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Abstract: The effects of synthesis conditions, especially the heating rate, on the reaction kinetics of Ni-rich cathodes
were systematically studied. The growth rate of Ni-rich oxide increases continuously as the heating rate increases. Ab
initio molecular dynamics simulations demonstrate that a high heating rate induces anabatic oscillations, indicating a
decrease in thermodynamic stability and a tendency for the crystal surface to undergo reconstruction. The presence of
an intermediate phase at the grain boundary amplifies atomic migration-induced interface fusion and consequently
augments crystal growth kinetics. However, the excessively high heating rate aggravates the Li'/Ni*" mixing in the
Ni-rich cathode. The single-crystal Ni-rich cathode exhibits enhanced structural/thermal stability but a decreased
specific capacity and rate performance compared with its polycrystalline counterpart.
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1 Introduction

With the development of portable electronics
and electric vehicles (EVs), the demand for
lithium-ion batteries (LIBs) with high energy
density is becoming increasingly urgent [1].
Cathode materials, a significant component of LIBs,
hold a crucial role in both their performance and
cost [2,3]. The consistent pursuit objective in the
past decades has been the development of high-
capacity cathodes characterized by high voltage and
low cost. Recently, the layered Ni-rich cathode
material LiNiMn,Co,0, (x+y+z=1, x>0.8) has
shown to deliver large specific capacities above
200 mA-h/g and high voltages up to 3.8 V when
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improving the upper cutoff voltage and/or Ni
content and to show great potential for developing
300 W-h/kg LIBs [4—6].

The H2—H3 phase transition of Ni-rich layered
cathodes causes anisotropic variations in the grains
and further results in microstructural stress at the
grain boundaries. Continuous accumulation of
micro-stress results in the separation of primary
grains and ultimately generates microcracks within
polycrystalline particles [7,8]. Once microcracks
occur in Ni-rich polycrystalline materials, the
electrolyte immediately infiltrates the interior of the
particles through the crack network, which further
accelerates side reactions, structural degeneration
and performance decline [9,10]. Single-crystal Ni-
rich cathodes with the advantages of monodispersity
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and the absence of intergrain boundaries show
promise for avoiding microcracks [11,12]. Single-
crystal cathodes with low specific surfaces and high
mechanical strength enable good structural stability.
It has been confirmed that converting polycrystalline
materials into single crystals is an effective strategy
for addressing microcrack problems [13—16].
Nonetheless, a significant challenge in the
preparation of single-crystal Ni-rich cathodes lies in
the enhancement of their crystal growth kinetics
while preserving their layered characteristics and
electrochemical performance [17,18].

The Arrhenius equation indicates that the
sintering temperature increase can substantially
enhance crystal growth kinetics [14]. Nevertheless,
high temperatures easily cause phase segregation
of the rock-salt structure and aggravate Li"/Ni**
mixing [13,19,20]. The proposed strategy of
creating a liquid reaction medium by introducing
additional lithium sources and molten salt enhances
crystal growth kinetics and is widely employed for
the production of single-crystal ternary cathodes. LI
et al [21] discovered that the surplus lithium salt
accelerated grain growth, resulting in the successful
preparation of a single-crystal LiNipsCo0o2Mng30;
cathode with a grain size of 2—4 um. QIU et al [22]
demonstrated that small precursor size (<6 um),
large Li/TM ratio (>1.0), and high temperature
(>810 °C) promote the crystal growth of the
intermediate phase due to enhanced reaction
kinetics. Recent studies [22—25] have established
the crucial influence of precursor size, Li/TM ratio,
and solid-state reaction temperature on the crystal
growth of single-crystal Ni-rich cathodes. However,
the heating rate, another important parameter, has
long been overlooked, and its role in the crystal
growth kinetics of Ni-rich cathodes remains poorly
understood.

