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Introduction

Tailoring the structural and morphological
properties of LiNig 5C0g 2Mng 30, cathode materials
via a novel mixed-solvothermal method

Md. Sohel Rana, 2% Abdur Rahim, 2@ Rakibul Hasan,® M. Shahinuzzaman, (&
Aninda Nafis Ahmed,® Md. Saiful Quddus, {2 ¢ Chanchal Kumar Roy, {2 ¢
Mosharof Hossain {22 and Mohammad Shah Jamal 2 *@

LiNip.5C00.2Mng 30, (NCM523) is a promising cathode material for lithium-ion batteries with high capacity,
stability, and environmental benefits, but conventional synthesis methods often cause structural
degradation and cation mixing that hinder performance. In this study, a novel, optimized, and facile
mixed-solvothermal approach mediated by ethylene glycol, water, and ethanolamine was employed to
synthesize NCM523 cathode materials with enhanced crystallinity and optimized morphology. The
effects of different calcination temperatures (700 °C, 800 °C, and 900 °C) on the structural,
morphological, and chemical properties were systematically investigated. X-ray diffraction (XRD) analysis
confirmed the formation of a well-ordered layered structure, with the sample mediated in ethylene
glycol, water and ethanolamine and calcined at 800 °C (NCM-800) exhibiting superior phase purity and
minimal cation disorder. The sample calcined at 800 °C exhibited the highest crystallite size of 37 nm
and an intensity ratio of 1.42 in the case of the (003) to (104) planes, which indicates the lowest cation
mixing of Li*/Ni?* ions. X-ray photoelectron spectroscopy (XPS) further revealed optimal Ni*/Ni** ratios
(0.23) and lattice oxygen retention in NCM-800, indicating robust redox activity and minimal oxygen
vacancies. Field emission scanning electron microscopy (FE-SEM) demonstrated that NCM-800
possessed uniform, densely packed spherical particles with minimal surface defects, contributing to
improved mechanical integrity and electrochemical stability. Compared to samples calcined at lower or
higher temperatures, NCM-800 achieved an optimal balance between crystallinity, particle morphology,
and structural robustness. These findings highlight the potential of the mixed-solvothermal method as
a promising, scalable, and cost-effective strategy for the synthesis of high-performance NCM523
cathode materials, paving the way for their application in next-generation lithium-ion batteries and
advanced energy storage systems.

gas emissions."” However, one of the critical challenges related
to the intermittent nature of renewable energy generation is

The growing demand for electric cars, hybrid electric vehicles
(HEVs), portable electronics, and the substantial conversion
from fossil fuels to renewable energy sources such as solar,
hydropower, geothermal, biofuels, and wind power are central
to addressing global climate change and reducing greenhouse
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that it causes energy production to be inconsistent due to
fluctuating weather patterns. This highlights the importance of
developing efficient energy storage systems that can store excess
energy during peak production and release it when consump-
tion is high or generation is low, thereby driving the demand for
advanced energy storage technologies. Lithium-ion batteries
(LIBs) are now the most promising options among the many
energy sources because of their high specific capacity, large
energy density, extended cycle life, affordability, environmental
compatibility, relatively lightweight design, and scalability from
small devices to large industrial applications.** Powering
everything from laptops and smartphones to electric vehicles
and grid-based power storage devices, LIBs are now the
cornerstone of contemporary energy storage systems. The
performance of these batteries must be improved immediately
due to the growing interest in sustainable and clean power
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sources, especially in the areas of energy density, high perfor-
mance, safety, and affordability. However, there are still several
obstacles to their widespread applications, which call for
continued research and development to enhance the basic
characteristics of LIBs, particularly in terms of their cathode
materials, which are the main active materials of LIBs.

In the past decades, significant progress has been made in
the development of cathode materials, with many promising
candidates emerging, such as lithium cobalt oxide and phos-
phate (LiCoO, and LiCoPO,),*” lithium nickel oxide and phos-
phate (LiNiO, and LiNiPO,),** lithium manganese oxide and
phosphate (LiMnO, and LiMnPO,),'*"* and lithium iron phos-
phate (LiFePO,)."* These materials have been used extensively
in commercial batteries because of their stable cycling behavior,
high discharge plateau, and moderate energy density and
thermal stability. However, their high cost, unavailability for
use in high energy density applications, limited supply of
cobalt, and mining-related environmental issues have led
researchers to seek more affordable and environmentally
friendly alternatives. LiNi;_, ,Co,Mn,0, (NCM) composites,
which have a complex hexagonal R3m and monoclinic C2/m
structure, have recently drawn a lot of attention due to their
higher reversible capacity (>200 mAh g '), high operating
voltage, lower cost, and environmental friendliness by lowering
their dependency on cobalt.” Among them, LiNi, 5C0o ,Mng 30,
(NCM523) has emerged as one of the most promising cathode
materials for LIBs because of its notable tolerance to overcharge
and discharge, good cycling behavior, reasonable thermal and
structural stability, high-rate capability, and relatively high
capacity with a dominant plateau at about 4.7 V.** Despite these
fascinating advantages, the NCM523 cathode material invari-
ably exhibits irreversible structural rearrangement, undesired
phase transitions, and structural degradation during charge/
discharge cycles, leading to lattice distortion, cation mixing
between Li* and Ni*" ions, volume change, formation of oxygen
vacancies, micro-cracks, and loss of lithium ions, all of which
have a substantial impact on the electrochemical performance
and, consequently, the commercialization of electrochemical
energy storage on a massive scale.” It is widely acknowledged
that the construction, interfacial stability and cathode material
electrochemical effectiveness are significantly influenced by the
precursors and conditions of preparation. Based on the afore-
mentioned query, the main strategies to minimize these draw-
backs by improving structure and interfacial stability,
experimental endeavors surface modification,
heteroatom substitution by ion doping,” morphology design,®
coating modification,” and microwave-assisted synthesis'® are
widely used. Several synthesis methods, including the sol-gel
method, solution combustion method," solid-state reaction,’
spray drying,"* hydrothermal method,” co-precipitation
method,”* and solvothermal method, have been used to
ensure optimized morphology, which enhances the electro-
chemical efficiency of the NCM523 cathode materials. The
hydrothermal/solvothermal method is the most promising
strategy for researchers to develop nano- and sub-micron
cathode materials since it offers comparatively simple and
trustworthy reaction conditions by using simple equipment.

