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Abstract
Co-free Li-rich Mn-based cathode materials (LMNO) have gradually become powerful competitors with ultra-high 
specific discharge capacity and energy density. However, high-rate performance and severe voltage decay restrict 
the commercial application of LMNO. Herein, LiAl5O8 acts as a templating agent to construct 3D neural-like 
networks in LMNO, enabling fast ion diffusion and improving rate performance. Proton exchange is predominantly 
facilitated by the process of LiAl5O8 constructed to generate vacancies for oxygen preservation, while strong Al-O 
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bonds stabilize interfacial lattice oxygen, effectively suppressing voltage decay due to structural evolution. As a 
result, the designed cathode exhibits a discharge specific capacity of 154.65 mAh g-1 at 5 C and 91.68% capacity 
retention after 400 cycles (vs. 66.67% of LMNO), effectively suppressing voltage decay with 90.90% voltage 
retention (vs. 81.08% of LMNO). The constructed neural-like network structure engineering provides an innovative 
direction for improving the high-rate performance and structural stability of LMNO.

Keywords: Neural-like networks, LiAl5O8, strong Al-O bonds, rate performance, Co-free Li-rich Mn-based cathode

INTRODUCTION
The rapid development of power vehicles has put forward high requirements for energy density, security 
and production cost of lithium-ion batteries (LIBs)[1-4]. Therefore, it is critical to explore higher energy 
density cathode materials[5-8]. Among the cathode materials for LIBs, Li-rich Mn-based oxide cathodes 
(LLOs), xLi2MnO3·(1-x)LiTMO2 (0 < x < 1, TM = Mn, Ni, Co, etc.), have received extensive attention 
because of their high specific capacity, low cost and high voltage[9-11]. Nevertheless, structural instability by 
transition metal migration and irreversible oxygen release of LLOs during charging/discharging cycles, 
particularly poor rate performance, results in impeding its practical application[12-14]. These problems can be 
explained by mechanisms that have been experimentally demonstrated. Firstly, the redox of oxygen and 
more interfacial side reactions at high voltages cause excessive consumption of Li[15-17]. Secondly, continuous 
oxygen release and structure collapse in LLOs lead to performance degradation, particularly the 
characteristic voltage fading[18-20]. Eventually, the inherent limitation of Li+ migration kinetics in LLOs is the 
primary reason for their inability to meet rate performance requirements[21,22]. Therefore, it is imperative to 
conquer these challenges and upgrade the performance of LLOs to meet the high-performance 
requirements of power vehicles and enhance the overall performance.

To tackle the aforementioned challenges, various strategies have been explored, such as inactive element 
doping[23-26], structural induction[27-29], and surface engineering[30-32]. However, the effectiveness of doping 
alone is often limited, as it overlooks material surface side reactions that can hinder achieving higher cycle 
stability. Consequently, many researchers are inclined towards structural induction or surface engineering 
techniques to enhance the performance of LLOs. For instance, Yang et al. developed twin structures with a 
3D Li+ diffusion channel, which not only improves the rate performance but also effectively suppresses the 
migration of manganese ions and voltage decay[16]. The downside is that the potential instability of twins 
resulting from internal stress anisotropy is not taken into consideration[16]. Zheng et al. utilized Li+/Ni2+ 
antisite defects and surface-induced spinel phases in LLOs to enhance Li+ diffusion on the surface and 
reduce the formation energy of oxygen vacancies, ultimately improving the rate performance and lattice 
oxygen stability[33]. Nevertheless, it is not enough to focus only on one-sided ion diffusion. Due to 
synergistic lithium-ion diffusion on the surface/bulk and structural stability, predominantly driven by subtle 
structural inductions and surface engineering, mainly contributes to the rate performance and overall 
stability of LLOs. It is well known that LiAl5O8 is an inverse spinel structure with stress equalization and a 
3D Li+ transport channel; thus, it exhibits both structural stability and a high rate of Li+ diffusion[34-36]. 
Meanwhile, Al can alter the Li@Mn6 superstructure units to heighten oxygen reversibility and reduce phase 
transitions during long cycling, and stronger Al-O bonds will improve lattice oxygen stability and transition 
metals migration barriers to suppress voltage decay[23,37,38].

