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Lithium-lon Batteries

One-Pot Spray Pyrolysis Fabrication of Multi-Phase Lithium
Manganese Oxide Microsphere Cathodes for Enhanced

Lithium-lon Battery Performance

Jae Hyeon Choi, Yeon Oh Lee, Kyoung Sun Kim, Yun Chan Kang, Jung Sang Cho®,

Hyungsub Kim, Sang Mun Jeong* @, and Gi Dae Park*

Spinel-type lithium manganese oxide (LMO) cathodes offer low cost,
environmental benignity, and strong thermal safety, making them attractive
for fast-charge lithium-ion batteries. Their widespread adoption, however,
has been hindered by structural degradation associated with the Jahn—Teller
distortion of Mn>*. Here, we report for the first time a rapid, single-step
spray pyrolysis route that produces multi-phase microspheres comprising
Sr-doped LiMn,O; spinel, a minor Sr,Mn,0; phase, and a C2/m layered
Li;MnO5-like structure, all crystallized directly from a single precursor
solution without post-treatment. This continuous aerosol process enables
uniform Sr incorporation, precise morphological control, and manufacturing
scalability. The synergistic coexistence of these phases provides multiple
benefits: Sr doping lowers the Mn>" fraction, suppresses lattice distortion,
and stabilizes the spinel framework; the Sr,Mn,0; phase refines particle
morphology and mitigates mechanical stress during cycling; and the layered
Li,MnO;-like domains enhance structural stability, diversify Li* diffusion
pathways, and suppress Mn dissolution and electrolyte side reactions. As a
result, the composite cathode delivers improved electrochemical
performance, retaining 81.72mA hg ' after 400 cycles at 1 C and

76.78 mA h g~ ' at 5 C, demonstrating that rapid, single-step spray pyrolysis is

environmental  benignity, = and  three-
dimensional Li* diffusion pathways that enable
high-rate operation within a structurally simple

1-3 R TR
(-3 However, commercialization

framework.
remains limited by rapid capacity fading and
structural degradation under high-voltage or
elevated-temperature cycling.[*) These failures
originate from the Jahn-Teller distortion of
Mn®*, which induces anisotropic lattice strain,
and from manganese dissolution that depletes
active material and thickens interphases.'*”1 In
typical electrolytes, HF generated from LiPF,
decomposition exacerbates Mn>* disproportion-
ation and solubilization, accelerating impedance
growth."') The combined effects trigger
mechanical instability, micro-crack initiation
and propagation within secondary particles, and
loss of electrical percolation across the electrode
matrix.

To address these issues, numerous doping
strategies, including Ni, Cu, and Sr, have
been reported to stabilize the lattice and sup-
press degradation.[“_w] Yet, most reported

approaches  involve  complex multi-step

an effective and scalable strategy for robust, high-voltage spinel cathodes.

1. Introduction

Spinel-structured lithium manganese oxide (LiMn,O,, LMO) is an
attractive lithium-ion battery cathode owing to its cost effectiveness,

solid-state reactions, sol—gel or co-precipitation
routes followed by prolonged high-temperature
annealing, or iterative post—treatments.[”’*lg] Such process trains com-
promise scalability, increase energy and time costs, and often yield
inhomogeneous dopant distributions or radial concentration gradients.
Additionally, excessive substitution by electrochemically inactive species
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Single-step Spray pyrolysis
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Scheme 1. lllustration of single-step spray pyrolysis method for multi-phase microspheres comprising Sr-
doped LiMn,0Oy spinel, a minor Sr,Mn,0s phase, and a C2/m layered Li,MnOs-like structure.

can reduce specific capacity if stoichiometry is not carefully
controlled.”*~**] These limitations highlight the need for a rapid, scal-
able synthesis method capable of precise dopant incorporation and
morphology control without sacrificing electrochemical performance.

Spray pyrolysis offers a single-step, inherently scalable pathway to
composition-tunable cathode powders with uniform morphology.™*!
Each aerosol droplet acts as a micro-reactor, converting within seconds
into spherical secondary particles composed of nanoscale primary crys-
tallites—an architecture that supports high tap density, short Li* diffu-
sion lengths, and tunable porosity.”*>*! While this technique has
shown promise for IMO, the synthesis-temperature window required
to maximize intrinsic performance and its coupling to dopant chemis-
try, grain-boundary phases, and multi-phase interactions has remained
comparatively underexplored.

In this work, we optimize the spray-pyrolysis temperature for LMO
and then first introduce a single-step strontium-doping strategy to pro-
duce multi-phase microspheres comprising Sr-doped spinel LiMn,0y,, a
minor Sr,Mn,Os phase, and a C2/m layered Li,MnOs-like structure.
The deliberate coexistence of these phases provides synergistic advan-
tages: Sr doping increases the average Mn oxidation state, suppressing
Jahn—Teller distortion and stabilizing the spinel lattice; Sr,Mn,Os
refines grain boundaries and acts as a mechanical buffer against crack
propagation; and the layered Li,MnOj3-like domains enhance structural
stability, diversify Li* diffusion pathways, and mitigate Mn dissolution
and electrolyte side reactions. Electrochemical evaluation confirms that
these composite cathodes deliver superior cycling stability and rate per-
formance compared to LIMO and commercial counterparts, demonstrat-
ing that combining process optimization and controlled multi-phase
coexistence within a rapid spray-pyrolysis framework is a scalable route
to robust, high-voltage spinel-based cathodes.

