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a b s t r a c t

Nickel-rich cathode materials have received widespread attention due to their high energy density. How-

ever, the poor rate capability and inferior cycle stability seriously hinder their large-scale application. The

traditional co-precipitation method for preparing them has a long process and easily arises agglomera-

tion leading to inhomogeneous element distribution. Here, a novel precursor containing Li element was

prepared by ultrafast spray pyrolysis (SP) in 3–5 s. Then the precursor was used to synthesize pristine

LiNi0.9Co0.05Mn0.05O2 (NCM90) and 1% Mg modified LiNi0.9Co0.05Mn0.05O2 (NCM90-Mg1). This method gets

rid of mixing Li/Mg source and the precursor prepared by common co-precipitation, thus could achieve

homogeneous lithiation and Mg2+ doping. The cell parameter c is expanded, and the cation disorder

is reduced after Mg2+ doping. Furthermore, the harmful H2-H3 phase transition in NCM90-Mg1 is also

well suppressed. As a result, the obtained NCM90-Mg1 shows better electrochemical performance than

NCM90. Within 2.8–4.3V (25 °C), the specific discharge capacity of NCM90-Mg1 at 5 C is as high as 169.1

mAh/g, and an outstanding capacity retention of 70.0% (10.0% higher than NCM90) can be obtained after

400 cycles at 0.5 C. At 45 °C, a capacity retention of 81.9% after 100 cycles at 1 C is recorded for NCM90-

Mg1. Moreover, the NCM90-Mg1 also exhibits superior cycle stability when cycled at high cut-off voltage

(4.5V, 25 °C), possessing the capacity retention of 79.2% after 200 cycles at 1 C. Therefore, SP can be

proposed as a powerful method for the preparation of multi-element materials for next-generation high

energy density LIBs.

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

Medica, Chinese Academy of Medical Sciences.

In the recent years, demand for high-performance rechargeable

batteries had become so ubiquitous, especially in the electric vehi-

cle (EV) sector. Due to high power, energy densities and long cycle

life, lithium ion batteries (LIBs) dominate the market of power bat-

teries for EV [1-3]. In general, high specific energy LIBs depend on

cathode materials with high specific capacity. Nickel-rich layered

oxides LiNixCoyMnzO2 (x + y + z = 1) (NCM) stands out for their high

reversible capacity and energy density when Ni content is higher

than 80%. Despite some promising properties, the issues of struc-

ture and capacity degeneration become increasingly serious with

the increase of Ni content in NCM cathode materials [4-7]. The

relevant changes in Nickel-rich layered cathode materials can be

explained by the following issues: (1) Cation disordering (Li+/Ni2+
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disordering) leads to a transformation in the surface structure from

layered to disordered, eventually forming rock-salt phase [8,9]. (2)

The anisotropic shrinkage of lattices generates internal strain in

deep delithiation, resulting in the formation of micro-cracks in-

side particles [10,11]. (3) The residual lithium including Li2CO3 and

LiOH distributed on the surface of NCM cathode materials will in-

duce interface side reaction between NCM cathode materials and

electrolyte [12,13].

In order to overcome these limitations of nickel-rich layered

cathode materials, many effects have been made, such as surface

coating [14], ion doping [15], concentration-gradient NMC cath-

ode materials [16] and preparation of dispersed single crystal [17].

Among these strategies, ion doping is an effective way to suppress

H2-H3 phase transformation and cation disordering. It is believed

that Mg2+ tends to migrate to the lithium layer, owing to its simi-

lar ionic radii with Li+ (r
Mg2+= 0.72 Å, rLi+= 0.76 Å) [18]. The Mg2+
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1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



J. Dai, Z. He, X. Li et al. Chinese Chemical Letters 36 (2025) 110063

ions occupy the lithium layer and act as pillar ions, which could

stabilize the layered structure and reduce the anisotropic lattice

distortion upon cycling [19].

