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a b s t r a c t

Lithium-rich manganese-based material shows great potential as the high specific cathode materials due

to its low cost, environmental friendliness, high operating voltage and simple preparation process. How-

ever, the poor capacity retention and cycling performance caused by its unstable structure during cy-

cling restrict the commercialization. In this work, Li1.2Ni0.16Mn0.56Co0.08O2 was synthesized utilizing a Co-

precipitation method and different amount of La(PO3)3 (La(PO3)3 =2 wt%, 4 wt% and 6 wt%) was selected

as the coating layer to resolve the above issues. During the calcination process, La(PO3)3 reacts with

impurities such as LiOH and Li2CO3 on the lithium-rich surface to reduce the residual lithium on the

surface, thus improving the interfacial stability, slowing down the corrosion of the electrolyte, and finally

enhancing its electrochemical performance. The cathode materials coated with 4% of La(PO3)3 showed

the best electrochemical performance in terms of capacity retention and cycling performance compared

to the pristine NCM. The high initial discharge capacity of 214.21 mAh/g and capacity retention of 94.2%

after 100 cycles at 0.1 C can be obtained. This work provides an effective strategy to protect the cathode

from corrosion and will promote its further practical applications in high specific Li-ion batteries.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Against the backdrop of serious environmental problems caused

by the increasing consumption of fossil fuels, lithium-ion batteries,

act as a clean energy source used in portable electronic devices,

have become an indispensable part of human life [1–3]. As the en-

ergy density of lithium-ion batteries is partially determined by the

cathode [4,5], and traditional cathode materials such as LiCoO2 and

LiFePO4 cannot meet the ever growing requirement of energy den-

sity with the increasing demand for portable energy storage de-

vices, long-haul electrical vehicles (EV) and hybrid electrical vehi-

cles (HEV), it is crucial to develop cathode materials with high-

capacity and high voltage [6–8].

Recently, lithium-rich manganese-based cathode materials

(xLi2MnO3(1-x)LiMO2 (M=Mn, Ni, Co)) has attracted a lot of con-

cern from scientists, due to the high charging voltage, a theo-

retical specific capacity of 250 mAh/g, and high energy density
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(1000Wh/kg) [9–11]. At the same time, these materials also have

many other advantages, such as good crystallinity, abundance and

environmental friendliness of Mn [12–15]. However, the low ini-

tial coulombic efficiency, severe voltage capacity fade during cy-

cling, and poor rate behavior limit the practical application of Li-

rich cathode materials to some extent [16–18]. Moreover, during

the preparation process, part of the lithium ions will enter the

lattice to form a stable structure, and many residual Li+ in the

form of Li2O will react with the water and oxygen wrapped around

the surface of the cathode material to form residual lithium com-

pounds such as Li2CO3 or LiOH [19–21], which will damage the

surface structure, causing the increase of the irreversible capacity

and reduction of the transfer-transport coefficient of lithium ions,

and finally severely hindering the electrochemical performance of

lithium-rich cathodes [22–25].

Surface coatings have been considered as an effective way to

improve the cycling stability and rate capability of cathode mate-

rials [26]. The surface coating has been proven to protect the ac-

tive material from corrosion by hydrofluoric acid by avoiding di-

rect contact with the electrolyte, preserving the oxygen ion vacan-
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Fig. 1. (a) Schematic illustration of the preparation process. SEM images of (b) NCM and (c) 4% La@NCM, (d) EDS spectra of 4% La@NCM. TEM images of (e) NCM, (f, g) 4%

La@NCM.

cies, reducing the oxygen ion activity and inhibiting oxygen loss

[27–29]. Surface modifications with metal oxides [30], fluorides

[31] and carbon [32] materials are commonly used to stabilize the

interfacial structure and mitigate electrolyte corrosion of lithium-

rich cathode materials. A thin layer of Al2O3 on the surface of the

cathode material could improve its electrochemical performance

and stability [33,34]. ZnO coating can reduce the side reaction be-

tween electrolyte and cathode and stabilize the surface structure of

electrode [35]. The initial irreversible capacity of the cathode mate-

rial can be reduced by coating a certain amount of MoO3 [36,37],

However, the lower conductivity of metal oxide will increase the

transmission path of lithium ions [38]. The cathode material after

coating with fluoride is less prone to phase change at high tem-

perature and has high thermal stability, the fluoride coating will

increase the irreversible capacity and reduce the initial Coulomb

efficiency [39], and carbon layer shows little improvement to the

electrochemical performance [40,41].

