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a b s t r a c t

Ni-rich layered oxides are regarded as one of the most reliable cathode materials for lithium-ion batter-

ies. Modifying the crystal structure through doping with foreign elements and constructing surface coat-

ing layers are common modification methods for Ni-rich cathode materials. However, the relationship

between the diffusion depth and distribution behavior of foreign elements within the cathode material

and the composition of the cathode material has rarely been studied in depth. In this work, by exploring

the relationship between element concentration and position in a specially prepared two-substances dif-

fusion couple, the diffusion coefficients between Zr4+ and transition metal elements TMn+ (TM=Ni, Co,

Mn; n=3, 4) were obtained. It was found that the magnitude relationship of their diffusion coefficients

is: Zr4+/Mn4+ > Zr4+/Mn3+ > Zr4+/Co3+ > Zr4+/Ni3+. Moreover, through the Arrhenius equation, it was

determined that the Zr4+/Mn4+ diffusion couple has the smallest diffusion activation energy of only 0.43

eV, while the Zr4+/Ni3+ diffusion couple has the largest diffusion activation energy, which is 0.63 eV. In

addition, this study designed a specific core-shell structure model based on the microscopic morphology

of the prepared cathode precursor particles, accurately predicting the distribution differences of Zr4+ in

cathode materials with different compositions during the actual sintering process. This work explains the

reason for the formation of a Li2ZrO3 secondary phase coating layer on the surface of Ni-rich cathode

material particles from the perspective of diffusion kinetics, providing a strong theoretical basis for the

future design of high-performance element-modified Ni-rich cathode materials.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Ni-rich layered oxide cathode materials possess superior dis-

charge capacity and high operating voltage, among other notable

advantages, making them one of the research hotspots in the fu-

ture development of lithium-ion batteries (LIBs) [1–4]. Neverthe-

less, this structural instability and severe harmful side reactions on

the surface/interfacial of Ni-rich layered cathodes seriously damage

the cycling performance of materials, restricting their further de-

velopment and application. This is attributed to the micro-cracks

formation in Ni-rich cathode materials, a consequence of the in-

ternal stress induced by abrupt variations in the c-axis during the

charging and discharging cycles [5–10]. Meanwhile, Ni4+ has strong

oxidizing properties and is prone to react violently with the elec-

trolyte, releasing oxygen and generating HF which will destroy the

cathode structure [11–14]. In essence, incorporating external sub-

stances for doping or as a coating within cathode materials serves

as an efficacious approach to bolster the structural integrity and
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interfacial resilience of these materials [15–21]. Among them, in-

troducing Zr into cathode materials can form strong Zr-O bonds

within the unit cell, suppressing this harmful phase transformation

of the cathode materials in the charging and discharging process,

thereby improving the cycling performance of cathode materials

[22–24]. Additionally, several researches have demonstrated that

introducing of Zr can form a Li2ZrO3 coating layer on the surface

of the nickel-rich cathodes, which prevents the erosion of cathode

material by the electrolyte [25–29]. Therefore, if the controllable

synthesis of the Li2ZrO3 coating layer on the surface of nickel-rich

cathodes is achieved while Zr enters the bulk phase to stabilize

the crystal structure, the structural and interfacial stability of Ni-

rich cathodes is significantly enhanced through a coupling effect

of doping and coating [30–32].

During the sintering process, elements will spontaneously

diffuse from the contact surface to interior of the precursor. It is

very important to explain the diffusion behavior of Zr in cathode

materials using the principle of diffusion kinetics for studying

the distribution of foreign elements in the cathode. Simultane-
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Scheme 1. (a) The schematic diagram of the preparation process of the diffusion

couple and (b) the cation interdiffusion during the sintering process.

ously, the diffusion process usually only occurs at the contact

surface between two substances, so drawing upon Fick’s second

law, it is practical to employ a one-dimensional infinite-length

unsteady-state diffusion model for simulation and solution [33–

35]. According to this method, the interdiffusion constants of Zr

in cathode materials can be obtained by performing diffusion

kinetic calculations at different temperatures, which provides a

prerequisite for constructing a prediction model. In addition, by

calculating the diffusion coefficient and diffusion depth between

Zr and transition metal elements (TMs) to clarify the interdiffusion

behavior of Zr in the cathode, thereby the distribution of Zr in

cathode materials of different compositions during the actual

sintering process can be speculated.

