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a b s t r a c t

The ultra-high nickel cathode material has important application prospect in power lithium-ion batter-

ies. However, the poor structural stability and serious surface/interfacial side reactions during long cycles

severely hinder the material’s practical application. In this paper, Cs+ doping and polymethyl methacry-

late (PMMA) coating are used to synergistically modify the NCM955 material. The results show that

the corresponding discharge specific capacity of NCMCs-2@P-2 material reaches 152.02 mAh/g at 1 C

(1 C=200mA/g) and 125.66 mAh/g at 5 C after 300 cycles, and the capacity retention is 78.11% and

72.21%, respectively. In addition, it still maintains 156.36 mAh/g discharge specific capacity at 10 C, and

these rate and cycle properties exceed those reported on ultra-high nickel cathode material. Moreover,

NCMCs-2@P-2 material has higher migration energy barrier of Ni2+ and lower migration energy barrier

of Li+ than that of NCM955 material. Therefore, NCMCs-2@P-2 material has excellent electrochemical

properties, which has been proved by a series of structural characterization, theoretical calculation and

performance test. The synergistic enhancement of Cs+ doping and PMMA coating accelerates lithium ion

diffusion kinetics, stabilizes crystal structure, and inhabits surface/interface side reaction.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Lithium-ion batteries (LIBs) have developed rapidly in recent

decades, and are widely used in electric vehicles and energy

storage devices because of their high reversible specific capacity

and operating voltage [1–5]. LiNixCoyMnzO2 (NCM, x+ y+ z=1)

ternary material, which is similar to LiCoO2 layer structure and

has high specific capacity, is an important cathode material for

power lithium-ion batteries and has broad application prospects

[6–9].

In the process of charge and discharge of NCM material, when

lithium ions are detached, Co3+ becomes Co4+, and Ni2+/Ni3+ be-

comes Ni4+ to maintain the stability of the structure, while the

situation is exactly opposite when lithium ions are embedded [9].

However, the actual specific capacity is about 160 mAh/g, and

some Ni2+ tends to migrate to the Li+ position, resulting in struc-

∗ Corresponding authors.

E-mail addresses: 1999014@glut.edu.cn (S. Xiao), sunyl@szu.edu.cn (Y. Sun),

wangrh@szu.edu.cn (R. Wang).

tural changes [10]. The specific capacity of NCM material can be

increased by increasing the Ni content, so the high-nickel mate-

rial LiNixCoyMnzO2 (x≥0.8) is highly concerned as a new type

of power battery [11,12]. Moreover, as the Ni content increases

and the Co content decreases, the cost of the material also de-

creases. However, with the increase of Ni content, the material

structure becomes more unstable. On the one hand, the radius of

Li+ (0.076nm) is similar to that of Ni2+ (0.069nm), which can eas-

ily lead to Li/Ni mixing and the obstacle of Li+ insertion/extraction,

thereby reducing Li+ diffusion rate [13,14]. On the other hand,

when Li+ is removed, the crystal structure changes irreversibly

from the H2 phase to the H3 phase, resulting in the anisotropic

contraction of the lattice, the formation of microcracks and even

crystal collapse, and the aggravating side reaction with HF [15,16].

In addition, at the end of the charging process, the generated Ni4+

will trigger the release of oxygen and a series of side reactions

with the electrolyte, resulting in material abnormalities and safety

hazards [17].

https://doi.org/10.1016/j.cclet.2024.109987

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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At present, the modification methods mainly include ion doping

and surface coating. Common ion doping includes cationic dop-

ing (Na [18], Mg [19], Al [20], Ti [21] and Mo [22], etc.) and an-

ionic doping (F [23] and Cl [24], etc.), which can make the crystal

structure of the material more stable. Common coatings include

metal oxides (TiO2 [25], Al2O3 [26] and V2O5 [27], etc.), lithium

salt (Li2Si2O5 [28], Li2SO4 [29] and Li3PO4 [30], etc.), metal fluo-

ride (YF3 [31], etc.) and organic coating (PANI [32], PDMS [33] and

PMMA [34], etc.), which are considered to be an excellent coating

for inhibiting surface/interface reactions.

