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A B S T R A C T

Lithium-rich layered oxides have gained considerable attention as cathode materials for lithium-ion batteries due 
to their high energy density. However, their insufficient structural stability results in rapid capacity fading and 
low initial Coulombic efficiency, hindering practical applications. In this study, we successfully synthesized 
medium-entropy Li1.2Ni0.13Co0.13Mn0.54O2 (LMNCO) through co-doping with Mg, Al, and La. The optimized 
Li1.2Ni0.12Co0.12Mn0.53Mg0.01Al0.01La0.01O2 exhibited outstanding electrochemical performance, including a high 
initial reversible capacity of 272 mAh g− 1, an initial Coulombic efficiency of 82.2 %, and a capacity retention of 
83 % after 100 cycles. These improvements can be attributed to the microstructural advantages, including 
optimized lattice parameters, enhanced lattice oxygen stability, and strengthened transition metal‑oxygen bonds. 
Density functional theory (DFT) calculations further confirmed that Mg, Al, and La co-doping increased the 
adsorption energy (− 3.12 eV) and the number of transferred electrons (0.87 e) compared with samples doped 
with each element individually. Meanwhile, the p-band center energy level of oxygen at the lithium adsorption 
site increased, further verifying that medium entropy facilitated the enhancement of electrochemical perfor
mance. The co-doping method suggests a promising strategy to develop cathode materials with enhanced ca
pacity and stability, designed for the next generation of lithium-ion batteries.

1. Introduction

With the rapidly growing demand for high energy density and 
environmental sustainability in lithium-ion batteries (LIBs) [1], signifi
cant efforts have been dedicated to improving the electrochemical per
formance of lithium-rich ternary oxides (LRTOs) [2]. Li-rich manganese- 
based oxides (LRMOs) demonstrate outstanding properties, such as a 
specific capacity exceeding 300 mAh g− 1, a mean discharge voltage 
more than 3.5 V, and cost-effective [3,4]. However, structural insta
bility, the key problem for LRMOs, still results in capacity degradation, 
reduced cycle-stability, and low Coulombic efficiency [5–7].

To address the structural instability and other related issues of 
LRMOs, several approaches have been proposed, including the 
morphological and structural design of electrode materials [8,9], 
elemental doping with Na, K, Mg, Cs, and Ru [10–14], surface coatings 
[15–18], and combinations of the above approaches [19–23]. For 
instance, Huang et al. [24] synthesized magnesium-doped LRTOs, where 
the Mg dopant acted as a stabilizing agent, improving reversible ca
pacity. Similarly, the use of aluminum doping has been examined to 
hinder the transition to the spinel phase in Li1.2Ni0.16Mn0.51Al0.05

Co0.08O2 [25]. Therefore, Mg and Al doping improve electrochemical 
performance. In addition, they are cost-effective, widely available, and 
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environmentally friendly. La doping has also gained attention due to its 
ability to form unique La–O bond with both ionic and relatively cova
lent properties, which enhanced the stability of lattice oxygen and 
expanded the reversibility of oxygen redox reactions [26]. While 
numerous previous works have focused on single-element doping, co- 
doping studies have also shown promise. For example, the co-doping 
of Fe and Cl has been shown to reduce the irreversible release of lat
tice oxygen, mitigate voltage fading, and enhance initial Coulombic 
efficiency [27]. Similarly, Ce and B co-doping combined with CeO2 
surface coating on Li1.184Ni0.136Co0.136Mn0.544O2 were used to solve 
irreversible anion redox limits [7]. Moreover, doping can also increase 
the entropy of electrode materials, providing a novel pathway for 
enhancing electrochemical performance. Ding et al. [28] observed the 
increased interlayer spacing in high-entropy materials contributed to 
strengthening the overall skeletal structure of layered oxides by allevi
ating Jahn-Teller distortion effects [29,30]. Likewise, medium-entropy 
doping involving multiple ions has been shown to enhance the stabil
ity of high-voltage cathode materials [31,32]. Unfortunately, the exist
ing doping techniques still fall short in achieving a concurrent 
enhancement in discharge capacity, cycle retention rate, and initial 
Coulombic efficiency. Furthermore, to enhance the electrochemical 
performance of the material, we introduced a Li2WO4 (LWO) coating on 
the medium-entropy material. The primary role of the Li2WO4 coating is 
to stabilize the material's surface, reducing side reactions between the 
electrolyte and the electrode material, thereby improving the cycling 
stability of the material. Although the Li2WO4 coating is not entirely 
consistent with the medium-entropy strategy, its synergistic effect with 
the medium-entropy material can significantly enhance the electro
chemical performance. Therefore, by combining the medium-entropy 
strategy with surface coating technology, we have designed a cathode 
material with superior electrochemical performance.