Metaphosphate is a three-dimensional lattice-like crystal, and

it can react with alkaline materials under sintering conditions to

form a complex phosphate. Furthermore, due to its polyanionic

characteristic, the binding of oxygen by the polyanionic group

may reduce the oxygen release from the cathode material [42–

44], which can improve the thermal and structural stability and

cycling performance of the lithium-rich manganese-based cathode

materials when employed as a protective layer. Herein, the lithium-

rich manganese-based cathode materials (Li1.2Ni0.16Mn0.56Co0.08O2)

were synthesized by co-precipitation method, and a three-

dimensional lattice-like crystalline La(PO3)3 was selected as the

coating material, which is a polyanionic material that can neutral-

ize and react with Li2CO3 and LiOH on the surface of Li-rich ma-

terials under the suitable sintering temperature to generate metal

phosphate compounds. This reduces the residual lithium on the

surface of the cathode material, improves the rate performance

and slows down the corrosion of HF corrosion. Meanwhile, a small

amount of La will enter the cathode materials during the sinter-

ing process to prevent Ni/Li from mixing, and thus stabilizing the

structure and improving the cycling performance of the lithium-

rich cathode materials.

The schematic diagram showing the preparation and mecha-

nism of the lithium-rich manganese-based cathode material is il-

lustrated in Fig. 1a. Li1.2Ni0.16Mn0.56Co0.08O2 (NCM) was prepared

by using co-precipitation method firstly, weigh the appropriate

amount of La(PO3)3 into the beaker with ethanol ultrasonically

dispersed, add the obtained NCM slowly to the solution, stir for

3h, and then the modified cathode material, namely La@NCM,

was obtained under suitable sintering conditions. The morphol-

ogy and EDS analysis of the as-prepared smples were investi-

gated by SEM (Figs. 1b and c, Figs. S1a-d in Supporting informa-

tion). The SEM morphologies of all samples are not very differ-

ent, and the particle size does not change abruptly after coating,

which is about 100–150nm. Fig. 1d shows the elemental distribu-

tion of 4% La@NCM, it can be seen that Li, Ni, Mn and Co are uni-

formly distributed on the surface of the material, and La and P ele-

ments are also detected, indicating the successful La(PO3)3 coating

formation.

TEM and HRTEM were employed to get further insights into

the structural characteristics of the hybrid coating layer (Figs. 1e-

g). The lattice stripe spacing of pristine NCM is 0.47nm, which is

consistent with the distance of the (003) crystal plane, revealing

its well-developed laminar structure (Fig. 1e). A well-defined layer

on the surface of the 2% La@NCM can be found (Fig. S2 in Sup-

porting information). Figs. 1f and g reveal that a thin layer with

the thickness of about 6.9 nm that uniformly covers the surface of

the 4% La@NCM particles, and the stripe spacing of 0.24nm and

0.42nm correspond to the (101) plane of the lamellar structure and

(020) crystal plane of monoclinic Li2MnO3, respectively, confirming

the existence of both the lamellar structure and spinel structure.

Meanwhile, it is shown in Fig. 1g that there are some local lat-

tice fringes in the coating, and the spacing of the lattice fringes is

about 0.28 Å, corresponding to the (012) crystal plane of LaPO4, in-

dicating that LaPO4 is well crystallized. The sintering temperature

affects the formation and crystallinity of phosphate to a certain ex-

tent, which is manifested as the formation of local lattice fringe

of La(PO3)3 in the coating. A heterogeneous and unbounded thick

coating layer on the surface of the 6% La@NCM particles can be ob-

served, and the magnification image further demonstrates that it

has an irregular morphology, indicating an excess of coating (Figs.

S3a and b in Supporting information). The surface area of pristine

NCM is 4.2681 m2/g, and the specific surface area of 4% La@NCM

and 6% La@NCM is 4.2880 m2/g and 4.0720 m2/g, respectively (Fig.