such as
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The ability to achieve high-purity, uniform, and well-structured
NCM523 cathode materials with improved control over particle
size, shape, and stoichiometry motivates the use of the mixed
solvothermal process.” It offers an assortment of benefits over
alternative synthesis techniques, particularly in terms of
electrochemical  performance, scalability, and  cost-
effectiveness, making it a desirable option for advanced
battery materials. The structural and electrochemical perfor-
mance of layered NCM523 cathode materials is strongly influ-
enced by synthesis conditions, particularly the choice of solvent
in the solvothermal method. Solvents not only act as dispersing
media but also control precursor chemistry, nucleation
kinetics, and subsequent crystallization behavior.”* Metal salt
dissolution and complexation, as well as the crystallization
process, are greatly influenced by the mixture of water and
organic solvents like ethylene glycol (EG), polyethylene glycol
(PEG), glycerol, ethanolamine (EA), triethylamine, and ethanol.
Among the commonly employed solvents, EG has been widely
used due to its high boiling point, viscosity, and ability to act as
a polyol reducing agent. In NCM523 and related layered oxides,
EG assisted synthesis has been reported to promote uniform
precursor formation, enhance the lattice parameter ratio, and
reduce cation disorder, thereby improving structural stability
and electrochemical capacity.”” However, the limited hydrolysis
ability of EG often leads to incomplete decomposition of metal
salts, uncontrolled nucleation, and smaller crystallite sizes,
which may result in structural defects and inferior electro-
chemical performance. To overcome these shortcomings, mixed
solvent systems have been explored. The incorporation of water
into EG accelerates the hydrolysis of metal precursors, increases
ionic mobility, improves reaction homogeneity, and promotes
higher crystallinity compared with using EG alone.” Beyond
binary solvents, the addition of organic amines, particularly EA,
has shown further promise in controlling precursor chemistry.
Conventional two-component mixtures like EG/H,O cannot
match the synergistic chemical environment provided by the
three-component EG/H,O/EA system. Unbalanced metal-ion
precipitation and wide particle-size distributions result from
weak coordination, even though EG/H,O systems offer
moderate hydrolysis control. The current system simulta-
neously balances hydrolysis kinetics, chelation strength, and
sol-gel network formation by combining EG, water, and EA.
This results in uniform nucleation and synchronized co-
precipitation of Ni, Co, and Mn ions, which is not possible in
binary systems. EG stabilizes polymeric chains, enhances
dispersion, and stops particle overgrowth, water guarantees full
but moderated hydrolysis, and ethanolamine offers regulated
metal-ligand coordination and pH buffering. In the end,
NCMS523 cathode materials with improved phase purity, cation
homogeneity, and electrochemical performance are produced
by a precisely adjusted medium that encourages homogeneous
precursor synthesis, narrow particle-size distributions, and
cleaner thermal decomposition. It also acts as a pH-controlling
agent, thereby regulating hydrolysis and condensation
processes during agglomeration, and slows down nucleation
and facilitates controlled crystal growth, which reduces cation
mixing and enhances layered ordering and crystallinity.>* The

© 2026 The Author(s). Published by the Royal Society of Chemistry
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specific ratio of solvents affects the final morphology, deter-
mining whether the particles will form as spheres, rods, or
plates, with organic solvents typically encouraging smoother
particle growth and more controlled morphology. Additionally,
the material's phase formation and crystallinity are affected by
the solvent selection; well-optimized solvent systems improve
phase purity and suppress the production of undesirable
byproducts. The NCM523 cathode materials have been signifi-
cantly affected by calcination temperature, which determines
phase formation, crystallinity, and shape.*®?® The excessive heat
can cause agglomeration and phase transitions, which jeopar-
dize the stability and transport of lithium ions, while the ideal
temperatures maximize electrochemical performance.

