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Abstract

The spinel-structured material LiMn,O4 (LMO) has attracted attention for its good rate
capability but suffers from capacity fading, manganese dissolution, and poor stability at
high temperatures. Partial doping with other elements is an effective strategy to address
these issues. To identify suitable dopant ratios for potential cathode material, the
structural and morphological is studied through rare-earth doping with Neodymium
(x=0.01 and x=0.05) using the Self-Propagating Combustion (SPC) method. X-ray
diffraction (XRD) confirmed a single-phase cubic spinel formation without structural
disorder. The XRD profiles show a very good fit between the observed and the database.
The obtained samples were identified as single-phase spinel with a face-centered cubic
(FCC) structure. The XRD data also indicate that Nd doping does not affect the formation
of the cubic spinel structure of LiMn; 9Tio.104. Annealing at 800 °C for 24 hours causes
an increase in sample crystallinity. Scanning Electron Microscope (SEM) and Energy
Dispersive X-ray Spectroscopy (EDX) analyses showed uniformly distributed polyhedral
particles ranges from 250nm to 450nm, with homogeneous distribution of Mn, Ti, Nd,
and O. The synergy of advanced materials science results in a highly accelerated, scalable
process for designing potential high-performance, upcoming-generation lithium-ion
batteries.
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Introduction

The rapid expansion of electric vehicles and renewable energy storage systems
has created a demand for high-performance lithium-ion batteries (LIBs) with high energy
density, cycling stability, and safety (Hebert & McCalla, 2021; Lin et al., 2026). Spinel
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lithium manganese oxide LiMn,04 (LMO) is a potential cathode material for its low cost,
environmental friendliness, high working voltage, and three-dimensional lithium-ion
diffusion pathways (Huang et al., 2021; Thackeray, 2021; Y. Zhang et al., 2020).

Rare earth elements are interesting dopants due to their large ionic radii and
capacity to impact crystal formation and lattice stability. Neodymium (Nd**) has the
potential to improve crystallinity, change particle shape, and strengthen the structural
integrity of spinel cathodes (Balaji et al., 2012; Wang, L. et al., 2023; Zybert et al., 2023).
However, limited research has been conducted on Nd-substituted LiMnjoTio.1O4
materials, especially those synthesized utilizing the Self-Propagating Combustion (SPC)
process. Furthermore, the effect of various Nd concentrations on phase formation and
morphological properties has not been thoroughly studied. This study addresses this gap
by examining Nd substitution in SPC-synthesized LiMn; 9Tio.104 cathodes.

This paper studies how neodymium substitution affects the structural stability and
morphology of LiMni9Tio.104 spinel cathodes produced using the SPC method and
annealed at 800 °C for 24 hours. The compositions are LiMnjoTio.104,
LiMn 9Ti0.09Nd0.0104, and LiMn 9Ti0.0sNdo.0sO4. The samples were analyzed using X-ray
diffraction (XRD), scanning electron microscopy (SEM), and energy-dispersive X-ray
spectroscopy (EDX). The results focus on the interaction between Nd inclusion, crystal
structure, and particle morphology, which will help to design structurally stable cathode
materials for enhanced lithium-ion battery applications and clarify the effect of Nd
concentration that remains insufficiently explored.

Research Method

Research Design

This study used a quantitative experimental approach to evaluate how neodymium
(Nd) substitution affects the structural stability and morphological properties of Ti-doped
lithium manganese oxide spinel cathodes. Three compositions, LiMn9Tio.104 (LMT),
LiMn; 9Ti0.090Ndo.01O4 (LMTN-01), and LiMni9Tio05sNdoosO4 (LMTN-05) were
synthesized and compared. To determine the influence of increasing Nd concentration on
the crystal structure and particle morphology of spinel cathode materials, all samples were
synthesized under similar synthesis and annealing conditions.

Synthesis of Cathode Materials

The cathode materials were prepared utilizing the Self-Propagating Combustion
(SPC) process, as shown in Figure 1. To create a homogenous solution, lithium nitrate
(LiNOs3), manganese nitrate hydrate [Mn(NOs3)2'xH»0], titanium precursor, and
neodymium nitrate hydrate [Nd(NO3);-xH>O] were dissolved in deionized water with
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constant stirring. A suitable combustion agent was then introduced into the precursor
solution and carefully stirred until a homogenous mixture formed.
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A self-sustaining combustion reaction was initiated by heating the produced gel
to around 300 °C. The precursor decomposed quickly during combustion, resulting in a
porous powder precursor (Zhang, Y. et al., 2021). The powders were milled uniformly
and placed in alumina crucibles for heat treatment.

