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How uniform particle size of NMC90 boosts lithium ion 
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This study identifi es particle size uniformity as crucial for 
lithium-ion battery effi  ciency, contrasting two cathodes, 
NMC80 and NMC90. NMC90, with uniform particle size, 
surpasses NMC80 in energy density, capacity retention, 
discharge capacity, and lithium diff usion effi  ciency, while 
producing less CO2. This emphasizes particle size’s role in 
optimizing future battery materials.
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ticle size of NMC90 boosts lithium
ion mobility for faster charging and discharging in
a cylindrical lithium ion battery cell†

Nichakarn Anansuksawat, Thitiphum Sangsanit, Surat Prempluem, Kan Homlamai,
Worapol Tejangkura and Montree Sawangphruk *

The pursuit of high-performing cathode materials for next-generation lithium ion batteries has focused on

increasing the nickel content of the material. However, this study reveals that particle size uniformity is

a more decisive factor in battery performance than the nickel content alone. Using in operando X-ray

diffraction, in situ gas evolution, and Atlung intercalant diffusion, we compared two promising cathode

materials: LiNi0.8Mn0.1Co0.1O2 (NMC80) and LiNi0.9Mn0.05Co0.05O2 (NMC90). We found that the NMC90

cell, with its more uniform particle size, exhibits a remarkable accumulation energy density of 558 kW h

kgNMC
−1, which is 22% higher than that of the NMC80 cell. Also, the NMC90 cell unexpectedly has a 20%

better capacity retention, a 50-fold higher discharge capacity at the 5C rate, and an Atlung lithium

diffusion coefficient that is one order of magnitude higher after 1000 cycles. In situ gas analysis at a high

voltage of 4.5 V reveals that the NMC80 cell generates 1.75 times more CO2 than the NMC90 cell. These

findings illuminate the intricate relationship between the nickel content, particle size uniformity, and

battery performance. They offer vital insights for optimizing cathodematerials in future lithium ion batteries.
1 Introduction

Rechargeable lithium ion batteries (LIBs) are essential energy
reservoirs and are used in various applications, particularly in
the automotive sector, such as electric vehicles (EVs). For long-
range EVs, it is crucial to develop LIBs that can increase energy
while maintaining high stability.1–3 Among the cathode mate-
rials available, layered lithium transition metal oxides, speci-
cally Li[NixMnyCo1−x−y]O2 (NMC), show promise for EVs due to
their favorable characteristics. These materials offer high
capacity from nickel, improved thermal stability from manga-
nese, and enhanced rate capability from cobalt.4,5 Commercially
available NMC cathodes—such as LiNi0.5Mn0.3Co0.2O2

(NMC532), LiNi0.6Mn0.2Co0.2O2 (NMC622), and those with
a higher nickel content like LiNi0.8Mn0.1Co0.1O2 (NMC811 or
NMC80)—are widely used in EVs.

To achieve higher energies, researchers are investigating
LiNi0.9Mn0.05Co0.05O2 (NMC90) as a potential cathode material
for long-range EVs. However, Ni-rich layered cathodes have not
been fully developed for practical applications due to several
inherent drawbacks.6–8 First, the Ni2+ and Ni3+ in the layered
hnology (CEST), Department of Chemical

of Energy Science and Engineering,

Technology, Rayong 21210, Thailand.

tion (ESI) available. See DOI:

036
structure can be oxidized, forming highly reactive Ni4+, which
reacts with the electrolyte at the electrolyte–cathode material
interfaces. This increases the charge transfer resistance and
generates gas evolution in the cell.9 Second, the similar radius
of Ni2+ (0.69 Å) and Li+ (0.76 Å) results in cation mixing between
lithium and the transition metal slabs. Third, anisotropic
volume changes during the charge–discharge process lead to
secondary particle cracking, causing a rapid fading in capacity.
It is important to address these challenges despite the higher
energy potential offered by a higher nickel content in cathode
materials.10–13

Previous studies have primarily focused on addressing the
intrinsic properties of the cathode materials through tech-
niques such as coating and doping.14–22 Additionally, the phys-
ical properties of materials, including particle size and
distribution, also affect battery performance. For example,
research has shown that a smaller particle size distribution of
LiCoO2 improves cycling stability.23 Similarly, investigating the
inuence of broad and narrow particle size distributions of
NMC111 revealed that the secondary particle size distribution
affects lithium ion diffusion and the charge transfer resis-
tance.24 Various electrochemical models have been developed to
simulate battery performance, emphasizing the direct impact of
distributed particle size on cathode materials.25–27