The development of high-performance NCM523 cathodes
that provide elevated battery efficiency relies on this fine-
tuning. It is hypothesized that the introduction of EA and EG
for the preparation of NCM523 cathode materials would provide
a clean, affordable, environmentally friendly, thermally stable,
and high-purity material with improved -crystallinity and
electrochemical performance. Yet, to the best of our knowledge,
the combined use of EG, water, and EA as a mixed solvent
system for the synthesis of NCM523 has not been reported. To
satisfy the above hypothesis, in this investigation, an alternative
facile EG, water, and EA mediated mixed solvothermal method
has been used to create NCM523 cathode materials and
examine how various calcination temperatures affect the end
products.

Materials and methods
Materials

All the chemicals were used as supplied, and no additional
purification was carried out. Nickel acetate tetrahydrate
(Ni(CH3CO0),-4H,0, 99%), cobalt acetate tetrahydrate
(Co(CH;3C00),-4H,0, 98%), manganese acetate tetrahydrate
(Mn(CH;CO0),-4H,0, 99%), urea (NH,-CO-NH,, 99%),
lithium carbonate (Li,CO3, 99%), and absolute ethanol were
purchased from Sigma-Aldrich, Germany. Ethylene glycol
(99.0%) and ethanolamine (HOCH,CH,NH,, 99%) were
collected from Qualikems, India, and Giant Chem Solution,
USA, respectively. Deionized (DI) reverse osmosis and ultravi-
olet light were used to get water from Pureit (Taiwan).

Experimental

Stoichiometric ratios of Ni(CH3;COO),-4H,0, Co(CH3COO),-
4H,0, and Mn(CH;3;COO),-4H,0 (molar ratio was 5: 2 : 3) were
dissolved in a mixture of ethylene glycol, deionized water, and
ethanolamine of 80 mL (the volume ratio was 0.5: 0.25: 0.25).
The initial pH of the solution was 10.5 £+ 0.2, which ensured
steady hydrolysis. Under vigorous magnetic stirring, a specific
quantity of urea (4.5 mmol) was added to the mixture as the
chelating and slow-release precipitating agent until all the
precursor salts dissolved completely. For comparison, identical
stoichiometric ratios of metal acetate salts were separately di-
ssolved in an EG/deionized water mixture (volume ratio: 0.5:
0.5) and pure EG solvent (80 mL). After that, the mixture was

© 2026 The Author(s). Published by the Royal Society of Chemistry
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placed in a 100 mL Teflon-lined stainless-steel autoclave (the
filling capacity was fixed at around 80%), placed in a heating
oven and heated to 160 °C for 20 hours in order to produce the
carbonate precursor. After the mixed solvothermal reaction, the
precipitated product was cooled naturally to room temperature,
centrifuged at 5000 rpm, washed three times with deionized
water and ethanol each, and dried at 55 °C in a vacuum oven for
24 h. The as-obtained carbonate precursor was powdered, and
an appropriate amount of Li,CO; was mixed (lithium carbonate
to precursor molar ratio = 1.05:1) thoroughly in an agate
mortar, and the obtained final precursor was annealed at 450 °C
for 5 h in a muffle furnace. Once the precursor mixture had
naturally cooled to ambient temperature, it was equally ground
once again and finally calcined at a certain temperature (700 °C,
800 °C, and 900 °C) for 12 h in the presence of air with a ramp
rate of 20 °C min~'. The NCM523 cathode materials were
allowed to cool to room temperature and ground with 5 mm
stainless steel balls in a 10 : 1 ball-to-powder ratio in a planetary
ball mill (Pulverisette 23, FRITSCH, Germany) at 50 Hz for 5 min
with 15 balls (total 3.15 g). The typical solid-state product yield
was 37-40.5%, depending on the solvent system and calcination
temperature. The resulting powder was then collected and
stored in an airtight container for characterization and fabri-
cation of the electrode. The cathode materials were denoted as
NCM7, NCMS8, and NCM9 according to the calcination
temperatures of 700 °C, 800 °C, and 900 °C, respectively.

Materials characterization

The surface structure and particle size distributions of the
prepared NCM523 cathode ingredients were analyzed by using
a field-emission scanning electron microscope (FE-SEM, JEOL-
7610F, Japan), operated at 15 kV, followed by Image]-based
statistical analysis of 100-150 particles to ensure accurate
morphology and size quantification. EDX spectra were taken
with an energy-dispersive X-ray spectroscopy adaptor coupled to
a FE-SEM instrument (JEOL-JED2300 Analysis Station, Japan)
operated at 15 kV. The surface elemental composition was
investigated by X-ray photoelectron spectroscopy (XPS, K-alpha,
Thermo Scientific™, USA). X-ray diffraction (XRD, Panalytical,
EMP3, Netherlands) patterns of the powder samples were used
to determine the crystalline size and sample constituents.

Results and discussion

The impact of organic solvent composition on the crystallite
size and phase purity of the synthesized NCM523 cathode
materials is clearly demonstrated by the XRD results, as shown
in Fig. 1. The diffraction patterns of all three cathode materials
in three different solvent mixtures show peaks at two theta
values of 18.93, 36.60, 37.57, 38.02, 44.40, 48.65, 59.70, 64.38,
64.78, and 68.19 corresponding to the lattice planes of 003, 101,
006, 102, 104, 105, 107, 108, 110, and 113, respectively. All of
these patterns accurately resemble the combined identical
phases of the cubic structure with the space group Fd3m of
Li,CoMn;0g (JCPDS no. 48-0261), the rhombohedral structure
(hexagonal axes) with the space group R3m of LiNiO, (JCPDS no.

