Co−O bonds. More impor-
tantly, the Bader charge results (Figure 6d) also indicate that Mg-
doping in Li-sites will lower the average valence state of Co, i.e.,
+(3-𝛿). The low valence states of Co on the surface can inhibit
the highly oxidized states on the particle surface even at high
voltages, which mitigates the detrimental side reactions through
decoupling Co redox and O redox. The cell volume change in
Figure 6e shows delithiated process causes a gradual decrease
of cell volume in Mg-LCO, but jagged-like changes for pure LCO
(decreases first, then increases, and last decreases). Therefore,
Mg cations in the LCO act as pillars to stabilize crystal structure
during the charge–discharge processes and prevent fatigue crack
brought by cumulative strain and stress.[37,37] In addition, Mg-
doping slightly reduces the bandgaps of LCO at delithiated states
(Figure S14, Supporting Information). Therefore, the above anal-
ysis suggests the reversibility of the phase transitions during the
charge–discharge cycling, which is confirmed above by mRIXS,
SEM, and DEMS results.

3. Conclusion

In summary, a facile but effective approach to surface modifica-
tion based on the sol–gel method has been applied to one-step
create bulk Mg-doping and surface LMP-LPO coating for LCO
cathode without causing structural destruction. The co-modified
LCO, i.e., LMP-LCO, shows an initial discharge capacity of 203.6
mAh g−1 and 71.76% capacity retention after 200 cycles between
3.0 and 4.65 V. It’s worth noting that initial capacity loss for
the first five cycles is quite severe but from 5th to 200th cycle,
2%LMP-LCO can achieve capacity retention of 81.8% and 81.3%
at a cut-off voltage of 4.60 and 4.65 V, respectively. The capacity
retention of LMP-LCO with 4.70 and 4.80 V cutoff cycling is still
comparable with that with 4.65 V, indicating the excellent stability
of the LMP-LCO. Excitingly, the LMP-LCO cathode exhibits a spe-
cific capacity of up to 120.8 mAh g−1 at the high current density
of 5 C at the cut-off voltage of 4.65 V. Experimental characteriza-
tions and DFT calculations have been employed to prove that the
optimization of both the bulk and surface leads to high structural
reversibility and interfacial stability. Moreover, the Mg-pillars not
only improve lattice oxygen redox by decreasing the O 2p band
center and tailoring the energy gap between the O 2p and Co 3d
band centers but also further decrease the lattice strain and stress
to prevent cracks and breakages.

Consequently, the structural stability of the LMP-LCO cath-
ode material is enhanced, which improves capacity retention af-
ter long-term cycling. The Mg-doping changes the intrinsic elec-
tronic structure of LCO cathode materials, thus affecting their re-
dox reactions during charge–discharge processes, especially oxy-
gen redox. This work provides a new avenue for the study of high-
voltage LCO batteries and a reference for the large-scale process-
ing of commercial LCO cathode materials. It is also hopeful to
develop a series of LMP@layered Ni-Co-Mn or Ni-Co-Al, etc. to
maintain excellent stability of the layered structure under high
voltages.

4. Experimental Section
Preparation of LMP-LCO: Bare-LCO was provided by Xiamen Tung-

sten Co., Ltd (XTC). Ltd. LMP-LCO with different weight percentages of
LMP (1%, 2%, and 3%) were synthesized via a sol–gel and calcination
process. Typically, the amount of CH3COOLi·2H2O, C4H6MgO4·4H2O,
and NH4H2PO4 was calculated(in the case of forming 2% LMP-LCO,
CH3COOLi·2H2O : C4H6MgO4·4H2O : NH4H2PO4 = 0.051 g : 0.102 g
: 0.055 g), First, CH3COOLi·2H2O and C4H6MgO4·4H2O were sequen-
tially added to beaker A containing CH3CH2O (20 g) and C6H8O7·H2O
(2 g), stirred at room temperature until completely dissolved, and C-LCO
(3 g) was added to beaker A and stirred at 80 °C for 10 min. NH4H2PO4
was added to beaker B containing 5 mL of deionized water and stirred
at 80 °C until completely dissolved. The solution in beaker B was added
dropwise to beaker A, and kept stirring at 80 °C until the liquid appeared
to gel. The mixture in beaker A was then dried in a vacuum drying oven
(100 °C, 12 h). The dried mixture was thoroughly ground into powder and
was calcinated at 800 °C for 2 h with a heating and cooling rate of 5 °C
min−1 to get LMP-LCO.