2. Results and Discussion

Scheme 1 illustrates the single-step synthesis principle of multi-phase
microspheres comprising Sr-doped LiMn,O, spinel, a minor Sr,Mn,Os
phase, and a C2/m layered Li,MnOs-like structure via a spray pyrolysis
process. This synthesis method integrates droplet generation, pyrolysis,
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and crystallization in a single thermal
treatment system, enabling the direct for-
mation of spherical multi-phase cathode
powders additional
post-treatment steps. Such a process offers
significant advantages in terms of effi-
ciency and simplicity. The precursor solu-
tion was prepared by dissolving lithium
nitrate, manganese nitrate hexahydrate,
and strontium nitrate in distilled water
with  a Li:Mn:Sr molar ratio of
1:1.95:0.05. The solution was then con-
verted into fine droplets using an ultra-
sonic nebulizer. These droplets were
transported into the furnace chamber of
1200 mm by an air carrier gas at a flow
rate of approximately 10 Lmin~". As the
droplets entered the high-temperature
region of the furnace, the solvent (distilled
water) rapidly evaporated, followed by
the thermal decomposition of the metal
salt precursors. Through this rapid pyrolysis and subsequent crystalliza-
tion, multi-phase microspheres comprising Sr-doped LiMn, Oy spinel, a
minor Sr,Mn,Os phase, and a C2/m layered Li,MnOs-like structure
(denoted as Sr-LMO) were directly obtained, completing the one-step
formation of cathode powders.

Prior to the implementation of the Sr doping strategy, optimization
of the synthesis temperature in the one-step spray pyrolysis process was
conducted to establish the most favorable conditions for spinel cathode
synthesis. To determine the optimal synthesis conditions, LMO cathode
materials were synthesized via spray pyrolysis at controlled temperatures
from 800 to 1100 °C. The corresponding structural and electrochemical
data are provided in Figure la—h and Figures S1-S5, Supporting Infor-
mation. XRD analysis confirmed the presence of the spinel LiMn,O,
structure (PDF #88-1030) in all specimens synthesized at 800, 900,
1000, and 1100 °C (Figure S1, Supporting Information). To investigate
temperature-dependent variations in crystal structure, Rietveld refine-
ment was performed, and the refined patterns and corresponding lattice
parameters are shown in Figure la—d and Figure S2, Supporting Infor-
mation. The lattice parameter increased steadily with synthesis tempera-
tures from 800 to 1000 °C, indicating lattice expansion that can
facilitate lithium-ion diffusion by increasing interplanar spacing.
However, at 1100 °C, a notable contraction in the lattice parameter
was observed, attributed to lithium volatilizadon at elevated
temperatures.”””] The morphological evolution of the materials synthe-
sized at different temperatures was examined via scanning electron
microscopy (SEM), as shown in Figure le-h. In all cases, spherical sec-
ondary particles composed of aggregated primary crystallites were
observed. Because the calcination temperature of 800 °C is relatively
low, the sample exhibited the smallest primary particle size, indicating
insufficient crystallization under these suboptimal conditions, which
may hinder its electrochemical performance. To evaluate the electro-
chemical properties, all samples were assembled into half-cells and
tested as cathodes in lithium-ion batteries. The galvanostatic charge—
discharge profiles (Figure S4, Supporting Information) revealed that the
800 °C sample lacked the characteristic dual redox plateaus of LiMn,O,
and delivered the lowest initial discharge capacity (104.37 mAhg™" at
0.1°C), due to poor crystallinity. As the synthesis temperature
increased, more defined Mn**/Mn*" redox plateaus emerged,
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Figure 1. XRD refinement patterns, a) LMO_800 °C, b) LMO_900 °C, c) LMO_1000 °C, d) LMO_1100 °C,
e—h) FE-SEM images at high magnifications of LMO synthesized at 800-1100 °C, and i, j) neutron diffraction
refinements of LMO and Sr-LMO, respectively.

