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While high-energy-density Ni-rich layered oxides, LiNi;_,_,Co,Mn,O, (Ni > 0.8), are of significant attention
as next-generation cathode materials, their practical application is limited by intergranular cracking and
mechanical degradation arising from anisotropic lattice strain. The single-particle cathode strategy has
emerged as a promising solution, effectively suppressing
boundaries between primary particles. However, the fundamental relationships between single-particle

intergranular cracking by eliminating

size, internal microstructure, and electrochemical performance remain poorly understood. Here, we
present a molten-salt synthesis strategy to produce LiNig 92C0g.03Mng 050> single-particle cathodes with

tunable particle and crystallite sizes via precursor morphology control. Systematic analysis reveals clear
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Accepted 10th March 2026 correlations between precursor shape, final particle microstructure, and rate capability. This work aims to

establish link between precursor
electrochemical performance, thereby providing a core design principle for developing high-stability and

the causal morphology, final particle microstructure, and
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1. Introduction

Recently, the blueprint for net-zero carbon emissions has been
announced as part of a global effort against climate change."
Based on the comprehensive carbon emission reduction plan,
electric vehicles (EVs) are projected to occupy approximately
77% of the global automobile market by 2030.> Accordingly, the
demand for high-performance lithium-ion batteries (LIBs) that
can power EVs is rapidly increasing. The most promising
candidate is still the layered oxide with a high nickel concen-
tration (Ni content >80 at% in the composition of the transition
metals), Ni-rich LiNi;_,_,Co,Mn,0, (Ni-rich NCM), which is
derived from the first commercialized cathode material,
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-power single-particle cathode materials.

LiC00,.** Despite its high theoretical capacity (>200 mA h g™ %),
the Ni-rich NCM cathode material exhibits intrinsic limitations,
including fast capacity fade and safety concerns.>® The origin of
capacity fading in commonly used Ni-rich NCM aggregates is
the significant volume change of primary particles, which
gradually leads to intergranular cracking during repeated
cycling.”® The formation and propagation of cracks deteriorate
mechanical integrity, ultimately resulting in the loss of elec-
trical contacts.’ In addition, the cracks keep exposing a fresh
surface or interface to the electrolyte, followed by the formation
of electrochemically inactive phases.'®"* Therefore, the emer-
gence of such inactive phases leads to continuous capacity
decay as well as sluggish Li' transport.!>'* Therefore, the
emergence of such inactive phases leads to continuous capacity
decay as well as sluggish Li" transport. Such surface accompa-
nied by oxygen loss driven cation migration, forming surface-
densified Ni-rich phases that increase interfacial resistance
and accelerate performance decay.™

Among various strategies such as transition metal (TM)
gradient,” doping,’® and surface coating,"” Ni-rich single-
particle NCM (hereafter, SP-NCM) materials stand out as
a promising solution. The SP-NCM reveals great potential to
enhance mechanical integrity and cycle performance by mini-
mizing particle cracking, gas evolution, and electrolyte reac-
tivity, despite certain handling issues during the manufacturing
process.'®?° Furthermore, the Ni-rich SP-NCM cathode mate-
rials are readily applicable to all-solid-state batteries due to their

This journal is © The Royal Society of Chemistry 2026
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curtailed interfacial contact with the electrolyte.” However,
deliberate control over particle size and morphology in SP-NCM
systems remains challenging, since most synthetic routes rely
on complex multi-step processes and high-temperature calci-
nation steps.?*>*

Herein, we firstly propose a rational synthesis protocol that
combines coprecipitation of transition-metal precursors with
a subsequent molten-salt reaction to synthesize SP-NCM with
tunable particle and domain sizes. During the coprecipitation
reaction, transition-metal hydroxide, TM(OH), (TM = Ni, Co,
Mn), was prepared, with the thickness of primary particles
manipulated through fine control of the reaction variables.>**”
The following molten-salt synthesis renders the calcination and
sintering of SP-NCM with various particles and domain sizes
from the TM hydroxide precursor.®® Systematic analyses
confirmed a strong correlation between the precursor
morphology and the resulting single-particle size, as well as
a clear dependence of electrochemical performance on both
particle and domain sizes. We believe that our work, therefore,
provides a fundamental understanding of the structure-
performance relationship in SP-NCMs and establishes a gener-
alizable synthesis framework for designing high-performance
single-particle cathode materials.