In this work, diffusion couple experiments at 600, 650, and

700 °C were designed for measuring the diffusion distance of Zr

in LiNiO2, LiCoO2, LiMnO2 and Li2MnO3. And the diffusion coeffi-

cients between Zr and TMs (TM=Ni, Co, and Mn) were calculated

based on Fick’s second law, thereby elucidating the distribution of

Zr in cathode materials of different compositions. According to the

results of the diffusion kinetics calculations, the diffusion coeffi-

cients for Zr4+/Ni3+, Zr4+/Co3+, Zr4+/Mn3+ and Zr4+/Mn4+ diffu-

sion couples are 0.1253, 0.1732, 0.2243 and 0.3353×10-12 cm2/s at

750 °C, respectively. It can be inferred from the prediction model

at 750 °C: the Zr exhibits a gradient distribution in Ni based cath-

odes with different contents and tends to enrich at the surface of

Ni-rich materials to form Li2ZrO3 coating layers.

To eliminate the influence of different specific surface areas

caused by inconsistent particle sizes on element diffusion, all cath-

ode materials (LiNiO2, LiCoO2, LiMnO2 and Li2MnO3) and ZrO2

powders were adjusted to around 1 μm through ball-milling

method. As shown in Figs. S1 and S2 (Supporting information),

it was proven that there were no impurity crystal phases in

the prepared cathode materials and the median particle size was

around 1 μm. The schematic illustration delineating the prepara-

tion methodology for diffusion couples is depicted in Scheme 1a.

And the cation interdiffusion during the sintering process was il-

lustrated in Scheme 1b. In the calcination process, thermal motion

occurs between the two substances, and elements spontaneously

diffuse from regions of high concentration to those of low concen-

tration.

To verify the influence of different elements on Zr diffusion,

this study conducted corresponding tests on four diffusion cou-

ples prepared at 600, 650, and 700 °C. After crushing the diffu-

sion couples, the specimens were subjected to examination under

a scanning electron microscope (SEM) for a meticulous observa-

tion of the alterations in the elemental concentration distribution

across the cross-section of the diffusion couples. By performing an

EDS line scan perpendicular to the interface between the cath-

ode materials and ZrO2 to measure the relationship between the

concentration changes of relevant elements and the interface dis-

tance, the diffusion depth of Zr in different cathodes can be ac-

curately obtained. From the optical photos in Fig. 1 and Figs. S3-

S5 (Supporting information), it can be observed that the prepared

diffusion couples are complete and tightly bonded. Moreover, the

cross-sectional SEM images in these figures of the diffusion couples

also indicated this. A distinct, clear, and smooth interface between

the two substances can be observed, suggesting that the contact

at the interface of the two substances is tight, ensuring the nor-

mal progress of the elemental diffusion process during the sinter-

ing process [36]. Fig. 1 shows the diffusion couples of ZrO2/LiNiO2

prepared by calcining at 600, 650 and 700 °C and the correspond-

ing interdiffusion results. For all SEM images, the left side was the

ZrO2 as a dopant, the right side was the LiNiO2 cathode material,

and the orange dashed line indicates the acquisition of raw data by

EDS line scan. By fitting the change in element concentration with

distance using Fick’s second law, the element concentration change

curves at different temperatures were obtained. It was found that

the diffusion coefficients of Zr4+/Ni3+ at 600, 650 and 700 °C were

0.0381, 0.0582 and 0.0857×10-12 cm2/s, respectively. The inter-

diffusion results of ZrO2/LiCoO2, ZrO2/LiMnO2 and ZrO2/Li2MnO3

diffusion couples are shown in Figs. S3-S5 (Supporting informa-

tion), respectively. Based on the same method, the diffusion coeffi-

cients of Zr4+/Co3+ at different temperatures were calculated to be

0.0527 (600 °C), 0.0780 (650 °C) and 0.1030×10-12 cm2/s (700 °C).
Similarly, the diffusion coefficients of Zr4+/Mn3+ and Zr4+/Mn4+ at

600, 650 and 700 °C were calculated to be about 0.0901, 0.1305,

0.1808×10-12 cm2/s and 0.1366, 0.1782, 0.2379×10-12 cm2/s, re-

spectively. These results demonstrated that there were differences

in the diffusion effects of TMn+ on Zr4+. It was worth noting that

the promoting effects of Mn4+ and Mn3+ on the diffusion of Zr4+

were significantly greater than those of Co3+ and Ni3+. The spe-

cific variation pattern of the diffusion coefficients was: Zr4+/Mn4+

> Zr4+/Mn3+ > Zr4+/Co3+ > Zr4+/Ni3+. The diffusion coefficients

discussed above were all presented in Table S1 (Supporting infor-

mation).