After optimizing the synthesis tempera-
ture of LiMn,O, at 1000 °C, we intro-
duced a strontium-doping strategy under
the same conditions to further enhance its
electrochemical performance. Both IMO
and Sr-LMO samples were then compre-
hensively analyzed wusing inductively
coupled plasma optical emission spectros-
copy (ICP-OES), X-ray diffraction (XRD),
and neutron diffracion (ND) to investi-
gate their structural characteristics. As pre-
sented in  Table S1, Supporting
Information, the compositions of LMO
and Sr-LMO were quantitatively analyzed
using ICP-OES. In the synthesis of LMO,
a Swt% excess of lithium precursor
was intentionally introduced to compen-
sate  for lithium volatilization that
typically occurs during high-temperature
reaction.”#?%1 As a result, the molar ratio
of Li to Mn was found to be approxi-
mately 1:2, confirming that the designed
stoichiometry of LiMn,O, was well main-
tained. In the case of Sr-IMO, the mole
ratios of Li, Mn, and Sr were determined
to be approximately 1:1.95:0.05, which
is consistent with the targeted composi-
tion and verifies the successful incorpora-
tion of Sr into the spinel framework. As
shown in Figures S6 and S7, Supporting
Information, both samples exhibit XRD
patterns consistent with the cubic spinel
structure (space group Fd3-m). Upon Sr
doping, a marginal lattice contraction was
observed. Contrary to typical ionic radius
considerations, this contraction is attrib-
uted to an increased proportion of Mn**
in the lattice, which possesses a smaller
ionic radius than Mn**.P% The refined
lattice parameter a decreased from
8.2378 A (IMO) to 8.2368 A (Sr-LMO),
corresponding to a reduced unit cell vol-
ume from 559.03A% to 558.824°
(Table S2, Supporting Information). These
changes suggest that Sr** ions were suc-
cessfully incorporated into the lattice, lead-
ing to an increased proportion of Mn*t.
The higher Mn®* content mitigates the
Jahn-Teller distortion typically associated

indicating improved structural ordering. Notably, the 1100 °C sample  with Mn** ions, thereby enhancing the structural stability of the spinel
exhibited a decline in initial capacity, likely due to lithium loss during ~ framework during electrochemical cycling.

synthesis at high temperature. Among all, the sample synthesized at To gain deeper insight into atomic-level structure and site occu-
1000 °C exhibited the highest lattice parameter, which is advantageous  pancy, neutron diffraction measurements were performed as shown in
for Li* diffusion, and delivered the highest initial discharge capacity as  Figure 1i,j. Unlike XRD, which mainly confirmed the spinel LiMn,0,
well as superior rate capability and cycling performance (Figure S5,  phase, ND analysis further revealed the coexistence of Li,MnOs. Impor-
Supporting Information). Therefore, 1000 °C was identified as the opti-  tantly, the Li,MnO; phase provides additional Li* diffusion channels,
mal synthesis temperature, offering a favorable balance between crystal-  thereby facilitating lithium transport and potentially improving electro-
linity, structural integrity, and electrochemical performance for  chemical performance. The refined structural parameters are summa-
undoped LMO spinel cathodes. rized in Tables S3—S5, Supporting Information. In the LMO sample, Mn
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Figure 2. Morphological and structural characterizations of LMO: a, b) FE-SEM images at different
magnifications, c) cross-sectional FE-SEM image after FIB processing, d, g) HR-TEM images, FFT diffraction
pattern and corresponding IFFT image from the (e, f, h, and i) selected region, and j) elemental mapping

images.

ions are predominantly located at the 16d sites with partial lithium
occupancy at the 8a sites. Upon Sr doping, notable changes in site
occupancy were observed. Specifically, the Mn—O bond length was
found to decrease from 1.963 A in IMO to 1.949 A& in Sr-LMO, consis-
tent with the increase in Mn*" content. This contraction of the Mn—O
octahedra enhances structural robustness by reducing Jahn-Teller dis-
tortion associated with Mn3+, and is expected to contribute to
improved cycling stability. The suppression of local Jahn—Teller distor-
tion by replacing Mn** with Sr>* contributes to enhanced structural
stability during cycling. In addition, the Li-O bond length increased
from 1.961 A in LMO to 1.987 A in Sr-LMO, which can facilitate Li*
mobility by lowering the migration barrier and thus contribute to faster
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lithium diffusion. These structural refine-
ments clearly demonstrate the beneficial
role of Sr doping in modifying the crystal-
lographic environment of IMO. The
resulting improved structural robustness is
expected to enhance Li* diffusion and
cycling stability, making Sr-LMO a prom-
ising candidate for advanced lithium-ion
battery cathodes.