Herein, we proposed an overall strategy to construct a neural-like network structure at the grain boundaries 
of primary particles and the surface of materials with LiAl5O8. The initial cathode [Co-free Li-rich Mn-based 
cathode materials (LMNO)] is immersed into Al(NO3)3 solution for ultrasound-induced osmotic reaction, 
and the Al in solution will react with Li in LMNO to form LiAl5O8 at high temperature. With the gradual 
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penetration of LiAl5O8 into the bulk of LMNO, a neural network-like structure of LiAl5O8 is formed, 
effectively enhancing the overall Li+ diffusion rate and rate performance of LMNO. Meanwhile, the 
introduction of Al into the lattice forms strong Al-O bonds, which stabilizes interfacial lattice oxygen and 
effectively prevents voltage decay caused by structural evolution. The designed cathode LMNO-A shows a 
specific capacity of 281.55 mAh g-1 at 0.1 C (1 C = 250 mA g-1) and 154.65 mAh g-1 at 5 C. After 400 cycles at 
5 C, it demonstrates a capacity retention of 91.68% and a voltage retention of 90.90%. Moreover, the in-situ 
electrochemical impedance spectroscopy (EIS) test shows the average Li+ diffusion rate of LMNO-A during 
the first charge/discharge is 3.10 × 10-16 cm2 s-1, which is higher than 1.22 × 10-16 cm2 s-1 of LMNO. This work 
provides a simple and reproducible modification strategy for improving the high-rate performance and 
significantly suppressing voltage degradation of the LMNO cathode.

EXPERIMENTAL
Materials preparation
Mn0.75Ni0.25CO3 precursors were obtained by co-precipitation synthesis. The corresponding amounts of 
MnSO4·H2O and NiSO4·6H2O were calculated according to the chemical expressions of precursors and 
added to 500 mL of deionized water to obtain a 2 M solution. Na2CO3 was added to 500 mL of deionized 
water to obtain a 2 M solution as precipitant. NH3·H2O was added to 300 mL of deionized water to obtain 
0.2 M solution as a complexing agent. The three solutions were pumped into the continuously stirred tank 
reactor, and the stirring speed was controlled at 800 r min-1 and the reaction temperature was 55 °C. The pH 
values of the nucleation, growth and aging stages were controlled at 7.8/8.0/8.2, respectively. The 
Mn0.75Ni0.25CO3 obtained after the reaction was washed with deionized water 5 times, the solution was 
filtered off using a circulating water vacuum pump, and finally, the filtered precursor was dried in a vacuum 
drying oven at 120 °C for 12 h.

The dried precursor and Li2CO3 were mixed and fully ground according to the molar ratio of 1:1.2 (5% 
excess). The mixture was then placed in a muffle furnace, pre-sintered for 5 h at 500 °C, and sintered for 
12 h at 900 °C, with the heating rate controlled at 3 °C min-1. The final product, Li1.2Mn0.6Ni0.2O2, was 
obtained, marked as LMNO.

To modify the LMNO particles, Al(NO3)3·9H2O and LMNO were dissolved in deionized water at molar 
ratios of Al to transition metal (TM: Mn and Ni) of 3:100, 5:100, and 20:100, respectively. The mixture was 
then treated with ultrasonic waves for 30 min to ensure uniform dispersion. Afterward, the modified 
particles were washed three times with deionized water and dried in a vacuum oven at 120 °C to obtain the 
precursor. Finally, the precursor was annealed in a muffle furnace at 750 °C for 5 h with a heating rate of 
3 °C min-1 to obtain the final products, which were labeled as LMNO-A, LMNO-5A, and LMNO-20A.

Additional experimental details on the structural characterization and electrochemical properties of the 
electrode materials are shown in the Supplementary Material.

RESULTS AND DISCUSSION
Neural-like network formed by LiAl5O8 permeation growth contributes to rapid Li+ migration. LMNO-A is 
formed through impregnation treatment and sintering of LMNO, as shown in Figure 1A. LiAl5O8 is 
produced on the surface and then extends along the grain boundaries of the primary particles, gradually 
penetrating the interior to create protected structures that resemble a neural-like network. Specifically, 
LiAl5O8 is an anti-spinel structure, and the crystal structure includes Li-O octahedra, Al-O tetrahedra, and 
Al-O octahedra [Supplementary Figure 1][34]. Significantly, LiAl5O8 possesses a high Li+ transport rate due to 
point defects such as vacancy Li (VLi) and gap Li (GLi)[39]. Density functional theory calculations (DFT) reveal 
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Figure 1. (A) The schematic of the synthesis of LMNO and LMNO-A. (B) The structural model of LiAl5O8 and Li+ diffusion path in 
LiAl5O8. (C and D) The diffusion energy of all paths. (E) The ionic conductivity of LMNO and LMNO-A.