We investigated the electrochemical performance of NMC80
and NMC90 cathode materials using an 18650 cylindrical cell
conguration to achieve high energy in LIBs. In operando X-ray
diffraction (XRD) and in situ gas evolution differential
© 2024 The Author(s). Published by the Royal Society of Chemistry
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electrochemical mass spectrometry (DEMS) techniques were
utilized to understand the material structure and gas trans-
formations during operation. The galvanostatic intermittent
titration technique (GITT) and Atlung intercalant diffusion28

were employed to uncover the superior lithium ion diffusion
coefficients of the NMC90 cell compared with the NMC80 cell.
Safety evaluations following the UN38.3 standard were con-
ducted for both samples. Surprisingly, the study revealed that
the NMC90 cell exhibited superior overall electrochemical
performance compared with the NMC80 cell, contradicting the
expectation that a higher nickel content would result in a poorer
performance. This unexpected nding suggests that controlling
the particle size of NMCmaterials to achieve uniform secondary
particles signicantly inuences the overall electrochemical
capability of cylindrical LIBs.

2 Experimental section
2.1 Chemicals and materials

Commercial LiNi0.8Co0.1Mn0.1O2 (S8-2922120301) and LiNi0.9-
Co0.05Mn0.05O2 (DUJ90-2023010602) were used as active cathode
materials. Carbon black (namely Super P) and polyvinylidene
uoride (PVDF) were utilized as conductive additives and
binders, respectively, at the cathode side. N-Methyl pyrrolidi-
none was used as a solvent for the cathode coating. All these
materials were obtained from the Gelon LIB Group, China.

2.2 Physicochemical characterization

Field-emission scanning electron microscopy (FESEM; JEOL
JSM-7610F, Japan) with energy-dispersive X-ray spectrometry
(EDX) was used to characterize the morphology, elemental
distribution, and composition of the materials. The elemental
composition was investigated by wavelength-dispersive X-ray
uorescence spectrometry (Bruker S8 Tiger). The crystallo-
graphic structure of the materials was analyzed by XRD (Bruker
New D8 Advance diffractometer, Germany) at 2q 10–90° with Cu
Ka 1.54056 Å radiation. The XRD Rietveld renement analysis
was carried out using Rietica 4.0 soware. The surface areas of
the active cathode material and electrode were measured from
the amount of N2 adsorbed via Brunauer–Emmett–Teller anal-
ysis (BET, 3Flex, Micromeritics Instrument Corp.).

2.3 Fabrication and electrochemical evaluation of the 18650
cylindrical cell

For electrode preparation in an 18650 cylindrical conguration,
all the processes were performed in a dry room (dew point−40 °
C). The NMC80 and NMC90 cathode slurries were prepared by
mixing the active material, carbon black (CB), and the PVDF
binder with a weight ratio of 95.2 : 2.4 : 2.4 in N-methyl pyrro-
lidinone and stirred overnight. For the anode electrode,
graphite, CB, and sodium carboxymethyl cellulose (CMC)/
styrene-butadiene rubber (SBR) with a weight ratio of 95.3 :
1.0 : 1.2 : 2.5 were mixed in water and stirred overnight. The
homogeneous cathode and anode slurries were coated on Al
and Cu foil, respectively, using a roll-to-roll automatic coating
machine and then dried in a vacuum oven at 120 °C overnight.
© 2024 The Author(s). Published by the Royal Society of Chemistry
The cathode and anode thicknesses were about 165 and 228 mm,
respectively. The active mass loading at the positive and nega-
tive electrodes was about 32.5 and 22.5 mg cm−2, respectively.
The positive and negative electrodes were pressed at 6 and 2.2
tons, respectively. The electrodes were then processed through
slitting, cutting, and winding with tri-layer polypropylene/
polyethylene/polypropylene as a separator. Aer winding, the
jelly rolls were put into the case and welded with the cap. The
electrolyte, containing 5.4 g of 1 M LiPF6 in a mixture of 30 wt%
uoroethylene carbonate (FEC, Gelon LIB Group) and 70 wt% of
the commercial electrolyte EJN02 (Gelon LIB Group), was then
injected into the cell. The N/P ratio, the capacity ratio of the
negative to positive electrodes based on the commercial speci-
cation, was about 1.1.