The powders were then annealed in a furnace at 800 °C for 24 hours at ambient
atmosphere conditions to facilitate crystallization and phase development of the spinel
structure. Following annealing, the samples were naturally cooled to room temperature
before being kept for further analysis.

Structural Characterisation

X-ray diffraction (XRD) using Cu-Ka radiation (A = 1.5406 A) was used to
evaluate the crystal structure and phase purity of the produced samples. Diffraction data
were obtained throughout a 20 range of 10° to 90°. The resulting diffraction patterns were
utilized to identify the crystalline phases, determine phase purity, and assess the structural
integrity of the spinel framework following Nd substitution (Llewellyn et al., 2020).

Morphological and Elemental Characterisation

The surface appearance and particle properties of the produced powders were
studied using scanning electron microscopy (SEM). SEM analysis was used to obtain
particle shape, distribution, grain formation, and morphological evolution at various Nd
concentrations.

The energy-dispersive X-ray spectroscopy (EDX) linked to the SEM equipment
was used to evaluate the elemental composition and distribution. EDX measurements
were used to confirm the presence and homogeneous distribution of Mn, Ti, Nd, and O in
the synthesized materials.
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Data Analysis

The XRD patterns were compared to standard reference data to confirm the cubic
spinel phase development and determine phase purity. Characteristic diffraction peaks
were indexed using the spinel crystal structure, and the diffraction profiles of all
compositions were carefully examined to determine the effect of Nd inclusion on
structural stability.

SEM micrographs were studied to determine particle morphology, particle size
distribution, and grain properties. EDX spectra and elemental mapping findings were
utilized to confirm elemental composition and evaluate the distribution of constituent
elements across the samples.

The evolution of LiMni9Tio.104 spinel cathodes with increasing neodymium
content was analyzed using structural, morphological, and compositional data from XRD,
SEM, and EDX characterizations.

Results and Discussions
Structural Analysis of Nd-Doped LiMni.sTio.1O4 Spinel Cathodes by X-

Ray Diffraction (XRD)

The X-ray diffraction (XRD) patterns of the synthesized and annealed at 800 °C
for 24 hours, LiMnioTip1O4 (LMT), LiMnioTio09Ndo01Os (LMTN-01), and
LiMn; 9Ti0.0sNdo.0s04 (LMTN-05) are shown in Figure 2. The diffraction patterns of all
compositions show well-defined crystalline peaks, which suggest the successful
production of highly crystalline spinel materials.

The diffraction peaks located at approximately 18.7°, 36.2°, 44.1°, 58.3°, 64.3°,
67.2°,76.0°, and 81.1° correspond to the (111), (311), (400), (511), (440), (531), (533),
and (444) crystallographic planes, respectively. These reflections are typical for the cubic
spinel LiMn2Oy4 structure in the face-centered cubic (FCC) crystal system with the space
group Fd3m (Huang et al., 2021; Thackeray, 2021). The diffraction pattern obtained was
consistent with the reported spinel LiMn>Os cathode materials, which indicates the
successful formation of the desired spinel framework.

(111)
|

311 (400) LiMnus Tioos Ndo.os O
| (511) (4“'0)
(531) (533) (444)
A N_ I
‘l ‘L " " LiMni.s Tio.oo Ndoo Os
AL e
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Figure 2. Stacked XRD patterns of LiMnj 9Tio.104 (LMT), LiMnj 9Ti0.090Ndo.0104 (LMTN-01),
and LiMnj 9Ti0.05sNdo.0504 (LMTN-05) annealed at 800 °C for 24 hours.

Intensity (a.u.)
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The comparison of diffraction profiles shows that all characteristic peaks are
preserved after neodymium substitution. There is no significant peak splitting or
disappearance of the major reflections, suggesting that the crystal symmetry of the Ti-
doped LiMn,0O4 host lattice is not changed by the incorporation of the Nd. In addition, no
impurity peaks from Nd>Os;, TiO2, Mn2O3, Mn3O4, and other secondary phases are
detected in the explored 20 range. The obtained result confirms that the selected Nd
concentrations were well accommodated without disturbing the phase purity of the spinel.

For each composition, the (111) plane exhibits the highest diffraction intensity of
all of the reflections measured, indicating that crystal growth occurs preferentially along
this crystallographic direction. The synthesized materials display good structural ordering
and a high degree of crystallinity, as evidenced by the narrow diffraction profile of the
(111) peak and its high intensity. The same properties have been observed in highly
crystalline spinel LiMn,O4 systems produced at high annealing temperatures (Vu et al.,
2020; Zhang, Y. et al., 2021).