2. Experimental section

2.1. Synthesis of Ni-rich precursor

Ni.92C00.03Mny o5(OH), precursors were synthesized using the
coprecipitation method. A 1.5 M aqueous solution with a molar
ratio of Ni:Co:Mn = 0.92:0.03:0.05 was prepared using
NiSO,-6H,0, CoSO,-7H,0, and MnSO,-H,O, respectively. The
mixed solution was pumped into a 5 L continuous stirred-tank
reactor at a rate of 0.12 mol h™" under a nitrogen atmosphere.
Concurrently, aqueous solutions of 4.0 M NaOH and 14.8 M
NH;-H,0 were introduced to regulate pH (i.e., molar concen-
tration of hydroxyl anions) and concentration of chelating
agent, respectively. The pH values of the solution were
controlled from 11.2 to 12.1 by adjusting the NaOH feed rate,
while the ammonia concentration in the reactor was varied
from 0.5 M to 5.0 M. The reaction temperature was maintained
at ~48 °C using a hot water circulation system, and the stirrer
was operated at 800 rpm. The reaction was allowed to proceed
for 20 hours, yielding spherical Nig.9,C0g 03Mngo5(OH),
precursor. The resulting precipitates were filtered using
a vacuum filter system and washed with a slightly lower pH
NaOH solution and distilled water to remove residual sodium
ions. The filtered precipitate was then dried at 80 °C in the
convection oven overnight.

2.2. Synthesis of Ni-rich NCM

For the synthesis of single-particle LiNig 9,C0¢03Mng 050, (SP-
NCM), three representative Nij ,C0¢ 03sMng o5(OH), precursors
with distinct morphologies were selected. The corresponding
coprecipitation conditions were as follows: 1.0 M NH; at a pH of
11.2,2.0 M NH; at a pH of 12.1, and 5.0 M NH; at a pH of 12.1.
For the following molten-salt reaction, the precursor,
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LiOH-H,O, and Li,SO,-H,0O were thoroughly mixed with
a molar ratio of 1:2:0.25, respectively. The homogenous
mixture was then held at 850 °C for 10 hours under an oxygen
atmosphere and slowly cooled to 250 °C. The ramping and
cooling rates were set to be 10 °C min ' and 2 °C min ,
respectively. Then, the material was allowed to cool naturally
from 250 °C to room temperature (RT). The resulting composite
was grounded, washed with distilled water, and centrifuged
several times (for 5 min at 5000 rpm each time) to remove
residual Li salts. The washed material was dried at 80 °C over-
night, heated at 700 °C for 6 hours in oxygen to remove residual
water, and then ground once again. The final products are
designated as SP-1.0/11.2, SP-2.0/12.1, and SP-5.0/12.1, corre-
sponding to precursor synthesis conditions of 1.0 M NH; at
a pH 11.2,2.0 M NH; at a pH 12.1, and 5.0 M NH; at a pH 12.1
respectively.

2.3. Structural characterizations

The crystallographic structures of the samples were analyzed
using X-ray diffractometer (XRD, D8 ADVANCE, Bruker), oper-
ated at 40 kV and 40 mA with Cu Ko radiation (Aayg = 1.5406 A).
The XRD peaks were measured over a range of 10° to 70° at
a scan rate of 2° min~' and a scan step of 0.02°. The surface
morphology of the prepared samples was examined using
scanning electron microscopy (SEM, CLARA, TESCAN) operated
at an acceleration voltage of 10 kV. To evaluate the primary
particle thickness of the precursors, more than eighty indi-
vidual primary particles within each aggregated precursor were
measured. Likewise, the particle sizes of the SP-NCM samples
were estimated from major and minor axes of over fifty indi-
vidual particles, obtained from SEM images and analyzed using
Image] software.”