that GLi has the lowest formation energy barrier [Supplementary Table 1]. Therefore, GLi is used as the 
starting and ending point to analyze Li+ migration in LiAl5O8. Additionally, the Climbing Image-Nudged 
Elastic Band (CI-NEB) calculations determined Li+ migration paths and migration barriers [Figure 1B] that 
two fresh diffusion paths about Li+ between two GLi are investigated in LiAl5O8 (Path 4 and Path 5). It is 
worth noting that GLia cannot diffuse directly to GLib due to the strong electrostatic repulsion caused by the 
presence of an Al atom (represented by the yellow Al atom) close to the diffusion path[34]. Instead, GLia must 
first diffuse to VLi and then proceed to GLib. Distinguished from LiAl5O8, Li+ in the Li2MnO3 phase exhibits a 
preference for exfoliation from the Li layer, and the exfoliation process involves three diffusion paths: Path 
1, Path 2, and Path 3[40]. In a word, the corresponding diffusion energy barriers for the five diffusion paths 
(Path 4, Path 5, Path 1, Path 2, and Path 3) are calculated to be 0.59, 0.34, 0.79, 0.87, and 0.91 eV, 
respectively [Figure 1C and D]. Obviously, Li+ in LiAl5O8 has a lower diffusion energy barrier and faster 
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diffusion rate. Furthermore, blocking electrode structures were fabricated to assess the ionic conductivity of 
the two samples [Figure 1E]. The results reveal that the ionic conductivity of LMNO-A is 1.41 × 10-4 s cm-1, 
significantly higher than the 7.85 × 10-5 s cm-1 observed for LMNO. Therefore, both theoretical calculations 
and preliminary experimental results confirm that the incorporation of LiAl5O8 is favorable for enhancing 
the Li+ diffusion rate in LMNO-A.

Scanning electron microscopy (SEM) was utilized to examine the surface morphology of LMNO 
[Figure 2A] and LMNO-A [Figure 2B]. Both samples display typical spherical secondary particles with an 
approximate particle diameter of 10 µm. The primary particles of LMNO exhibit a rod-like shape and a 
larger diameter, growing diffusely from the center outward. In contrast, the surface of the modified LMNO-
A appears relatively dense, with the primary particles becoming finer and the interior of the particles 
becoming porous. The observed changes in the surface morphology and particle structure of LMNO-A can 
be attributed to the harmonious effect of the impregnation reaction and sonication. During the 
impregnation reaction, the presence of H+ in the acidic solution leads to the partial replacement of Li+ in 
LMNO[41-43]. This substitution is followed by the removal of some oxygen atoms from the structure during 
subsequent heat treatment[31]. The elements Ni, Mn, and O are homogeneously distributed throughout the 
LMNO [Supplementary Figure 2]. More importantly, by analyzing the elements on the surfaces and the 
profile of LMNO-A, it was discovered that aluminum (Al) is not only present on the surface [Figure 2C] but 
also in the interior [Figure 2D] of the material. This suggests that the impregnation reaction and sonication 
process resulted in the incorporation of Al throughout the LMNO-A structure, rather than being limited to 
the surface alone. The schematic of the structure inside LMNO and LMNO-A particles is shown in 
Figure 2E. The pristine particles of the pristine LMNO material are loosely stacked and the grain boundaries 
are visible [Supplementary Figure 3]. However, the connectivity between the particles is poor, resulting in 
an inefficient Li+ transport. In contrast, Figure 2F shows that the surface and internal structures of the 
modified LMNO-A samples become more compact due to the formation of neural-like LiAl5O8 channels, 
which fill in some of the voids between the pristine particles and optimize the grain boundary structure. 
Accordingly, line scanning analysis was performed to investigate the distribution of Mn, Ni, and Al in the 
sub-surface [Figure 2G] and interior [Figure 2H] of LMNO-A. The results indicate that Al is primarily 
concentrated at the grain boundaries of the primary particles in LMNO-A. Within the particles, Al is 
distributed similarly to its distribution in the sub-surface region. However, the relative amount of Al is 
lower in the bulk phases with higher Mn and Ni contents. And the line scan analysis reveals small gaps in 
the relative contents of all elements in different areas, as shown in Figure 2I. Under impregnation treatment 
and the influence of ultrasonic action, H+ in the acidic solution may replace some of the Li+ in LMNO 
particles. Due to the effect of charge balance, certain O atoms may be removed, resulting in the occurrence 
of cracks in primary particles. Naturally, these cracks or gaps generated may serve as pathways for Al to 
enter the interior of the particles, leading to differences in the distribution of Al in LMNO-A particles. 
Consequently, Al is primarily present in the grain boundary region of the primary particles and further 
penetrates the interior of the particles. Furthermore, the transmission electron microscopy (TEM) images 
show the existence of a structural layer on the surface of LMNO-A, which is about 3~4 nm and different 
from the bulk phase (Region I, Figure 2J). The layer was analyzed by Fast Fourier Transformation (FFT) 
and Inverse Fast Fourier Transform (IFFT) with a clear lattice streak of about 0.24 nm, which corresponds 
to the (311) crystal plane of the anti-spinel structure LiAl5O8 (space group: P4-332)[35,44,45]. Meanwhile, the 
bulk-phase (Region II) lattice streak of 0.47 nm corresponds to the (003) crystal plane of the α-NaFeO2 
structure (space group: R-3m), which is consistent with the LMNO [Supplementary Figure 4][46-48]. The X-
ray diffraction (XRD) results [Supplementary Figure 5] indicate that LMNO-20A exhibits diffraction peaks 
at 48.8° and 66.9°, which correspond to the (330) and (440) crystal planes of LiAl5O8, respectively[44,49]. This 
suggests that Al reacts with part of Li in the materials, and produces LiAl5O8 after sintering at both grain 
boundaries of primary particles and the surface of materials. However, for the LMNO-A and LMNO-5A 
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Figure 2. The SEM images of (A) LMNO and (B) LMNO-A. The EDS images of (C) inside and (D) surface of LMNO-A. (E) The 
schematic of the structure inside LMNO and LMNO-A particles. (F) The cross-section SEM images of LMNO-A. The line scan at (G) 
surface and (H) inside of LMNO-A and the specific relative content (I) of Mn, Ni and Al. (J) The TEM images of LMNO-A.