In view of the stabilization effect of Mg, Al, and La in LRMOs cath
ode, we propose replacing the M (M = Ni, Co, Mn) ions in Li1.2Ni0.13

Co0.13Mn0.54O2 (LMNCO) with small amounts of above elements to 
obtain the co-doped one (Li1.2Ni0.12Co0.12Mn0.53Mg0.01Al0.01La0.01O2, D- 
LMNCO), which also simultaneously increases its entropy. Compared 
with unmodified LMNCO, D-LMNCO demonstrates improved electro
chemical performance, with an initial capacity of 272 mAh g− 1, a 
Coulombic efficiency of 82.2 %, and capacity retention of 83 % after 
100 cycles, benefiting from the enhancements in its microstructure. 
Furthermore, the application of a Li2WO4 coating further enhances the 
electrochemical performance of D-LMNCO, resulting in a composite 
material (C-D-LMNCO) with an initial capacity of 284 mAh g− 1, a 
Coulombic efficiency of 85.0 %, and capacity retention of 90.2 % after 
100 cycles. Undoubtedly, these combined modification methods were 
the basis for the design of stable LRMOs, which could be used to make 
high-caliber cathode materials and next-generation LIBs with improved 
stability and capacity retention.

2. Experimental methods

2.1. Material preparation

The Li1.2Ni0.12Co0.12Mn0.53Mg0.01Al0.01La0.01O2 (D-LMNCO) mate
rial was synthesized using a ball-milling-assisted oxalate precipitation 
method. Specifically, 2 mmol of manganese acetate, 0.5 mmol of cobalt 
acetate, and 0.5 mmol of nickel acetate were dissolved in a mixed sol
vent comprising deionized water, ethylene glycol, and ethanol in a 
Volumetric ratio of 1:1:4. After complete precipitation with 6 mmol of 
oxalic acid, the precipitate was pre-sintered at 500 ◦C for 6 h to yield the 
precursor material. This precursor was then subjected to ball milling in 
the presence of a 7 % excess of lithium carbonate and suitable quantities 
of magnesium acetate, aluminum oxide, and lanthanum acetate at 300 
rpm for 6 h. Subsequently, the mixture underwent calcination in an air 
environment at 800 ◦C for 12 h, resulting in D-LMNCO. Meanwhile, in a 
ball milling system, when no additives are introduced, the resultant 

material is LMNCO, whereas, with the individual addition of suitable 
quantities of magnesium acetate, aluminum oxide, and lanthanum ac
etate as dopants, the materials are denoted as Mg-LMNCO, Al-LMNCO, 
and La-LMNCO, respectively. To prepare the coating solution, tungsten 
trioxide and lithium hydroxide monohydrate were dissolved and 
agitated at 60 ◦C for 15 h. The resulting mixture was dried, ground with 
D-LMNCO, and sintered to obtain the coated material, denoted as C-D- 
LMNCO.