In this study, the impact of the heating rate on
the crystal growth kinetics of Ni-rich cathodes
during solid-state reactions was investigated. The
crystal growth rate and grain size of the Ni-rich
oxides increase continuously as the heating rate
increases from 2 to 8 °C/min. However, the high
heating rate of 8 °C/min aggravates the Li*/Ni*"
mixing and increases the Li" diffusion barrier. As a
result, a medium heating rate of 5 °C/min proves to
be advantageous for the production of single-
crystal Ni-rich layered cathodes. Ab initio molecular
dynamics simulations indicate that the high heating

rate induces anabatic oscillations around the
equilibrium value, suggesting a decrease in
thermodynamic stability and a tendency for the
crystal surface to undergo reconstruction. The
presence of an intermediate phase at the grain
boundary amplifies atomic migration-induced
interface fusion and consequently augments crystal
growth kinetics. These findings highlight the
critical role of the long-neglected heating rate in
enhancing the crystal growth kinetics of
single-crystal Ni-rich cathodes.

2 Experimental

2.1 Synthesis of Ni-rich cathode

The NigpsCoo.1Mng1(OH), precursors were
synthesized by a coprecipitation route. Stoichio-
metric NiSO4-6H,O (AR, 1051.4 g), CoSO4 7H,O
(AR, 140.6 g), and MnSO4+H,O (AR, 84.5¢g)
(molar ratio of Ni/Co/Mn=8:1:1) were added to DI
water under continuous stirring, and a 2.5 mol/L
aqueous solution was obtained (2 L). The solution
was introduced into the continuous-stirred tank
reactor (CSTR) at a flow rate of 100 mL/h, and the
pH level was maintained by the addition of an alkali
solution comprising NaOH and ammonia. After
approximately 20 h, the solution was completely
consumed, and the desired precursor
[Nig.sCo0.1Mno.1](OH), was prepared. In this study, a
relatively low pH of 11.4 and a high concentration
of ammonia complexing agent (3 mol/L) were
utilized to produce target precursors with a large
particle size (P1). Conversely, a relatively high pH
of 12.0 and a low concentration of ammonia
complexing agent (1 mol/L) were employed to
prepare target precursors with a small particle size
(P2). The investigation focused on examining the
influence of precursor size, heating rate, molar ratio
of Li/TM, and sintering temperature on the kinetics
of crystal growth and the dispersion of grains in
Ni-rich LiNipgCo0.1Mng10,. Table 1 summarizes
the synthesis conditions for preparing SC-NCMS811
in this study. The precursors with varying particle
sizes, lithium/transition metal molar ratios (Li/TM=
1.0, 1.05, and 1.1), calcination temperatures (820,
835, and 850 °C), and heating rates (2, 5, and
8 °C/min) were selected. Unless otherwise specified,
the samples were annealed for 15 h and naturally
cooled to room temperature in an O, atmosphere.
The precursors NipgCoo.1Mng1(OH), (P1) were
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combined with stoichiometric LiOH-H,O (Li/TM=
1.0) and calcined at 800 °C to produce poly-
crystalline LiNig3Coo.1Mn.;O, (PC-NCM811).

Table 1 Synthesis conditions for preparing single-crystal
LiNip 3C00.1Mnyg.1O,

Heating Li/TM Heating
Sample Precursor rate/ molar temperature/

(°C'min™')  ratio °C
SC-1 P1 5 1.10 850
SC-2 P2 5 1.10 850
SC-3 P2 2 1.10 850
SC-4 P2 8 1.10 850
SC-5 P2 5 1.00 850
SC-6 P2 5 1.05 850
SC-7 P2 5 1.05 820
SC-8 P2 5 1.05 835

2.2 Material characterization

The phase structure of the as-prepared Ni-rich
cathode materials was analyzed using X-ray
diffraction (Rigaku, CuK,, 4=0.15406 nm). The
morphologies of the precursors and cathodes were
evaluated by scanning electron microscopy (SEM;
Zeiss Sigma 300). The particle size and distribution
of both precursors were assessed using a
Mastersizer 2000 analyzer. The molar ratio of
Ni/Co/Mn in both precursors was determined
through inductively coupled plasma optical
emission spectrometry (ICP-OES) using an iCAP
7400 instrument by Thermo. For the differential
scanning calorimetry (DSC) analysis, both Ni-rich
electrodes were charged to 4.3V in half cells.
Subsequently, the fully charged cells were promptly
disassembled in an Ar-filled glovebox. Meanwhile,
the active materials were scraped onto Al foil and
placed inside a high-pressure crucible. Finally, DSC
analysis was conducted using a TA Q2000 instrument
over a temperature range of 150—300 °C.