2.4. Measurement of the electrochemical performances

The 80 pm-thick working electrode was prepared on 20 pm-
thick aluminum foil by casting a slurry, which consists of
80% active material, 10% binder (polyvinylidene fluoride,
PVDF), and 10% carbon black (DENKA BLACK) in NMP (N-
methyl-2-pyrrolidone) solvent. The electrode was dried under
a vacuum at 120 °C overnight to evaporate the solvent and then
calendared to 50% of the active material thickness. The cathode
mass loading was controlled to approximately 3 mg cm™> for
most electrodes. Circular electrodes with a 14 mm diameter
were punched and accurately weighed. CR2032 coin-type half-
cells were assembled using the prepared working electrode as
the cathode and a Li metal foil as the anode. Coin cells were
assembled using 100 ul of electrolyte and a 25 pm-thick PE
monolayer microporous separator. The electrolyte consisted of
1 M LiPF¢ dissolved in a mixture of ethylene carbonate (EC),
dimethyl carbonate (DMC), and ethyl-methyl carbonate (EMC)
(volume ratio 1:1:1, Donghwa electrolyte). All cell assembly
was performed in a high-purity argon-filled glovebox with O,
and moisture levels below 0.1 ppm. Electrochemical tests were
conducted using a WonATech WBCS 3000L system. Galvano-
static charge-discharge cycling was performed with a potential
range of 2.7-4.3 V (vs. Li'/Li). The first two cycles were carried
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out at 0.1C (assuming 1C = 200 mA g ') at room temperature,
and followed by cycling at 1C for additional electrochemical
tests. For the long-term cycling stability test at 1C, discharge
was conducted at 1C, whereas charge was carried out using
a constant-current/constant-voltage (CC/CV) protocol (CC at 1C
to 4.3 V followed by a CV hold at 4.3 V until the current
decreased to 0.05C). For the rate capability test, both charge and
discharge were performed under the CC mode at each current
density within 2.7-4.3 V. Rate capability was evaluated by
varying current from 20 mA g~ to 2000 mA g~ within the same
potential window, recording five electrochemical measure-
ments at each current rate. To further examine Li" diffusion
kinetics, the galvanostatic intermittent titration technique
(GITT) was performed over 2.7-4.3 V during five cycles.

3. Results and discussion

The morphological evolution of Nig 9,C0¢ o3Mng o5(OH), was
systematically explored by adjusting concentrations of OH™ and
chelating agent (CA), NH; (see the Experimental section for
methodological details). Since the concentrations of the
hydroxyl anion and the CA are main factors governing the
formation of atomically homogeneous precursors,*® both pH
and NH; concentrations during the coprecipitation reaction
were carefully manipulated to ensure desirable morphologies
with homogeneous composition of Ni, Co, and Mn ions in
Ni.9,C00.03Mng o5(OH), without formation of individual metal
hydroxide phases such as Ni(OH),, Co(OH),, and Mn(OH),.**
The addition of ammonia retards the precipitation reaction
between TM cations and hydroxyl anions. As a result, TM ions
undergo two competitive reactions: (1) coprecipitation with
hydroxyl anions to form TM(OH),, and (2) complexation with
NH,; to yield soluble TM(NH;),,>* species (where 7 ranges from 4
to 8). The delicate balance between these two reactions deter-
mines the nucleation and growth dynamics of the precursors,
ultimately governing their morphology and compositional
uniformity.

Firstly, the NH; concentration was systematically varied
(0.5 M, 1.0 M, 1.5 M, 2.0 M, 2.5 M, and 5.0 M) during the
coprecipitation reaction while maintaining a constant pH of
12.1. In addition to participating in the complexation reaction
with TM cations, NH; strongly coordinates to TM cations,
particularly on the (001) planes of TM(OH),.** Consequently,
increasing the NHj; concentration impedes vertical crystal
growth along the c-axis, favoring lateral expansion within the ab
plane. Therefore, plate-like primary particles predominantly
form, as shown in Fig. 1a. With increasing CA concentration
from 0.5 M to 2.0 M, the primary particles become progressively
thinner, indicating the enhanced formation of plate-like
morphology. However, at concentrations above 2.0 M, the
TM(OH), plates tend to be agglomerated to minimize the
surface energy due to the thermodynamic instability of exces-
sively thin plate-like primary particles.*

Next, the effect of OH™ concentration on precursor
morphology was investigated by varying pH values (11.2, 11.5,
11.8, and 12.1) during the coprecipitation reaction under the
constant ammonia concentration (1.0 M). As the pH increased
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Fig. 1 SEM images of Ni-rich precursors, Nigg2C0g03Mngos(OH),,
synthesized under various (a) NHz concentrations (0.5 M, 1.0 M, 1.5 M,
2.0 M, 25 M, and 5.0 M) with a constant pH of 12.1 and (b) OH™
concentrations (pH 11.2, 11.5, 11.8, and 12.1) with a constant NHs
concentration of 1 M. The scale bar and inset scale bar indicate 1 and 5
um, respectively. (c) Average thickness of primary particle synthesized
under various OH™ (red) and NHx (blue) conditions.