It is a challenge for ion doping to achieve homogeneous ele-

ment distribution, which determines the effect of doping. Spray

pyrolysis (SP) is a popular strategy to show outstanding advantages

in element distribution compared with typical co-precipitation

methods, which is prone to arise agglomeration leading to in-

homogeneous element distribution [20]. Many cathode materi-

als have been prepared by SP using nitrates or acetates contain-

ing lithium as raw materials, such as LiNi0.8Co0.15Al0.05O2 [21],

LiNi0.8Co0.1Mn0.1O2 [22], LiNi1/3Co1/3Mn1/3O2 [23-25]. In addition,

the electrochemical properties of layered cathode materials were

improved through in situ doping or coating by SP, such as glass LBO

modified LiCoO2 [26], Zr4+ doped LiCoO2 [27], and Mo6+ doped

LiNixMnyCo1-x-yMnzO2 [28].

The main purpose of this study is to achieve homoge-

neous element doping by SP, which could enhance the elec-

trochemical performance of the NCM90 cathode material effec-

tively. A precursor containing Li, Ni, Co and Mn elements was

prepared by SP using acetate solution. Then Ni-rich cathode

material LiNi0.9Co0.05Mn0.05O2 (NCM90) was fabricated through

high-temperature sintering. 1% Mg doped LiNi0.9Co0.05Mn0.05O2

(NCM90-Mg1) was also prepared through the same synthetic route

with adding magnesium acetate to the precursor solution. Com-

bining energy dispersive spectroscopy (EDS) and X-ray diffraction

(XRD) with scanning electron microscopy (SEM), the results indi-

cated that Mg2+ are doped homogeneously. The electrochemical

performance of these cathode materials was tested under differ-

ent conditions. The results indicated that rate capability and cycle

stability of the NCM90-Mg1 were superior to the pristine NCM90

significantly.

The schematic for the synthetic route of desired cath-

ode materials is shown in Fig. S1 (Supporting information).

The precursor of NCM90 (P-NCM90) was prepared by SP at

55 °C. LiC2H3O2, Ni(C2H3O2)2�4H2O, Co(C2H3O2)2�4H2O and

Mn(C2H3O2)2�4H2O were dissolved in deionized water at a molar

ratio of 1.07:0.9:0.05:0.05 with a concentration of 0.6mol/L. Excess

lithium was used to compensate for the loss during SP and sin-

tering. After solute was fully dissolved, the solution was poured

in a jacketed glass container with a 1.7MHz ultrasonic nebulizer.

O2 as carrier gas carried atomized droplets into a vertical tubular

furnace (VTL1200–1200–1200, Nanjing Boyuntong Instrument) at a

speed of 5 L/min. The temperature of three chambers of the tubu-

lar furnace is 550 °C. The precursor powder was collected in nickel

foam at the top of the tubular furnace. Then it was sintered at

720 °C in a tubular furnace (SK-B06123KF, Tianjing ZHONGHUAN)

for 16h in O2 atmosphere to synthesize NCM90 cathode. The pre-

cursor of NCM90-Mg1 (P-NCM90-Mg1) and NCM90-Mg1 cathode

were synthesized as the same route by adding Mg(C2H3O2)2�4H2O

to precursor solution. The molar ratio of Li:Ni:Co:Mn:Mg was

1.07:0.9:0.05:0.05:0.01.

Fig. 1a shows the XRD patterns of the precursors prepared by

SP. The P-NCM90 and P-NCM90-Mg1 are mainly composed of NiO

(PDF #44–1159) and Li2CO3 (PDF #22–1141), which are produced

by the decomposition of Ni(C2H3O2)2·4H2O and LiC2H3O2, respec-

tively. The characteristic peaks related to Mn, Co, and Mg are not

detected, which may be due to their low content or doping in NiO.

The XRD results indicate that the acetate decomposed completely.

The SEM images of P-NCM90 and P-NCM90-Mg1 are shown in Figs.

1b and c, respectively. The particle size of precursor varies from

several hundred nanometers to two microns. Due to the low solu-

bility and poor permeability of acetate solution, the solute rapidly

precipitates on the surface of the droplet and decomposes, accom-

panied by the inflation and break of the droplet to form contracted

wrinkle morphology [21,29-31]. The morphology of precursors is

largely determined by raw material, and there is no obvious differ-

ence in the morphology of two precursors because the raw mate-

rials are all acetate. To obtain well-layered cathode materials, the

two precursors were both calcined at 720 °C for 16h. The SEM im-

ages of the NCM90 and NCM90-Mg1 are shown in Figs. 1d and e.