The diffusion coefficients of diffusion couples were substituted

into the Arrhenius equation to calculate the key thermodynamic

parameters. It could be observed that as the calcination tempera-

ture increased, the interdiffusion distances of Zr4+/Ni3+, Zr4+/Co3+,
Zr4+/Mn3+ and Zr4+/Mn4+ extended, indicating that the degree

of interdiffusion between Zr and transition metal elements (TMs)

was proportional to the temperature (Fig. S6 in Supporting infor-

mation). Fig. 2 shows the interdiffusion constants of all diffusion

couples in various double-stacked pellets as a function of tem-

perature and the conventional fitting results based on Arrhenius

law. It should be highlighted that a diffusion of Zr4+ within the

cathode is inversely proportional to its diffusion activation energy

[37]. The diffusion coefficient represents the diffusion ability of

Zr4+, while the diffusion activation energy indicates the difficulty

of Zr4+ diffusion [38]. Figs. 2i and j provide a visual compari-

son of E and D0 for the above four diffusion couples. The diffu-

sion activation energies E of the Zr4+/Ni3+, Zr4+/Co3+, Zr4+/Mn3+

and Zr4+/Mn4+ diffusion couples were 60.37(± 1.11), 54.27(± 1.48),

48.91(± 2.27) and 41.50(± 2.06) kJ/mol, respectively, and the inter-

diffusion constants D0 were 1.51(± 0.07), 0.93(± 0.08), 0.77(± 0.15)

and 0.44(± 0.11)×10-10 cm2/s. These parameters, both of which

reflect the magnitude of the elemental diffusion rate, were listed

in Table S2 (Supporting information). Notably, due to the high-

est diffusion activation energy and interdiffusion constant, an up-

grade of Ni3+ content in cathode material will hinder diffusion of

Zr4+ into crystal interior, resulting in the enrichment of Zr4+ on
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Fig. 1. (a-c) The optical micrographs, (d-f) the cross-sectional SEM images of the ZrO2/LiNiO2 diffusion couples calcinated at 600, 650 and 700 °C, (g-i) the curves of the

concentrations of Zr4+ and Ni3+ ions versus position. The orange dashed lines present the exact positions of the EDS line scanning.

Fig. 2. (a-d) The conventional fitting results (with temperature set as the x-axis and the diffusion coefficient set as the y-axis). (e-h) The linear fitting results of the Arrhenius

equation (with the reciprocal of temperature as the x-axis and the negative logarithm of the diffusion coefficient as the y-axis) of the Arrhenius equation for ZrO2/LiNiO2,

ZrO2/LiCoO2, ZrO2/LiMnO2, and ZrO2/Li2MnO3 diffusion couples. (i) The comparison of interdiffusion constants and diffusion activation energies, (j) the comparison of diffu-

sion coefficients at 600-750 °C.
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Fig. 3. (a-d) The predictive models of ZrO2/LiNiO2, ZrO2/LiCoO2, ZrO2/LiMnO2 and ZrO2/Li2MnO3 diffusion couples calcined at 750 °C, and the calculation results of diffusion

coefficients. (e) The schematic diagram of diffusion depth.

the surface of the cathode materials and the formation of coating

layer.

The sintering temperature for Ni based layered cathode mate-

rials is typically around 750 °C. However, the diffusion couples

prepared in the previous section were difficult to calcine at this

temperature while maintaining an intact interfacial morphology.

Therefore, it is impractical to directly determine the diffusion co-

efficient from the graphical representations of transition metal ion

transitions and Zr4+ ion concentrations as a function of position.