from 11.2 to 12.1, the primary particles became thicker along
the c-axis, which can be attributed to the enhanced reactivity of
hydroxyl ions. Under higher OH™ concentration, the copreci-
pitation of TM(OH), is favored over the complexation reaction
between TM cations and NHj3;, leading to the suppression of
(001)-plane coordination by NH; on the TM(OH), surface
(Fig. 1b). A summary of the primary particle thickness as
a function of NH; and OH ™~ concentrations is presented in Table
1 and Fig. 1c. The results clearly indicate that both hydroxyl
anion and NH; concentrations significantly influence the
precursor morphology. Thicknesses of primary particles were
varied by nearly two orders of magnitude, ranging from
approximately 10.4 nm to 1.0 um, depending on the pH and CA
concentrations. The thinnest and thickest primary particles
could be obtained from the precursors synthesized at 1.0 M NH;
ata pH 11.2 and 5.0 M NH; at a pH 12.1, respectively. It should
be noted that thicker primary particles exhibited stronger
aggregation tendency due to their lower anisotropy in the three-
dimensional space, resulting in a noticeable difference in the

Table 1 Average thickness of primary particle synthesized under
various OH™ and NHz conditions

pH* 11.2 11.5 11.8 12.1
Ave. thick. [nm] 10.4 50.5 138.2 217.7
NH; conc.” [M] 0.5 1.0 1.5 2.0 2.5 5.0
Ave. thick. [nm]  264.0 217.7 156.4 117.8 170.4 1010.4

@ With a constant NH; concentration of 1 M. ® With a constant pH of
12.1.

This journal is © The Royal Society of Chemistry 2026
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bulk density of the aggregated precursors, as summarized in
Fig. S1.

Fig. 2a and b present the powder X-ray diffraction (XRD)
patterns of the Ni-rich Nig.,C0¢03Mng 5(OH), precursors
prepared with various CA and hydroxyl concentrations, respec-
tively. All samples exhibit an identical crystal structure, the
layered double hydroxide structure with B-Ni(OH),, which
belongs to the space group P3m1.** The prominent peaks at 26
of ~19.15°, ~33.07°, ~38.44°, and ~51.96° are indexed to the
(001), (100), (101), and (102) planes, respectively.>* The relative
crystal growth between the (hk0) basal plane and (00/) edge
plane can be gauged by the intensity ratios of R(100)/001), Where
R,y represents the ratio between the peak intensities of the x
and y planes. Since the (100) diffraction is intrinsically weak due
to the low atomic density of transition metals in that plane,
R101)/001) and R(102)/001) are also calculated to provide more
confident indicators to elucidate the preferential growth of
hydroxides.*® As depicted in Fig. 2c, increasing the pH led to
a systematic decrease in R(100)/(001)y R1o1)(001)y and R(102)/001),
indicating more preferential growth (or stacking) along c-axis
over the planar growth along the ab plane. Meanwhile, planar
growth along the ab plane is most dominant from the precur-
sors synthesized at the 2.0 M NH; concentration, as evidenced
by the highest R100)/(001)s R(101)/(001)s and R102)/(001)- The inverse
trend in diffraction intensity ratios with increasing pH is highly
consistent with the microscopic observations of the primary
particles (Fig. 1a). A detailed growth mechanism of the Nig g,-
C0y.0sMny o5(OH), precursors is beyond the scope of this work
and will be addressed in detail in a future study.

Among the Nij 9,C0p 03Mny o5(OH), precursors, three repre-
sentative precursors exhibiting distinct primary-particle
morphology but comparable aggregate sizes (precursors
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Fig. 2 Structural characterizations of the Ni-rich precursors, Nigg»-
C00.03MNg 05(0OH),. XRD patterns obtained under varying (a) NHz and
(b) OH™ concentrations, with the counterpart variables held constant
at (@) pH 12.1and (b) 1.0 M NHs, respectively. (c) Intensity ratios of (101),
(100), and (102) reflections relative to the (001) peak as a function of
NHs (blue) and OH™ (red) concentrations.
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prepared under 1.0 M NH; with a pH of 11.2, 2.0 M NH; with
a pH of 12.1, and 5.0 M NH; with a pH of 12.1) were selected to
be calcined with LiOH-H,O0 to produce single-particle LiNig o,-
C0¢.03Mng 50, (SP-NCM) as described in the Experimental
section. As shown in Table S1, ICP-(AES) confirms that all
representative Ni-rich precursors maintain the intended
transition-metal stoichiometry (target composition: Ni 0.92, Co
0.03, Mn 0.05). The measured TM fractions show only minor
deviations from the target, indicating that varying the synthesis
conditions does not induce composition drift and that incom-
plete complexation is unlikely. N, adsorption (BET) measure-
ments were conducted for the same precursors, and the specific
surface area and total pore volume are summarized in Table S2.
These data are provided to support the discussion on surface-
related electrochemical behavior.