S4 in Supporting information). The specific surface area is reduced

when incorporating a large amount of La(PO3)3 coating materi-

als. The particles will agglomerate when increasing the amount of

coating material, and it can be inferred that the active atoms lo-

cated in the center of the NCM are unable to participate in the

electrochemical reaction and cannot fully exert the discharge per-
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Fig. 2. (a) XRD patterns and (b) FTIR spectra of NCM, 2% La@NCM, 4% La@NCM, 6% La@NCM. XPS spectra of (c) Ni 2p, (d), Mn 2p, (e) C 1s and (f) O 1s of the NCM and 4%

La@NCM. XPS spectra of (g) La 3d and (h) P 2p of 4% La@NCM.

formance duration the charging and discharging cycle, resulting in

the loss of capacity.

Figs. 2a and b and Fig. S5 (Supporting information) display the

XRD patterns and the FTIR spectra of samples. All samples show

almost the same diffraction peaks with the hexagona α-NaFeO2

phase (R-3m). Meanwhile, the lithium-rich characteristic peak of

Li2MnO3 with monoclinic crystal structure can be observed at 2θ
of 20°−23°. The two groups of two split peaks (006)/(102) and

(108)/(110) can also be clearly observed, which are enlarged in (Fig.

S5), and the obvious splitting confirms that all samples maintain a

high crystallinity. The crystallite parameters of the four groups of

samples are shown in Table S1. It can be concluded that the c/a

values of all the four samples are greater than 4.9, which further

indicates the well-structured characteristics of the samples. The

I003/I104 values of La@NCM are smaller than those of NCM, which

can be ascribed to that the polyanion La(PO3)3 can promote the

formation of spinel phase. Among them, 4% La@NCM shows the

least Ni-Li mixing and larger lattice spacing, which will be bene-

ficial to Li+ transport and finally helpful to enhance the rate per-

formance of the materials. Combined with Fig. S6 (Supporting in-

formation), it can be concluded that the existence of coating layer

can improve the thermal stability of lithium-rich manganese-based

cathode materials. The enhanced thermal stability of 4% La@NCM

was ascribed to the formed spinel phase [45], which not only ef-

fectively restrained the oxygen evolution during the electrochemi-

cal process, but also acted as the stable protective layer, stabilizing

the interface structure, and inhibiting the side reaction between

the cathode and electrolyte.

FTIR tests were used to clarify the interfacial states of the sam-

ples and the influence of moisture was strictly controlled through-

out the test process, as shown in Fig. 2b. The absorption peaks at

1100 cm−1 and 1600 cm−1 are assigned to C=O stretching vibra-

tion and C-O stretching mode, respectively, which are due to the

formation of Li2CO3 by the reaction between the residual lithium

on the surface of the cathode material and water and carbon diox-

ide in the air. The absorption peak near 3400 cm−1 can be at-

tributed to the O-H of LiOH. The intensity of the C-O, C=O and

O-H functional groups decreases and then increases with the in-

crease of La(PO3)3 content. The 4% La@NCM shows the lowest in-

tensity, indicating that the appropriate amount of coating can al-

leviate the formation of LiOH and Li2CO3. The formed Li2CO3 will

affect the de-embedding of Li+, destroy the structure of the sur-

face, and deteriorate the electrochemical properties of the cathode

materials.

X-ray photoelectron spectroscopy (XPS) was used to analyze

the valence state of cathode materials before and after coating as

shown in Figs. 2c-h and Fig. S7 (Supporting information). In Fig.