It can be considered that foreign elements coat the surface of the

cathode material particles, forming a sphere similar to a core-shell

structure [39]. Thus, in this work, a core-shell model with an in-

ternal particle radius of 3.5 μm and an external shell thickness

of 1 μm was designed based on the morphology of the cathode

material precursor obtained by the coprecipitation method, which

reliably simulated the diffusion behavior of Zr4+ with Ni3+, Co3+,
Mn3+, and Mn4+ at 750 °C. That is, the relevant Arrhenius equation

was established through the constructed prediction model, thereby

obtaining the diffusion coefficients of the four diffusion couples

calcined at 750 °C and the curves of Zr4+ concentration as a func-

tion of position into four cathode materials (Figs. 3a-d). According

to the Arrhenius equation, the calculated diffusion coefficients of

the four diffusion couples (Zr4+/Ni3+, Zr4+/Co3+, Zr4+/Mn3+, and
Zr4+/Mn4+) after calcination at 750 °C for 10 h were 0.1253, 0.1732,

0.2443 and 0.3353×10-12 cm2/s, respectively. For analyzing this

calculated result more intuitively, Fig. 3e shows the interdiffusion

behavior and diffusion depth of Zr4+ with Ni3+, Co3+, Mn3+, and
Mn4+ in the core-shell model, in which the yellow area represents

the total amount and rate of Zr4+ diffusion. It could be clearly ob-

served from the figure that in the Ni3+ based cathode material, it

was probable that Zr4+ would predominantly adhere to the par-

ticle surfaces, thereby creating a protective coating layer. But, in

the Mnn+ (n=3, 4) based cathode materials, Zr4+ can more easily

penetrate deeper into the interior of the particles. It is worth not-

ing that although Zr4+/Mn4+ diffusion couple has the largest diffu-

sion coefficient and diffusion distance, the Zr4+ still shows a gra-

dient distribution throughout the Li2MnO3 cathode particles. The

above results scientifically explain from the perspective of diffusion

kinetics the gradient distribution of Zr in Zr-modified Ni-Mn sys-

tem layered cathode materials, that is, the coexistence of Zr doping

inside the crystal particles and the second phase Li2ZrO3 coating

layer on their particles surface.

To prove the inferences obtained from the above predictive

model calculations, this work adopted the same experimental con-

ditions as the predictive model. Specifically, Zr-modified Ni-Mn

system cathode materials with 1 % and 2 % modification amounts

were prepared by calcining at 750 °C for 10 h through the solid-

state reaction method. In particular, the basic composition of the

cathode material was designed to be 80 % Ni and 10 % Mn, and

the remaining 10 % was composed of three elements, Ni, Co,

and Mn, namely three cathode material samples of LiNi0.9Mn0.1O2

(NM91), LiNi0.8Co0.1Mn0.1O2 (NCM811), and LiNi0.8Mn0.2O2 (NM82).

As described in the experimental section, spherical cathode mate-

rial precursors have been meticulously synthesized using the co-

precipitation technique. The particle size of these precursors has

been precisely controlled to an average of 7 μm by skillfully ad-

justing parameters such as the pH value and the concentration of

ammonia (Fig. S7 in Supporting information). The SEM images of

all cathode samples prepared are presented in Figs. S8-S10 (Sup-

porting information). The crystal particles of the cathode materi-

als of the three systems are all spherical, and the particle size is

around 7 μm, which is in line with the designed core-shell model.

From the XRD patterns in Figs. 4a and b, it can be found that all

synthesized cathode materials exhibit the same α-NaFeO2 phase as

the R-3m space group, indicating the successful preparation of Ni-

based layered cathode materials. At the same time, the XRD curves
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Fig. 4. (a, b) The XRD patterns of the Zr-modified cathode materials NM91, NCM811 and NM82. (c-e) The Rietveld refinement of the X-ray diffraction patterns for the Zr-

modified cathode samples Z1-NM91, Z1-NCM811 and Z1-NM82. (f) The SEM pictures of cathode sample Z1-NM91. (g) The cross-sectional TEM images with corresponding

FFT patterns of cathode sample Z1-NM91.