The diffraction peaks of the Nd-containing samples also remain clear and distinct,
suggesting that the annealing temperature of 800 °C was effective at promoting crystal
formation and reducing lattice defects. For lithium-ion battery cathodes, higher
crystallinity is desirable since it helps to enhance structural stability and lithium-ion
diffusion during repeated electrochemical cycling (Huang et al., 2021; Nyamaa et al.,
2024).

Although the ionic radius of Nd** is larger than that of the octahedral site ions of
the spinel structure, the XRD data reveal that Nd can be incorporated up to x = 0.05
without producing any observable phase alteration. This preservation of the cubic spinel
framework is particularly noteworthy as one of the key prerequisites for achieving
improved cycling durability in lithium-ion battery cathode materials is the structural
stability of the host lattice when doped with low levels of rare-earth ions, and this has
been demonstrated. (Kumar et al., 2022; Ram et al., 2016).

According to the XRD study, all synthetic compositions have a single-phase cubic
spinel structure with good crystallinity and excellent phase stability. The successful
retention of the Fd3m spinel framework after Nd substitution indicates that rare-earth
elements can be incorporated into Ti-doped LiMn,Os without compromising the
framework stability of the battery materials, highlighting the potential of Nd modification
as a strategy for creating structurally stable materials for lithium-ion batteries (Kumar et
al., 2022; Nyamaa et al., 2024).

Morphological Evolution of Nd-Doped LiMni.oTio.1O4 Spinel Cathodes
by Scanning Electron Microscope (SEM)

SEM was used to analyze the surface morphology of LiMnioTio.104 (LMT),
LiMni9Tio.0o0Ndo.01O4 (LMTN-01), and LiMnioTio0sNdoosOs (LMTN-05) at
magnifications of 1000x and 10000%. Comparable SEM micrographs are presented in
Figure 3, with average particle sizes summarized in Table 1. The average particle size was
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calculated by determining the mean value of the diameters of five representative particles
using the following equation:

Sample Sample 1: LiMni.sTio.104 Sample 2: LiMni .sTio.sNdo.o1Os

1000x

Magnification

10000x

Figure 3. SEM images of LiMnj.9Tio.1O4 (LMT), LiMnj 9Ti0.090Ndo.0104 (LMTN-01), and

LiMn1.9Ti0.0sNdo.0sO4 (LMTN-05) spinel cathodes showing the effect of Nd doping on
particle morphology and agglomeration at 1000x and 10000x magnifications.

Table 1. Average particle size of LiMn; 9Tio.1xNdxO4 samples obtained from SEM analysis.

Particle 1 Particle 2 Particle 3 Particle 4 Particle 5 Average Particle Size
Sample Magnification
(m) (pm) (um) (um) (nm) (pm)
Sample 1:
10000x 0.77 0.90 0.84 0.84 0.89 0.848
LiMn; ¢Tig 104
Sample 2:
i X 10000x 0.43 0.85 0.73 0.46 0.93 0.680
LiMni sTio 0sNdo 0104
Sample 3:
i . 10000x 0.65 0.24 0.36 0.58 0.53 0.472
LiMn; s Tig.05Ndo.0s04

For each SEM micrograph, five typical particles were chosen, and the mean
particle size was calculated based on an image scale conversion ratio of 1 cm =1 um. The
particle size decreased progressively and significantly over the three samples in a
comparison study at 10000X magnification. The largest average grain diameter is for the
sample LMT, at 0.848 um. However, a small proportion of LMTN-01 has been replaced
with rare-earth, decreasing particle size to 0.680 um, which is 19.81% smaller than
LMTN-01 without the substitution. By increasing the substitution percentage to 50% in
the LMTN-05 sample, the grain growth was decreased to 0.472 pm, which is a 44.34%
decrease from the pure LMT sample, and an increase of 30.59% more particle refinement
has been achieved than compared directly with the LMTN-01 sample. A comparable
decrease in the average particle size was maintained for the 1000x magnification with an
average of 0.448 um (LMT) compared with 0.252 um (LMTN-05), equivalent to a total
reduction of 43.75%. This quantitative trend shows that as the amount of neodymium
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substitution gets higher, the number of grain boundaries decreases and the structure of the
framework becomes more refined exponentially.

The introduction of Nd** into the spinel lattice leads to the introduction of
localized strain and pinning of the grain boundaries, restricting the atomic diffusion and
preventing excessive crystal growth during annealing (Zhou et al., 2024). With higher Nd
content, finer and more evenly distributed particles are formed.