2.2. Material characterization

The crystalline structures of the synthesized materials were analyzed 
by powder X-ray diffraction (XRD) using Cu Kα radiation on a Rint-2000 
diffractometer (Rigaku, Japan). The diffraction patterns were acquired 
over a 2θ range of 10–70◦ with a step size of 0.02◦. The crystallographic 
parameters were analyzed using MDI Jade 5.0 software. Morphological 
characterization of the prepared materials was conducted using scan
ning electron microscopy (SEM, JSM-6510) and high-resolution trans
mission electron microscopy (HRTEM, JEM-2100, JEOL, Japan). The 
atomic concentrations of Ni, Co, Mn, Mg, Al, La, and W in the materials 
were accurately quantified using inductively coupled plasma optical 
emission spectroscopy (ICP-OES). Furthermore, X-ray photoelectron 
spectroscopy (XPS) was used to elucidate the oxidation states of the 
individual metal elements within the co-doped materials.

2.3. Electrochemical measurements

A slurry was prepared by combining the active material, poly
vinylidene fluoride (PVDF), and carbon black in an N-methyl-2-pyrro
lidone solvent at a weight ratio of 80:10:10. The slurry was subsequently 
applied to aluminum foil and dried in a vacuum oven at 80 ◦C for 12 h. 
The dried foil was cut into disks, each possessing a mass loading of 
approximately 2 mg/cm2, to act as the working electrode. The electro
chemical performance was assessed using a coin cell (CR-2016) con
structed within an argon-filled glovebox (LG1200/750TS; Vigor, China). 
Lithium metal foil served as the counter electrode, accompanied by a 
porous polymer separator (Celgard 2400) and a 1 M LiPF6 electrolyte 
solution composed of a 1:1 volume ratio of ethylene carbonate (EC) and 
dimethyl carbonate (DMC). Galvanostatic charge-discharge tests were 
performed at ambient temperature utilizing a battery testing system 
(LAND, 2001 T, China) within a voltage range of 2.0–4.6 V (vs. Li/Li+). 
Cyclic Voltammetry (CV) measurements were conducted utilizing an 
electrochemical workstation (Autolab 302 N), across a potential range of 
2 to 4.6 V vs. Li/Li+, at a scan rate of 0.1 mV/s. Electrochemical 
impedance spectroscopy (EIS) was conducted on a three-electrode setup 
utilizing an electrochemical workstation (Autolab 302 N) across a fre
quency spectrum of 0.01 Hz to 100 kHz, with a 5 mV AC perturbation 
signal applied. In this configuration, the working electrode was previ
ously used, whereas the lithium foil and lithium ring served as the 
counter and reference electrodes, respectively.

2.4. Calculation method

All calculations were conducted using the Vienna Ab-initio Simula
tion Package (VASP, version 6.4.1) employing the projector-augmented 
wave (PAW) method [33,34]. A truncation energy of 520 eV and an 
energy convergence criterion of 1E− 6 with a mechanical convergence 
criterion of − 0.03 are used in the calculations to ensure that the energy 
error is lower than 1 meV/atom. A 5 × 5 × 2 k-point network is used for 
structural optimization, and 8 × 8 × 3 network is used for the density of 
states calculations.