of all Zr-modified samples show characteristic diffraction peaks of

Li2ZrO3 near 42°, indicating that even under the condition of a 1 %

Zr modification amount, there is a second crystalline phase of

Li2ZrO3 in the Zr-modified cathode material samples (Fig. S11 in

Supporting information). Subsequently, slow XRD scans at a rate of

1°/min were conducted on three Zr-modified cathode samples (Z1-

NM91, Z1-NCM811, and Z1-NM82). Thereafter, the obtained XRD

data were subjected to Rietveld refinement, and all R values were

successfully refined to below 5 %, indicating that the data obtained

from the XRD refinement are highly reliable, and all the XRD re-

finement data were summarized in Tables S3-S6 (Supporting infor-

mation). As shown in Figs. 4c-e, by measuring the content ratio of

the main crystal phase to the second phase of Li2ZrO3 in the cath-

ode material samples, it was found that in the Z1-NM91 sample,

the ratio of n(NM91):n(Li2ZrO3) is 1:0.006, in the Z1-NCM811 sam-

ple, n(NCM811):n(Li2ZrO3) equals to 1:0.002, and in the Z1-NM82

sample, n(NM82):n(Li2ZrO3) is about 1:0.001. From the above re-

sults, it can be seen that when Ni content within cathode ma-

terial reaches 90 %, a content of the second phase of Li2ZrO3 in

the NCM91 sample is considerably greater than that in NM82 and

NCM811 samples. This signifies that Zr congregates extensively on

the cathode sample’s surface, leading to the precipitation of the

Li2ZrO3 secondary crystalline phase. Interestingly, when the pro-

portion of Mn content in the cathode material reaches 20 %, the

content of Li2ZrO3 in the NM82 sample is the lowest among three

system cathode samples. Due to the differences in diffusion rates

among transition metal elements, the diffusion distance and con-

tent of Zr inside the cathode material particles show variations.

The SEM picture of Z1-NM91 sample displayed a spherical sec-

ondary particle with smooth surfaces and approximately 7 μm in

diameter (Fig. 4f). In addition, the TEM images of Z1-NM91 also

confirmed the XRD results (Fig. 4g), where a thin coating layer

was discerned on the surface of the NM91 cathode material par-

ticles. As expected, this coating layer is composed of the Li2ZrO3

phase. From the kinetic simulation calculation results in the previ-

ous part, it was found that the interdiffusion rate of Zr4+/Mn4+ is

the fastest. Therefore, in the cathode material system with a high

Mn content, Zr enters the internal crystal structure of the material

more quickly, resulting in a corresponding decrease in the Li2ZrO3

remaining on the surface. This is consistent with the XRD refine-

ment data and is fully verified. It is worth mentioning that the dif-

fusion coefficients between Zr and transition metal elements (Ni,

Co, Mn) are relatively small, making it difficult to achieve uniform

doping of Zr into the bulk phase of the cathode material.

To delve deeper into the impact of Zr on the efficacy of cathode

materials, the meticulously prepared NM91, NCM811, and NM82

cathode samples were meticulously assembled into CR-2025 type

coin cells. Subsequent electrochemical performance evaluations

were meticulously carried out at a controlled temperature of 30 °C,
spanning a voltage spectrum from 2.7 V to 4.3 V, and the ob-

tained data are all presented in Fig. 5. It can be seen that for the

cathode materials of the three cathode systems of NM91, NCM811

and NM82, as Zr is added, the initial discharge specific capacity of

the materials exhibits a steady decline over time. In NM91 cath-

ode materials, at a current density of 0.1 C, the initial discharge

specific capacities of the NM91 and Z1-NM91 samples were re-

markably 203.58 and 196.71 mAh/g respectively, and their first-

cycle Coulombic efficiencies are 85.32 % and 83.81 % respectively

(Fig. 5a). In the NCM811 cathode materials, at 0.1 C, the initial

discharge specific capacities of the NCM811 and Z1-NCM811 sam-

ples are 192.59 and 185.23 mAh/g respectively, and their first-cycle

Coulombic efficiencies are 86.76 % and 85.80 % respectively (Fig.
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Fig. 5. First-cycle charge-discharge diagram and long-cycle diagram of (a, b) NM82, (c, d) NCM811, and (e, f) NM82 cathode material samples. (g, h) The dQ/dV curves

corresponding to the number of cycles of NM91, Z1-NM91 cathode material samples. (i) The bar graph of the improvement effect of the cycle retention rate of 1 % Zr-

modified cathode material samples compared with pristine samples.