Cells Assembling: The positive electrode was by mixing 80 wt.% cath-
ode, 10% conductive agent (Super P), 10% binder (PVDF), and N-
methylpyrrolidone (NMP) evenly to get slurry, the slurry is uniformly
poured on the aluminum collector, and then vacuum drying at 120 °C for
12 h, then cut into a diameter of 14 mm disk system. In a glove box filled
with argon gas (H2O/O2 < 0.01 ppm), the LCO/Li and LMP-LCO/Li coin
half-cells (CR2016) were assembled using the prepared positive electrode
and lithium foil as a negative electrode and polypropylene diaphragm.
The liquid electrolytes were composed of 1 m LiPF6 and ethylene carbon-
ate/ethyl methyl carbonate (EMC) (EC/EMC = 3:7, V/V).

Electrochemical Tests: The galvanostatic discharge/charge measure-
ments of with LCO cathodes were conducted within 3–4.60 V, 3–4.65 V,
3–4.70 V, and 3–4.80 V using the battery testing system (LAND, Wuhan)
under room temperature (25 °C). The cyclic voltammetry of LCO/Li and
LMP-LCO/Li half cells was tested by CHI760E electrochemical workstation
with a scanning range of 3.0–4.65 V and a scanning speed of 0.2 mV s−1.
The Electrochemical alternating current impedance (EIS) was measured
using the CHI760E electrochemical workstation in the frequency range of
106–10−1 Hz and under 5 mV disturbance. The GITT curves of the cell
were performed with a 20 min discharge at 53 μA followed by a 40 min
relaxation.

Materials Characterization: The XRD data were collected on a Rigaku
MiniFlex600 powder diffractometer using a Cu K𝛼 source (𝜆 = 1.5418 Å)
in the range of 2𝜃 = 10.0–90.0°, with a step length of 0.02°, and each step
was 2s. The surface morphology and element distribution of the materials
before and after reduction were analyzed by a field emission scanning elec-
tron microscope (FESEM, JEOL JSM6700) and EDS. The coating layer on
the surface of LCO was analyzed by a high-resolution transmission elec-
tron microscopy (HRTEM, JEOL JEM-2100F) at an accelerating voltage of
≈200 kV. The 2%LMP-LCO samples were prepared by a focused ion beam
(FIB). An X-ray photoelectron spectroscopy (Thermo ESCALAB 250Xi) was
used to surface of samples by-product generation, and the binding ener-
gies reported herein were corrected regarding C 1s peak of the C–C/C–H
at 284.4 eV. An Al K𝛼 monochromatized radiation (h = 1486.6 eV) was

Small 2023, 19, 2300802 © 2023 Wiley-VCH GmbH2300802 (9 of 11)
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employed as an X-ray source. The surface of the specimen was sputtered
by inert gas ion bombardment with a sputter rate of 15 nm (SiO2 as stan-
dard reference) for each time, and spectra were then collected from the
center of an etched area. Survey spectra were recorded with a pass energy
of 0.125 eV, and high-resolution spectra were recorded with a pass energy
of 0.02 eV. O-K mRIXS of LCO electrodes before and after cycles was deter-
mined by the X-ray absorption spectra (XAS) at the American Light source
(ALS). The obtained data were analyzed by Athena software. The excitation
energy resolution was ≈0.35 eV, and the emission energy resolution was
≈0.25 eV. The excitation energy step of all mappings was 0.2 eV. mRIXS
were collected at each excitation energy. Finally, the final 2D image was
obtained by normalization, integration, and combination of the beam flux
and acquisition time.

Calculation Methods: All DFT calculations were performed using first-
principles density functional theory-based calculations as implemented
in the Vienna ab initio simulation package (VASP) within the projector
augmented-wave approach.[38,39]The exchange-correlation functional uti-
lized was at the generalized gradient approximation level proposed by
Perdew–Burke–Ernzerhof (GGA-PBE).[40,41]Cut-off energy of 500 eV was
used for all calculations. The k-point sampling grids are set to 4 × 4 × 3
for the LiCoO2 system with 48 atoms. The Mg-doped LCO system was built
on the 48-atom LiCoO2 system by replacing one Mg2+ with two Li+-ions.
All atomic coordinates along with the lattice constants of the LCO and
Mg-doped LCO were optimized fully until the force convergence criterion
of 0.01 eV Å−1 was reached.

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