2.3 Computational method

Ab initio molecular dynamics (AIMD)
simulations were conducted to confirm the thermal
stability of a 2 x 2 supercell of NCMS811. These
simulations employed the Nosé—Hoover thermostat
and operated within the NVT ensemble, covering a
temperature range of 450—800 K with a time step
of 2 fs. All theoretical calculations were executed
using the VASP code.

2.4 Electrochemical measurement

The preparation process of the electrode
closely followed our previous study [11]. The active
material mass loading for these working electrodes
was approximately 8.0 mg/cm?  Electrochemical
evaluations of both Ni-rich cathodes
performed using 2032-type coin cells. Li foil with a
diameter of 14 mm served as the counter electrode
in half cells. The electrolyte consisted of 1 mol/L
LiPFs dissolved in a mixed solvent blend
(EC:DC:EMC=1:1:1 with 1 wt.% VC). In terms of
half cells, the electrolyte dosage was 10 uL/mg.
Electrochemical testing was carried out using a
LAND instrument (CT-2001A, Wuhan Land)
within the potential range of 2.7-4.3 V and 2.7-
4.5V (vs Li/Li*). The galvanostatic intermittent
titration technique (GITT) was performed at a
constant rate of 0.3C (1C=200 mA/g) for 600 s and
relaxed for 3600s until the quasi-equilibrium
potential was reached. The performance testing was
performed at 25 and 50 °C.

WEre

3 Results and discussion

3.1 Role of precursor size in crystal growth
Normally, coprecipitation reactions involve the
generation of complex [TM(NH3),]*", nucleation of
grains, and particle growth [26,27]. A high pH and
low concentration of complexing agent increase the
free concentration of TM?" ions in the CSTR,
during which the nucleation of grains dominates the
coprecipitation reactions, and further precursors
with small particle sizes are generated. In contrast,
the relatively low pH and high concentration of the
complexing agent decrease the free concentration of
TM?" ions in the CSTR, in which particle growth
dominates during the coprecipitation reactions;
therefore, the desired precursors with large particle
sizes are generated. We first studied the effect of
precursor particle size on the crystal growth rate of
SC-NCMS811. The SEM images in Figs. 1(a, b)
show that both precursors exhibit well-dispersed
near-spherical particles self-organized by nanosized
plate-like primary grains. The particle size
distributions of both precursors are depicted in
Fig. 1(c). Both Pl and P2 curves exhibit a
characteristic Gaussian profile, with average
particle sizes (Dso) of 9.8 um for P1 and 3.7 pm for
P2. The XRD patterns of both precursors are shown
in Fig. 1(d), in which the diffraction peaks
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corresponding to the (001), (100), (101), (102), and
(110) crystal planes are attributed to the hexagonal
B-Ni(OH), phase with a space group of P3ml [28].
ICP-OES analysis reveals cationic molar ratios
of Ni/Co/Mn to be 0.793/0.103/0.104 for PI
precursors and 0.797/0.101/0.102 for P2 precursors,
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which closely match the chemical formula of
Nio_gCOo_ano,l(OH)z.