As depicted in Fig. 3, the average particle sizes of the
resulting SP-NCMs were 1.169 (mean) + 0.394 (standard devi-
ation) pm, 1.668 £ 0.515 um, and 4.485 + 1.052 pm, corre-
sponding to SP-1.0/11.2, SP-2.0/12.1, and SP-5.0/12.1,
respectively. The precursor, with its more porous structure
composed of thinner primary particles, led to the formation of
the smaller SP-NCM particles after the molten-salt reaction,
owing to its lower bulk density and higher reactivity during
calcination.

In general, the exposed crystal facets of SP-NCMs are highly
influenced by the oxygen solubility during the calcination
procedure.’”*® Although all samples were subjected to identical
environments during the molten-salt reaction, well-defined
truncated octahedron crystal facets were revealed only on the
surface of SP-2.0/12.1. In contrast, SP-1.0/11.2 and SP-5.0/12.1
exhibited relatively smooth, featureless surface without
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Fig. 3 (a) SEM images of Ni-rich single particle cathodes (SP-NCMs),
SP-1.0/11.2, SP-2.0/12.1, and SP-5.0/12.1. The inset images depict the
morphologies of the Ni-rich precursors prior to the molten-salt
synthesis. The scale bar and the inset scale bar represent 2 pm and
500 nm, respectively. (b) XRD patterns of the three SP-NMC samples.
(c) Overall crystalline and particle sizes of SP-1.0/11.2, SP-2.0/12.1, and
SP-5.0/12.1. The error bars indicate the standard deviation of the
measured particle sizes.
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prominent crystalline faceting. The surfaces of SP-2.0/12.1 are
enclosed by (001), (012), and (104) facets, as predicted by
experimental observation and density-functional theory (DFT)
calculations (Fig. S2).*** The dominantly exposed crystal facets
play a crucial role in determining the electrochemical stability,
oxygen release, thermal decomposition, crystallographic
reconstructions from layered to spinel or rock-salt, metal
segregation, etc.**> Among them, the (104) family facet is
known to be most stable during electrochemical operations,
whereas the (012) surface tends to be more reactive than the
(001) surface, contributing to a higher initial discharge capacity
but lower cycling stability.** In the case of SP-2.0/12.1, the
predominant exposure of the (012) and (001) facets likely
governs its distinctive electrochemical characteristics.

Fig. 3b presents the XRD patterns of SP-1.0/11.2, SP-2.0/12.1,
and SP-5.0/12.1. All samples revealed an identical hexagonal o-
NaFeO, type structure with the R3m space group without any
other notable impurity phases, confirming the successful
formation of the layered structure and the reliability of the
synthesis process. Additionally, Rietveld refinement was per-
formed to quantify the lattice parameters and the degree of Li/
Ni cation mixing for the three samples (Fig. S3). The refined
lattice parameters (a, ¢, and V) are nearly identical across the
samples, whereas the Li/Ni cation mixing is ~4% with a small
but measurable variation of approximately £0.5%. The overall
domain sizes of the SP-NCM cathodes were estimated from the
(003) peaks using the Scherrer equations, yielding coherent-
crystalline sizes of 278.9, 240.5, and 226.3 nm for SP-1.0/11.2,
SP-2.0/12.1, and SP-5.0/12.1, respectively (Fig. 3c). Interest-
ingly, an inverse correlation between particle and Scherrer-
based coherent domain size (003) sizes was observed; SP-1.0/
11.2 exhibits the largest domain size despite having the small-
est particle size. This phenomenon can be attributed to the
relatively higher degree of recrystallization, promoted by the
more porous precursor structure at the aggregate level.
Conversely, the densely aggregated precursor, composed of
thicker primary particles, produced the largest SP-NCM particle
(SP-5.0/12.1) but exhibited the smallest domain size due to
restricted recrystallization during the high-temperature molten-
salt process. The inverse relationship between particle and
domain sizes is a unique feature of the single-particle NCMs
synthesized via our molten-salt route. To directly verify the
internal domain structure corresponding to the XRD-based
grain/domain-size trend, cross-sectional EBSD analysis was
additionally conducted, confirming that SP-1.0/11.2 has a larger
internal domain size while SP-2.0/12.1 and SP-5.0/12.1 show
similarly smaller domains (Fig. S4 and S5). Furthermore, the
intensity ratio between the (003) and (104) reflections, Igos)/
I104), Was identified as a structural quality indicator, given its
sensitivity to cation mixing between Li" and M cations.*** The
measured I(oo3)/l(104) ratios were 2.03, 3.43, and 2.18 in SP-1.0/
11.2, SP-2.0/12.1, and SP-5.0/12.1, respectively. In general, the
T003)/I104) value exceeding 2.0 indicate a well-ordered layered
structure, confirming that all SP-NCM samples possess high
crystallinity with minimal cation disorder. Notably, SP-2.0/12.1
exhibited the highest I(go3)/I104) Tatio, suggesting the lowest
degree of cation mixing. It should be noted, however, that