The electrochemical performance, including the rate capa-
bility and stability, was studied by galvanostatic charge–
discharge using a battery tester (Neware, Gelon, Hong Kong).
For the formation protocol, the cells were charged by a multi-
step constant current (C/40, C/20, C/15, C/12.5) followed by
a constant current (CC) discharge for two cycles with a voltage
range of 3.0–4.3 V. The cell was then tested at 0.1C using
constant current and constant voltage (CCCV) charging and CC
discharging between 3.0 and 4.2 V for capacity determination.

2.4 Galvanostatic intermittent titration technique

The GITT measurements were investigated in a half-cell coin
cell conguration. The cathode electrode composition was the
same as in the cylindrical conguration. The electrode was
punched into a coin shape, 1.13 cm2, with an active mass
loading of 15–18 mg cm−2. NMC80 and NMC90 electrodes were
fabricated in a CR-2032 coin cell in an Ar-lled glove box
(MBRAUN UNILAB, Germany). For the GITT measurements, the
cells applied the current density at 0.1C for 10 min during the
charge–discharge process with a relaxation time of 30 min. The
lithium ion coefficient was calculated following eqn (1):

Ds ¼ 4

ps

�
mBVM

MBA

�2�
DEs

DEs

�2

(1)

where Ds is the chemical diffusion coefficient, s is the duration
time of the current pulse, mB is the mass of active material, MB

is the molecular weight of the active material, VM is the molar
volume of active material, A is the contact area, DEs is the
steady-state voltage change, and DEs is the voltage change
during a CC pulse. This equation assumes that VM does not
change during the electrochemical evaluation. For A, the
contact area can be calculated from the surface area of the active
material and the cathode electrode by BET. For VM, the molar
volume can be calculated via three routes: (i) from the true
density of the active material; (ii) from the true density of the
electrode; and (iii) from the crystallography (lattice constant
a and c) of the active material, which is calculated by the XRD
Rietveld renement technique.

2.5 Atlung method for intercalant diffusion technique

The fresh and cycled cathode electrodes with one side coating
were coupled with a lithium chip in the CR-2032 coin cell. For
Chem. Sci., 2024, 15, 2026–2036 | 2027
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the rst cycle, the cells were tested with a window potential of
3.0–4.3 V at C/20. They were then charged to 4.3 V vs. Li+/Li at C/
40 following discharge at 5C, 3C, 2C, 1C, C/2.5, C/5, C/10, C/20,
C/40, C/80, and C/160, resting at OCV for 15 min at each C-rate
from 4.3 to 3.0 V. The cells were then charged at C/40 to 4.3 V.
The lithium ion coefficient was calculated by eqn (2) based on
spherical particles:

c=cmax þ r2

3600nDcA

 
1

B
� 2
X
i

expð �ðc=cmaxÞ3600nDcai
2=r2Þ

ai2

!

¼ 1

(2)

where A = 3, B = 5, ai cot (ai) = 1, r is average spherical primary
particle radius obtained from SEM, n is the effective rate, 3600n
is the effective discharge time (in seconds) for each n, cmax is the
maximum obtainable capacity, c/cmax is the fractional capacity
achieved at each rate, and Dc is the lithium chemical diffusion
coefficient. Dc is conducted aer tting through the Atlung
equation.
2.6 Capacitance measurement

The cells were evaluated in the CR-2032 coin cell. The cells were
conditioned using the CC charge at 0.1C for 1 h, then were deep
discharged at 0. C to 2.5 V vs. Li+/Li in the CV mode for 6 h,
followed by potential-controlled electrochemical impedance
spectroscopy (EIS) so-called PEIS from 100 kHz to 100 mHz with
an amplitude of 15 mV for 10 points per decade. For the next
cycle, the cells were charged at 0.5C to 4.3 V in the CCmode and
discharged to 2.5 V in the CV mode for 6 h, followed by PEIS,
repeating these steps for nine cycles.
2.7 In operando XRD of pouch cells