Based on the above literature research, in this paper, a cooper-

ative modification strategy is used to stabilize the crystal structure

and interfacial chemical stability, i.e., Cs+ doped and PMMA coated

NCM955 material was synthesized by high temperature solid phase

method. The radius of Cs+ (0.167nm) is larger than that of Li+

(0.076nm), and its incorporation into the lattice expands the layer

spacing, which can reduce the mixing of Li/Ni and increase the dif-

fusion rate of Li+. The ester group in the PMMA coating on the

surface of the NCM955 material has an electron-absorbing feature,

which helps to attract electrons from Ni2+ at the electrode inter-

face. Moreover, the cyclic nickel-ester compound formed through

the interatomic interaction can further anchor the surface Ni2+ and

effectively inhibit the surface/interface side reaction [34]. A series

of structural characterization proved that the synergistic strategies

of Cs+ doping and PMMA coating effectively reduce Li/Ni mix-

ing, widen layer spacing, improve Li+ diffusion rate and inhibit

surface/interface side reactions. Electrochemical tests show that

NCMCs-2@P-2 material has much better long cycle stability and

rate performance than that of the pristine NCM955 material.

The precursor Ni0.9Co0.05Mn0.05(OH)2, LiOH·H2O and CsC2H3O2

were mixed and ground evenly according to the molar ratio of

1:1.05:x (x=0.015, 0.02, 0.025). In a pure oxygen atmosphere,

the first stage was roasted at 500 °C for 4h, then at 750 °C
for 11h, and finally cooled to room temperature. The pristine

LiNi0.9Co0.05Mn0.05O2 material was labeled as NCM955, while the

materials with different Cs doping amounts were labeled as

NCMCs-1, NCMCs-2 and NCMCs-3, respectively.

Added an appropriate amount of PMMA to the acetone and

stirred in a water bath at 80 °C until the PMMA was com-

pletely dissolved, then added a certain amount of NCMCs-2 to

PMMA solution (the mass ratio of NCMCs-2 to PMMA was NCMCs-

2:PMMA=1:(0.005, 0.01, 0.015) and stirred continuously for 2h.

The reactants were further filtered and dried in an oven at 110

°C for 24h. The compounds with different PMMA coating amounts

were labeled as NCMCs-2@P-1, NCMCs-2@P-2 and NCMCs-2@P-

3, respectively. The corresponding schematic diagram of synthesis

process was shown in Fig. 1a.

The crystal structure was characterized by X-ray diffractome-

ter (XRD, X ’Pert PRO MRD, PANalytical, Netherlands) and Ri-

etveld refinement of XRD data was performed by structural analy-

sis software (GSAS II). The surface morphologies of as-synthesized

materials were photographed by scanning electron microscopy

(SEM, JSM-5612LV, JEOL, Japan), and the surface compositions

of as-synthesized materials were measured by X-ray energy dis-

persive spectrometer (EDS, Quantax400, BRUKER, Germany). The

microstructure of as-synthesized materials was characterized by

transmission electron microscopy (TEM, FEI Tecnai F20, Fhermo

Fisher Scientific, America). The surface elements were character-

ized by X-ray photoelectron spectrometer (XPS, K-Alpha, Thermo

Fisher Scientific, America), and the corresponding XPS data were

analyzed with XPSPEAK software. Qualitative analysis of PMMA

was performed using Fourier transform infrared spectrometer

(FTIR, Nicolet iS 10, Thermo Fisher Scientific, America).The cross-

sectional morpology of the active material after cycling was stud-

ied by FIB-SEM (JSM-7800F, JEOL, Japan). Inductively coupled

plasma (ICP-MS, NexION 300X, PerkinElmer, America) was used

to determine the content of metal ions in the electrolyte after

cycling.

The mechanism of Cs ion modification was deeply analyzed by

density functional theory (DFT) based on first-principles calcula-

Fig. 1. (a) Schematic diagram of synthesis process of NCMCs@P. (b) XRD patterns of NCM955, NCMCs-2 and NCMCs-2@P-2. (c) Amplification of (003) peak. (d) Amplification

of (006)/(012) peaks. (e) Amplification of (018)/(110) peaks.
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Table 1

The lattice parameters of NCM955, NCMCs-2 and NCMCs-2@P-2 materials from Rietveld refinements.

Samples a (Å) c (Å) V (Å3) c/a I003/I104 Li/Ni mixing (%) Rwp (%) Rp (%)

NCM955 2.86956 14.17792 101.105 4.94080 1.220 3.53 4.226 2.856

NCMCs-2 2.86972 14.18087 101.138 4.94155 1.637 2.98 6.103 4.725

NCMCs-2@P-2 2.86967 14.18220 101.242 4.94160 1.789 2.79 6.064 4.660

tion. Theoretical calculation was carried out using Vienna Ab-initio

Simulation Package (VASP) software. In the calculation process,

Generalised Gradient Approximation (GGA)-Perdew Burke Ernzerho

(PBE) was applied to the exchange-correlation function, and all

plane-wave cutoff energy was 450 eV. For structural optimization,

a 2×2×1 Gamma center K-point grid was used in the Brillouin

region, combined with DFT-D3 correction. In addition, the diffu-

sion behavior and migration energy barrier of Li+ and Ni2+ were

analyzed using the Climbing Image Nudged Elastic Band (CI-NEB)

method.