16222 | J Mater. Chem. A, 2026, 14, 16218-16226

View Article Online

Paper

structural morphology can also significantly affect the Igoz)/
I104- The well-grown truncated octahedron with dominant
(001) facets in SP-2.0/12.1 likely contributes to its enhanced
(003) peak intensity and correspondingly higher Ioo3)/I(104)-

The electrochemical responses of the SP-NCM cathodes are
investigated, as shown in Fig. 4. The smaller particles (SP-1.0/
11.2 and SP-2.0/12.1) exhibited higher utilization of Li* during
the initial cycle at a rate of 0.1C (assuming 1C = 200 mA g~ ). As
shown in Fig. 4a, the initial discharge capacities of SP-1.0/11.2
and SP-2.0/12.1 were nearly the same, ~192 mA h g,
whereas SP-5.0/12.1 delivered a slightly lower initial discharge
capacity of ~184 mA h g . The initial cycle coulombic effi-
ciencies (CEs) were 83.9%, 86.0%, and 82.7% for SP-1.0/11.2,
SP-2.0/12.1, and SP-5.0/12.1, respectively. The highest quality
of the layered structure in SP-2.0/12.1, as evidenced by the
highest I(g03)/(104) Tatio, accounts for its highest CE. The cycling
retention at a rate of 1C after two formation cycles showed that
SP-1.0/11.2 and SP-2.0/12.1 maintained higher discharge
capacities (~179 mA h g~ ") than SP-5.0/12.1 (~165 mA h g '), as
shown in Fig. 4b. Again, SP-2.0/12.1 exhibited the highest CE
among the samples even at the 1C rate, with initial CEs of
96.3%, 99.7%, and 96.3% for SP-1.0/11.2, SP-2.0/12.1, and SP-
5.0/12.1, respectively. SP-2.0/12.1 also showed the highest
capacity retention of ~83.5% after 200 cycles, which is far more
stable compared with commercial aggregate-level cathode
structures. Its impressive cycling durability and rate perfor-
mance are attributed to the high mechanical integrity of the
single-particle structure, which effectively suppresses inter-
granular cracking. The remaining capacity fading is mainly
caused by surface parasitic reaction and irreversible phase
transformation during Li" (de)intercalation, as reported in the
literature.

As shown in Fig. 4d-f, the structural stability of the SP-NCMs
during cycling was evaluated by analyzing the differential
capacity curves (dQ/dV vs. V). The corresponding cyclic vol-
tammetry (CV) profiles at different scan rates are provided in
Fig. S6. All samples showed four characteristic redox peaks,
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Fig. 4 Electrochemical performances of the SP-NCMs, SP-1.0/11.2,
SP-2.0/12.1, and SP-5.0/12.1 at 25 °C. (a) Voltage profiles during the
first cycle at a rate of 200 mA g~ (b) Cyclic performance at a rate of
200 mA g~ for up to 200 cycles. The initial two formation cycles
proceeded with a rate of 0.1C (20 mA g™%). (c) Rate performances
measured at different current densities. (d—f) dQ/dV vs. V plots in the
range of 4.3-2.7 V (vs. Li/Li*) for SP-1.0/11.2, SP-2.0/12.1, and SP-5.0/
12.1, respectively.
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corresponding to one second-order transition within the
rhombohedral phase (H1) and three first-order transitions: H1
to monoclinic phase (M), M to hexagonal phase (H2), and H2 to
the hexagonal phase (H3). For Ni-rich layered oxides (Ni > 0.9),
the H2-H3 phase transition is often irreversible, owing to
anisotropic lattice changes that induce mechanical strain
within the particles, ultimately leading to a deterioration in
cycling performances.*® Therefore, the loss of the peak corre-
sponding to the H2 to H3 transition is directly related to the
irreversible loss of capacity.” As seen in Fig. 4d and f, the anodic
peaks corresponding to the H2-H3 transition nearly disappear
after 100 cycles for SP-1.0/11.2 and SP-5.0/12.1, indicating severe
structural degradation. On the other hand, the H2-H3 phase
transition is well preserved in SP-2.0/12.1, indicating the
reversible Li (de)intercalation upon repeated cycling, which is
related to the excellent cycle retention of SP-2.0/12.1.