samples with lower LiAl5O8 content, no distinct characteristic peaks were detected due to the content being 
below the detection limit of XRD.

The introduction of LiAl5O8 helps to increase the oxygen vacancies in the structure and inhibit irreversible 
oxygen release. From the structure perspective, the crystal structures of LMNO and LMNO-A were 
characterized by XRD and the results are shown in Figure 3A. All the peaks belong to the hexagonal 
α-NaFeO2 structure (space group: R-3m) and the monoclinic Li2MnO3 structure (space group: C2/m) for 
both samples[50]. In the magnified XRD patterns between 20° and 23°, the superlattice peaks of LMNO-A 
appear weakened compared to LMNO, which indicates a reduction in the Li2MnO3 phase content after the 
modification[51]. In detail, corresponding Rietveld refinements of LMNO [Figure 3B] and LMNO-A 
[Figure 3C] were conducted by the GSAS II program and the detailed results are shown in 
[Supplementary Table 2]. The fitting analysis indicates that the relative content of the Li2MnO3 phase in 
LMNO-A is approximately 12.80%, whereas in LMNO it is 16.40%. This variation is attributed to the 
replacement of Li+ by H+ from the hydrolysis of Al(NO3)3 in the Li2MnO3 phase, resulting in a decrease in 
the relative content of the Li2MnO3 phase. From the surface chemistry perspective, X-ray photoelectron 
spectroscopy (XPS) was carried out on LMNO and LMNO-A. Firstly, the characteristic peak can be 
detected at 74.2 eV in the Al 2p spectra of LMNO-A, which corresponds to Al3+ [Figure 3D], indicating that 
Al is successfully introduced into the material after modification[52]. Secondly, the O 1s spectra [Figure 3E] 
show that the relative content of defect-oxygen in LMNO-A is boosted to 39.21% compared to that of 
LMNO (26.82%), which suggests an increase in the number of oxygen vacancies in the material and may be 
associated with a decrease in the content of the Li2MnO3 phase. Furthermore, the EPR test results 
[Figure 3F] further confirm the increase of oxygen vacancies, which is consistent with the analysis of the O 
1s spectra[11]. Raised oxygen vacancy could contribute to inhibiting the irreversible oxygen release during the 
first charge/discharge process and improve the initial coulombic efficiency (ICE)[21,31]. Moreover, the relative 
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Figure 3. (A) The XRD patterns of LMNO and LMNO-A. The Rietveld refinement plots of (B) LMNO and (C) LMNO-A. The XPS spectra 
of (D) Al 2p and (E) O 1s. (F) The EPR spectrum of LMNO and LMNO-A. The XPS spectra of (G) Ni 2p and (H) Mn 2p. (I) The specific 
relative content of Mn4+, Ni2+ and lattice oxygen.

content of Ni2+ in the corresponding Ni 2p3/2 peak at 854.5 eV is detected as 54.87% [Figure 3G]. Compared 
to 61.18% for LMNO, the lower Ni2+ content is favorable for inhibiting Li/TM mixing, which is due to the 
similar ionic radii of Ni2+ (0.69 A) and Li+ (0.76 A)[25,37]. Eventually, for the Mn 2p spectra [Figure 3H], it can 
be found that the content of Mn4+ in the LMNO-A samples slightly decreases (the specific value is shown in 
Figure 3I), which can be attributed to the decrease in the content of the Li2MnO3 phase[30,53].