Firstly, active substance, carbon black and polyvinylidene flu-

oride (PVDF) were mixed evenly (the corresponding mass ratio

was active substance:carbon black:PVDF=8:1:1), and an appropri-

ate amount of N-methyl-2-pyrrolidone (NMP) was added to make

a fluid electrode slurry using a magnetic stirrer. Then, the slurry

was evenly coated on the rough surface of the aluminum foil, and

dried at 110 °C for 15h, and the dried electrode plate was cut into

wafer using cutting machine with an inner diameter of 12mm. Fi-

nally, the CR-2025 button half battery was assembled in a glove-

box filled with argon gas. Among them, the cut electrode wafer

was used as the cathode, lithium plate as the negative electrode,

porous polypropylene (Celgard 2400) as the diaphragm, and LiPF6
containing vinyl carbonate, methyl ethyl carbonate and dimethyl

carbonate (corresponding molar ratio was 1:1:1) as the electrolyte.

The assembled half battery was left at room temperature for

24h, then the battery test system (BTS-4000, Shenzhen Newwell

Co., Ltd., China) was used to test its electrochemical performances.

At 25 °C and voltage window of 2.8–4.3V, the half battery was cy-

cled for 5 cycles at different current densities (0.2, 0.5, 1, 2, 3, 5

and 10 C, 1 C=200mA/g) to study the rate performance. Under

the same voltage window, the half battery was charged and dis-

charged for 300 cycles at 1 C and 5 C to analyze the cycle stability

of the material.

The electrochemical workstation (CHI760e, Shanghai Chenhua

Co., Ltd., China) was used to test the initial cyclic voltammetry (CV)

curves at 2.8–4.3V and 1 C, and the electrochemical impedance

spectroscopy (EIS) curves at frequency of 10−2–105 Hz and ampli-

tude of 5mV, respectively. The galvanostatic intermittent titration

technique (GITT) and electrochemical impedance (EIS) data were

used to calculate the Li+ diffusion coefficient.

To understand the crystal structure of the material, XRD tests

are carried out on NCM955, NCMCs-2 and NCMCs-2@P-2 materials.

Fig. 1b is the total XRD spectra of the three materials. Figs. 1c–e

are the (003) characteristic peak, the (006)/(012) split peak and the

(018)/(110) split peak respectively, and Figs. S1a-c (Supporting in-

formation) are the corresponding Rietveld refinements of the three

materials. Fig. 1b shows that the diffraction peaks of three ma-

terials are very sharp, indicating a good crystal structure [32,35].

All diffraction peaks correspond exactly to the standard card (PDF

#74-0919) of hexagonal LiNiO2, belonging to the α-NaFeO2 lay-

ered structure of the R-3m space group and free of other impu-

rity phases. This shows that Cs+ doping and PMMA coating do

not change the structure of the pristine material. In addition, the

diffraction peaks of (006)/(012) and (018)/(110) are found to be ob-

viously split, indicating that the three materials have a typical lay-

ered structure [36,37]. The XRD data are subjected to Rietveld re-

finement using GSAS II and the corresponding refinement results

are shown in Table 1. Firstly, the reliability factor Rwp is less than

10%, which indicates the reliability and accuracy of the refinement

[38,39]. Secondly, the (003)/(104) peak ratios reflect the degree of

Li/Ni mixing [40–43]. The peak ratios of NCM955, NCMCs-2 and

NCMCs-2@P-2 materials are 1.220, 1.637 and 1.789, respectively,

which implies that the degree of Li/Ni mixing is effectively reduced

with the Cs+ doping and PMMA coating. Thirdly, Table 1 also re-

veals that the c/a values of NCM955, NCMCs-2 and NCMCs-2@P-

2 materials gradually increase, indicating that the interlayer struc-

ture of the NCM955 material modified by Cs+ and PMMA is more

ordered [44–46]. Furthermore, the c values of the Cs+ doped and

PMMA coated materials are larger than that of pristine NCM955

material, it is manifested that the doped Cs+ and coated PMMA

can widen the interlayer spacing to some extent, which will be

beneficial for accelerating the insertion/extraction efficiency of Li+,
and thus promoting the diffusion rate of Li+.