Interestingly, contrary to the general expectation that a faster
electrochemical response can be achieved in the smaller parti-
cles due to the larger reactive surface area to volume ratio and
the shorter Li-ion diffusion path,*® smallest and largest SP-NCM
particles showed the best rate performance at the low and high
current density, respectively as shown in Fig. 4c. This discrep-
ancy suggests that the rate-limiting mechanism for Li" transport
within SP-NCMs may vary with the applied current density. At
lower cycling rates, the surface reaction kinetics likely dominate
Li" (de)intercalation behavior, as evidenced by the smaller
particles. This hypothesis is supported by the fact that the
smallest particles with a larger surface-to-volume ratio exhibi-
ted the highest capacity retention at those lower rates.
Conversely, at higher current densities, bulk diffusion becomes
the primary rate-determining process. In this regime, the
smaller domain size within the largest particles (SP-5.0/12.1)
provides shorter diffusion pathways and enhanced Li" ionic
conductivity within the bulk, resulting in a faster electro-
chemical response.

To further examine the kinetic contributions, the scan-rate
dependence of peak current was analyzed using i, = av’. The
fitted b-value is close to 1 in the low scan-rate region but grad-
ually approaches 1/2 at higher scan rates, indicating a transition
from a surface-controlled (capacitive-like) regime to a diffusion-
controlled (solid-state diffusion limited) regime. Notably, SP-
2.0/12.1 maintains the » = 1 behavior up to a relatively
higher scan-rate (current) region, consistent with its reduced
characteristic diffusion length due to the smaller particle size
and internal domain size. The transition point shifts depending
on the characteristic diffusion length scale, consistent with the
combined influence of particle size and internal domain size
(SI, Fig. S7).

To further examine the electrochemical kinetics of Li"
transport during cycling, the lithium-ion diffusion coefficients
(Dyiv) were derived using the galvanostatic intermittent titration
technique (GITT), as originally proposed by Weppner and
Huggins.* The GITT measurements were carried out with
a voltage range of 2.7-4.3 V over five cycles. The corresponding
time-voltage profiles obtained during GITT experiments are
presented in Fig. 5a and b. The lithium-ion diffusion coefficient
was calculated using the following equation.>
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The parameters, Dy;- (cm” s~ ), ¢, (), and r,, (cm), represent
the lithium-ion diffusion coefficient, pulse time, and radius of
particles, respectively, as illustrated in Fig. 5a. Upon initiation
of the charging process, Dy;+ value decreased by approximately
fourfold during the second-order H1 phase transition. Subse-
quently, the diffusion coefficient partially recovered and
remained relatively stable throughout the continued charging
process. A further ~50% drop in Dy;+ was observed near ~4.1V,
corresponding to the H2-H3 transition, where significant
volume changes occur (Fig. 5c). The variation in D+ during
discharge has a symmetrical trend to that observed during
charge, suggesting Li" intercalation and deintercalation follow
the same reaction pathway. The highest average D;- value (5.80
x 107> em” s~ ') was observed for the largest SP particle, SP-5.0/
12.1. The enhanced Li* diffusion coefficient in the largest SP-
NCM particles can be ascribed to their smallest domain size,
which facilitates shorter diffusion paths within the bulk.
Because the GITT expression explicitly depends on the charac-
teristic length scale (r,%), we additionally compared a normal-
ized metric, D/r,,’, to mitigate geometric effects associated with
particle size (SI, Fig. S8). The normalized values show only small
differences across samples, suggesting broadly similar intrinsic
diffusivity. Notably, SP-2.0/12.1 exhibits a slightly higher D/r,,%,
indicating marginally more favorable effective transport
kinetics. Importantly, despite its larger particle size, SP-5.0/12.1
shows a comparable D/r,,” relative to the other samples, sug-
gesting that the internal domain size can strongly influence the
effective diffusion length and compensate for particle-size
effects. Overall, these results indicate that the effective Li
transport is influenced by the combined contribution of particle
size and internal domain size (i.e., the effective diffusion length)
rather than particle size alone. Synthetically, the normalized D/
r,” analysis and the domain-size characterization suggest that