In conclusion, the aforementioned results are favorable for inhibiting the irreversible release of lattice 
oxygen caused by the over-activation of the Li2MnO3 phase and improving the structural stability during 
cycling and the ICE of the electrode material.

Electrochemical properties. Assembled button half-cells with the LMNO and LMNO-A as the cathode were 
activated in the voltage range of 2~4.8 V at 0.1 C (1 C = 250 mA g-1) as shown in Figure 4A. Both samples 
show the characteristic curve of LLO cathode materials, which included a continuous slope below 4.5 V 
associated with the oxidation of Ni2+/Ni4+, and a long charging plateau above 4.45 V related to the activation 
of the Li2MnO3 phase, where O2- is oxidized to O(2-n)- (0 < n < 2)[54-56]. The shorter charging plateau observed 
at 4.45 V in LMNO-A indicates a reduced activation of the Li2MnO3 phase. LMNO-A exhibits a reversible 
capacity of 281.55 mAh g-1, compared to LMNO’s reversible capacity of 268.74 mAh g-1, with an ICE of 
80.85%. The dQ/dV curves of the two samples [Figure 4B] show a significant decrease in the oxidation peak 
intensity of LMNO-A at around 4.5 V. This indicates that the oxygen oxidation reaction is suppressed, 
thereby effectively reducing irreversible oxygen release and contributing to improved structural stability and 
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Figure 4. (A) The initial activation curve of LMNO and LMNO-A. (B) The dQ/dV curves of LMNO and LMNO-A. (C) The specific 
capacity and energy density of LMNO and LMNO-A. (D) The electrochemical behavior of LMNO-A at 0.2 C. (E) The cycling 
performance of LMNO and LMNO-A in the voltage range of 2~4.8 V at 1 C. (F) The Normalized discharge curves at 1 C. The 
corresponding dQ/dV curve of (G) LMNO and (H) LMNO-A. (I) The cycling performance of LMNO and LMNO-A in the voltage range 
of 2~4.8 V at 5 C. (J) The discharge curves and corresponding dQ/dV curves of 400 cycles of LMNO-A.

cycling performance of the material[40,57]. Compared to LMNO, the reduction peak potential corresponding 
to Mn4+/3+ around 3.4 V is lower for LMNO-A, which can be attributed to an increased relative content of 
Mn3+[57]. Moreover, LMNO-A achieves a specific capacity of 259.86 mAh g-1 at 0.2 C and an energy density 
of 861.74 Wh kg-1 [Figure 4C]. Especially, the voltage decay of LMNO-A is only 2.21 mV per cycle, whereas 
LNMO experiences an undesired voltage decay of up to 4.81 mV per cycle [Figure 4D and 
Supplementary Figure 6]. Consequently, the LMNO-A exhibits high capacity and voltage retention at 1 C, 
with 95.76% capacity retention after 100 cycles. Even after 200 cycles, it retains up to about 90% of its initial 
capacity [Figure 4E]. With severe voltage decay of 2.09 mV per cycle for LMNO, LMNO-A exhibits a 
surprisingly lower value of only 0.49 mV per cycle [Figure 4F]. The two pairs of redox peaks at 3.3/3.0 and 
4.1/3.9 V in the dQ/dV curves at 1 C for two samples correspond to the redox processes of Mn3+/Mn4+ and 
Ni2+/Ni4+ in charging/discharging, respectively[25,58]. The oxidation and reduction peaks of LMNO-A 
[Figure 4G] around 4.0 and 3.0 V exhibited smaller polarization values of 0.12 and 0.11 V, respectively, 
compared to 0.26 and 0.23 V for LMNO [Figure 4H], indicating improved reversibility during cycling. 
Moreover, LMNO-A demonstrates an initial discharge specific capacity of 154.65 mAh g-1 at 5 C, and after 
400 cycles, it exhibits an impressive capacity retention rate of 91.68%, surpassing the specific capacity of 
114.61 mAh g-1 and retention rate of 66.67% achieved by LMNO [Figure 4I]. Significantly, after 400 cycles at 
5 C, LMNO-A demonstrates a remarkable voltage retention of 90.90%, whereas LMNO only retains 81.08% 
of its initial voltage. Furthermore, in comparison to the voltage decay of 1.26 mV per cycle for LMNO, 
LMNO-A exhibits a significantly lower voltage decay of only 0.69 mV per cycle [Figure 4J and 
Supplementary Figure 7][25,58].
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The aforementioned results indicate that the inclusion of LiAl5O8 in the system reduces interfacial side 
reactions, which improves the ICE and discharge specific capacity of LMNO-A. Meanwhile, the neural-like 
network structure constructed by LiAl5O8 on the surface extends to the interior of LMNO-A particles. It 
facilitates rapid diffusion of Li+ inside the electrode material, thereby significantly improving the high-rate 
performance. Furthermore, the presence of this network structure effectively suppresses the structural 
evolution of the electrode, thereby inhibiting voltage decay, particularly under high-rate conditions.