Field-emission  scanning  electron
microscopy (FE-SEM) and transmission
elecron  microscopy  (TEM)  were
employed to investigate the structural
properties of the IMO and Sr-LMO sam-
ples. As observed in the FE-SEM images of
IMO (Figure 2a—), the sample exhibits
well-formed spherical secondary particles
that are uniformly distributed within the
size range of 2-3pm. In particular,
Figure 2b shows that the IMO sample is
composed of relatively large primary par-
ticles with substantial voids between
them, indicating poor inter-particle con-
tact and a reduced effective contact area.
For TEM analysis, specimens were fabri-
cated using focused ion beam (FIB)
techniques, and the cross-sectional
morphology examined by FE-SEM in
Figure 2c confirmed the presence of large
primary particles. To elucidate the crystal-
lographic structure, fast Fourier transform
(FFT) patterns were obtained from
regions within the particle interior and
from the particle surface as indicated in
Figure 2d, with the corresponding pat-
terns shown in Figure 2e,f. Both the inte-
rior and surface regions exhibit distinct
lattice fringes corresponding to the (220)
and (400) planes, with measured d-
spacing of 0.289 and 0.204 nm for the
interior and 0.291 and 0.206 nm for the
surface. These features confirm the suc-
cessful synthesis of spinel-structured LMO.
In addition, high-resolution TEM com-
bined with FFT and IFFT analysis
(Figure 2g—i) revealed the coexistence of
cubic Fd3-m spinel and monoclinic C2/m
domains. The region marked h in Figure 2g displayed diffraction spots
indexed to the (111) and (111) planes, consistent with the cubic spinel
framework, while the region marked i exhibited spots corresponding
to the (200) and (111) planes, indicative of a local monoclinic C2/m
ordering. These observations suggest that pristine LMO inherently con-
tains both spinel and monoclinic domains, with the monoclinic regions
acting as additional Ti* diffusion pathways.

For the Sr-LMO sample, FE-SEM images in Figure 3a—c reveal spher-
ical secondary particles of comparable size (2—3 pm) but composed of
smaller primary particles with narrower voids between them compared
to LMO. This morphology implies improved particle-to-particle contact
and a larger interfacial area, which can be attributed to the influence of

F % we e e e

[001]
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Figure 3. Morphological and structural characterizations of Sr-LMO: a, b) FE-SEM images at different
magnifications, c) cross-sectional FE-SEM image after FIB processing, d, g) HR-TEM images, FFT diffraction
pattern and corresponding IFFT image from the (e, f, h, and i) selected region, and j) elemental mapping

images.

Sr doping on particle growth during synthesis. The cross-sectional mor-
phology observed in Figure 3c further supports the reduced primary
particle size. High-resolution TEM analysis, as shown in Figure 3d, pro-
vided additional insights into the local crystal structure. The FFT pattern
obtained from the particle interior (Figure 3e) shows diffraction spots
corresponding to the (202) and (022) planes along the [111] zone
axis, confirming that the spinel IMO phase remains intact after Sr incor-
poration. By contrast, the FFT pattern collected from the particle surface
(Figure 3f) reveals spots corresponding to the (200) and (101) planes,
along with the formation of a surface-localized Sr,Mn,Os phase. This
secondary phase plays a crucial role in suppressing the growth of pri-
mary particles, thereby contributing to the observed reduction in
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particle size. The microstructural observa-
tions in Figure 3g—i confirmed the coexis-
tence of cubic spinel and monodinic
C2/m domains in Sr-LMO, similar to
LMO. The region marked h in Figure 3g
exhibited diffraction spots indexed to the
(311) and (220) planes, consistent with
the cubic spinel structure, whereas the
region marked i revealed diffraction spots
corresponding to the (001) and (2071)
planes, indicating monoclinic ordering at
the particle surface. These findings high-
light that the formation of a surface
Sr,Mn,Os phase reduces the size of pri-
mary particles and enhances structural
robustness. At the same time, Sr doping
mitigates Jahn-Teller distortion by modu-
lating manganese oxidation states. Collec-
tively, these two effects reinforce both the
electrochemical stability and the structural
integrity of the spinel IMO system.

To investigate the chemical states of the
cathode materials and elucidate changes in
the manganese oxidation states upon dop-
ing, X-ray photoelectron spectroscopy
(XPS) analysis was conducted, and the cor-
responding spectra for the Mn 2p, Mn 3 s,
and Sr 3d regions are presented in Figure
4. Figure 4a,b present the Mn 2p spectra
of IMO and Sr-LMO, respectively, where
the Mn 2p peak is split into Mn 2p, /, and
Mn 2p;3,, components due to spin—orbit
coupling, located at binding energies of
654.44 and 642.91¢V.2"** Notably,
both the Mn 2p,,, and Mn 2p;3,, peaks
exhibit characteristic splitting correspond-
ing to Mn®* and Mn*" oxidation states,
and peak area analysis revealed an
increase in the Mn**/Mn*' ratio from
1.08 to 1.71 following Sr doping. The
variation in Mn oxidation states (AE)
can also be corroborated by the splitting
of the Mn 3 s peak into two distinct com-
ponents (Figure 4c,d), located at 89.9 and
84.9 eV, from which the average oxidation
state (AOS=18.956-1.126 AE) of Mn
was calculated using an empirical
relationship.[****! The results show an increase in the average Mn oxi-
dation state from 3.42 in IMO to 3.63 in Sr-IMO, indicating the oxida-
tion enhancement arising from Sr incorporation as well as the slight
increase in the mass fraction of the monoclinic C2/m Li,MnOj; phase,
which provides additional Li* diffusion channels, thereby facilitating
lithium transport and potentally enhancing electrochemical perfor-
mance, as listed in Tables S3, S4, Supporting Information. Figure 4e,f
display the Sr 3d spectrum, where the Sr 3d;,, and Sr 3ds,, peaks are
located at 135.69 and 133.92 eV, respectively, providing clear evidence
of the successful incorporation of Sr into the IMO lattice, and this
incorporation is associated with a reduction in the Mn** fraction and
an increase in the average Mn oxidation state, which are expected to
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Figure 4. XPS narrow-scan spectra of the LMO sample; a) Mn 2p, b) Mn
35, and c) Sr 3d, and Sr-LMO sample; d) Mn 2p, e) Mn 35, and f) Sr 3d.