The precursors of P1 and P2, mixed with
stoichiometric lithium sources (Li/TM molar ratio=
1.05), were calcined at 850 °C to produce SC-1 and
SC-2 samples, respectively. Figure 2(a) shows the
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Fig. 1 SEM images of precursors (P1) (a) and (P2) (b), and particle size distribution (c) and XRD patterns (d) of both

hydroxide precursors
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Fig. 2 SEM images (a, b) and XRD patterns (c, d) of single-crystal LiNip3C00.1Mng 102: (a, ¢) SC-1; (b, d) SC-2
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obvious agglomeration of primary grains with a
particle size of 1-3 pm for the SC-1 sample. The
SEM image of SC-2 shows a greatly improved
dispersity of irregular polyhedral grains, with grain
sizes ranging from 1 to 4 pm, as shown in Fig. 2(b).
A precursor with a large particle size probably
has lower driving forces for grain boundary
reconstruction than that with a small particle size at
the same solid-state temperature. Therefore, the
large particles exhibit weak grain fusion and,
thereby, severe agglomeration. XRD patterns and
Rietveld refinement of SC-1 and SC-2 are depicted
in Figs. 2(c, d). These diffraction peaks correspond
to the hexagonal a-NaFeO, layered structure [29].
Rietveld analysis reveals lattice parameters of
a=2.8723 A and ¢=14.1909 A for SC-1, and a=

Fig. 3 SEM images (a, ¢, ¢) and XRD patterns (b, d, f) of single-crystal LiNigsCoo.1Mno.102: (a, b) SC-3 calcined at

heating rate of 2 °C/min; (¢, d) SC-2 calcined at heating rate of 5 °C/min; (e, f) SC-4 calcined at heating rate of
8 °C/min

1979

2.8725 A and ¢=14.1916 A for SC-2. SC-1 and
SC-2 exhibit Li*/Ni** cation mixing of 3.47% and
3.18%, respectively, as detailed in Tables S1 and S2
of Supporting Information (SI). These findings
affirm that precursors with smaller particle sizes are
advantageous for the preparation of single-crystal
cathodes characterized by superior dispersity and
reduced Li*/Ni** mixing.

3.2 Role of heating rate in crystal growth

The influence of the heating rate on the
morphology and structure of Ni-rich oxides was
investigated. SEM images in Figs. 3(a, c, ¢) reveal
that the particle size and dispersity of the
synthesized single crystals are strongly affected by
the heating rate. At a heating rate of 2 °C/min, the
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SC-3 sample displays evident grain agglomeration
with a particle size ranging in 1-3 um. As the
heating rate increases to 5 °C/min, the grains in
SC-2 exhibit improved dispersity with a large
particle size of 2—4 pm. Continuously increasing
the heating rate to 8 °C/min results in the
continuous growth of grains in SC-4, reaching sizes
as high as 3—5 pm. XRD patterns of Figs. 3(b, d, f)
indicate that SC-2, SC-3 and SC-4 samples possess
a hexagonal a-NaFeO, layered structure. The
calculated lattice parameters are as follows: a=
2.88725 A and c=14.21916 A for SC-2, a=2.8724 A
and ¢=14.1919 A for SC-3, and ¢=2.8726 A and c=
14.1907 A for SC-4, as detailed in Tables S2—S4
of SI. SC-2, SC-3 and SC-4 have Li*/Ni*" cation
mixing fractions of 3.18%, 3.07% and 3.95%,
respectively. As a result, the crystal growth rate and
grain size of the single-crystal Ni-rich oxides
increase continuously as the heating rate increases
from 2 to 8 °C/min. However, the high heating rate
of 8°C/min aggravates the Li*/Ni** mixing. In
conclusion, the heating rate of 5 °C/min is deemed
to be more advantageous for the production of
single-crystal Ni-rich cathodes characterized by low
Li*/Ni* mixing.