Figs. 2a and b and Fig. S2 (Supporting information) show the

SEM images of NCM955, NCMCs-2@P-2 and NCMCs-2 materials, re-

spectively. It can be seen that a small amount of Cs doping has

little effect on the size and morphology of the primary and sec-

ondary particles of NCM955 material, and the PMMA coating only

smoothens the surface of the secondary particles but has little ef-

fect on the primary particles. Figs. 2d-i are the EDS images of

NCMCs-2@P-2 material, and it can be found that the material si-

multaneously contains Ni, Co, Mn, O and doped Cs elements with a

uniform distribution. The NCMCs-2@P-2 material is tested by TEM

and the lattice fringe pattern is obtained using fast Fourier trans-

form (FFT) and inverse fast Fourier transform (IFFT), as shown in

Fig. 2c. It can be seen that there are obvious layered lattice fringes,

and the lattice fringe spacing of the surface region is 0.239nm,

and the inner region is 0.237nm, which are in accordance with

the crystal plane (006) of the hexagonal LiNiO2 standard card (PDF

#74-0919) [47]. Obviously, the doping of Cs+ effectively expands

the lattice spacing, and the diffusion trend of Cs+ gradually weak-

ens from the outside to the inside. In addition, the presence of a

thin coating is clearly seen on the surface of the NCMCs-2@P-2 ma-

terial, which is tightly bonded to the material, and this should be

the PMMA coating.

Fig. S3a (Supporting information) shows the full spectrum of

XPS, and the characteristic peaks of Ni 2p, Co 2p, Mn 2p and O1s

can be found in all three materials. In particular, the Cs 3d char-

acteristic peak, as well as the C–O and C=O characteristic peaks of

PMMA are observed in NCMCs-2@P-2 material. Figs. 2j-o show the

XPS spectra, which can quantitatively evaluate the surface element

composition of NCM955 and NCMCs-2@P-2 materials.

Figs. 2j and k are the Ni 2p fine XPS spectra of NCM955 and

NCMCs-2@P-2 materials, respectively. It can be found that Ni

2p splits into Ni 2p3/2 and Ni 2p1/2 peaks at 855.7 and 873.1 eV

respectively, and the 854.8 and 856 eV split peaks at Ni 2p3/2

correspond to Ni2+ and Ni3+, respectively [44,48]. By comparing

the integral area of the splitting peak at Ni 2p3/2, it can be found

that the Ni2+ content of NCMCs-2@P-2 material is 18.1%, which

is lower than the 45.2% Ni2+ content of the pristine NCM955

material. It is proved that the Cs+ doping and PMMA coating can

effectively reduce the Li/Ni mixing, and further effectively stabilize

the interlayer structure of the material [49,50]. Fig. S3d (Support-

ing information) and Fig. 2l are the Cs 3d characteristic peaks of

3
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Fig. 2. SEM images of (a) NCM955 and, (b) NCMCs-2@P-2 materials. (c) TEM image of NCMCs-2@P-2 material and its corresponding fast Fourier transform (FFT) pattern. (d-i)

EDS elemental mappings of Ni, Co, Mn, O and Cs for NCMCs-2@P-2 material. (j, k) Ni 2p fine spectra of NCM955 and NCMCs-2@P-2. (l) Cs 3d fine spectrum of NCMCs-2@P-2.

(m) C1s fine spectrum of NCMCs-2@P-2. (n, o) O1s fine spectra of NCM955 and NCMCs-2@P-2.

NCMCs-2 and NCMCs-2@P-2 materials, respectively. It can be easily

found that the two peaks of 724.8 and 740.0 eV correspond to Cs

3d5/2 and Cs 3d3/2, respectively, which is a valid evidence that Cs+

is doped into the lattice of the material. Fig. 2m is the C1s fine

spectrum of the NCMCs-2@P-2 material, and the binding energies

of 285.0, 285.4, 278.8 and 288.4 eV correspond to the characteristic

peaks of C–C, C–O, C=O and Li2CO3 [34], respectively. However,

there are no characteristic peaks of C=O and C–O appear in the

C 1s fine spectra of NCM955 material in Fig. S3b (Supporting

information) [34]. Furthermore, combined with the FTIR spectrum

of Fig. S4 (Supporting information), the characteristic peaks of

PMMA appear in NCMCs-2@P-2 material, which proves that PMMA

is successfully coated on NCM955 material. Figs. 2n and o and

Fig. S3c (Supporting information) are the O 1s fine XPS spectra

of NCM955, NCMCs-2@P-2 and NCMCs-2 materials, respectively. It

can be found that the characteristic peaks at 529.4 and 531.6 eV

are the lattice oxygen (M-O) peak and surface adsorbed oxygen

(LiOH and Li2CO3) of the material, respectively [45]. By comparing

the lattice oxygen area and surface adsorbed oxygen area of the

three materials, NCMCs-2@P-2 material has the largest lattice oxy-

gen area and the smallest surface adsorbed oxygen area, indicating

that PMMA coating effectively inhibits the side reaction between

the material surface and H2O and CO2 in the air, and effectively

eliminates the residual alkali on the surface of the material [1].