effectively mitigate the Jahn—Teller distortion and enhance the structural
stability of the spinel framework.**®! To further confirm the spatial
distribution of Sr and the uniformity of Mn oxidation states, XPS depth
profiling was carried out for LIMO and Sr-LMO at sputtering depths of
surface, 50, 100, and 200 nm (Figures S8 and S9, Supporting Informa-
tion). Figure S9a, Supporting Information shows Sr 3d spectra with
consistent peak positions and intensities across all sputtering depths,
alongside Mn 2p and Mn 3 s spectra that indicate nearly identical Mn
oxidation states, demonstrating that the chemical environment of Mn
reflects the uniform distribution of Sr throughout the particles. This
uniform elemental distribution is attributed to the spray pyrolysis syn-
thesis route, in which Sr precursors are introduced into the spray solu-
tion, ensuring atomic scale homogeneity during particle formation.
Consequently, both the Sr content and Mn**/Mn** ratio remain con-
sistent across different depths, confirming the uniform doping charac-
teristics of Sr-IMO.

The electrochemical characteristics of the fabricated cathodes were
evaluated through coin cell testing, and the results are shown in Figure
5. Figure Sa,b display the galvanostatic charge/discharge profiles for
IMO and Sr-IMO samples tested at 0.1 C (1 C=148mAhg ")
within the range of 3.2—4.3 V. IMO and Sr-IMO electrodes present
obvious plateaus, showing that the insertion and extraction process of
Li* are performed in two steps.l*”-**] Additionally, the Li,MnOj; phase,
present in minor amounts, remains electrochemically inactive within
this voltage range and therefore does not contribute additional
plateaus.*”] The IMO electrode has a larger initial discharge capacity
than the Sr-LMO electrode, likely due to the formation of Sr,Mn,Os,
which was electrochemically inactive in LIBs. Figure Sc presents the
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Figure 5. Electrochemical performance of LMO and Sr-LMO: a, b)
charge—discharge profiles at 0.1 C, c) cycle performance at 1 C and 25 °C, d)
rate capability at various current densities, e) cycling stability at 1 C under
elevated temperature (45 °C), and f, g) dQ/dV curves of LMO and Sr-LMO
during 200 cycles, respectively.

cycling performances of IMO and Sr-LMO during 400 cycles at 1 C.
During the initial discharge, the capacities of LMO and Sr-LMO are
88.67 and 88.06mAhg™', respectively, indicating the presence of
inactive components, as shown in the general profile. However, after
repeated cycling, the capacity trend reverses, and after 400 cycles, the
capacity retention ratios of LMO and Sr-LMO are 19.2% and 51.3%,
respectively, demonstrating that Sr doping leads to enhanced long-term
capacity retention. These electrochemical results clearly indicate that the
Sr-LMO cathode delivers enhanced performance compared with previ-
ously reported LiMn, O, based cathodes (Table S6, Supporting Informa-
tion). This enhanced cycling performance arises from the ability of Sr
incorporation to mitigate Jahn-Teller distortion associated with Mn®t,
thereby stabilizing the spinel lattice. Furthermore, the slightly increased
proportion of Li,MnO; in Sr-LMO, as indicated by neutron diffraction
analysis, helps suppress Mn dissolution while providing additional Ti*
diffusion pathways, collectively contributing to the observed improve-
ment in capacity retention.'*>*!1 Figure 5d shows the discharge capaci-
ties of IMO and Sr-IMO electrodes under continuous cycling at
different current rates. The Sr-LMO electrode exhibits much better dis-
charge capacity than LMO at high rate. The Sr-modified electrode shows
much improved rate capability compared with the bare IMO,

© 2026 The Author(s). Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.