The effect of neural-like network structure on the kinetics was analyzed using in situ EIS, Cyclic 
Voltammetry (CV), and Galvanostatic Intermittent Titration Technique (GITT). The EIS analysis was 
conducted on the two samples at various charge states within the voltage range of 2~4.8 V, using a rate of 
0.2 C. The EIS data is then fitted using an equivalent circuit (refer to Supplementary Figure 8), and the 
specific values obtained are presented in Supplementary Table 3. The internal resistance of the solution (Rs) 
is represented by the intercept of the curve with the solid part in the high-frequency region. It is mainly 
related to the electronic conductivity of the cathode and the ionic conductivity of the electrolyte adsorbed 
on the electrode, representing the resistance of cathode electrolyte interface (CEI). The charge transfer 
impedance (Rct) represents the resistance of the charge transfer process in the medium to high frequency 
region; the diffusion impedance of Li+ (W) in the low frequency region represents the diffusion polarization 
of Li+ in the electrode; CPE1 indicates the capacitive components associated[18,59]. The results indicate that 
LMNO-A [Figure 5A] and LMNO [Figure 5B] display a similar trend of change, with minimal variation 
observed in the Rs throughout the process. As a result, the analysis primarily focuses on examining the 
changes in the Rct and the W. Notably, the Rct exhibits almost no change from the initial stage of charging up 
to 3.6 V. This can be attributed to the fact that the voltage required for cation/anion oxidation has not been 
reached at this stage, and Li+ is not yet being extracted from the cathode. On the contrary, as the charging 
progresses to approximately 3.8 V, the rapid extraction of Li+ results in a gradual reduction of Rct. As the 
charging voltage increases to 4.6 V, the oxidation of fewer lattice O atoms results in a smaller range of the Rct 
variation[25,60]. The Rct steadily rises as Li+ ions are re-embedded into the cathode throughout the discharge 
process. Clearly, the Rct of LMNO remains high when discharged to 2.0 V, which may be because part of the 
On- cannot be reduced to O2- or part of the O2- has been oxidized to O2 irreversibly released. In contrast, 
LMNO-A exhibits significantly smaller Rct throughout the entire process, indicating that the modified 
LMNO-A possesses a more abundant lithium-ion diffusion pathway and better ionic conductivity. The 
di f fus ion impedance  of  Li+ (DLi

+) can be  represented by  the  curve  of  ω - 1 / 2  and Z ′  
[Supplementary Figure 9A and B], with the slope σ of the curve being inversely proportional to DLi

+. The 
specific DLi

+ is calculated using the σ values obtained from Figure 5C. The results show that LMNO-A 
consistently exhibits a relatively high DLi

+ value throughout the process.

Moreover, the GITT results obtained for LMNO and LMNO-A at a rate of 0.1 C [Figure 5D and 
Supplementary Figure 9C] indicate that the DLi

+ of LMNO-A consistently exceeds that of LMNO during the 
entire charging/discharging process lower voltage differences (ΔV) and less polarization, which agreed with 
the previous in-situ EIS results. CV results [Figure 5E and Supplementary Figure 9D] showed that the peak 
currents and curve areas of LMNO-A were significantly larger than those of LMNO at different scan rates, 
indicating faster Li+ deintercalation kinetics. Based on the linear relationship between the scanning speed 
(ν1/2) and peak current (Ip), we can calculate the Li+ diffusion coefficients by the Randles-Sevcik equation[7,28]. 
The DLi