The structural changes in the cathode at the crystal lattice level
during the charge–discharge process was studied through XRD,
collaborated by a Metrohm Autolab electrochemical worksta-
tion (PGSTAT 302 N) in a single-layer pouch cell conguration.
The Rietveld renement analysis was studied by TOPAS so-
ware, version 5.0 (Bruker AXS). This experiment was carried out
at a current density of 10 mA with a window potential of 3.0–
4.3 V and the diffraction patterns were collected every 6 min at
2q 7–55° with Mo Ka radiation.
2.8 In situ DEMS of jelly-roll cylindrical cells

A differential electrochemical mass spectrometer (Hiden, HPR-
40, UK) with QGA professional soware was used to study gas
evolution in the cell. The working pressure was <5 × 10−8 torr
with 70 eV for the ionization of all species and an emission
current of 500 mA. The jelly-roll cells with the excess electrolyte
were set in a test-tube and enclosed with a septum and the
samples were tested in an Ar-lled glovebox. This experiment
investigated the formation step and the rst cycle at high
voltage up to 4.6 V.
2028 | Chem. Sci., 2024, 15, 2026–2036
2.9 Safety testing of large-scale cylindrical cells

The safety analyses were tested in the cylindrical cells aer the
formation step following the UN38.3 standard on a Guangdong
Bell Experiment Equipment (China) tester. Five cells were
charged at 4.2 V (100% SOC) for altitude, thermal, shock, and
short circuit tests, which evaluated the same cells for all
conditions. In addition, ve cells were charged at 50% SOC (3.6
V) for the impact test.
3 Results and discussion
3.1 Physicochemical properties

The investigation of the morphology of the NMC80 and NMC90
powders was distinguished through FESEM (Fig. 1). Both
powders presented secondary particles, which are the result of
the aggregation of numerous primary particles (Fig. 1b and f).
The sizes of the primary particles in NMC80 and NMC90 were
similar, about 500 ± 50 nm, which is conrmed by the primary
particle size distribution shown in Fig. S1.† The NMC80 powder
displayed varying particle sizes compared with the NMC90
powder, which had uniform particle sizes, as shown in the low
magnication FESEM images in Fig. 1a and e. This was
conrmed by the particle size distribution curves with 100
particles for each sample in Fig. 1d and h, where the NMC90
powder showed a narrow distribution with an average particle
size of 9.3 ± 0.6 mm. By contrast, the NMC80 powder had a wide
distribution with an average particle size of 13.5 ± 2.9 mm. All
particle sizes and distributions were determined using ImageJ
soware.

The elemental composition of the NMC90 and NMC80
powders was analyzed using FESEM-EDX (Fig. S2 and S3†). The
detailed elemental compositions from FESEM-EDX are given in
Table S1,† where the NMC80 powder includes 80.3% Ni, 9.0%
Mn, and 10.7% Co, while the NMC90 powder consists of 90.1%
Ni, 4.7% Mn, and 5.2% Co. The structures of both samples was
determined through XRD and Rietveld renement (see Fig. S4
and Table S1†). The XRD patterns of NMC80 and NMC90
(Fig. S4a and b†) represent the R�3m space group with hexagonal
crystallographic patterns. The renement results in Table S2†
reveal cationmixing for NMC90 and NMC80 with percentages of
1.24 and 1.78%, respectively, which are acceptable because they
are <5%. The BET surface area, pore volume, and pore size of
the NMC80 and NMC90 electrodes are also listed in Table S3.†

The automatic roll-to-roll coating machine was employed for
negative and positive electrode production in 18650 cylindrical
conguration cells. Fig. 2 displays the top-view and cross-
sectional FESEM images of the NMC90 and NMC80 elec-
trodes, which showed well-packed NMC particles on the elec-
trode with carbon black and PVDF. Notably, the NMC90
particles exhibited a more well-ordered arrangement and
uniform particle size than NMC80. The pore volume and surface
area of both electrodes were analyzed using BET surface area
analysis (Table S3†). The NMC80 electrode had a larger pore
volume than the NMC90 electrode (0.0032 and 0.0026 cm3 g−1,
respectively) and a higher surface area (1.0883 and 1.0347 m2

g−1, respectively), indicating that the non-uniform particle size
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Top-view FESEM images with different magnifications of the (a)–(c) NMC90 powder and (e)–(g) the NMC80 powder and the particle size
distribution of the (d) NMC90 and (h) NMC80 powders.
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resulted in more void space between the particles in the
electrode.
3.2 Electrochemical properties