85U80|7 SUOWWOD 3A1e8ID 3(cedljdde au Aq peusenob ase e YO ‘88N JO Se|nl 10} ArIqi8uI|UO 8|1 UO (SUOTIPUCD-pUR-SLUBIL0D A8 1M AeIq 1 BU1 [UO//:SANY) SUORIPUOD pue swie | 8y 885 *[920z/c0/80] U0 Akeiqiaulluo A8 1M ‘A1seAIUN U IEN YNaBunyd Aq 67202 'ZWe8/Z00T OT/I0pAW0D A8 |Im AeIq 1Bl UO//Sdny WOy papeojumod ‘0 ‘95806252



Energy &
Environmental Materials

demonstrating the highest performance at 5 C. As the rate increases
from 0.1 C to 5 C, the IMO electrode shows discharge capacity reten-
tion of 71.9% at 5 C; conversely, the Sr-LMO electrode maintains a
reversible discharge capacity retention of 50.3%. Under high-rate
cycling, the local accumulation of excess Ii* in IMO can induce struc-
tural distortion, potentially transforming the cubic phase into the tetrag-
onal phase.'*?! The enhanced rate capability of Sr-LMO arises from the
incorporation of Sr, which increases the Mn** content and helps sup-
press Jahn-Teller distortion and Mn** disproportionation, synergisti-
cally contributing to enhanced Li* diffusion due to the slightly higher
proportion of Li,MnO; present within the composite.“ﬂ The com-
bined effect stabilizes the spinel lattice and provides additional Li* diffu-
sion pathways, collectively contributing to the superior high-rate
performance of Sr-LMO. To estimate cycling stability at elevated tem-
perature, which is one of the most important reasons inhibiting the
development of spinel cathodes, LMO and Sr-LMO electrodes are mea-
sured in 3.2—4.3 V at 45 °C (Figure 5e). For the first cycle at 1 C, the
discharge capacity of IMO and Sr-IMO electrodes are 87.8 and
90.85mAh g™, respectively. After 150 cycles, the capacity retention
ratios of the IMO and Sr-LMO electrodes are about 50.3% to 70.4%.
This demonstrates that the addition of Sr has contributed to improved
cydling stability due to an increased ratio of Mn** ions and miniatur-
ized primary particle size, which suppresses structural collapses.
Figure 5f,g show differential discharge capacity vs. voltage (dQ/dV)
profiles of IMO and Sr-LMO measured after different cycles at a rate of
1 C, exhibiting four redox peaks during both charge and discharge,
which correspond to the Mn**/Mn*" redox reactions of the spinel
LMO. No additional peaks associated with Li,MnO; activation are
observed, confirming that these domains are electrochemically inactive
within this voltage range. For the LMO electrode (Figure 5f), the reduc-
tion peaks shift obviously to lower potentials, and the oxidation peaks
shift to higher potentials. Also, the peak intensity rapidly decreases with
cycling, mainly due to Mn dissolution and severe structural
degradarjon.[%] In contrast, Sr-LMO exhibits enhanced electrochemical
stability compared to LMO, as indicated by only minor shifts in redox
peak potentials after 200 cycles. Furthermore, the fading of peak inten-
sity occurs at a significantly slower rate compared to the IMO electrode,
suggesting improved structural integrity and interfacial stability during
prolonged cycling. Although Li,MnOj-like domains are inactive, their
slightly higher abundance in Sr-LMO forms local spinel-layered inter-
faces that provide additional Li* diffusion channels, while Sr,Mn,Os
suppresses Mn>* distortion and alleviates lattice strain, collectively con-
tributing to improved cycling stability.

To further illustrate the reason for the improved cycle stability and
rate capability, EIS were performed for the IMO and Sr-LMO at fresh
and after 200 cycles at 1 C (Figure 6a,b). The EIS spectra typically con-
sist of four components: R (solution resistance), Ry (resistance of the
solid electrolyte interphase), R, (charge transfer resistance), and W
(Warburg impedance related to lithium-ion diffusion). Before cycling,
the spectra exhibit a single semicircle in the high-frequency region,
corresponding to R, and R..****) However, after 200 cycles, two dis-
tinct semicircles are observed at the high and medium frequencies due
to the formation of a SEI layer, which introduces an additional resis-
tance (Ry;).*"1 To quantitatively analyze the electrochemical behavior
and reaction kinetics, we fitted the EIS spectra using an equivalent cir-
cuit model as illustrated in Figure S10, Supporting Information. As
shown in Table S6, the IMO electrode exhibited an R, of 126.17 Q
and a diffusion coefficient (Dy,) of 8.29E-13 cm’s™'. Also, the Sr-
IMO showed a similar Ry of 133.32€, with Dy, of 1.04E-
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Figure 6. EIS spectra of LMO and Sr-LMO electrodes measured a) in fresh
cells and b) after the 200th cycle, and FE-SEM images of the electrodes after
200 cycles: ¢) LMO and d) Sr-LMO.