Nanoscale Adv., 2026, 8, 1423-1434 | 1425
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Fig. 1 XRD diffraction patterns of NCM523 cathode materials
synthesized using three solvent environments of (a) EG, (b) EG and
water, and (c) EG, water, and EA.

09-0063), and the monoclinic crystal system with the space
group C2/c of Li; 33Mng ¢,0, (JCPDS no. 27-1252).>* When EG
alone was used as the reaction medium, the diffraction pattern
(Fig. 1a) displayed relatively broad and less intense peaks,
together with several minor secondary reflections. Such features
are typically associated with smaller crystallite size, incomplete
crystallization, and the presence of undesirable impurity phases
such as spinel or rock salt-type oxides. The poor crystallinity can
be attributed to the fact that, while serving as both solvent and
a mild reducing agent, it provides limited hydrolysis capability
and insufficient control over metal ion distribution. Conse-
quently, the nucleation process occurs rapidly and homoge-
neously, leading to increased cation mixing, structural disorder,
and suppressed long-range ordering in the layered lattice. The
addition of water to EG produced a notable improvement in
crystallinity and phase purity (Fig. 1b). The XRD peaks became
sharper and more intense, while the background noise and
impurity reflections were significantly reduced. This enhance-
ment can be rationalized by the role of water in promoting
hydrolysis and increasing ionic mobility, which results in more
uniform mixing of Ni, Co, and Mn ions within the precursor
solution.”® A more homogeneous precursor composition facili-
tates a more controlled nucleation process during subsequent
heat treatment, thereby yielding larger crystallites with reduced
defect concentrations. This observation highlights the syner-
gistic role of water in complementing EG by enhancing the
solvation and reactivity of the metal ions. The best structural
characteristics, however, were achieved when EA was intro-
duced into the EG-water solvent system (Fig. 1c). The XRD
pattern of this sample showed the sharpest reflections with
well-resolved splitting of the (006)/(102) and (018)/(110)
doublets, which is the most reliable indicator of the forma-
tion of a highly ordered layered Fd3m structure.?” EA provides
multiple benefits by strongly chelating transition metal ions to
prevent premature precipitation, simultaneously acting as a pH
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buffer to stabilize the reaction medium and moderate hydro-
lysis rates, while also retarding nucleation kinetics to facilitate
uniform and controlled crystal growth. These effects collectively
suppress cation disorder, particularly the migration of Ni** into
Li" sites, and eliminate residual impurity phases. The superior
ordering obtained in the EG, water, and EA system suggests
reduced Li*/Ni*" cation mixing, which is crucial for ensuring
high lithium-ion mobility and electrochemical performance.
The degree of cation ordering in the prepared NCM523 samples
was assessed via the intensity ratio of the (003) and (104)
diffraction peaks, which serves as a consistent indicator of Ni**/
Li" cation mixing. The NCM523 synthesized using the EG-only
solvent system displayed an intensity ratio of 1.23, signifying
a moderately ordered layered structure. The two-solvent system
(EG + H,0) exhibited a little lower ratio of 1.10, representing
comparatively higher cation mixing and abridged structural
ordering. In contrast, the three-solvent system (EG + H,O + EA)
generated a significantly higher ratio of 1.42, which surpasses
the commonly acknowledged threshold (1.2) for well-ordered
R3m type layered oxides. Therefore, the three-solvent combi-
nation route demonstrates superior structural optimization and
is the most appropriate solvent atmosphere for reaching high-
quality NCM523 cathode materials.

FTIR investigation reveals that the solvent environment
strongly impacts the removal of residual functional groups and
the formation of the metal-oxygen lattice (Fig. 2). The precursor
of NCM523 cathode materials, synthesized only in EG, shows
strong O-H stretching (at around 3400 cm ') and bending (at
around 1620 cm™ ') bands. This precursor also gives a robust
C-O stretching band at 1130 cm ™" and bending vibrational
mode at 865 cm™ "', along with a weak metal oxygen (M-O)
vibrational mode arising from Ni, Co, and Mn within the
layered oxide lattice in the region of 520-650 cm ™', indicating
unfinished decomposition.”® Adding water to EG significantly
decreases hydroxyl intensity and improves M-O vibrations due

——EG+H0+EA co.
EG+H,0 bendmig

\— o

-OH
bending

Transmittance (a.u.)

stretching stretching

4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm'1)

Fig. 2 FTIR spectra of NCM523 cathode materials synthesized using
three solvent environments.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Effect of the solvent environment on NCM523 cathode materials

O-H vibrations C-O vibrations

Sample conditions (3400 and 1620 cm ™)

(1130 and 865 cm™ ')

M-O bands

520-650 cm " Interpretation
P

EG Strong Strong

Moderate Reduced

Lowest

EG + H,0
EG + H,0 + EA

to enhanced metal-ion hydrolysis. However, the three solvent
system (EG + H,O + EA) offers the cleanest FTIR profile, showing
strongly suppressed O-H and C-O vibrations and the sharpest
M-O vibrational bands, confirming superior precursor homo-
geneity and more efficient metal-ligand coordination (Table 1).
Therefore, the three solvent-derived (EG + H,O + EA) precursor
was selected as the most reliable synthesis pathway, and all
subsequent stages of this study, including calcination at three
different temperatures and comprehensive structural and
morphological characterization, were carried out using this
optimized material.