To assess the practical capacity of the cells, the electrochemical
properties were rst determined in a half-cell coin cell cong-
uration (CR2032). The potential proles of the NMC80 and
NMC90 electrodes were examined in the potential range 3.0–
4.3 V vs. Li/Li+ at 0.1C and their specic discharge capacities
were 185.3 and 213.8 mA h g−1, respectively (Fig. S5†). The
GITTs measurement were then made to investigate the lithium
diffusivity of the cathode materials and both samples exhibited
a linear relationship between potential and s1/2 (Fig. S6†).29 The
lithium diffusivity of NMC80 and NMC90 during charging and
discharging at 0.1C with an upper cutoff voltage at 4.3 V vs. Li/
Li+ is presented in Fig. S7.† The particle size distribution did not
affect lithium ion diffusion at slow current densities. The
diffusivity of the materials is described further in the following
sections on the rate capability test and the GITT results aer the
stability test.

Full-cell tests were performed on both samples in the 18650-
cylindrical conguration to demonstrate the practical applica-
tions. The electrochemical performances of both samples were
conducted following a formation step and capacity determina-
tion protocol (see Experimental section). The cells underwent
electrochemical testing, including rate capability and stability
tests with a cutoff voltage between 3.0 and 4.2 V. The testing
protocol for the rate capability test involved xed CCCV
charging at 0.5C and various CC discharging at 0.1, 0.25, 0.5,
0.75, 1.0, 2.0, 3.0, 4.0, and 5.0C, followed by turning back to
0.1C.

The specic discharge capacity of both samples was
measured and is plotted in Fig. 3a. The NMC90/graphite cell
presented larger discharge capacity at all C-rates, especially at
high C-rates, such as 4.0 and 5.0C, higher than 1.5 and 50 times
the NMC80 cell, respectively. The discharge proles of NMC90
and NMC80 cells at each C-rate are shown in Fig. S8a and b.†
© 2024 The Author(s). Published by the Royal Society of Chemistry
The discharge capacity based on the cell for both samples is
presented in Fig. S8c.† The NMC90 cell provided a lower
potential drop than the NMC80 cell at the same current density,
especially at 5.0C, suggesting that the uniform particles miti-
gated the internal resistance (IR) of the cell (Fig. 3b and Table
S4†). The rate capability results imply that the uniform particle
size of the NMC90 cell can provide a better Li+ diffusion
pathway, leading to outstanding discharge capacity even at
a high C-rate and reducing the IR drop in the battery.25,30–32

To evaluate the stability of the battery, an asymmetrical
protocol was used, which involved CCCV charging at 0.5C and
CC discharging at 1.0C within a potential window of 3.0–4.2 V.
The long-term cycling performance was assessed by including
a check-up protocol with CCCV charging and CC discharging at
0.1C. Fig. 3c shows that the NMC80 and NMC90 cells exhibited
capacity retentions of 53.9 and 73.6%, respectively, aer 1000
cycles at 1.0C. At the cell level, NMC90 and NMC80 had
discharge capacities of 1448 and 1054 mA h, respectively, aer
1000 cycles (Fig. S9a†). At the active material level, NMC90 and
NMC80 demonstrated specic capacities of 138.5 and
90.4 mA h g−1 aer 1000 cycles (Fig. S9b†). The voltage proles
at the 1st, 500th and 1000th cycles of the NMC90 and NMC80
cells are presented in Fig. S9c and d.† The voltage differences
between charge and discharge during cycling are displayed in
Fig. S9e.† Aer 1000 cycles, delta V in the case of the NMC90 cell
was 0.58 V, whereas delta V of the NMC80 cell was 0.76 V. The
NMC90 cell showed a better stability with lower polarization
than the NMC80 cell, suggesting that the uniform particles
enhance cell stability with lower kinetic hindrance, even with
the high Ni content in the layered oxide material. Furthermore,
the NMC90 cell delivers an accumulation energy density of 558
kW h kgNMC