12em’s™, indicating that Sr doping has little impact on the charge
transfer kinetics and diffusion at the initial state. However, after
200 cycles, Sr-LMO showed a reduced R, of 56.17 Q and Ry of
21.03 Q, along with a higher Dui, of 7.99E-13 cm*s™". On the other
hand, IMO exhibited a higher R, of 68.4 €, R of 47.11Q, and a
lower Dy, of 5.53E-14 cm’s~". The higher lithium diffusion coeffi-
cient in Sr-LMO can be attributed to the increased fraction of Li,MnOj3
within the composite, which provides additional Li* diffusion
patllways.[48] Moreover, the Sr doping effectively suppresses Jahn—
Teller distortion during cycling, preventing structural distortions and
allowing the Li* diffusion channels to be maintained.*” This result
indicates that Sr modification effectively suppresses the collapse of crys-
tallinity and degradation of the electronic conductivity of the SHI layer
caused by Mn dissolution during cycling. Consequently, the Sr-IMO
electrode demonstrated that Sr modification enhanced cycle life span
and cycling stability. To evaluate the degree of micro-crack formation
induced by prolonged cycling, top-view FE-SEM imaging was per-
formed on the electrodes after 200 cycles. As shown in Figure 6c,d, the
cycled LMO electrode exhibited pronounced micro-cracks along the
grain boundaries of the primary particles, indicating structural degrada-
tion and particle detachment accelerated by repeated cycling. In con-
trast, the Sr-LMO electrode, as depicted in Figure 6c, retained an intact
primary particle structure with minimal evidence of micro-crack forma-
tion. This enhanced structural stability is attributed to the formation of
Sr,Mn,Os at the grain boundaries, which alleviates mechanical stress,
along with the slightly increased fraction of Li,MnO; within the com-
posite, providing additional Li* diffusion pathways that suppress side
reactions.>%° 11 Furthermore, Sr doping inhibits Mn dissolution during
cycling, preventing structural collapse. Collectively, these effects main-
tain the integrity of the electrode microstructure, consistent with the
observed long-term cycle stability and enhanced capacity retention. Fig-
ure 7 presents the XPS spectra of the electrode surfaces after 200 cycles,
focusing on the chemical bonding environments of F 1s and Mn 2p. In
Figure 7a,c, both IMO and Sr-LMO electrodes exhibit two characteristic
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Figure 7. Post-cycling analyses: XPS narrow-scan spectra after 200 cycles for a, b) LMO (F 1s and Mn 2p) and ¢, d) Sr-LMO (F 1s and Mn 2p); e, f) FE-SEM
images of graphite electrodes after 200 cycles in full cells with LMO and Sr-LMO, respectively; g, h) Mn elemental mapping of graphite electrodes coupled
with LMO and Sr-LMO; and i) Mn mass concentration obtained from EDS analysis.

peaks in the F 1s region after repeated cycling. The peak at 687.30 eV
corresponds to the P-F bonds associated with the PVDF binder and
LiPF¢, while the peak at 684.75 €V is attributed to LiF.P2 Notably, the
LMO electrode displays a more intense LiF-related peak compared to
Sr-LMO. Since LiF is an electrochemically inactive and insoluble impu-
rity that hinders Li* diffusion and contributes to capacity fading, its
higher accumulation in IMO suggests a major factor behind its inferior
cycling stability.!**! Figure 7b,d show the Mn 2p spectra of IMO and
Sr-IMO electrodes, respectively, revealing the relative ratios of Mnt
and Mn** species."***! The Sr-IMO electrode maintained a lower
Mn>* content even after prolonged cycling, which can be explained by
the combined effects of Sr doping, the higher fraction of Li,MnOs
within the composite, and the presence of Sr,Mn,Os at the grain
boundaries. Sr doping stabilizes the Mn oxidation states and suppresses
Jahn-Teller distortion, Li,MnOj; provides additional Ti* diffusion path-
ways that mitigate structural distortion, and Sr,Mn,Os prevents micro-
crack formation, suppresses side reactions, and inhibits Mn dissolution.
These factors collectively maintain structural integrity and contribute to
the superior long-term cycling stability of Sr-LMO. To quantitatively
evaluate the extent of Mn dissolution and subsequent deposition on the
anode, full cells were assembled using IMO and Sr-LMO as cathodes
with graphite anodes. During cycling, Mn** ions in IMO are prone to
disproportionation at elevated potentials:[*®

2Mn*t — Mn** (insoluble) + Mn** (soluble), M

where insoluble Mn*" remains in the cathode, while soluble Mn>"

dissolves into the electrolyte. This dissolution is further promoted

by HF generated via LiPF, hydrolysis:!*”-*%]

LiPF¢ + H,0 — LiF + POF; + 2HF, (2)
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2LiMn,04 + 4H" — 3MnO, + Li* + Mn** + 2H,0 (3)

The dissolved Mn”" species then migrate toward the graphite anode

and are reduced on the surface: >

Mn*" 4+ 2e” — Mn (4)

After 200 cycles at 1 C, the graphite electrodes were harvested and
subjected to EDS mapping analysis to confirm Mn deposition on the
anode surface (Figure 7e—i). As shown in Figure 7i, the IMO cell
exhibited a significantly higher Mn content of 0.20 wt %, whereas the
Sr-IMO showed a markedly lower value of 0.01 wt %. This result
clearly demonstrates that Sr doping effectively suppresses Mn dissolu-
tion from the cathode, and the presence of Sr,Mn,Os further contrib-
utes by inhibiting side reactions with the electrolyte that can accelerate
Mn migration. The improved chemical stability is attributed to the
reduced presence of unstable Mn®*" species and the suppression of
Jahn-Teller distortion, which commonly accelerates structural degrada-
tion and Mn** migration.[éo] Therefore, Sr modification plays a key
role in maintaining cathode integrity and minimizing transition metal
crossover, contributing to enhanced long-term cycling stability.