+ of LMNO-A is 2.76 × 10-13 cm2 s-1 for the charging process and 9.32 × 10-14 cm2 s-1 for the 
discharging process, which is higher than those of LMNO (2.08 × 10-13, 6.82 × 10-14 cm2 s-1), indicating that 
LMNO-A modification through LiAl5O8 significantly improves the Li+ diffusion rate [Figure 5F and 
Supplementary Figure 9E]. The results are consistent with the in-situ EIS and GITT.
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Figure 5. The in-situ EIS results of (A) LMNO-A and (B) LMNO in the first cycle and second charge. (C) The value of DLi
+ and Rct of 

LMNO-A and LMNO in the whole process. (D)The GITT curves and the Li+ diffusion coefficient of LMNO-A and LMNO. The (E) CV 
curves and (F) Li+ diffusion coefficient for different scan rates of LMNO-A. (G)The in situ XRD patterns about the (003) peak of LMNO-
A and LMNO during the first cycle. (H) The changes of c during the first cycle and (I) the corresponding parameter comparisons.

Superior initial capacity rendering and lower voltage decay during cycling are associated with a stable crystal 
structure. In order to explore the structural evolution during the initial charging/discharging process, in-situ 
XRD was conducted to explore the variation of the (003) and (101) peaks of LMNO-A and LMNO during 
initial charging/discharging [Figure 5G, Supplementary Figure 10A and B]. The results show that the two 
samples exhibit the same trend. During charging, Li+ is consistently removed from the cathode. This can be 
attributed to the increased electrostatic repulsion between the neighboring oxygen layers, which leads to an 
expansion of the layer spacing[28]. Consequently, this expansion causes a lower-angle shift of the (003) peak 
during the discharging process, and the Li+ is embedded back into the cathode, causing a higher-angle shift 
of the (003) peak as well as the (101) peak. The shifts in the positions of the (003) and (101) peaks of 
LMNO-A during this process are significantly smaller, which indicates better structural reversibility. 
However, the LMNO peak intensity is significantly lower and the full width at half maximum (FWHM) is 
larger at the high voltage range, which signaled a more severe decline of the layer structure[61]. We conduct a 
refined analysis of the in-situ XRD results, as shown in Figure 5H and I, Supplementary Figure 10C and D. 
Following the initial charging/discharging process, the changes observed in the c-axis and a-axis of LMNO-
A are only 1.24 × 10-3 and 1.45 × 10-3 Å, respectively. In comparison, the changes in the c-axis and a-axis of 
LMNO are 1.42 × 10-2 and 1.77 × 10-3 Å, respectively. Furthermore, the maximum changes observed in the c-
axis and a-axis of LMNO-A are merely 7.01 × 10-2 and 4.97 × 10-3 Å, while for LMNO, they are 9.8 × 10-2 and 
5.07 × 10-3 Å. The above results suggest that the neural-like network structure facilitated by LiAl5O8 not only 
improves the Li+ diffusion rate but also mitigates the structural evolution of LMNO-A to some extent during 
the charging/discharging process. Additionally, the neural-like network structure exhibits better 
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preservation of the layer structure, particularly at high voltages. This enhances the structural stability of the 
electrode during the cycling process.