It is demonstrated that thermodynamics drives
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interface cationic diffusion through the intermediate
phase to achieve grain boundary fusion [21]. The
thermal stability of NCM&11 under varying heating
rates was examined through ab initio molecular
dynamics (AMID) simulations, as illustrated in
Fig. 4. After 5ps, both the total energy and
temperature of the system display increasing
oscillations around their equilibrium values. This
suggests that as the temperature or heating rate rises,
the thermodynamic stability of the hexagonal
o-NaFeO, layered structure decreases, leading to a
tendency for the crystal surface to undergo
reconstruction. In other words, a high heating rate
promotes the formation of the cation mixing phase
at the grain boundary due to enhanced reaction
kinetics. The growth of the intermediate state
further  intensifies migration-induced
interface fusion.

atomic

3.3 Role of Li/TM molar ratio and calcination
temperature in crystal growth
We further investigated the impact of Li/TM
molar ratios on the crystal characteristics of single-
crystal Ni-rich oxides. The particle size and
dispersity of the single crystals are affected by the
molar ratios of Li/TM, as shown in Figs. S1(a, c, e)
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Fig. 4 Total energy and simulation temperature as functions of time for NCM811 calcined at 450 K (a), 600 K (b),

750 K (¢), and 800 K (d) during AIMD simulation
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of SI. At a low Li/TM molar ratio of 1.0, the SC-5
sample exhibits noticeable grain agglomeration.
As the molar ratio of Li/TM increases from 1.05 to
1.1, both grain size and dispersity increase. The
reaction rate (v) is described by the equation
of v=kc"LioncNi, Coy M, (0M),C0,, Where ¢ represents
the reactant concentration, k is a constant, and a,
and y are exponents. A high concentration of LiOH
(cLion) increases the chemical reaction rate and
promotes grain fusion [22]. Additionally, the
additional Li sources act as a liquid molten salt
(cosolvent) reaction medium, further facilitating
mass and heat transfer [11,23]. XRD patterns in
Figs. S1(b, d, f) of SI indicate that SC-2, SC-5 and
SC-6 samples possess a hexagonal a-NaFeO»
structure. The calculated lattice parameters are as
follows: a=2.8725 A and ¢=14.1916 A for SC-2,
a=2.8716 A and ¢=14.1928 A for SC-5, and
a=2.8730 A and ¢=14.1921 A for SC-6, as detailed
in Table S2, S5, and S6 of SI. SC-2, SC-5, and SC-6
exhibit Li*/Ni*" cation mixing fractions of 3.18%,
3.63%, and 3.26%, respectively.

The effect of the calcination temperature on
the crystal features of single-crystal Ni-rich oxides
was investigated. The SEM images in
Figs. S2(a, c, e) of SI show that the particle size and
dispersity of the single crystals are influenced by
the calcination temperature. The SC-7 sample
calcined at 820 °C exhibited obvious agglomeration
of grains with a particle size of 1-2 pm. The grains
of SC-8 showed an improved dispersity with a
particle size of 1-3 pum when the calcination
temperature was increased to 835 °C. When the
calcination temperature is increased to 850 °C, the
grain size and dispersity further improved. The
Arrhenius equation indicates that an increase
in the solid-reaction temperature leads to a higher
concentration of activated molecules; thus,
enhancing reaction kinetics. This suggests that the
reaction rate improves with increasing temperature.
XRD patterns in Figs. S2(b, d, f) of SI reveal that
SC-6, SC-7, and SC-8 samples exhibit a hexagonal
a-NaFeO, structure. The calculated lattice
parameters are as follows: a=2.8730 A and c=
14.1921 A for SC-6, a=2.8715 A and c=14.1921 A
for SC-7, and ¢=2.8712 A and ¢=14.1921 A for
SC-8, as shown in Tables S6—S8 of SI. SC-6, SC-7
and SC-8 have Li*/Ni** cation mixing fraction of
3.26%, 2.93% and 3.01%, respectively.

In summary, small particle size precursors are
advantageous for producing monodispersed single-

crystal particles. Crystal growth kinetics improve
significantly with increasing heating rate, Li/TM
molar ratio, and sintering temperature. However,
higher sintering temperatures and heating rates
exacerbate Li/Ni cation mixing, while a higher
molar ratio of Li/TM increases material costs.
Therefore, the optimal conditions for preparing
micron-sized  single-crystal ~ Ni-rich  ternary
LiNip8C00.1Mng10, involve small particle size
precursors, a Li/TM molar ratio of 1.05, a heating
rate of 5 °C/min, and a calcination temperature of
835 °C.