The thermal decomposition behavior of the NCM523
carbonate precursor was estimated by TGA, and the resulting
curve displays three distinct mass-loss regions characteristic of
solvothermally derived mixed-metal carbonates (Fig. 3). The
first minor weight loss below 200 °C resembles the evaporation
of physically adsorbed moisture and residual solvent molecules
from the precursor surface. A more noticeable mass loss is
observed between 200 and 450 °C, which is attributed to the
decomposition of organic species originating from the sol-
vothermal medium and the partial breakdown of metal-
carbonate intermediates. A major decomposition step occurs
between 500 and 750 °C, connected with the complete decar-
boxylation of lithium carbonate and the formation of Co, Ni,
Mn, and Li oxide phases.”® Beyond 800 °C, the TGA curve rea-
ches a stable plateau, displaying no additional mass loss. This

100

90 4

80 4

70

Mass loss (%)

60 -

50

40 -

300 450 600 750 900

Temperature (°C)

T
150
Fig. 3 TGA thermographs of the NCM523 precursor.
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Strongly suppressed

Weak Poor precursor decomposition,
disordered network
Improved Better hydrolysis and coordination

Highly uniform precursor,
best structural development

Strongest and sharpest

thermal stability region confirms the selection of 800 °C as the
final calcination temperature, ensuring full conversion to the
layered oxide structure without further decomposition. Overall,
the TGA profile supports the chosen thermal treatment route
and confirms the precursor's complete transformation into
a stable oxide phase at elevated temperatures.

The impact of different calcination temperatures on the
crystallite size and phase purity of the synthesized NCM523
cathode materials is analyzed using XRD diffraction patterns
and is shown in Fig. 4. The intensity ratios of the diffraction
patterns of 003/104 planes and the degree of the peak splitting
of 006/102 and 108/110 are a good indication of layered struc-
ture materials.””** The NCM-800 diffraction peaks display the
best layered structure with no discernible impurity reflections,
and the creation of a typical layered structure is indicated by the
obvious full splitting of the pair reflections of (006)/(102) and
(108)/(110) (Fig. 4b). Since this displacement (Ni*" at the 3a site
and Li" at the 3b site in the space group of layered R3m) weakens
the intensity of the (003) line without changing the intensity of
the (104) peaks, the integrated intensity ratio of the (003) and
(104) peaks is often employed to define the Li*/Ni** cation
mixing.** When the ratio is higher (>1.2), the degree of cation
mixing is lower. We can find out that NCM-800 has a higher
concentration value of 1.42 compared to the NCM-700 cathode

003

Intensity (a.u.)

1

20 30 40 50 60 70 80
20 (degree)

Fig.4 XRD diffraction patterns of NCM523 cathode materials calcined
at (a) 700 °C, (b) 800 °C, and (c) 900 °C.

1
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materials (1.29) (Fig. 4a). At high calcination temperature
(Fig. 4c), the intensity of the diffraction peak of the (003) plane
significantly reduces to a minimum value compared to NCM-
700 and NCM-800 cathode materials. The intensity ratio
decreases to 0.76 because excessive calcination temperature
causes structural degradation and increases cation mixing in
NCM523 cathode materials. Compared to NCM-700, which
shows broader XRD peaks indicative of poor crystallinity and
possible structural defects, NCM-800 demonstrates sharper
peaks, suggesting improved phase purity and reduced cation
mixing. The crystallite size of the NCM523 samples varied
noticeably with calcination temperature. At 700 °C, the crys-
tallite size was 31 nm, demonstrating the primary growth of the
layered structure. Increasing the temperature to 800 °C
enhanced crystal growth, creating the largest crystallite size of
37 nm, which reflects improved crystallinity. However, further
heating to 900 °C reduced the crystallite size to 26 nm, signi-
fying structural instability and the onset of thermal degradation
at excessively high temperatures.*

The Rietveld refinement of the NCM523 cathode materials
calcined at 800 °C is shown in Fig. 5, and the values of lattice
parameters for XRD patterns are calculated and summarized in
Table 2. The analysis reveals well-defined lattice parameters of
a = 2.8755 A and ¢ = 14.1806 A, giving a c/a ratio of 4.9315,
which is characteristic of a well-ordered R3m layered structure.
A higher c/a ratio usually indicates better separation between
the lithium and transition-metal layers and agrees with lower

° Yobs
YCal
1 Yobs - YCal
N Braggs Positions

Intensity (a.u.).

[ L | | L1
| il | | Il ([ L[
| | 11 1 1 (I I I

LT O T A Y T L T

10 20 30 40 50 60 70 80
20 (degree)

Fig. 5 Rietveld refinement results of NCM523 cathode materials
calcined at 800 °C.