In order to investigate the electrochemical properties of the

modified materials, charge-discharge tests are carried out between

2.8–4.3V at 25 °C. The cycling performances of the materials with

different doping and coating amounts are shown in Fig. S5 (Sup-

porting information), which shows that the optimal doping amount

is 2 at% (NCMCs-2, Fig. S5a) and the optimal coating amount is

1 wt% (NCMCs-2@P-2, Fig. S5b). Fig. 3a shows the initial charge-

discharge curves of NCM955, NCMCs-2 and NCMCs-2@P-2 mate-

rials under 1 C at 25 °C. It can be seen that the corresponding

discharge specific capacities are 192.98, 193.78 and 194.61 mAh/g,

respectively. Fig. 3b shows the first cycle coulomb efficiency cor-

responding to Fig. 3a, and the first cycle coulomb efficiencies of

NCM955, NCMCs-2 and NCMCs-2@P-2 materials are 78.24%, 81.18%

and 82.98%, respectively, which indicates that Cs+ doping and

PMMA coating have no significant effect on the initial specific dis-

charge capacity and coulomb efficiency. Fig. 3c shows the cycling

performances of NCM955, NCMCs-2 and NCMCs-2@P-2 materials

within the potential range of 2.8–4.3V under 1 C at 25 °C. After
300 cycles, the discharge specific capacities of the three materials

are 118.11, 146.67 and 152.02 mAh/g, respectively. The correspond-

ing capacity retentions are 61.30%, 75.70% and 78.11%, respectively.

Among them, NCM955 material has the worst capacity retention,

followed by NCMCs-2 material, and NCMCs-2@P-2 material has the

highest capacity retention. Comparatively, NCMCs-2@P-2 material

4
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Fig. 3. (a) Initial charge–discharge curves at 1 C. (b) Coulomb efficiencies. (c) Cycle performances. (d) Rate performances. (e) EIS curves, inset as equivalent circuits. (f) The

relationship between Zꞌ and ω−1/2. (g) The capacity retention of NCMCs-2@P-2 cathode material after 100, 200 and 300 cycles compared with other reported nickel-rich

cathode materials (Ni ≥ 0.9). Differential capacity curves of different cycles: (h) NCM955 material, (i) NCMCs-2@P-2 material.

has 16.81% higher than that of pristine NCM955 material, which

fully demonstrates that the synergistic modification by Cs+ doping

and PMMA coating is very fruitful in improving the structural sta-

bility of pristine NCM955 and reducing the surface/interfacial side

reactions. Among the XRD refined data in Table 1, NCMCs-2@P-

2 material has the lowest Li+/Ni2+ mixing degree, indicating that

the low Li+/Ni2+ mixing contributes to the stability of the crys-

tal structure and thus promotes the enhancement of cyclic sta-

bility. Therefore, NCMCs-2@P-2 material achieves the most desir-

able cyclic stability. In order to highlight the advantages of the

optimized NCMCs-2@P-2 material in this paper, Fig. 3g compares

the capacity retention of NCMCs-2@P-2 material with those of

other reported ultra-high nickel materials, and more details about

the capacity retention at different cycles and current densities are

shown in Fig. S6 and Table S1 (Supporting information) [2,23,51–

54]. Obviously, the optimized NCMCs-2@P-2 material has outstand-

ing cyclic stability, which should be attributed to the effective syn-

ergistic improvement of Cs+ doping and PMMA coating on the in-

ternal crystal structure and surface/interface stability of NCM955

materials. Firstly, doped Cs+ widens the layer spacing, reduces the

Li+/Ni2+ mixing, and improves the internal crystal structure sta-

bility. Secondly, PMMA coating can anchor Ni2+, reduce the oxida-

tive decomposition of Ni4+ to the electrolyte at high voltage, and

effectively inhibit surface/interface side reactions, thus effectively

maintaining the structural stability of the surface/interface. Fig. 3d

shows the rate performances of NCM955, NCMCs-2 and NCMCs-

2@P-2 materials at 0.2, 0.5, 1, 2, 3, 5 and 10 C current densities

at 25 °C. It clearly indicates that the specific discharge capacity

decreases with the increase of current density. The difference in

the discharge specific capacity of the three materials is not large

when discharged at low current density, but the difference in the

discharge specific capacity becomes larger and larger after the cur-

rent density is greater than 5 C, which indicates that the polar-

ization of the materials increases dramatically during charging and

Table 2

The Rs, Rct and DLi+ values of NCM955, NCMCs-2 and NCMCs-2@P-2 materials.