3. Results and discussion

XRD analysis was used to investigate the structural characteristics of 
LMNCO, Mg-LMNCO, Al-LMNCO, La-LMNCO, D-LMNCO, and C-D- 
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LMNCO. As illustrated in Fig. 1a, the XRD patterns display a charac
teristic hexagonal α-NaFeO2 layered structure corresponding to the 
R3‾m space group. All the main diffraction peaks in the pattern can be 
well-matched with the hexagonal LiTMO2 phase (space group: R3‾m, 
JCPDS#09-0063). The several weak diffraction peaks in the 
20–25◦range are caused by the Li/Mn - ordered superlattice structure in 
the transition - metal layer, which is a typical structural feature of the 
monoclinic Li2MnO3 phase (space group: C2/m, JCPDS#84-1634). The 
distinct separation of the (006)/(102) and (108)/(110) peaks confirms 
the systematic layering structure of both the pristine and doped samples, 
hence validating their characteristic hexagonal layered structures. 
Combined with the ICP results (Table S1), the elemental proportions of 
all samples are in accordance with the designed values, which also in
dicates that we have successfully prepared these materials. Fig. 1b, c 
show that the (003) and (104) peaks of all the doped samples shift to 
lower diffraction angles, indicating an expansion in the Li slab dimen
sion. This shift to lower diffraction angles and the expansion in the Li 
slab dimension are because the different ionic radii of dopants (Mg, Al, 
La) compared to the original cations expand the lattice, especially along 
the c-axis related to Li-layer spacing. Table S2, which summarizes the 
statistics from Fig. 1d-f, illustrate that the a and c lattice parameters of D- 
LMNCO increase from 2.8471 Å and 14.2132 Å (LMNCO) to 2.8522 Å 
and 14.2511 Å, respectively [35]. Meanwhile, the enhanced intensity 
ratio of (003)/(104) and the c/a ratio indicates that D-LMNCO effec
tively reduced cation mixing [36].The results indicate that the doping 
approach effectively enlarges the spacing between the Li layers, which is 
critical for facilitating Li - ion migration across the oxide layers during 
lithiation and delithiation processes and ultimately improving electro
chemical performance.

The scanning electron microscopy (SEM) images of LMNCO (Fig. 2a), 
D-LMNCO (Fig. 2b), and C-D-LMNCO (Fig. 2c) show that all samples 
exhibit well-defined spindle-shaped particles. Significantly, SEM images 
at the scale of 200 nm of LMNCO (Fig. 2d), D-LMNCO (Fig. 2e), and C-D- 
LMNCO (Fig. 2f) illustrate that LMNCO, D-LMNCO possess similar sur
face structures with only marginal differences. Meanwhile, the surface 
of C-D-LMNCO displays increased densification after modification, 
indicating improved interparticle bonding [37]. High-resolution trans
mission electron microscopy (HRTEM) images (Fig. 2g-i) of LMNCO, D- 

LMNCO, and C-D-LMNCO reveal lattice fringes in the interior regions, 
with spacings of 4.78 Å, 4.68 Å, and 4.69 Å, aligned well with spacings 
of the (003) plane of the R3‾m phase and the (001) plane of the C2/m 
phase [38], respectively. The HRTEM image of C-D-LMNCO (Fig. 2i) 
clearly shows that the LWO coating layer in C-D-LMNCO is approxi
mately 10–20 nm.

To better understand the surface structure and element valence 
distribution, XPS was performed. As shown in Fig. 3a-c and Fig. S2, Ni, 
Co, Mn, Mg, Al, La and W spectrum demonstrate remarkable consistency 
with relevant literature. Notably, the spectrum of La3+ bears a certain 
resemblance to that of Ni2+, which accounts for the observable coales
cence of partial peaks in Fig. 3a. Moreover, the coating process is prone 
to attenuate the peak intensities, as manifested by the evidently 
diminished peak intensities of the C-D-LMNCO spectrum in Fig. 3a-c in 
comparison to LMNCO and D-LMNCO [25,26,39]. Furthermore, Fig. 3d- 
f show that the binding energy of lattice oxygen (O2− ) in C-D-LMNCO 
(529.59 eV) is higher than that in LMNCO (529.45 eV), which suggests 
stronger TM-O bonds on the surface of C-D-LMNCO. This is due to the 
W–O bond's higher dissociation energy than the Mn–O, Ni–O, and 
Co–O bonds on C-D-LMNCO [40]. This modification enhances struc
tural stability by increasing the binding energy of surface lattice oxygen 
and mitigating the irreversible release of surface lattice oxygen. 
Enhancing the stability of lattice oxygen is considered an effective 
approach for achieving improved electrochemical performance in LIBs. 
Additionally, Fig. 3g-i illustrate that after co-doping with Mg, Al, and La, 
the proportion of lattice oxygen (at 529.5 eV) increases from 48.41 % to 
56.16 %. The peaks at 531.2 eV and 532.0 eV correspond to O–H 
species and carbonate moieties, respectively. The suppressive effect of 
dopant modification on the irreversible release of lattice oxygen may be 
associated with the optimization of the local environment of oxygen. 
Typically, the local environment of oxygen is primarily composed of 
O–H species, carbonate groups, and lattice oxygen. The presence of 
O–H species and carbonate groups significantly affect the surface sta
bility of lithium-rich layered oxides. This phenomenon can induce a 
structural transition from the layered phase to a spinel-like phase 
morphology, thereby reducing cycling stability. Additionally, it gener
ates oxygen vacancies, which impede the re-insertion of the Li+ ions to 
the lattice structure [41]. Therefore, D-LMNCO is expected to exhibit 