3.4 Electrochemical performance of SC- and
PC-NCM811

SEM and XRD analyses of PC-NCMS811 and
SC-NCMS811 are presented in Fig. 5. Figure 5(a)
reveals spherical secondary particles with a size
ranging from 5 to 15 um for PC-NCMS8I11. In
contrast, after wet ball-milling, Fig. 5(b) shows
SC-NCMS811 with monodispersed grains of
approximately 2 um in size. XRD and Rietveld
refinements of both NCMS8I11 cathodes are
displayed in Figs. 5(c, d). These results confirm that
both oxides possess a hexagonal a-NaFeO»-type
layered structure. The calculated lattice parameters
obtained through Rietveld refinement are provided
in Tables S9 and S10 of SI. Specifically, the lattice
parameters are a=2.8726 A and ¢=14.1923 A for
SC-NCMS811 and a=2.8732 A and ¢=14.1924 A for
PC-NCM811. SC-NCMS811 and PC-NCMSI11
exhibit Li*/Ni*" cation mixing of 3.11% and 2.91%,
respectively. Further analysis with TEM—SAED
is employed to determine the single-crystal/
polycrystalline nature of Ni-rich oxides, as shown
in Fig. S3 of SI. The SAED result for PC-NCM811
displays a series of concentric rings with different
radii, confirming its polycrystalline nature.
Conversely, the SAED result for SC-NCMS§I11
exhibits numerous perfectly arranged bright spots,
demonstrating its single-crystal nature.

SC-NCMS811 delivers improved cycling
stability but a slightly lower reversible capacity and
initial coulombic efficiency than its polycrystalline
counterpart, as shown in Fig. 6. It is noted that the
polycrystalline Ni-rich cathode assembled from
many nanosized primary grains has a much shorter
migration path of Li" and electrons than a micro-
sized single-crystal cathode. The polycrystalline Ni-
rich cathode exhibits better redox reversibility,
along with higher discharged capacity and initial
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Fig. 5 SEM images (a, b) and XRD patterns and Rietveld refinement (c, d) of PC-NCM&811 (a, ¢) and SC-NCMS811 (b, d)
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coulombic efficiency. Specifically, the SC-NCMS811
electrode demonstrates a capacity retention of 93.0%
after 100 cycles, while the PC-NCMS8I11 retains
88.1% of its capacity. Furthermore, SC-NCMS811
maintains a higher median potential of 3.804 V
after 100 cycles, compared to 3.781 V for
PC-NCMS811. This improved stability in reversible
capacity and median potential contributes to the
superior stability of energy density in SC-NCMS811.
Changes in charge/discharge curves for both
NCMBSI11 electrodes from the 2nd to the 100th cycle
are depicted in Fig. S4 of SI. SC-NCMS811 shows
weak changes in cycling curves, confirming the
mitigated polarization during repeated cycles. These
results reveal that, compared with PC-NCMSI11,
SC-NCMS811 has enhanced cycling stability under
the upper cutoff of 4.3 V.

The rate properties of both NCMS8II
electrodes are evaluated from 0.1C to 5C in
Figs. 7(a, ¢). The SC-NCMS&11 electrode exhibited
specific capacities of 193, 188, 177, 167, 143, 116,
and 80 mA-h/g from 0.1C, 0.2C, 0.5C, 1C, 2C, and
3C to 5C, respectively. The PC-NCMS811 sample
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has specific capacities of 200, 196, 189, 181, 165,
151 and 130 mA-h/g at the same rates. SC-NCM&11
is confirmed to exhibit a decreased specific capacity,
especially at high rates above 2C, suggesting a
decreased rate capability. The charge/discharge
profiles indicate the worsened electrochemical
polarization of the SC-NCM&11 electrode.