To further explore the advantages of the modified material LMNO-A, we systematically compare the 
material characteristics after cycling. After 400 cycles at 5 C, the SEM images of the LMNO cathode reveal 
that most secondary particles have developed significant cracks [Figure 6A]. These cracks primarily result 
from stress accumulation caused by volume changes during cycling. Such structural degradation exacerbates 
side reactions between the cathode and the electrolyte, further accelerating material corrosion and fracture, 
which in turn leads to rapid capacity and voltage decay. In contrast, thanks to the presence of the LiAl5O8 
neural-like network, the secondary particles of LMNO-A maintain high structural integrity under the same 
cycling conditions [Figure 6B]. LiAl5O8 fills the gaps between primary particles, effectively suppressing crack 
propagation and electrolyte corrosion, thereby endowing the material with excellent structural stability. The 
TEM images [Supplementary Figure 11] show that the thickness of the CEI layer on the surface of the 
pristine LMNO material is approximately 8 nm. This indicates that severe interfacial side reactions occur 
between the LMNO electrode and the electrolyte during high-rate cycling, leading to continuous thickening 
of the CEI layer. In contrast, for the LMNO-A material, the surface-modified LiAl5O8 layer acts as a 
protective barrier, effectively suppressing interfacial side reactions. As a result, the thickness of the CEI layer 
on LMNO-A is only 2 nm. This result demonstrates the significant role of the LiAl5O8 modification in 
stabilizing the interface structure and enhancing the cycling performance of the material. Moreover, the 
XRD tests conducted on the electrode after cycling reveal notable differences between LMNO-A and 
LMNO. Specifically, the intensity of the (003), (101), and (104) peaks in LMNO-A is significantly higher 
compared to LMNO [Figure 6C]. Additionally, the enlarged (108/110) diffraction peaks indicate a more 
pronounced peak splitting, reflecting better preservation of the layer structure in LMNO-A[31]. More 
importantly, upon disassembling the cycled battery, a notable observation is the reduced presence of black 
material surrounding the LMNO-A electrode. XPS tests were performed on the cycled electrodes, revealing 
distinct Mn characteristic signals in the Mn 2p spectra of LMNO-A. In contrast, the Mn 2p signal intensity 
of LMNO is significantly weaker [Supplementary Figure 12A]. To further quantify this effect, inductively 
coupled plasma optical emission spectroscopy (ICP-OES) was employed to measure the dissolution of Mn 
ions into the electrolyte for both cycled LMNO-A and LMNO electrodes. The ICP-OES results 
[Supplementary Figure 12B] confirm that LMNO-A exhibits significantly lower Mn dissolution compared 
to unmodified LMNO after 400 cycles, consistent with the XPS results. These results demonstrate that the 
modification not only minimizes Mn dissolution and TM migration but also significantly suppresses 
undesirable electrode side reactions[57]. Additionally, XPS tests conducted on the cycled electrode reveal 
three distinct peaks in the F 1s spectra [Figure 6D]. The presence of peaks at 684.8 eV (LiF), 686.3 eV 
(LixPOyFz), and 687.4 eV (C-F) indicates the formation of LiF and LixPOyFz due to the decomposition of 
LiPF6 in the electrolyte and the subsequent generation of HF[15]. Notably, the peak intensities of LiF and 
LixPOyFz in LMNO-A obviously reduce compared to LMNO, suggesting a lower degree of side reactions 
between the cathode and the electrolyte in LMNO-A. Furthermore, the O 1s spectra [Figure 6E] show a 
higher relative content of TM-O in LMNO-A compared to LMNO after cycling, which suggests increased 
oxygen reversibility and a suppression of irreversible oxygen release in LMNO-A. Finally, the impedance 
characterization of the two samples after cycling using EIS [Figure 6F] reveals that the Rct of LMNO-A 
remains almost unchanged after 400 cycles, both in the fully charged and discharged states. Moreover, the 
Rct is also lower in LMNO-A compared to LMNO, indicating improved charge transfer kinetics [Figure 6G]. 
The Li+ diffusion rate in LMNO-A is significantly higher than that in LMNO [Figure 6H]. The above test 
results demonstrate that the neural-like network structural strategy of simultaneous modification at internal 
grain boundaries and surface can improve the Li+ diffusion kinetics in both spatial and temporal 
dimensions, inhibit the side reactions on the electrode surface, and enhance the stability of the electrode 
structure in the long cycling process.
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Figure 6. The SEM images of (A) LMNO and (B) LMNO-A after 400 cycles at 5 C. (C) The XRD patterns of LMNO and LMNO-A after 
cycles. The XPS spectra of (D) F 1s and (E) O 1s of LMNO and LMNO-A after cycles. The (F) EIS results of LMNO and LMNO-A after 
cycles at different charge states, (G) the value of Rct and (H) σ.

CONCLUSIONS
In conclusion, the neural-like network structure strategy has successfully improved the electrochemical 
performance of Co-free Li-rich Mn-based cathodes. Different from other modification methods, the 
incorporation of LiAl5O8 not only covers the surface of LMNO-A particles but also gradually extends to the 
interior grain boundaries, forming a comprehensive neural-like network structure throughout the cathode. 
On the one hand, abundant 3D Li+ diffusion channels are provided at the internal interfaces and surfaces 
from the kinetic point of view, which significantly improves the high-rate performance of the electrode 
materials. On the other hand, less interfacial side reactions and high lattice oxygen stability, suppress the 
structural evolution, significantly reduce voltage decay, and improve the structural stability of electrodes. 
Therefore, the designed LMNO-A cathode has excellent capacity retention/voltage retention (91.68%/
90.90%) at 5 C. Currently, all-solid-state batteries require cathodes that match safer and better interfacial 
contact, and this strategy improves the ionic conductivity of Li-rich cathodes, providing a new way to solve 
the interfacial contact problem and offering new possibilities for Li-rich commercialization.
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