Fig. 1. (a)XRD patterns of samples, enlarged views of the (003) peak (b) and (104) peak (c), Rietveld refinement XRD patterns for (d) LMNCO, (e) D-LMNCO, and (f) 
C-D-LMNCO samples.
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superior electrochemical performance due to better environment of 
oxygen.

A comprehensive investigation of the crystal structure and 
morphology confirms the effective introduction of Mg, Al, and La ele
ments into the lattice structure by the co-doping method. This doping 
process fails to result in noticeable changes in the morphology or crys
talline structure of the materials. To clarify the relationship between the 
mixed doping protocol, the structural characteristics of the material, and 
its performance metrics, the electrochemical properties of the electrode 
materials were evaluated using a half-cell configuration, with LMNCO, 
D-LMNCO, and C-D-LMNCO working as cathodes with lithium foil an
odes. Fig. 4a illustrates that LMNCO presents a discharge capacity of 251 
mAh g− 1, accompanied by an initial Coulombic efficiency of 79.4 %. 
Upon doping, D-LMNCO exhibits an enhanced discharge capacity of 272 
mAh g− 1 and an initial coulombic efficiency reaching 82.2 %. These 
enhancements can be attributed to the co-doping of Mg, Al, and La, 
which synergistically improve lattice oxygen stability and increase 
lithium-ion adsorption energy. Electrode materials' performance in en
ergy storage systems is significantly influenced by their surface prop
erties and ion-transfer kinetics. The cathode-electrolyte interface often 
suffers from side reactions that lead to the consumption of active ma
terials and lithium ions, thus deteriorating the overall performance. A 
fast-ion-conductor coating can act as a protective layer and a facilitator 
for ion transfer. Li2WO4, as a fast-ion-conductor, has unique character
istics. It has a relatively high lithium-ion conductivity, which can 
effectively optimize the lithium-ion intercalation kinetics during the 
charge-discharge process. By coating the medium-entropy material with 
Li2WO4, a more stable interface between the electrode and the electro
lyte can be created. This not only suppresses the side reactions at the 
cathode-electrolyte interface but also accelerates the transfer of lithium 
ions, which is crucial for enhancing the material's discharge capacity 
and Coulombic efficiency. Although it may not seem directly related to 
the medium-entropy strategy in terms of elemental composition, its 