5c). It should be noted that in the NM82 cathode materials, at a

current density of 0.1 C, the initial discharge specific capacity of

the pristine NM82 sample, which is 186.22 mAh/g, and the first-

cycle Coulombic efficiency of 82.89 % are both higher than those

of the Zr modified sample, which are 179.54 mAh/g and 80.75 %

respectively (Fig. 5e).

From the above results, the primary factor contributing to the

decline in the discharge specific capacity of the Zr-modified cath-

ode material samples is the inherent non-electrochemical activity

of Zr, as indicated in references [40–42]. It did not participate in

redox reactions during this battery charging and discharging pro-

cesses, so it cannot provide effective capacity, thus causing a de-

duction in the discharge specific capacity. Moreover, after Zr4+ en-

ters the interior of the cathode material, according to the law of

charge conservation, the content of Ni2+ needs to be increased,

which inevitably increases the degree of Li+/Ni2+ mixing in the

crystal structure, thereby resulting in a decrease in the battery

Coulombic efficiency. However, the introduction of Zr has a posi-

tive effect on the capacity retention ratio of the cathode materials.

As can be seen from Figs. 5b, d and f, after 300 cycles, the reten-

tion rates of the Zr-doped cathode substance specimens, Z1-NM91,

Z1-NCM811, and Z1-NM82, have climbed to 82.89 %, 81.88 %,

and 77.21 % respectively. Especially for the Z1-NM91 sample, the

improvement in the capacity retention ratio is the most obvious.

Compared with the original sample NM91, its capacity retention

ratio has increased by 13.37 % (Fig. 5i). Interestingly, during the

long cycling process, the Zr modified samples all exhibited an in-

crease in the discharge specific capacity. This might be because the

Li2ZrO3 coating layer hindered the Li+ transportation between the

cathode particles and the electrolyte, slowing down a material ac-

tivation process and reaching equilibrium only during subsequent

cycling [43,44]. Figs. 5g and h display the dQ/dV curves of two

cathode material samples in the NM91 system corresponding to

different cycle numbers. The dQ/dV plots of other cathode material

samples (NCM811, Z1-NCM811, NM82 and Z1-NM82) are shown in

Fig. S12 (Supporting information). All the cathode samples under-

went a phase shift of H1 →M→H2 →H3. During the phase change,

c-axis in unit cell structure contracted severely, generating phase

transition stress and accumulating mechanical stress in the struc-

ture. This led to the emergence of micro-cracks in crystal parti-

cles, thereby reducing the cycling stability of material [45,46]. No-

tably, after 300 cycles, the H2 →H3 phase transition peak shifts of

the NM91 and Z1-NM91 cathode samples were 0.043 V and 0.023

V, respectively. This indicates that when Zr4+ enters the internal

structure of the cathode material, it can mitigate the polarization

degree of the redox reaction, thus improving the reversibility of

the crystal structure [47,48].

In conclusion, this study conducted in-depth research on the

diffusion kinetic behavior between Zr and the main transition

metal ions (Ni3+, Co3+, Mn3+, and Mn4+) in Ni-rich based cath-

ode materials through these designed diffusion couples. Based on

kinetic analysis, this study found that the interdiffusion rates of
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Zr4+ and transition metal ions showed a certain order as fol-

lows: Zr4+/Mn4+ > Zr4+/Mn3+ > Zr4+/Co3+ > Zr4+/Ni3+. Although
Mn4+ had the strongest promoting effect on the diffusion of Zr4+,
when the Zr modification amount was only 1 %, a surface coating

layer still formed in the NM82 sample of high-Mn content cath-

ode materials. By conducting electrochemical performance analy-

ses on all the prepared pristine and modified cathode samples of

NM82, NM91, and NCM811, it has been discovered that the coating

layer serves as a robust shield against electrolyte corrosion, sig-

nificantly enhancing the surface stability of the cathode material,

thereby elevating the cycling stability. This study elucidated the

mechanism of action of Zr-doped Ni-based layered cathode ma-

terials from the perspective of diffusion kinetics and successfully

predicted the distribution behavior of Zr in Ni-based layered cath-

ode materials through diffusion kinetics calculations. This discov-

ery has opened up new design ideas for the development of the

next generation of high-performance and cost-effective cathode

materials.
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