Smaller particles are advantageous to electrochemistry because they have shorter
lithium-ion diffusion paths and larger electrode-electrolyte interfaces (Huang et al., 2021;
Nyamaa et al., 2024). These properties are optimized for Li* transport, reaction kinetics,
and utilization of the active material during charge-discharge cycles. In addition, the clean
microstructures could improve the electrolyte penetration and could increase the
electrochemically active surface area.

The morphological refinement observed in Nd doped samples gives support to the
conclusion of structural stability as established by XRD investigation. Smaller particle
sizes can help to decrease internal mechanical stress during lithium insertion and
extraction, minimizing structural degradation (Pei et al., 2024; Y. Zhang et al., 2021).
Moreover, the lattice stabilization effect of the strong interaction between Nd and oxygen
is also believed to help to suppress the Jahn-Teller distortion for Mn**,

The composition with the highest Nd incorporation, LMTN-05, shows the highest
grain-growth suppression and the smallest average particle size, suggesting that greater
control of the microstructural development can be obtained by increasing the Nd
incorporation. The morphology of Ti-doped LiMn20a spinel cathodes is enhanced by
refinement of the particles and improved structural stability of Nd substitution (Wang, Y.
et al., 2026; Zhou et al., 2024).

As shown in the SEM result, the microstructure of LiMn1.9Ti0.104 changed with
increasing Nd content, leading to smaller particles and a more uniform distribution. The
morphological modifications improve lithium-ion diffusion and structural resistance,
making Nd-doped LiMni.9Tip.104 a promising cathode material for advanced lithium-ion
batteries application.

Compositional and Elemental Distribution Analysis by

Energy-Dispersive X-ray Spectroscopy (EDX)

Energy-Dispersive X-ray Spectroscopy (EDX) was used to study the elemental
composition and spatial distribution of the synthesized cathode materials, LiMni 9Ti0.104
(LMT), LiMnj 9Ti0.00Ndo.0104 (LMTN-01), and LiMn;9Tio.0sNdo.0sO4 (LMTN-05), and
elemental mapping analysis was performed. The EDX spectra and elemental distribution
maps are shown in Figure 4.
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a) Sample 1: LiMni.sTioaO4 b) Snmple 2: LiMnu.sTio.sNdo.010x4 ¢) Sample 3: LiMnu.sTio.osNdo.osO+«

E i R

L iL

EDX
Mapping

Figure 4. EDX spectra of a) LiMn; sTio.1O4 (LMT), b) LiMn; Tio.00Ndo.01O4 (LMTN-01), and
¢) LiMn 9Ti0.0sNdo.0sO4 (LMTN-05) spinel cathode materials showing the presence of Mn, Ti,
Nd, and O elements.

The spectrum of EDX for the pristine sample of LMT shows characteristic peaks
of manganese (Mn), titanium (T1), and oxygen (O), which indicates that the spinel of Ti-
doped lithium manganese oxide material was successfully formed. No additional
impurity-related peaks were detected, indicating good chemical purity of the synthesized
sample. The other peaks, which could be attributed to neodymium (Nd), were clearly
observed for the Nd-containing compositions, namely LMTN-01 and LMTN-05. The
elemental composition and spatial distribution of the produced cathode materials
LiMni9Ti0.104 (LMT), LiMni9Ti0.00Ndo.0104 (LMTN-01), and LiMni.9T10.0sNdo.0sO4
(LMTN-05) were analyzed using Energy-Dispersive X-ray Spectroscopy (EDX). The
EDX spectra and corresponding elemental distribution maps are presented in Figure 4.

The EDX spectrum of the as-prepared LMT sample exhibits characteristic peaks
of manganese (Mn), oxygen (O), and titanium (Ti) elements, confirming the synthesis of
Ti-doped LiMn:20s spinel material. No more impurity-related peaks were observed,
indicating that the produced material is chemically pure. The Nd-containing compositions
(LMTN-01 and LMTN-05) showed clearly visible additional neodymium (Nd) peaks.

The LMTN-05 sample also contains all of the intentional elements, suggesting
successful Nd synthesis at higher doping levels. The elemental maps, however, indicate
amuch higher concentration of Ti and Nd than the surrounding matrix in certain locations.
The data indicate that the element distribution is less uniform with higher Nd content,
possibly due to local enrichment of elements during crystal formation and thermal
processing. However, there were no distinguishable impurity phases in the XRD test,
maintaining the overall cubic spinel structure.