GITT is utilized to examine the Li" chemical
diffusion coefficients (Dri+) of both SC-NCMS811
and PC-NCMB&8I11. Figures 7(b, d) illustrate their
typical GITT profiles along with the calculated
Dri+. The potential versus time profiles are
presented in Figs. S5(a, ¢) of SI. A linear correlation
between 72 and potential is established in
Figs. S5(b, d) of SI, facilitating the calculation of
D+ based on the Fick’s law [30,31].

2 2
A fmh ) [ A
nr\ MA Ag,
where 7 is the relaxation time, m represents the
mass of the NCMS8I11 cathode, M signifies the

molar mass of the NCN&11 cathode, 4 denotes the
electrode area, Vv is the Li* molar volume. Ag;sis

Li*
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Fig. 7 Charge/discharge curves from 0.1C to 5C (a, c¢) and calculated Li* chemical diffusion coefficients (b, d):

(a, b) PC-NCMS11; (c, d) SC-NCMS811
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the total potential change caused by the pulse, and
Ag. is the potential change during constant current
charge/discharge. For the PC-NCM&11 electrode,
Dui values range from 6.7x107'? to 4.5x107!! cm?/s
during charge/ discharge, with an average Duii+
value of 2.8x10'cm?s during charge and
2.3x10"em?/s during discharge. On the other
hand, the SC-NCM&811 sample exhibits D+ values
ranging from 8.9x107'2 to 2.5x10 " cm?/s during
charge/discharge, with an average Dii+ value of
1.9x10""" cm?/s during charge and 1.5x107''cm?/s
during discharge. These results indicate that the
SC-NCMSI11 electrode possesses a lower average
Li* chemical diffusion coefficient compared to its
polycrystalline counterpart. This suggests that the
single crystals, with an enlarged Li" diffusion path,
lead to reduced redox kinetics and consequently
hinder high-rate capability [32].

3.5 Thermal performance of SC- and PC-

NCMS11

The thermal stability of delithiated cathodes
plays a crucial role in determining the safety of
LIBs [33,34]. In highly charged Ni-rich cathodes,
the release of lattice oxygen into the electrolyte can
occur, potentially leading to thermal runaway and
safety concerns in LIBs [24,35]. DSC is commonly
used to assess the thermal stability of delithiated
cathodes. The DSC curves for both delithiated
NCMBS8I11 electrodes, charged to 4.3 V, are presented
in Fig. 8. Both delithiated NCM811 samples exhibit
a similar onset temperature of ~205 °C. However,
the delithiated PC-NCM&8I11 electrode displays a
peak temperature of 223 °C, accompanied by a total
heat release of 698.4 J/g. In contrast, the delithiated
SC-NCM&811 sample reveals two peak temperatures

223 °C
698.4 /g

234 °C
506.2 J/g

PC-NCMS11

SC-NCMS8I11

140 160 180 200 220 240 260 280 300
Temperature/°C

Fig.8 DSC profiles of both delithiated NCMS&11
materials in fully charged state at 4.3 V

of 234 and 270 °C, with a total heat release of
506.2 J/g. The higher peak temperature and lower
heat release during the thermal runaway of the
delithiated SC-NCMS811 electrode confirm its
improved thermal stability.

4 Conclusions

(1) The crystal growth rate and grain size of
single-crystal NCM811 increase continuously as the
heating rate rises from 2 to 8 °C/min. However, the
higher heating rate of 8 °C/min exacerbates Li*/Ni**
cation mixing. A heating rate of 5°C/min is
preferable for the production of single-crystal
Ni-rich cathodes with minimal cation mixing.

(2) Ab initio molecular dynamics simulations
indicate that a high heating rate induces anabatic
oscillations, suggesting a decrease in thermo-
dynamic stability and a tendency for the crystal
surface to undergo reconstruction. The intermediate
phase at the grain boundary intensifies atomic
migration-induced  interface  fusion, further
enhancing crystal growth kinetics.

(3) Single-crystal NCM811 with a grain size of
~2 um was prepared by optimizing the synthesis
conditions. Compared with its polycrystalline
counterpart, this material has an improved cycling
lifespan and thermal stability but a decreased
reversible capacity and high rate capability.
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