Table 2 Lattice parameter of the NCM8 sample

Lattice parameters

Sample a(A) c(A) cla 1(003)/1(104)  Li*/Ni** mixing (%)

NCM8  2.8755 14.1806 4.9315 1.42 2.2
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Li/Ni interlayer mixing.*® This is consistent with the refined
cation occupancy, which displays only 0.022 Ni present on the Li
(3a) site, corresponding to a Li/Ni mixing level of around 2.2%.
Such a low mixing percentage enables the 800 °C sample to
maintain strong structural ordering, negligible cation disorder,
and even layer stacking properties that typically boost lithium-
ion diffusion and electrochemical performance.

Comparative FTIR spectra of the 700, 800, and 900 °C
calcined samples display a significant influence of temperature
on their purity and are shown in Fig. 6. NCM7 exhibits strong
O-H stretching (at approximately 3400 cm™ ') and bending (at
approximately 1620 cm™ ') bands, along with pronounced C-O
vibrations, indicating incomplete decomposition of hydroxyl
and organic species. At 800 °C, these peaks are significantly
reduced, and the M-O stretching region of 520-650 ¢cm '
becomes sharper and more powerful, demonstrating enhanced
crystallization and development of the layered NCM523 struc-
ture. Although the 900 °C precursor shows minimal organic
signals, the M-O bands become broadened, signifying lattice
distortion/defect generation at excessively high temperatures.
These verdicts approve that 800 °C is the most favorable calci-
nation temperature, providing the best balance between
organic removal and structural ordering (Table 3).

The elemental composition and the variation of the oxida-
tion state of each transition metal ion in the NCM523 cathode
materials are detected using XPS spectra and are illustrated in
Fig. 7. The survey spectra (Fig. 7a) of each cathode material
show the spectra of Li 1s, C 1s, O 1s, Mn 2p, Co 2p, and Ni 2p
without any impurities. The O 1s spectra of the NCM523
cathode materials are deconvoluted into three peaks that reflect
distinct oxygen atmospheres within the material (Fig. 7b). The
low binding energy peak at 529.2 eV resembles O~ ions bonded
to transition metals, representing stable lattice oxygen in the
layered structure. The high binding energy peak at 531.4 eV

— 700 co
800 -OH bending i §
:i berliding
& H
']
Q
c
]
b=
£
(7]
c
]
LS
=
-OH c-0 -
stretching stretching
4000 3500 3000 2500 2000 1500 1000 500

Wavelength (cm'1)

Fig. 6 FTIR spectra of NCM52 cathode materials at different calci-
nation temperatures 700 °C (red line), 800 °C (blue line), and 900 °C
(black line).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Effect of calcination temperature on NCM523 cathode materials

Calcination O-H vibrations C-O vibrations M-O bands

temperature (3400 and 1620 cm ™) (1130 and 865 cm™ ") (520-650 cm ™) Interpretation

700 °C Strong Strong Weak/broad Incomplete decomposition,
low structural order

800 °C Reduced Suppressed Strong/sharp Optimal layered oxide
formation

900 °C Minimal Very weak Broadened Over calcination, lattice
distortion

originates from surface species of -COj;, adsorbed H,0, and -
OH groups. The intermediate peak (530.35 eV) from oxygen is
involved in defect-rich regions, including vacancy-related 0>~ or
partially hydroxylated sites.** The spectrum also highlights that
NCM-800 has the highest Ojattice/Osurface Tatio of 0.26, suggest-
ing minimal oxygen vacancies and a well-developed metal-
oxygen framework. In contrast, the NCM7 sample displays
a much lower ratio (0.13), reflecting partial oxidation and the
existence of surface-bound hydroxyls and carbonates due to
insufficient thermal decomposition. The 900 °C sample also
demonstrates a reduced ratio (0.11), which is attributed to
excessive oxygen loss and defect generation at high tempera-
ture. The Li 1s spectrum of NCM-800 presents a sharp and well-
defined peak at a binding energy of 58.5 eV, confirming effective
lithium incorporation, unlike NCM-700, which has a weaker Li
signal, or NCM-900, which shows signs of lithium loss*
(Fig. 7c). The XPS spectra of Co 2p (Fig. 7d) consist of two main
points of Co 2p3/, (~780 eV) and Co 2p;,, (~795 eV), along with
corresponding satellite peaks at higher binding energies.” The
800 °C sample displays a Co®"/Co®" ratio of 0.24, indicating
a dominant presence of Co®", which is characteristic of a well-
formed layered structure with steady transition metal oxida-
tion states. In comparison, the 700 °C sample shows a higher
ratio (0.37), suggesting incomplete oxidation and a higher
fraction of Co®* associated with residual defects and hydroxyl
groups. The 900 °C sample also presents an elevated ratio (0.31),
which is typically associated with thermal over-reduction and
increased surface defect formation. The peak position of Ni 2p
in Fig. 7e of all three cathode materials shows doublet charac-
teristic lines with the binding energy standards positioned at
854.6 eV and 873.5 eV, assignable to Ni 2ps, and Ni 2py,,,
respectively. The variation in binding energy between Ni 2p3,
and Ni 2p,/, 0of~18.9 is in good agreement with the standard
references of Ni** cations.* The intensity of Ni 2p;,, and Ni 2p;,
lines was relatively high for NCM-800 cathode materials
compared to the other two cathode materials, while it was
minimal for the NCM-900 sample. Less noticeable peaks in the
NCM-900 cathode material are seen at 856.0 and 874.5 eV,
suggesting the existence of trace amounts of Ni** cations. A
satellite peak around 861.9 eV was observed between the Ni
2ps» and Ni 2py), regions, caused by the splitting of energy
levels in nickel oxides. This splitting occurs due to the inter-
action of core electrons with the surrounding electron cloud in
the nickel oxide structure, leading to a shift in binding energy.**