−1, 22% higher than the NMC80 cell (Fig. 3d). The
accumulated energy density based on the cell level for both
samples is shown in Fig. S9f.†

In addition, the potential proles of both samples during
cycling were examined in the check-up steps (Fig. S10†). The
NMC90/graphite cell showed a capacity drop from 2090 to 1837
mA h (203 to 179 mA h g−1) from the 3rd to the 515th cycle,
Chem. Sci., 2024, 15, 2026–2036 | 2029
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Fig. 2 Top-view FESEM images of the NMC90 electrode at (a) low magnification, (b) high magnification and the NMC80 electrode at (e) low
magnification and (f) high magnification, as well as cross-sectional FESEM images of the NMC90 electrode at (c) low magnification, (d) high
magnification and the NMC80 electrode at (g) low magnification and (h) high magnification.
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whereas the NMC80/graphite cell decreased from 2175 to 1902
mA h (185 to 162 mA h g−1). The voltage differences between the
charge and discharge curves at the check-up steps in Fig. S10c
and d† indicate that the NMC80 cell had slightly higher polar-
ization than the NMC90 cell.

To better understand this effect, the dQ/dV plots at 0.1C were
examined (Fig. 4). Both samples displayed identical phase
transformation curves for the NMCmaterials. Notably, at the C6
2030 | Chem. Sci., 2024, 15, 2026–2036
to LiCx peak, which corresponds to kinetic hindrance in the cell
(Fig. 4c and d), the peak of the NMC90 cell shied to the right-
hand side by 0.0338 V, which is less than the shi observed in
the NMC80 cell (0.0517 V). This nding suggests that the
uniform particle size of NMC90 can provide better Li+ diffusion
with a lower kinetic limitation. The results therefore suggest
that the particle size distribution of the Ni-rich layered oxide
cathode materials is a crucial part of the electrochemical
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Electrochemical performance in cylindrical configuration. (a) Discharge capacity based on the active cathode material at various current
densities from 0.1 to 5.0C. (b) Potential drop from rate capability of NMC90 and NMC80 cells. (c) Capacity retention for stability performance. (d)
Accumulated energy density based on the active material level for long-term cycling performance.
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performance, with the narrow distribution of the NMC90 cell
demonstrating a higher energy density and better retention.

All the cells were disassembled aer 1000 cycles to examine
the lithium diffusivity via the GITT technique. Fig. 5a and
Fig. 4 dQ/dV plots at 0.1C within the voltage range 3.0–4.2 V for the 3rd
cells. dQ/dV plots in the C6 to LiCx region of the (c) NMC90 and (d) NM

© 2024 The Author(s). Published by the Royal Society of Chemistry
b shows dQ/dV plots of the NMC80 and NMC90 cells, respec-
tively, with the three phase transition regions (H1–M, M–H2,
and H2–H3). The chemical diffusion coefficient of both samples
before and aer cycling is presented in Fig. 5c. Both samples
, 56th, 109th, 212th, and 515th cycles of the (a) NMC90 and (b) NMC80
C80 cells.
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Fig. 5 dQ/dV plots at 0.1C within the voltage range 3.0–4.3 V in half-
cell coin cell of (a) NMC80 and (b) NMC90 and (c) the lithium diffusivity
from the GITT measurement of the NMC90 and NMC80 cells before
and after 1000 cycles at 0.1C.

Fig. 6 Primary particle size distribution of the (a) NMC90 and (b)
NMC80 powders and (c) the Li+ diffusion coefficient from the Atlung
method for the NMC90 and NMC80 cells before cycling and after
cycling.
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displayed a lower lithium diffusivity than the cells before
cycling, especially the NMC80 cell, which was less than one
order of magnitude. Note that the GITT measurement has
diverse parameters and assumptions based on dense planar
electrodes.