function in improving the overall electrochemical performance is com
plementary. As shown in our experimental results, the discharge ca
pacity of C-D-LMNCO is enhanced to 284 mAh g− 1, with its initial 
coulombic efficiency reaching 85 %, which is largely attributed to the 
LWO coating. Additionally, Fig. 4a also depicts the initial charge- 
discharge curves of Mg-LMNCO, Al-LMNCO and La-LMNCO. As shown 
in Table S3, La doping modestly enhanced the capacity while signifi
cantly improving the coulombic efficiency, whereas Mg and Al doping 
contributed to minor increments in discharge capacity. As illustrated in 
Fig. 4b, the D-LMNCO cathode demonstrates commendable capacities of 
271.2, 223.1, 193.8, 159.4, 127, and 92 mAh g− 1 at current densities of 
0.1, 0.5, 1, 2, 5, and 10C, respectively. Therefore, D-LMNCO exhibits a 
substantial rate of performance compared to the LMNCO cathode. 
Moreover, both D-LMNCO and C-D-LMNCO demonstrate pronounced 
advantages at higher current rates, underscoring their enhanced kinetic 
properties. In addition, Fig. 4c shows the cycling stability tests of 
LMNCO, D-LMNCO, and C-D-LMNCO conducted at 1.0C. The LMNCO 
exhibits a retention of 80.5 % of its capacity after 100 cycles. In contrast, 
D-LMNCO maintains 83 % of its capacity over the same period. Notably, 
C-D-LMNCO exhibits enhanced durability, retaining 90.2 % of its ca
pacity after 100 cycles. Consequently, the co-doping of Mg, Al, and La 
exhibited enhanced electrochemical performance of LMNCO. The en
hancements in initial discharge capacity, capacity retention throughout 
cycle, and initial Coulombic efficiency are due to increased structural 
stability., increased lithium-ion adsorption energy, and increased en
tropy, validating the efficacy of the doping strategy.

EIS was performed to LMNCO, D-LMNCO, and C-D-LMNCO to clarify 
reaction processes and interfacial electrochemistry. The following 
equation calculates lithium-ion diffusion coefficient [42]. 

Z' = Rs +Rct +σω− 0.5 (1) 

Fig. 2. SEM images of (a, d) LMNCO, (b, e) D-LMNCO, (c, f) C-D-LMNCO at different magnifications, and HRTEM images of (g) LMNCO, (h) D-LMNCO, and (i) C- 
D-LMNCO.
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DLi+ = 0.5
(

RT
AF2σwC

)2

(2) 

In the above equations, the angular frequency is denoted by ω, 
whereas R, T, F and A represent the gas constant, absolute temperature, 
Faraday's constant and the electrode surface area, respectively. Fig. 4d, e 
exhibited a slope at low frequencies and a semicircle at high frequencies, 
indicative of diffusion and charge transfer processes, respectively. The 
corresponding values for uncompensated ohmic resistance (Rs), charge 
transfer resistance (Rct), Warburg impedance (W), and constant phase 
element (CPE) Q were calculated using Zsimpwin software and are 
summarized in Table S4 [22,36]. As presented in Table S4, C-D-LMNCO 
exhibits the highest DLi+ , which may be attributed to the enlarged 
interlayer distance and shortened diffusion pathways facilitated by the 
combined doping of Mg, Al, and La. Additionally, the optimized doping 
and surface coating strategies significantly reduced the Rct value, indi
cating enhanced conductivity and improved kinetics of Li insertion and 
extraction. The potential difference (ΔEp) between the O1 oxidation 
peak and R2 reduction peak in the CV curves serves as an indicator of 
electrode polarization [43]. As shown in Fig. 4f-h, C-D-LMNCO dis
played a ΔEp value of 0.62 V, which is lower than the values of 
approximately 0.68 V for D-LMNCO and 0.69 V for LMNCO after three 
cycles, which indicates the reduced polarization of C-D-LMNCO during 
cycling. Consequently, reduced polarization facilitates enhanced Li+

transport across the coating layer interface, in combination with delayed 
structural transformation from layered to spinel phase, resulting in low- 
capacity degradation and improved electrochemical performance of the 
infused specimen [44,45]. Notably, we compared the electrochemical 
performance of LMNCO, Mg-LMNCO, D-LMNCO, and C-D-LMNCO 
samples (Fig. 4i). Both D-LMNCO and C-D-LMNCO exhibited superior 

performance concerning DLi+ , capacity, and the Coulombic efficiency.
To investigate the effect of doping on oxide-embedded lithium, we 