© 2026 The Author(s). Published by the Royal Society of Chemistry

The 800 °C sample displays a Ni**/Ni** ratio of 0.23, indicating
efficient oxidation of Ni** to Ni*" and a well-stabilized layered
structure with limited cation disorder. In contrast, the 700 °C
sample shows a noticeably lower ratio of 0.15, suggesting
incomplete oxidation. The 900 °C sample, however, shows
a markedly increased ratio of 0.89, which points toward thermal
over-reduction and oxygen deficiency at elevated temperatures.
Such a high Ni*" content typically leads to increased Li*/Ni**
mixing and structural degradation. The Mn 2p spectrum of
NCM-800 reflects the electron binding energy at 642.5 eV and
638.8 eV for Mn 2p;.,, which indicates the existence of both
Mn>" and Mn*" ions.*** The presence of both Mn>* and Mn**
ions contributes to phase stability, while NCM-700 exhibits
some Mn*", which can lead to structural degradation. The 800 ©
C sample exhibits a Mn**/Mn** ratio of 0.52, representing
a favorable distribution dominated by the electrochemically
active Mn*" state, which supports structural stability and
suppresses Jahn-Teller distortions. At 700 °C, the ratio drops to
0.17, indicative of incomplete oxidation and a higher propor-
tion of Mn>" caused by insufficient thermal energy. Meanwhile,
the 900 °C sample shows a ratio of 0.39, reflecting partial over-
reduction and oxygen loss at excessively high temperatures
(Table 4).

The particle morphology, size distribution, and structural
integrity of the surfaces of NCM523 cathode materials calcined
at different temperatures of 700 °C, 800 °C, and 900 °C were
examined using FE-SEM and are shown in Fig. 8. The NCM523
cathode materials calcined at 700 °C are composed of small,
loosely packed nanoparticles, and then these primary nano-
particles aggregate to form secondary particles with significant
porosity, incomplete crystallization, and an irregular shape
(Fig. 8a and b). At 800 °C, the NCM523 particles exhibit more
uniform spherical secondary particles composed of tightly
packed primary nanoparticles, with smooth surfaces and
minimal cracks, indicating optimal crystallinity and agglomer-
ation for balanced electrochemical performance. In contrast to
NCM-800, excessive sintering at 900 °C results in larger, fused
particles with microcracks and inhomogeneous grain growth,
which degrade cycling stability and may exacerbate mechanical
stress during charge/discharge (Fig. 8e and f). At 900 °C, particle
size distributions become much wider, but at 800 °C, they
maintain a small, Gaussian-like distribution perfect for long-
term use and high tap density. These results are consistent
with previous research, indicating that 800 °C is the ideal

Nanoscale Adv., 2026, 8, 1423-1434 | 1429
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Fig. 7 X-ray photoelectron spectroscopy of (a) the survey spectrum and deconvoluted core line spectra of (b) O 1s, (c) Li 1s, (d) Co 2p, (e) Ni 2p,
and (f) Mn 2p of NCM523 cathode materials, where NCM7, NCM8, and NCM9 indicate the calcined temperatures of 700 °C, 800 °C, and 900 °C,

respectively.

Table 4 Summary of compositional and Oice/Osurface ratios
obtained from XPS analysis

Sample NiZJr/Niyr COZJr/COEJr MnZJr/anpr Olattice/ Osurface

700 °C 0.15 0.37 0.17 0.13
800 °C 0.23 0.24 0.52 0.26
900 °C 0.89 0.31 0.39 0.11

1430 | Nanoscale Adv., 2026, 8, 1423-1434

calcination temperature for NCM523, striking a balance
between particle uniformity, structural integrity, and electro-
chemical efficiency.”

The EDS analysis of NCM523 cathode materials calcined at
700 °C, 800 °C, and 900 °C provides crucial insights into
elemental composition and distribution. The spectrum of the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.8 FE-SEM images of NCM523 cathode materials at different magnification values (5k and 50k) calcined at (a and b) 700 °C, (c and d) 800 °C,
and (e and f) 900 °C respectively.