Samples Rs (�) Rct (�) DLi+ (cm2/s)

NCM955 2.743 153.4 2.003×10−14

NCMCs-2 1.805 148.7 2.426×10−14

NCMCs-2@P-2 1.812 95.88 2.715×10−14

discharging at high current densities and the irreversible damage

to the material structure is aggravated [55]. In particular, when

the current density increases to 10 C, the corresponding discharge

specific capacities of the above three materials are 132.44, 148.33

and 156.36 mAh/g, respectively. In comparison, the discharge spe-

cific capacity of NCMCs-2@P-2 material has 18.06% higher than

that of pristine NCM955 material. When the current density fi-

nally returned to 0.2 C, the NCMCs-2@P-2 material still has a max-

imum discharge specific capacity of 208.58 mAh/g. Therefore, due

to the relatively stable layered crystal structure and fast Li+ dif-

fusion rate, NCMCs-2@P-2 material achieves the smallest polariza-

tion and the best electrochemical reversibility when discharged at

high current density, and thus maintains the most desirable elec-

trochemical performance [42,43,56].

In order to study the electrochemical reaction kinetics of ma-

terials, electrochemical impedance spectroscopy (EIS) tests are car-

ried out on the above three materials (Fig. 3e), and the tested bat-

teries are not activated. The EIS plots of the three materials are

typical Nyquist curves, which are generally composed of the high

frequency region (Li+ diffusion resistance through the solid elec-

trolyte interface film and inside the active material, Rs), the mid-

dle frequency region (charge transfer resistance, Rct), and the low

frequency region (slope of the slash line is related to the Warburg

impedance, Zw) [32,38,42]. Table 2 is the corresponding fitting re-

sult of the equivalent circuit in Fig. 3e. It can be found that the Rs
values of the three materials have little difference, but the Rct val-
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ues are very different. It is well known that Rct value is the main

factor affecting the electrochemical properties of materials. The Rct
value of NCMCs-2@P-2 material is only 95.88 �, and it is much

lower than that of NCM955 (153.4 �) and NCMCs-2 (148.7 �) ma-

terial, which should be attributed to the fact that Cs+ doping re-

duces the Li/Ni mixing and stabilizes the interlayer structure, and

PMMA coating inhibits the side reactions on the electrode surface

[34,47]. The synergistic effect of the two aspects effectively accel-

erates the charge transfer, thus promoting the electrochemical re-

action at the electrode/electrolyte interface [38,45].

The Li+ diffusion coefficient (DLi+ ) is an important data to quan-

tify the kinetics of electrochemical reactions. Therefore, we calcu-

lated DLi+ by combining the fitting data of the EIS equivalent cir-

cuit and Eq. 1 [48]. In Eq. 1, R is the gas constant, T is the Kelvin

temperature, n is the number of electrons transferred during the

reaction, F is the Faraday constant, A is the electrode area, C is the

Li+ bulk phase concentration, and σ is the slope of the line ob-

tained by graphing (Fig. 3f) according to Eq. 1 [48].

DLi+ = R2T2

2n4F4A2C2σ 2
(1)

Z′ = Rs + Rct + σ · ω− 1
2 (2)

The calculated results of DLi+ are shown in Table 2. It can be

found that NCMCs-2@P-2 material has the largest DLi+ , followed

by NCMCs-2 material, and NCM955 material has the smallest DLi+ ,
indicating that Cs+ doping and PMMA coating can effectively im-

prove the Li+ diffusion rate and electrochemical reaction kinetics.

Studying the capacity attenuation mechanism of materials is

helpful for us to take targeted modification measures. Figs. 3h

and i show the differential capacity curve of the NCM955 and

NCMCs-2@P-2 materials, which is calculated based on the charge-

discharge data at different cycles. Obviously, both materials have

three sets of oxidation/reduction peaks. The phase transition peak

from hexagonal phase to monoclinic phase (H1→M) appears near

3.7V, the phase transition peak from monoclinic phase to hexag-

onal phase (M→H2) appears near 4.0V, and the phase transi-

tion peak from hexagonal phase to hexagonal phase (H2→H3) ap-

pears near 4.2V [42,44]. In addition, it can also be found that with

the increase of the cycles, the positive peak shifts towards higher

voltage, and the negative peak shifts towards the opposite lower

voltage, which is due to the increase of resistance and polariza-

tion [46,48,54]. Notably, the intensity attenuation of phase tran-

sition peak for NCMCs-2@P-2 material is relatively weaker than

that of NCM955 material, and the voltage shift is also relatively

slower. Therefore, the NCMCs-2@P-2 material has smaller polariza-

tion, more stable crystal structure, and stronger electrochemical ac-

tivity at the corresponding voltage position, thus ensuring better

electrochemical performance.