2c, two sets of peaks at 872.9 eV and 856.3 eV can be assigned to

Ni 2p3/2 and Ni 2p1/2, respectively, implying the presence of Ni2+

in the cathode materials. The smaller area of Ni2+ at Ni 2p1/2 for

the 4% La@NCM indicates that fewer Ni2+ ions in the Tm layer

enters the Li layer and the reduced Li/Tm mixing, which is con-

sistent with the previous XRD results [46,47]. The main peaks lo-

cated at 642.6 eV and 654.2 eV belong to Mn 2p3/2 and Mn 2p1/2,

respectively (Fig. 2d). The increase of Mn3+ after coating with 4% of

La(PO3)3 is consistent with the previously reported results. It indi-

cates that a small amount of La elements infiltrated into the NCM

and excited more active Mn3+ during coating process. The char-

acteristic peaks of Co elements at around 780 eV and 795 eV are

mainly in the form of +3 valence, which is also consistent with

the results of the NCM materials (Fig. S8 in Supporting informa-

tion). Fig. 2e shows the C1s profiles of the two groups of materi-

als, and the peaks at 289.3 eV and 285.1 eV correspond to the C-Li

and C-C bonds, respectively. After coating with 4% of La(PO3)3, the

area of C-Li bond is reduced, which indicates that the formation

of Li2CO3 on the particle surface is reduced. The O1s profiles of

the two groups of materials show that the characteristic peaks of

Li2CO3 and LiOH at 532 eV almost disappear, while the character-

istic peak of O2− at 529.2 eV remains unchanged, indicating that

the residual lithium on the cathode material surface can be ef-

fectively reduced by coating with La(PO3)3 layer (Fig. 2f). The La

and P elements are also detected in the coated NCM, the valence

state of La is attributed to LaPO4, and the spectrum of P is at 129–

139 eV, which confirms the presence of the mixture of (PO3)
3− and

(PO4)
3− in Figs. 2g and h. The coating can reduce the direct contact

area between the bulk phase material and electrolyte, slow down

the direct side reactions and improve the electrochemical perfor-

mance of lithium-rich materials.
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Fig. 3. (a) CV curves of the 4% La@NCM. (b) The initial discharge-charge curves, (c) The rate performance and (d) cycling performance of the cells. (e) Nyquist plots of

samples after one hundred cycles.

The cyclic voltammetric curves were tested to elaborate the

electrochemical mechanisms of the cathode materials during cy-

cling, as shown in Fig. 3a and Figs. S9a-c (Supporting informa-

tion). The oxidation peak at 4.0V can be ascribed to the oxidation

of Ni2+ to Ni4+ and Co3+ to Co4+ in LiMO2 (M=Mn, Ni, Co) and

the irreversible oxidation peaks at 4.6V is assigned to the detach-

ment of Li2O from Li2MnO3 to form MnO2. For the NCM materials

without coating, the oxidation peak at 4.6V is sharp and obvious

during the first scan, while the intensity of the peak gradually de-

creases and even disappears during the second to fifth scan. After

coating with La(PO3)3, the existence of the oxidation peak at 4.6V

during cycling indicates that the La(PO3)3 coating can constantly

activate the layered structure in the structure. The reduction peak

of pristine NCM at 3.2V during the negative sweep is due to the

reduction of Mn4+ to Mn3+, while after coating with 4% La(PO3)3,

the reduction peak at 3.2V can only be found after the full activa-

tion by Li2MnO3 in the fourth and fifth scans, which indicates that

the appropriate amount of La(PO3)3 coating will reduce the oxy-

gen loss in the material. In addition to the redox peaks mentioned

above, a new oxidation peak appears in CV curves of 2% La@NCM,

4% La@NCM and 6% La@NCM at about 2.7–2.9V, which is related

to the formation of the spinel structure and corresponds to the

short plateau of 2.75V in the first discharge curve of 2% La@NCM,

4% La@NCM and 6% La@NCM [48,49]. The electrode materials with

coating layer has a high degree of overlap in the fourth and fifth

CV cycles, indicating its good cyclic reversible performance.

To investigate the electrochemical performance of the cathode

materials, the cells with different cathode materials were cycled at

2.0–4.8V. The first charge/discharge curves of NCM, 2% La@NCM,

4% La@NCM, and 6% La@NCM show no significant difference with

the increases of the amount of La(PO3)3 coating. The initial dis-

charge specific capacities of NCM, 2% La@NCM, 4% La@NCM and

6% La@NCM at 0.05 C are 342.91 mAh/g, 296.83 mAh/g, 286.15

mAh/g and 228.81 mAh/g, respectively (Fig. 3b). The pristine NCM

has the highest discharge specific capacity at the initial cycle, and

the samples with coating layer show reduced lithium storage ca-

pacity due to the lower activity of the coating materials. The 6%

La@NCM has the smallest primary discharge capacity due to the

thick and uneven coating layer, which results in the transporta-

tion difficulty of lithium ions (Fig. 3b). The rate performance of the

NCM cathode material is greatly improved by coating 4% La(PO3)3,

and the discharge capacity of 227.11 mAh/g, 215.21 mAh/g, 198.02

mAh/g, 180.76 mAh/g and 158.40 mAh/g can be obtained at 0.1

C, 0.2 C, 0.5 C, 1 C and 2 C, respectively (Fig. 3c). More signifi-

cantly, a high discharge capacity of 221.07 mAh/g is recovered af-

ter the current density returns to 0.1 C, indicating that the mate-

rial has good rate behavior. The appropriate amount of La(PO3)3
coating can neutralize the residual lithium salt on the surface of