© 2026 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv, 2026, 8, 1423-1434 | 1431


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00957j

Open Access Article. Published on 30 December 2025. Downloaded on 6/20/2026 5:44:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

3300
o a
ol
2 =
F A
3 R T S
% z 3 82 o =z I~
E 3 =5 23 3|2
| e | | B |
r T Y ¢ T T
<00 s.00 00 00 500 s.00 1000
pact
&
= =
= ~
g A N
= = 3| =g s =
E = =SS =
L s L AL
400 s.00 00 .00 500 5.00 1000

3
%

8
|
OKa

cola Ny,

NiKese

=
E
600 g 8 = >
2 s = 2 3 lg |g
= S = 39 )5 [=
300 |
| 11 1 4 A
el
°— T T T T T T T
000 100 200 300 00 00 B 00 o0 00 1000

eV

Fig.9 EDS spectra of NCM523 cathode materials calcined at (a) 700 °
C, (b) 800 °C, and (c) 900 °C.

700 °C sample (Fig. 9a) confirms the presence of Ni, Co, Mn,
and O, but with signs of inhomogeneous distribution and
possible residual Li,CO; or LiOH, indicating incomplete
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Paper

crystallization. This cathode materials also exhibit deviation
from the 5:2:3 stoichiometry (Ni = 48.2%, Co = 18.5%, and
Mn = 33.3%) with Mn surface segregation and residual Li,CO3
(C = 5.2% and O = 57%), indicating incomplete calcination,
leading to poor cation diffusion. This suggests that the material
may have phase impurities and an imbalanced Ni:Co:Mn
ratio, which could negatively impact electrochemical perfor-
mance. In contrast, the 800 °C sample (Fig. 9b) exhibits a highly
uniform element distribution with near-ideal ratios (Ni =
49.8%, Co = 20.1%, and Mn = 30.1%) with homogeneous
cation distribution and minimal carbon (C = 0.8%), ensuring
structural integrity and the best balance of elements. However,
the 900 °C sample (Fig. 9c) shows Ni depletion (=44.7%) and
Mn enrichment (=33.5%) due to thermal-driven cation migra-
tion, resulting in Mn-rich grain boundaries and trace Ni
reduction (=5.1%) in the final composition, promoting Mn**
Jahn-Teller distortion and oxygen loss. This may lead to struc-
tural degradation, elemental segregation, and cation migration,
potentially reducing the cathode's long-term stability. Overall,
the NCM-800 sample demonstrates the most favorable
elemental distribution with minimal defects for high-
performance NCM523 cathode materials.*”

The TEM micrographs of the NCM523 sample calcined at
800 °C (Fig. 10) reveal well-developed primary particles and
a highly crystalline layered structure. The low-magnification
image (Fig. 10a) shows that the secondary particles exhibit an
aggregated morphology with particle clusters in the sub-micron
to micron range, which is characteristic of well-sintered layered
oxide cathodes. The intermediate magnification TEM image
(Fig. 10Db) displays loosely packed primary nanoparticles with
sizes typically below 200 nm. High-resolution TEM (Fig. 10c)
confirms the formation of a well-ordered layered structure, as
demonstrated by clear lattice fringes corresponding to the (003)
plane with an interplanar spacing of dyo; = 0.47 nm, which
agrees well with the characteristic spacing of the trigonal R3m
NCM523 cathode materials.”” The sharp and continuous lattice
fringes also indicate low structural defects and high crystal-
linity, further supporting that calcination at 800 °C provides
optimal ordering and phase purity for NCM523.

Fig. 10 TEM images at (a) low magnification and (b) high magnification and (c) HRTEM images of the NCM523 cathode material calcined at

800 °C.

1432 | Nanoscale Adv., 2026, 8, 1423-1434

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00957j

Open Access Article. Published on 30 December 2025. Downloaded on 6/20/2026 5:44:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Conclusion

In this investigation, particular emphasis is placed on devel-
oping a low-cost, environmentally friendly, thermally stable,
and high-purity LiNiy 5C0,Mng 30, (NCM523) cathode mate-
rial. This work systematically demonstrates that both the
solvent composition during precursor synthesis and the calci-
nation temperature play critical roles in defining the final
quality of NCM523 cathode materials. Among the evaluated
solvent systems, the combination of EG, water, and EA proved
superior due to its durable metal chelating capability, improved
hydrolysis control, and ability to control nucleation kinetics.
This synergy produced a highly uniform precursor that exhibi-
ted excellent crystallinity, well-resolved layered structural
features, and the highest (003)/(104) intensity ratio (1.42)
among all NCM523 cathode materials. FTIR investigation
further established that this solvent system minimizes
residual organic species and promotes the development of
a stable M-O lattice network. Upon calcination, the 800 °C
sample confirmed the optimal balance of crystallite growth,
cation ordering, and oxygen stability, as demonstrated by its
favorable Ni*'/Ni**, Co*'/Co®', and Mn*'/Mn*" ratios. The
Olattice/Osurface Value ratio reaches 0.26, significantly higher
than at 700 °C (0.13) and 900 °C (0.11), confirming improved
lattice oxygen stability and fewer surface defects. In
contrast, lower temperatures led to incomplete oxidation and
structural immaturity, while higher temperatures caused
oxygen loss and defect generation. Therefore, the integrated
approach of three solvent-assisted precursor synthesis followed
by calcination at 800 °C yields the most phase-pure, structurally
ordered, and chemically stable NCM523 material. These find-
ings provide a comprehensive pathway for optimizing synthesis
parameters to achieve high-performance layered cathode
materials suitable for demanding lithium-ion battery
technologies.
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