Galvanostatic Intermittent Titration Technique (GITT) is another

important method to analyze the Li+ diffusion coefficient of. Fig. 4a

shows the GITT curves of NCM955 and NCMCs-2@P-2 materials

under charging conditions. Firstly, the battery is activated for 3 cy-

cles at 0.1 C, then charged for 10min at 0.1 C, followed by 30min

of relaxation, and the process is repeated until the voltage reached

4.3V. DLi+ can be calculated by Eq. 3 [36].

DLi+ = 4

πτ

[(

mBVM
MBS

)(

�Es

�Eτ

)]2
(
τ << L2/D

)
(3)

where τ is the pulse duration of a single current, mB is the mass of

the active substance, VM and MB are the molar volume and molec-

ular weight, respectively, S is the electrode area, �Es is the voltage

difference after 30min relaxation, and �Eτ is the instantaneous

voltage difference after a single pulse. Among them, �Es and �Eτ

can be obtained from Figs. 4c and d. Then, the calculated DLi+ and

voltage are plotted in Fig. 4b, it is found that the DLi+ of NCMCs-

2@P-2 material is higher than that of the pristine NCM955 ma-

terial, indicating that Li+ insertion/extraction is more smooth and

electrochemical reaction kinetic is faster in NCMCs-2@P-2 mate-

rial [39,44]. Figs. 4e and f are the relationships diagram of voltage

and τ 1/2, and they show a good linearity [37,38]. Furthermore, the

single-pulse GITT curves at the beginning and end of the charg-

ing process are shown in Fig. S7 (Supporting information), and it

is found that the voltage tends to be flat after 30min of relaxation

in different charging stages. Combining these two aspects, it fully

shows that the GITT results calculated by us are completely reli-

able.

In order to have a deeper understanding of the effect of Cs+

doping on the diffusion kinetics of Li+ and the stability of the

crystal structure, the migration energy barriers of Li+ and Ni2+

are calculated by DFT theory. Figs. 4g and h are the crystal struc-

ture views of NCM955 and NCMCs-2@P-2 materials respectively,

and Figs. 4i-l are the migration paths of Li+ and Ni2+ of NCM955

and NCMCs-2@P-2 materials respectively. In a crystal structure, Li+

passes from the octahedral sites along the ab axis to the adja-

cent octahedral sites via the tetrahedron [24,57], and Ni2+ migrates

from the TM octahedral sites to the Li+ octahedral sites along

the c axis [55,58]. The theoretical calculation results show that

the migration energy barrier of Li+ in NCMCs-2@P-2 material is

0.35 eV (Fig. 4m), which is 0.26 eV lower than that of Li+ in pristine

NCM955 material. The migration energy barrier of Ni2+ in NCMCs-

2@P-2 material is 1.52 eV (Fig. 4n), which is 0.45 eV higher than

that of Ni2+ in pristine NCM955 material. Therefore, Cs+ doping ef-

fectively reduces the energy barrier of Li+ transmission and accel-

erates Li+ diffusion, which is completely consistent with the results

in Table 2 and Fig. 4b. At the same time, Cs+ doping effectively in-

creases the migration energy barrier of Ni2+, which helps to sup-

press partial interlayer collapse caused by Li+ insertion/extraction

during the cycle [59], thus stabilizing the crystal structure of the

material.

The structural stability of the surface/interface during long cy-

cle plays an important role in the electrochemical properties of the

materials. So, SEM and XPS are used to characterize the surface

morphology and composition of the cathode electrode sheet after

300 cycles at 1 C (Fig. 5). Figs. 5a and b show the SEM images of

NCM955 and NCMCs-2@P-2 materials after 300 cycles, respectively.

It can be clearly seen that the secondary particles of NCM955 ma-

terial appear serious collapse, while that of NCMCs-2@P-2 material

can still maintain a relatively complete spherical structure. Figs. 5c

and d are the F 1s fine XPS spectra of NCM955 and NCMCs-2@P-

2 materials after 300 cycles, in which LixFPy is derived from the

decomposition of the electrolyte, while LiF is derived from the

side reaction precipitates of the electrolyte, trace water and sur-

face residual alkali [32,44]. In addition, the high catalytic activity

of Ni4+ on the surface of the active substance can also catalyze the

decomposition of the electrolyte, resulting in the generation of LiF

and thickening of the SEI film, as well as corrosion of the cath-

ode electrode material. As can be seen from Figs. 5c and d, the LiF

content on the surface of NCMCs-2@P-2 material is 27.9%, which is

much lower than 35.2% of NCM955 material, which confirms that

PMMA coating can effectively reduce the side reaction between the

active material and the electrolyte, and maintain the stability of

the surface structure of the material. The above results can be well

confirmed by the Rct values in Table 2. NCMCs-2@P-2 material has

a lower Rct value than NCM955 material, which is due to the ef-

fective inhibition of surface/interface side reactions of NCMCs-2@P-

2 material, resulting in a significant reduction of surface/interface

precipitates and effective control of CEI film thickness.