constructed a model for DFT calculations based on the XRD and TEM 
results (Fig. S3). Fig. 5a depicts the distribution of electrons at the 
doping sites of the oxide material during elemental doping. From blue to 
red, it represents a gradual increase in the number of electrons. It can be 
observed that elements Mn and Ni have a higher number of electrons, 
while the number of electrons at the sites decreases when Mg/Al/La is 
doped. The doping of several elements together results in a state of 
electron deficiency at the site. As shown in Fig. 5b, the electron ex
change between lithium atoms and the electrode material during 
insertion. The oxygen atom acts as an anchor point during insertion and 
directly exchanges electrons with the Li atom. The electrons flow from 
the Li atom to the O atom, resulting in electrostatic adsorption to form a 
bond. It is clearly seen that there is electron flow between Mn and O, 
while it is not obvious between Mg/Al/La and O. Fig. 5c shows the 
adsorption energy of Li atoms upon insertion, versus the corresponding 
number of electrons exchanged with the electrode material. Doping 
effectively increases the adsorption energy of Li atoms, which represents 
an increase in the adsorption strength and macroscopically favors the 
increase in the performance of the electrode materials. There is a posi
tive correlation between the electron exchange number and the 
adsorption energy. From Fig. 5a, b, it can be found that due to the state 
of electron deficiency at the doped sites, it leads to a weaker bonding 
with the O atoms. The O atoms is more inclined to obtain electrons from 
the inserted Li atoms to form bonds, which effectively increases the 
adsorption strength of the Li atoms.

The density-of-states diagrams before and after Li insertion was 
calculated, from which the positions of the P-band centers of the O el
ements with different models, as well as the bonding after Li insertion 

Fig. 3. High-resolution XPS spectra of (a) Ni 2p, (b) Co 2p, (c) Mn 2p for LMNCO, D-LMNCO, C-D-LMNCO, and O1s for (d) LMNCO, (e) D-LMNCO, and (f) C-D- 
LMNCO samples; peak intensities of O1s for (g) LMNCO, (h) D-LMNCO, and (i) C-D-LMNCO samples.
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are obtained, which are plotted as Fig. 5d. It can be seen that the doping 
of different elements successfully affects the electronic properties of the 
O atoms. The increase of the P-band centers leads to an increase in the 
heights of the antibonding orbitals formed with the Li atoms, which 
represents an increase of the adsorption strength, and this corresponds 
to the adsorption energy results. Finally, Fig. 5e shows the overall effect 
of doping elements on the density of states of the electrode material. The 
doping element mainly affects the state density distribution of O rather 
than the formation of impurity states directly at the Fermi energy level. 
These results comprehensively illustrate the influence mechanism of 
doping on the electronic structure and properties of the electrode ma
terial from multiple perspectives.

4. Conclusion

In summary, co-doping with Mg, Al, and La was employed to modify 
the microstructure and improve the electrochemical performance of the 
material… The synergistic effect of doping increased entropy, optimized 
the lattice parameters, and mitigated polarization. DFT calculations 
demonstrated that the incorporation of Mg, Al, and La elevates the p- 
band center energy level of O at the Li adsorption site and increases the 
antibonding orbitals that form upon adsorption. Thus, the bonding af
finity with Li atoms was bolstered and the adsorption energy was 
augmented. Consequently, the initial discharge capacity and Coulombic 
efficiency of D-LMNCO were 272 mAh g− 1 and 82.2 %, respectively, 
with a capacity retention of 83 % after 100 cycles. Subsequently, after 
coating LWO onto the surface of the material, C-D-LMNCO demon
strated a superior performance, achieving an initial discharge capacity 
of 284 mAh g− 1 and a Coulombic efficiency of 85.0 % at a rate of 0.1C, 

and a remarkable capacity retention of 90.2 % after 100 cycles at 1C. 
Such co-doping and entropy-enhancing approach significantly enhanced 
the electrochemical properties of the material, providing a practical and 
effective method to increase the microstructural stability of additional 
layered metal oxides for use in LIBs. This work provides valuable in
sights for the advancement of high-performance cathode materials for 
future LIBs.
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