The Atlung method is an optional measurement for calcu-
lating lithium diffusivity (see Experimental section).33 The
cumulative capacities from 5C to C/160 of the NMC80 and
NMC90 cells before and aer cycling are shown in Fig. S11.†
The primary particle radius distribution of the NMC90 and
NMC80 cells is shown in Fig. 6a and b, respectively. Both
samples exhibited an analogous average radius of 0.25 ± 0.03
mm. The DLi+ values obtained from an average particle radius are
shown in Fig. 6c. Before cycling, the DLi+ values of the NMC80
and NMC90 cells were almost the same (DLi+,avg,NMC90 = 9.96 ×

10−14 cm2 s−1 and DLi+,avg,NMC80 = 9.86 × 10−14 cm2 s−1). Aer
1000 cycles, the lithium diffusion coefficient of the NMC90 cell
outperformed that of the NMC80 cell with a higher order of
magnitude (DLi+,avg,NMC90 = 1.49 × 10−14 cm2 s−1 and
DLi+,avg,NMC80 = 6.98 × 10−15 cm2 s−1). Interestingly, the lithium
diffusivity from the GITT and Atlung techniques exhibited the
2032 | Chem. Sci., 2024, 15, 2026–2036
same trend, suggesting that DLi+ from the GITT method is still
reliable even with the several assumptions of this technique.
From the results, the narrow particle size distribution effectively
improves lithium ion transport aer long-term cycling.

The formation of secondary particle cracking on cycling
leads to a poor battery life span. Capacitance measurements
were used to investigate microcracking during cycling using in
situ EIS without post-mortem of the cell (see Experimental
section).34,35 The cells were cycled for 10 cycles to collect
© 2024 The Author(s). Published by the Royal Society of Chemistry
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impedance data from each cycle. Fig. S12a† presents an
example of the Nyquist plot with an equivalent circuit with
a tting curve for capacitance measurement. The specic
capacitance of the NMC80 and NMC90 cells is shown in Fig.
S12b.† At the conditioning step, the capacitance of the NMC80
and NMC90 cells was 0.120 and 0.110 F g−1, respectively. Aer
10 cycles, the NMC90 cell had a capacitance of 0.144 F g−1. By
contrast, the NMC80 cell had a 43% higher capacitance (0.254 F
g−1), indicating that the NMC80 cell has a larger surface area of
particle cracking, leading to the penetration of more electrolyte
into the active material and, as a consequence, further parasitic
reaction.
3.3 In operando XRD

The change of cathode structure at the crystal lattice level
through the full-cell pouch cells was studied through in oper-
ando XRD measurements. Aer the formation step, the cells
were operated at 10 mA with the upper cutoff voltage of 4.3 V for
two cycles. Rietveld renement was applied to calculate the
lattice parameters during charging and discharging. Fig. S13†
shows the structural change from the renement results,
including the a-axis and c-axis lattice parameters and the unit
cell volume for the NMC90 and NMC80 cells.

The initial a-axis and c-axis lattice parameters of the NMC80
cell are 2.859(3) and 14.208(7) Å, whereas those of the NMC90
cell are 2.857(3) and 14.197(0) Å, respectively. During the rst
charging cycle, the changes in the a-axis value of the NMC80
and NMC90 cells are 0.80 and 0.79%, respectively. The unit cell
volume changes by 2.64 and 4.45% for the NMC80 and NMC90
cells, respectively, which also relate to the c lattice parameter.
For the lattice parameter along the a-axis, both samples display
a reduction and expansion in the a-value during the discharge
and charge processes. The change in unit cell volume is iden-
tical in aspect to that of the a-lattice. For the c-axis lattice
parameter, both samples exhibit increasing c-values during the
initial charging process because the oxidized transition metals
enlarge the interslab repulsion during lithium extraction from
the cathode material.

Toward the end of the charging process, a considerable
amount of lithium ions exit the lithium layer, leading to
a sudden reduction in the c-value, which reduces the electro-
static repulsion between the transition metal layers.36 During
discharging, the c-axis lattice parameter immediately enlarges
and then sluggishly lowers through lithiation at the cathode
side. The changes in the c lattice value of the NMC80 and
NMC90 cells at the rst charging process are 1.73 and 3.48%,
respectively. The greater change in the c-axis parameter indi-
cates a larger amount of lithium extraction from the lithium
slab, leading to a higher capacity in the NMC90 cell.20 Previous
studies have consistently found that excessive shrinkage in the
c-direction negatively affects the structural integrity and leads to
a signicant deterioration in capacity.10,11,36,37 However, the
NMC90 cell exhibits a greater change in the c lattice value, but
outstanding electrochemical performance. These ndings
indicate that the anisotropic volume change does not solely
dictate the electrochemical performance. Additional factors,
© 2024 The Author(s). Published by the Royal Society of Chemistry
including the particle size distribution and surface treatment,
have crucial roles in maintaining capacity retention.