Similarly, the stability of the internal crystal structure during

the long cycle also plays an important role in the electrochemical

properties of the material. Fig. 5e shows the cyclic performances
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Fig. 4. (a) GITT curves in charging mode. (b) Relationship between logDLi+ and voltage. (c, d) Typical GITT curves of a single pulse. (e, f) Relationship between voltage and

τ 1/2. (g) Crystal structure view of NCM955 material. (h) Crystal structure view of NCMCs-2@P-2 material. (i) Li+ migration paths in NCM955 material. (j) Ni2+ migration

paths in NCM955 material. (k) Li+ migration paths in NCMCs-2@P-2 material. (l) Ni2+ migration paths in NCMCs-2@P-2 material. (m, n) The corresponding migration energy

barriers of Li+ and Ni2+ .

of NCM955 and NCMCs-2@P-2 materials after 300 cycles between

2.8–4.3V at 5 C and 25 °C. Remarkably, the Cs+ doped and PMMA

coated material has a higher discharge specific capacity (173.99

mAh/g) and a higher capacity retention rate (72.21%) at 5 C com-

pared to the pristine NCM955 material. FIB-SEM method can be

used to characterize the internal structural stability of materials af-

ter long cycles at high rates. Figs. 5f and g and Fig. S8 (Supporting

information) are the cross section of NCM955 and NCMCs-2@P-2

materials achieved by FIB-SEM, respectively. Comparing the cross

section cracks of the two materials, it is obvious that NCM955 ma-

terial has more cracks inside, which originates from the H2→H3

irreversible phase and leads to primary particle splitting, elec-

trolyte penetration, and electrochemical performance degradation

[42,43,60]. On the contrary, the internal structure of the secondary

particles of NCMCs-2@P-2 material basically remains intact with-

out obvious cracks between the primary particles, which indicates

that the synergistic modification of Cs+ doping and PMMA coat-

ing effectively inhibits the irreversible phase transition of H2→H3

and the side reaction at the interface of primary particles during

the long cycling process, and thus improves the stability of the

internal crystal structure of the material. This will contribute to

the super rate performance and cycle stability of the material. To

further prove the stability of the internal crystal structure of the

material after cycling, we have performed ICP tests on the elec-
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Fig. 5. SEM images of (a) NCM955 and (b) NCMCs-2@P-2 materials after 300 cycles

at 1 C. F 1s fine XPS spectra of (c) NCM955 and (d) NCMCs-2@P-2 materials after

300 cycles at 1 C. (e) Cycle performance of NCM955 and NCMCs-2@P-2 materials

after 300 cycles at 5 C. The cross-sectional images of (f) NCM955 and (g) NCMCs-

2@P-2 materials after 300 cycles at 5 C.

trolyte after cycling. Fig. S9 (Supporting information) shows that

the contents of Ni, Co and Mn in the electrolyte for NCMCs-2@P-2

material are lower than those for NCM955 material, among which

the reduction of Ni content is particularly obvious, indicating that

the PMMA coating anchors Ni2+ well and effectively inhibits the

side reaction between the surface/interface of NCM955 material

and the electrolyte [34]. In addition, we also tested the XRD pat-

terns of NCM955 and NCMCs-2@P-2 materials after 300 cycles at 5

C (Fig. S10 in Supporting information). It can be seen that the typ-

ical (003) peak of the pristine NCM955 material moves to a low

angle, which means that its lattice expands during the cycle, caus-

ing greater stress and more obvious cracks [34].

In this paper, the structural stability, electrochemical properties

and electrochemical mechanism of NCM955 material co-modified

by Cs+ doping and PMMA coating are systematically studied. A se-

ries of XRD, SEM, TEM, XPS and FIB-SEM showed that Cs+ dop-

ing and PMMA coating can effectively reduce Li/Ni mixing, enlarge

layer spacing, inhibit surface/interface side reactions, and maintain

the stability of crystal structure during long cycle. DFT theoretical

calculation show that NCMCs-2@P-2 material has lower Li+ mi-

gration energy barrier and higher Ni2+ migration energy barrier,

which is exactly consistent with the analysis of Li/Ni mixture and

the calculation of Li+ diffusion coefficient. The electrochemical test

results show that NCMCs-2@P-2 material has excellent cyclic sta-

bility and rate performance. Especially in the process of high rate

and long cycle, it still has a high capacity retention. Therefore, this

study will provide a theoretical guidance and technical support for

developing power lithium-ion battery cathode material with low

cost, fast charging and long cycle life.
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