the lithium-rich material and form the new compound, which will

improve the ionic conductivity of the material and thus enhance

the rate performance. The discharge specific capacities after 100

cycles of NCM, 2% La@NCM, 4% La@NCM and 6% La@NCM at 0.1 C

are 192.70 mAh/g, 202.36 mAh/g, 214.21 mAh/g and 164.98 mAh/g,

and the capacity retention rates are 91.7%, 92.2%, 94.2%, and 70.9%,

respectively. In order to explore the electrochemical performance

of the coating material at high rate, the cycle test of the four sam-

ples have been carried out at 1 C rate (1 C=230 mAh/g), as shown

in the Fig. S10 (Supporting information). The discharge specific ca-

pacities after 50 cycles of NCM, 2% La@NCM, 4% La@NCM and 6%

La@NCM at 1 C are 141.73 mAh/g, 153.38 mAh/g, 170.40 mAh/g

and 98.38 mAh/g, and the capacity retention rates are 85.7%, 87.6%,

92.5%, 69.9%, respectively. When the current increases, the sam-

ples with more coating decays more rapidly, and the discharge

specific capacity is the lowest. The capacity of the pristine sample

NCM is slightly lower, and the high rate and cycling performance

of 4% La@NCM are the best, which is consistent with the cycle

at low current. With increasing the La(PO3)3 coating amount, the

discharge capacity of cathode materials increases firstly and then

decreases, and the highest capacity retention of 94.2% can be ob-

tained with 4% of La(PO3)3 coating (Fig. 3d). The thinner/thicker

and uneven coating layer will inevitably cause the capacity reduc-

tion. It further indicates that the protective layer formed by the

reaction between appropriate amount of La(PO3)3 and the residual

lithium salt on the surface of the lithium-rich material can allevi-

ate the corrosion of the cathode material caused by the electrolyte

during the cycling process.

Fig. 3e and Fig. S9d (Supporting information) show the Nyquist

plots of all the samples. The semicircle in the high frequency re-

gion reflects the charge transfer resistance (Rct), and the Rct value

increases slightly with increasing the coating material (Table S2

in Supporting information). The Rct values of NCM, 2% La@NCM,

4% La@NCM and 6% La@NCM are 39.74 �, 45.92 �, 47.84 � and

58.01 �, respectively; after 100 cycles at 0.1 C, the Rct values are

231.8 �, 197.7 �, 122.1 �, and 149.6 �, respectively. It can be

noted that the NCM sample has the largest Rct value, while 4%

La@NCM exhibits the smallest Rct value after cycling. Before cy-
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Fig. 4. (a) Schematic diagram of surface modified NCM. (b) XRD patterns of magnified diffraction peaks of (003) and (c-e) SEM images of NCM with different amount of La

after 100 cycles. (f) C 1s spectra, (g) F 1s spectra, (h) O 1s spectra of NCM and 4%La@NCM electrodes after 100 cycles.

cling, the wrapped phosphate on the surface of the material hin-

ders the movement of metal ions, the pristine NCM cathode ma-

terials suffer from electrolyte corrosion during cycling, while the

moderate amount of La(PO3)3 coating alleviates the corrosion of

HF on the surface of the particles and the structure of the cathode

material was stabilized, resulting in a lower Rct value.