The secondary particles of these two materials both maintains the

irregular sphericity of precursors, while the primary particles grad-

ually grow to several hundred nanometers obviously. The primary

particle surface of both samples is smooth particularly without

residual impurities. There is no obvious difference by comparing

the SEM images of these two materials, proving that the addition

of Mg does not affect the morphology. The morphology changes

from initial droplet to final product during the entire preparation

process were displayed in Fig. 1f.

In order to investigate the influence of Mg doping on the Ni-

rich materials, TEM analysis and EDS analysis were conducted. It

can be seen from Figs. 2a and c that the secondary particles of

the both samples after sintering are composed of several irregular

nanoparticles, which are consistent with the above SEM images.

By comparing Figs. 2b and d, both materials show clear lattice

fringe. The lattice stripe spacing of the NCM90 and NCM90-Mg1

is calculated as 0.471 and 0.473nm via Fourier transform respec-

tively, implying that Mg doping enlarges the lithium-ion diffusion

channels effectively [32]. In addition, the EDS elemental distribu-

tion mappings of NCM90-Mg1 are shown in Figs. 2f-i. It is clear

that Ni, Co, Mn, and Mg are overlapped and distributed evenly,

further proving that Mg2+ are distributed homogeneously by SP.

To understand more crystal structural information, the Rietveld re-

finement results of XRD patterns of the pristine NCM90 and Mg-

modified NCM90-Mg1 via Fullprof software are shown in Figs. 2j

and k. All peaks can be well assigned to α-NaFeO2-type struc-

ture (R-3m space group) without any impurity phase, indicating

that Mg have been successfully embedded in layered structure of

NCM90. The (006)/(102) and (108)/(110) peaks of these two ma-

terials apparently split, implying a well-ordered layered structure

[33]. More detailed differences from Rietveld refinement results

are shown in Table S1 (Supporting information). The small values

of Rp and Rwp indicate the reliability of the results. The cell pa-

rameter a of the NCM90-Mg1 slightly increases compared with the

NCM90. While the cell parameter c increases significantly, which

is attributed to that Mg2+ with larger radius of 0.72 Å compared to

these of the transition metal ions (Ni2+: 0.69 Å, Ni3+: 0.56 Å, Co3+:
0.545 Å, Mn4+: 0.53 Å) is more inclined to occupy the lithium layer

during sintering [34,35]. Such increased a and c values is consistent

with the above TEM images, further proofing that Mg doping could

expend the Li+ transmission channels in the NCM90-Mg1, which

facilitates the diffusion of lithium ions, thus obtaining better rate

performance [36]. It is easy to find that Mg enlarges the unit cell

volume and c/a ratio. The NCM90-Mg1 has a smaller percentage

of Ni2+ in 3b site of 2.176%, while that of the NCM90 is 3.038%.

This means that the addition of Mg suppresses cation disordering

(Li+/Ni2+ disordering), which will cause the formation of rock-salt

phases on surface during charging-discharging. Therefore, Mg dop-

ing enhances the crystal structure of Ni-rich materials, which will

be beneficial to improving the electrochemical stability.

The electrochemical behaviors of the pristine and Mg doped

samples are shown in Fig. 3. As shown in Fig. 3a, both samples

deliver the similar initial discharge capacity (211.4 mAh/g vs. 210.9

mAh/g) and initial coulombic efficiency (85.2% vs. 85.6%) at 0.1 C.