To thoroughly evaluate the commercial applicability of the Sr-LMO
electrode, pouch-type full-cell electrochemical performance tests were
conducted as shown in Figure 8. The synthesized Sr-LMO was employed
as the cathode, while graphite was used as the anode. For comparison, a
full cell was also assembled under identical conditions using commercial
IMO (denoted as c-LMO) as the cathode material. Prior to the electro-
chemical test, the structural and morphological properties of the c-LMO
were characterized in Figures S13 and S14, Supporting Information. XRD
analysis confirmed that ¢-LMO exhibits a cubic spinel structure (space
group Fd3-m) similar to that of the synthesized IMO, while SEM images
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Figure 8. Electrochemical characterization of pouch-type full cells; a) schematic illustration of the fabricated

Cycle number

4. Experimental Section

pouch-cell configurations with ¢-LMO and Sr-LMO cathodes, charge—discharge profile of b) c-

LMO@graphite full cell, and c) Sr-LMO@graphite full cell, d) cycling performance of c-LMO@graphite and
Sr-LMO@graphite full cells at 1 C (inset: an 8 V LED glowing for 40 min, verifying device operability).

revealed the particle morphology and size distribution of c¢-LMO.
Figure 8a schematically illustrates the assembly of Sr-IMO@graphite and
c-LMO@graphite pouch cells, and the full cells were tested for cycling
stability at 1 C within a voltage range of 3.2—4.3V. As shown in
Figure 8b,c, the initial discharge capacities of the Sr-LMO@graphite and
c-IMO@graphite cells were 85.86 and 85.13mAhg™"', respectively.
After 50 cycles, the discharge capacities were 78.37 and 69.44 mAhg™",
and at the 100th cydle, Sr-LMO@graphite maintained 72.58 mAhg™',
while the c-IMO@graphite cell dropped to 60.21 mAhg™". These
results correspond to capacity retentions of 84.53% and 70.73% for Sr-
LMO and c-IMO, respectively, clearly demonstrating the superior cycling
stability of Sr-LMO. The enhanced performance of Sr-LMO is attributed
to improved structural integrity and electrochemical stability achieved
through Sr doping. Furthermore, the practical applicability of the pouch
cells was demonstrated by powering an 8 V LED for 40 min, as shown in
the inset of Figure 8d, highlighting the reliable energy output of the Sr-
LMO-based device. This indicates that Sr-LMO is a promising cathode
candidate with high potential for commercial application, especially
when paired with widely used graphite anodes.

3. Conclusion

In summary, a rapid, single-step spray pyrolysis method was successfully
developed to synthesize multi-phase microspheres composed of Sr-doped
LiMn,O, spinel, minor Sr,Mn,0Os, and C2/m Li,MnOs-like domains
directly from a single precursor solution without post-treatment. Careful
temperature optimization identified 1000 °C as the most favorable condi-
tion for achieving high crystallinity, optimal lattice expansion, and supe-
rior electrochemical behavior in undoped LMO. The incorporation of Sr
uniformly into the spinel lattice increased the Mn**/Mn** ratio, sup-
pressed Jahn—Teller distortion, and refined particle morphology by form-
ing surface-localized Sr,Mn,0Os. Neutron diffraction confirmed the
presence of Ii,MnQs-like regions, which diversified Li* diffusion path-
ways and stabilized the structural framework. Electrochemical testing
showed that these features collectively improved cycling stability, rate
performance, and thermal durability. Sr-IMO retained 81.72 mAh g™
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LMO and Sr-LMO microspheres were synthe-
sized via a single-step spray pyrolysis method.
The spray solution for LMO was prepared by
dissolving lithium nitrate (LiINO;, 99%; Samchun) and manganese nitrate tetrahy-
drate (Mn(NOs3),-4H,0, 97%; Junsei) in 1L of distilled water, maintaining a total
metal ion concentration of 0.5 m with a Li:Mn molar ratio of 1:2. For Sr-LMO, the
solution was similarly prepared with a Li:Mn:Sr molar ratio of 1:1.95:0.05, using
strontium nitrate (Sr(NOs),, 99%; Sigma-Aldrich) as the Sr source. In the synthesis
of LMO, a 5wt% excess of lithium precursor was intentionally introduced to
compensate for lithium volatilization that typically occurs during high-
temperature reactions. The precursor solution was atomized using a 1.7 MHz
ultrasonic spray generator and carried into a quartz tube reactor (1200 mm
length, 50 mm diameter) maintained at 1000 °C. Air was used as the carrier gas
at a flow rate of 10 L min~". The resulting powders were collected without any
further post-treatment. Detailed information pertaining to the characterization,
electrochemical measurements, and computational methods of the prepared
samples is provided in Supporting Information.
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