To probe the effect of the coating layer on the electrode during

the charging and discharging process, XRD patterns, the morpholo-

gies, and XPS of the cathode materials after 100 cycles were ob-

served. Fig. 4a show in the process of calcination that metal com-

plex phosphate layer on the surface of cathode materials can be

formed, which plays the role of solid glass electrolyte with high

temperature resistance and fire resistance oxygen suppression, and

the coating formation can effectively resist the side reaction be-

tween the electrode material and HF. The surface layer of the pris-

tine NCM particles is R-3m layered structure, while the modified

material will form a uniform protective film on the surface of the

particles, and in the area where the particles are in contact with

the protective layer, the crystal structure belongs to the spinel

structure, which will induce a few Ni2+ ions into the Li layer, caus-

ing the Ni-Li mixing in some areas. Furthermore, the spinel struc-

ture is more stable than the lamellar structure, which hinders the

O2− transportation, thus reducing the oxygen loss in the material

and stabilizing the crystal structure of Li-rich Mn-based cathode

material during cycling.

As shown in Fig. S11 (Supporting information), the XRD pat-

terns of the recovered samples provide evidence of the quantitative

phase change of the material. After cycling, all samples remain the

same lamellar structure with different degrees of diffraction inten-

sity reduction of the main (003) peak, which means that the mate-

rial was also damaged to different degrees during cycling. The large

fluctuations of the pristine NCM (003) peak represent the contrac-

tion in the a and b axes and coexisting lattice extension in the c

axis, while the smallest deviation of the (003) peak position for the

4% La@NCM sample indicates the 4% La@NCM sample showed that

the appropriate amount of cladding suppressed the phase change

of the material to some extent that implying that the material is

structurally intact with minimal damage after cycling (Fig. 4b).

Fig. 4c shows that the NCM pole pieces fall off more seriously,

while after cycling, the surface of the particles without coating

is severely corroded by the electrolyte. The particles with 4% of

La(PO3)3 coating remain intact, thus it can be concluded that the

formed coating layer can alleviate the harmful corrosion of the

material by HF (Fig. 4d). However, it is also noted that the non-

uniformity of the coating layer wrapped on the surface of the par-

ticles leads to the deteriorated Li+transport paths, and the long-

term lack of Li+ outside will result in the increase of the Ni2+/Li+

mixed phase and inhibiting the Li+ from migration (Fig. 4e).

To further analyze the effects of La(PO3)3 coating on the

lithium-rich materials Li1.2Ni0.16Mn0.56Co0.08O2, the composition of

CEI film on the surface of NCM and 4% La@NCM after 100 cycles

was investigated using XPS (Figs. 4f-h). In C 1s, five peaks of OCO2,

C-C, C-H, C-O and C=O for two sets of samples can be observed,

where the C-C and C-H peaks are attributed to the binder PVDF,

and the peaks of C-O, C=O and OCO2 are attributed to the by-

products formed during the dissolution of the electrolyte during

charging and discharging. The lower peak intensities of C-O, C=O

and OCO2 of the 4% La@NCM sample compared to NCM demon-

strate the effective inhibition of the electrolyte decomposition (Fig.

4f). The F spectra shown in Fig. 4g are divided into three peaks

of PVDF, LixPOyFz and LiF, where LixPOyFz and LiF are generated

by the decomposition of LiPF6. The small area of the two groups

of peaks in 4% La@NCM indicates that the appropriate amount of

coating can effectively suppress the side reaction of the electrolyte

and less LixPOyFz and LiF are formed in the CEI membrane after

coating. In O1s spectrum (Fig. 4h), the ROCO2Li characteristic peak

of the NCM sample is clearly larger than that of the 4% La@NCM.

Based on the above XPS results, it can be concluded that La(PO3)3
coating of Li-rich materials can enhance the stability of the inter-

face to a certain extent by alleviating the corrosion of the electrode

and inhibiting the decomposition of the electrolyte.

In conclusion, the Li-rich cathode materials with La(PO3)3 coat-

ing were prepared successfully by co-precipitation method. The

appropriate amount of La(PO3)3 coating can improve the physical

and chemical properties of cathode materials by reacting with the

residual lithium on the cathode material surface. The structure can
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be well stabilized by preventing the cathode materials from corro-

sion during long-term cycling and the oxygen loss can be reduced.

The discharge specific capacity of Li-rich manganese-based cathode

materials with 4% La(PO3)3 coating at 0.1 C was retained at 214.21

mAh/g after 100 cycles, with a capacity retention rate of 94.2%.

This work opens a new way to improve the electrochemical per-

formance and structural stability of lithium-rich manganese-based

cathode materials.
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