The rate and cycle performances of the two samples were tested

between 2.8–4.3V (25 °C). As shown in Fig. 3b, the average specific

discharge capacity of NCM90 is 208.6, 203.8, 197.9, 190.0, 180.3 and

163.4 mAh/g at 0.1, 0.2, 0.5, 1, 2 and 5 C, respectively. In contrast,

the average specific discharge capacity of NCM90-Mg1 is 207.7,

204.8, 199.4, 191.5, 182.8, and 169.1 mAh/g under the same current

density, higher than those of NCM90 especially at 5 C. Moreover,
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Fig. 1. Crystal structures and morphologies of as-prepared precursors. (a) XRD patterns; SEM images of (b) P-NCM90 and (c) P-NCM90-Mg1. SEM images of (d) NCM90 and

(e) NCM90-Mg1. (f) Schematic diagram for morphological changes of the material during the entire preparation process.

Fig. 2. Morphologies and crystal structures of as-prepared final materials. TEM images of (a, b) NCM90 and (c, d) NCM90-Mg1. (e-i) EDS elemental distribution mappings of

Ni, Co, Mn, Mg. Rietveld refinement for XRD patterns of (j) NCM90 and (k) NCM90-Mg1.

NCM90-Mg1 can deliver an impressive average discharge capacity

of 204.3 mAh/g when the current density resets to 0.1 C, very close

to original average specific discharge capacity 207.7 mAh/g at 0.1 C.

As presented in Fig. 3c, the NCM90 and NCM90-Mg1 deliver a sim-

ilar initial discharge capacity of 199.5 and 198.2 mAh/g at 0.5 C.

The tiny difference in discharge capacity can be explained by the

reduction of Li+ due to the addition of electrochemically inactive

Mg2+ in the lithium layer. After 400 cycles, a higher capacity re-

tention of 70.0% for the NCM90-Mg1 is observed, while that of

the NCM90 is just 61.3%. Compared with the pristine NCM90, the

cycle performance of NCM90-Mg1 was distinctly improved. There-

fore, the Mg-doped NCM90-Mg1 demonstrates excellent rate per-

formance and capacity retention, clearly indicating Mg doping en-

larges the lithium-ion diffusion channels and enhances the stabil-

ity of crystal structure [32]. For the sake of further demonstrating

the electrochemical superiority of the Mg-modified Ni-rich cath-

ode material NCM90-Mg1, cycling tests at higher cut-off poten-

tial (4.5V) and higher temperature (45 °C) were conducted. Fig.

3d shows the comparison diagram of two samples between 2.8V

and 4.5V at 25 °C. NCM90 and NCM90-Mg1 samples have a simi-

lar initial specific discharge capacity of 201.4 and 200.2 mAh/g at 1

C, respectively. After 200 cycles, the NCM90-Mg1 retains a higher

reversible capacity of 158.5 mAh/g, corresponding to a capacity re-

tention of 79.2%. By contrast, the NCM90 just displays a reversible

capacity of 141.8 mAh/g with a lower capacity retention of 70.4%.

The enhancement of electrochemical stability can also be observed

within 2.8–4.3V at 45 °C according to Fig. 3e. The NCM90-Mg1

fades from 201.4 mAh/g to 164.9 mAh/g with a capacity retention

of 81.9% after 100 cycles at 1 C. While the NCM90 suffered a seri-

ous capacity loss from 202.6 mAh/g to 140.2 mAh/g with capacity
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Fig. 3. Electrochemical performance of NCM90 and NCM90-Mg1. (a) Initial charge-discharge profile at 0.1 C. (b) Rate capability from 0.1 C to 5 C. Cycle performance under

(c) 0.5 C, 25 °C and 2.8–4.3V, (d) 1 C, 25 °C and 2.8–4.5V; (e) 1 C, 25 °C and 45 °C.

Fig. 4. Electrochemical Kinetics of NCM90 and NCM90-Mg1. Nyquist plots (a) before cycle and (b) after 200 cycles at 4.5V and 1 C. (c, d) CV curves of (c) 1st cycle and (d)

3rd cycle in a scan rate of 0.1mV/s at 25 °C within 2.8–4.3V.

retention of only 69.2%. The above results indicate that Mg-doped

NCM90-Mg1 has superior electrochemical stability whether at high

voltage or high temperature.

Additionally, to study the effect of Mg2+ on electrode kinet-

ics properties of NCM90, EIS and CV techniques were performed.