Dy
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the effective Li" transport is governed by the characteristic
diffusion length determined by both particle size and internal
domain size. Notably, SP-5.0/12.1 shows a comparable D/r,,>
despite its larger particle size, supporting that internal domain
size can compensate for particle-size effects by shortening the
effective diffusion length. Moreover, the lithium-ion diffusion
coefficients remained stable up to the fifth cycle (Fig. S9),
demonstrating the kinetic robustness of the SP-NCM cathodes
during prolonged operation.

The physical and chemical stability of SP-NCM cathode
particles was studied by postmortem analysis. In conventional
polycrystal NCMs with aggregated secondary structure, repeated
anisotropic change along the ¢- and a-axis typically results in the
formation of intergranular cracks during prolonged cycles.>~>
However, SP-NCM cathode particles show neither visible inter-
nor intragranular fractures even after 200 cycles, as evidenced
by cross-sectional SEM (Fig. 6a). As shown in Fig. 6b, the
chemical stability of the SP-NCM cathode was further evaluated
by Ni 2p X-ray photoelectron spectroscopy (XPS).>**” The
quantitative analysis reveals that the Ni*" fraction follows the
order of SP-2.0/12.1 > SP-1.0/11.2 > SP-5.0/12.1, which is
perfectly aligned with the long-term cycling stability results
presented in Fig. 4b.

This stability trend is governed by the synergistic effect of
particle size and crystalline domain size. SP-2.0/12.1 represents an
optimized balance that minimizes the specific surface area while
maintaining high crystalline integrity, resulting in the highest Ni**
ratio and superior chemical stability. In contrast, SP-5.0/12.1,
despite having the largest particle size, possesses the smallest
crystalline domain size, leading to a high density of internal grain
boundaries that intersect the particle surface. These boundaries
act as active sites for surface reduction (Ni** formation) and
localized phase transitions. Crucially, even without macroscopic
mechanical fractures, this domain boundary-mediated chemical
degradation ultimately accelerates capacity fading. Conversely, SP-
1.0/11.2 maintains a large domain size but suffers from an
excessively high specific surface area, which promotes greater
electrolyte contact and unavoidable surface reduction.*®* These
findings collectively clarify that the superior performance of SP-
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Fig. 6 (a) Cross-sectional SEM images of SP-1.0/11.2, SP-2.0/12.1, and
SP-5.0/12.1 particles after 200 cycles at a rate of 1C. Low magnification
images are shown in the insets. The main and inset scale bars indicate 1
um and 10 um, respectively. (b) Ni 2p XPS spectra of SP-1.0/11.2, SP-
2.0/12.1, and SP-5.0/12.1 after 200 cycles at a rate of 1C.
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2.0/12.1 is due to the successful decoupling and control of
particle and domain size effects, ensuring enhanced structural
and electrochemical robustness.

4. Conclusion

In summary, single-particle NCM cathodes were successfully
synthesized through a two-step scalable process combining
controlled coprecipitation and a subsequent molten-salt reac-
tion. By precisely tuning the precursor morphology through
ammonia concentration and pH, we enabled systematic control
over both the final particle size and crystalline domain size in
the synthesized cathode materials. This study demonstrates
that the crystalline domain size governs the rate performance,
while the specific surface area and the density of internal
domain boundaries, determined by the particle size and
domain size, primarily dictate the chemical and electro-
chemical stability. These insights establish a fundamental
understanding of how to optimize rate capability and structural
durability in single-particle Ni-rich NCM cathodes, offering
a practical route to mitigate surface-driven degradation while
retaining high performance. The findings presented here are
expected to guide the design of next-generation layered oxide
cathode materials with enhanced kinetic and structural stability
for advanced lithium-ion batteries.
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