The measured transition-metal to oxygen ratio is very close to the spinel value,
suggesting that oxygen coordination and compositional balance within the crystal
framework are maintained up to low levels of Nd substitution. Both LMT and LMTN-05
show large deviations from the optimum ratio, suggesting there is a minor deficit in
oxygen or local compositional variations due to high-temperature processing.
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Elemental distributions retrieved from EDX microanalysis match well with the
structural and morphological features identified by XRD and SEM. The sample
LiMn; 9Ti0.00Ndo.0104 (LMTN-01) exhibits exceptional element spatial homogeneity,
indicating the conservation of a single cubic spinel structure and fine particle size. This
homogeneous dispersion of dopants, together with regulated grain development, suggests
that low-level rare-earth substitution is extremely successful at stabilizing the host matrix
(Kumar et al., 2022; Zhang, Z. et al., 2026). Increased concentration of neodymium
substitutions relative to the transition-metal sites by 2.5 at.% (LMTN-05) results in a
greater variation in the element concentration in the regions. This local clustering has a
local lattice environment effect on the formation of the resulting crystal microstructures.

The successful incorporation of Nd**into the framework structure has been
confirmed by EDX microanalysis. Although the spatial distribution of atoms in the
LMTN-05 showed slight differences at the atomic level due to the higher loading, the
overall crystallographic information obtained from XRD confirmed the absence of
secondary impurity phases such as Nd2O3 or TiO2. This indicates that the rare earth ion
can occupy the host spinel lattice without causing lattice damage (Zhang, Z. et al., 2026).
Considering both structural and morphological factors, LMTN-05 is the most promising
cathode framework. The small differences in regional distribution are far outweighed by
the significant benefits of its extremely fine particle size, which enhances the material's
structural integrity and electrochemical reactions in potential battery designs.

Conclusion

Neodymium-substituted spinel cathode materials have been synthesized by the
self-propagating combustion method, namely LiMn;9Ti0104  (LMT),
LiMn 9Ti0.090Ndo.0104 (LMTN-01), and LiMni 9Ti0.0sNdo.0sO4 (LMTN-05). The structural
changes, morphological progression, and elemental configurations of these co-doped
frameworks were studied using X-ray diffraction (XRD), scanning electron microscopy
(SEM), and energy-dispersive X-ray spectroscopy (EDX).

The XRD analysis confirmed that in all synthesized compositions the same single-
phase cubic spinel structure with the space group Fd3m was preserved. The diffraction
peaks of the spinel framework remained unchanged after the incorporation of Nd,
indicating that no observable impurity phase was formed and that the crystal structure
was not damaged by the inclusion of Nd. The results indicate that the Ti-stabilized spinel
lattice is highly structurally stable even at higher concentrations of Nd (Kumar et al.,
2022).

The SEM images revealed clear morphological changes as the Nd concentration
increased. At magnifications of 1000x and 10000x, the average particle size reduced from
0.448 um and 0.848 um for LMT to 0.252 um and 0.472 um for LMTN-05. The reduction
in size of such particles indicates that during annealing, Nd*" is effective in limiting grain
growth by pinning the grains and creating localized lattice strain at the grain boundaries
(Zhou et al., 2024). The smaller and more uniform particles are likely to show shorter
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lithium-ion diffusion paths and improved interaction between the electrode and
electrolyte (Huang et al., 2021; Nyamaa et al., 2024).

The synthesized materials showed the presence of Mn, Ti, Nd, and O with the
incorporation of Nd in the spinel matrix by EDX analysis. The synthesized frameworks
were successfully analyzed by EDX microanalysis, and the elements of Mn, Ti, Nd, and
O were detected. The increase in the dopant concentration in LMTN-05 is relatively low
and results in a small variation of element concentration from region to region, but, as
shown in XRD phase matching, no impurity phases are formed, and the pure cubic spinel
framework remains totally intact.

In general, it can be concluded that the substitution of neodymium is an effective
way to control the microstructure and stabilize LiMni9Tio.104 cathodes. Comparative
studies of all the synthesized materials indicate that the composition with x = 0.05 of
LMTN-05 gives the optimum structural and morphological configuration. LMTN-05 is
the best architecture that can accelerate the transport kinetics of Li* ions, reduce the
mechanical stress, and act as a high-performance cathode material for next-generation
lithium-ion batteries. It provides the best phase purity, the lowest grain growth restriction,
and the smallest sub-micron particle sizes (Kumar et al., 2022; Wang, Y. et al., 2026).

Future studies ought to focus on electrochemical testing like charge-discharge
cycling, rate capability, or impedance results, to establish the link between observed
structural improvements and actual battery performance.
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