Figs. 4a and b display the Nyquist diagram of the prepared two

electrodes before cycle and after 200 cycles at 4.5V. Fig. 4a con-

tains one semicircle in the mid-high frequency ranges and a sloped

straight line in low-frequency ranges, referring to charge-transfer

resistance (Rct) and Warburg impedance (Wo) respectively [37,38].

The first and second semicircles in Fig. 4b represent Rsf assigned

to the film resistance and Rct respectively after 200 cycles [39].

The corresponding fitting values are shown in Table S2 (Support-

ing information). The Rct values of the NCM90 and NCM90-Mg1

before cycle are 71.7 � and 55.5 � respectively, indicating that the

surface reconstruction layer on the NCM90-Mg1 cathode material

surface is thinner. After 200 cycles, both Rct and Rsf of the NCM90-

Mg1 electrode both are significantly smaller than those of NCM90

electrode, meaning that the NCM90 cathode material surface has

suffered more serious degradation and constructed thicker insu-

lating solid electrolyte interphase at a higher cut-off voltage. The

impedance test results are consistent with electrochemical behav-

iors and further prove that Mg2+ doping could reduce the surface

reconstruction caused by cation mixing and stabilize bulk struc-

ture during charge-discharge process. As shown in Figs. 4c and

d, CV curves of the first and third cycles of the two electrodes

both exhibit three redox peaks corresponding to the phase transi-

tions of hexagonal phase (H1) to monoclinic phase (M), monoclinic

phase to hexagonal phase (H2) and hexagonal phase to hexagonal

phase (H3) respectively during the extraction and insertion of Li+

[40]. This means that Mg doping does not change the structure of

the NCM90 material. The smaller the potential difference of redox

peaks (�E), the better the reversibility electrode [41]. The CV re-

sults make known that the NCM90-Mg1 electrode has smaller �E
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of 21.2 and 0.1mV in the first and third cycles than those of the

NCM90 electrode (27.8 and 8.4mV). Anisotropic lattice expansion

and contraction during H2-H3 phase transition lead to crack gen-

eration in bulk [42]. For the NCM90-Mg1 electrode, the peak inten-

sity related to phase transition of H2-H3 is weaker than that of the

NCM90 electrode, bearing out that the incorporation of Mg2+ into

the lithium layer does restrain the phase transition of H2-H3. This

is attributed to the fact that the material structure is stabilized by

a “pillar” effect of Mg2+ in the lithium layer and the stronger Mg-O

bond (−601kJ/mol) than Ni-O bond (−489.5 kJ/mol) [19,42]. Conse-

quently, the electrochemical performance of NCM90 has been im-

proved prominently, especially at a higher cut-off voltage of 4.5V

and a higher temperature of 45 °C.
To sum up, in this work, pristine Ni-rich cathode material

NCM90 and Mg-modified NCM90-Mg1 was synthesized through

high-temperature sintering using a novel precursor prepared by

fast SP, which is a convenient strategy to achieve homogeneous

Mg2+ doping. The cation disorder was reduced and (003) plane

spacing was expanded after the homogeneous addition of Mg. In

addition, Mg2+ in the lithium layer could act as a “pillar” and

the strong Mg-O bond also can stabilize the structure during cy-

cling, so the harmful H2-H3 phase transition was suppressed. The

NCM90-Mg1 represented excellent rate capability and cycle stabil-

ity compared with the NCM90. Especially at 4.5V high cut-off volt-

age (4.5V) and high temperature (45 °C), the high capacity reten-

tion of 79.2% after 200 cycles and 81.9% after 100 cycles at 1 C was

obtained respectively. In short, the superiority of Mg doping in the

lithium layer to stabilize the structure of Ni-rich cathode materi-

als has been demonstrated, and the SP method is also applicable

to achieve homogeneous doping of arbitrary elements. Besides, SP

method has huge potential for the scale applications in battery in-

dustry as a convenient and ultrafast method to prepare homoge-

neous elements doped precursors. Therefore, a fresh strategy for

preparing the next generation of high energy density LIBs is pro-

vided.
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