3.4 In situ gas analysis

Ni-rich layered oxide cathode materials typically confront severe
parasitic reactions from the electrolyte under high-voltage
conditions during the charging process, directly affecting gas
evolution in the cell and limiting lithium diffusion at the active
material surface.38 In situ DEM measurements were used to
investigate the gas evolution of the jelly-roll cells during the
formation step at high voltage for the rst cycle. The potential
prole for the rst two cycles of the NMC90 and NMC80 cells are
shown in Fig. S14a and S15a,† respectively, in combination with
the cumulative gas evolution in Fig. S14b and S15b.† Both
samples exhibit a similar trend of generated gases during
cycling. At the beginning of the rst charge, the H2 signal
rapidly increases due to the reduction of FEC to form the SEI
layer on the graphite electrode.39 For the second cycle with
a high voltage up to 4.5 V, gas species, including H2, CO2, and
CO, are found during this cycle, signicantly increasing at
voltages higher than 4.3 V, which is attributed to the decom-
position of EC, DEC, and FEC.40 Notably, the generation of CO2

is a favorable occurrence resulting from the ring-opening of EC
on the surface of the NMC cathode.41 Additionally, CO is
produced through the reduction of the DEC and EC
electrolytes.42

During the second cycle at 4.5 V, the NMC80 cell detects
a CO2 signal 1.75 times higher than the NMC90 cell. This
observation suggests that the higher void space in the electrode
with non-uniform particles inuences electrolyte penetration
into the cathode electrode. This leads to more pronounced side-
reactions and a signicant increase in gas evolution within the
system. Furthermore, the reduction of protic oxidation species
in the electrolyte is crucial for the formation of H2. The reduced
form of residual H2O in the electrolyte at the graphite electrode
also impacts H2 generation in the cell.41 The DEMS results
reveal that the NMC80 cell generates higher amounts of gases,
suggesting more parasitic reactions than the NMC90 cell. This
agrees with the capacitance result that the NMC80 cell has
a more elevated active material surface area on cycling. The
results obtained from DEMS demonstrate that a narrow particle
size distribution and surface coating positively inuence gas
evolution during cycling and further prevent parasitic reactions,
even at high voltages.

3.5 Safety test according to the United Nations 38.3 standard

Maintaining transportation safety is crucial for LIBs, particu-
larly in practical applications. We applied the UN38.3 standard
to address safety concerns (see Experimental details).43 Both the
NMC90 and NMC80 cells successfully passed the safety evalu-
ation for altitude, thermal, shock, and short circuit tests with
a 100% pass rate without cell leakage, breakage, or re (Table
S5†). Neither sample experienced bursting in the impact test,
resulting in a 100% pass rate. The heat curves of both cells
during impact testing indicated a maximum temperature <
110 °C, suggesting the absence of active material
Chem. Sci., 2024, 15, 2026–2036 | 2033
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decomposition (Fig. S16†). The video for the thermal, shock,
and impact tests is included in the ESI.† These results imply
that the battery conguration employed in this study meets
safety standards and has the potential for further development
and scalability in practical applications.
4 Conclusions

Our study has shown that the particle size distribution is
a critical factor affecting the electrochemical performance of Ni-
rich layered oxide cathode materials. The NMC90 cell, with its
uniform secondary particle sizes, exhibits superior rate capa-
bility, stability, and energy density compared with the NMC80
cell. These ndings are supported by in operando XRD and
Atlung lithium diffusion coefficient measurements. The supe-
rior electrochemical performance of the NMC90 cell can be
attributed to its improved lithium ion diffusivity. The uniform
particle sizes of the NMC90 cell provide a more continuous
pathway for lithium ions to travel, resulting in faster charging
and discharging rates. Additionally, the battery conguration
employed in this study meets safely standards. The ndings of
our study have important implications for the design of next-
generation Ni-rich layered oxide cathode materials. By control-
ling the particle size distribution, it is possible to achieve high-
performance cathode materials with improved rate capability,
stability, and energy density. This could lead to the develop-
ment of more efficient and reliable LIBs for a variety of
applications.
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