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Improving Cyclability and Structural Stability of Co-Free
Layered Cathode by Controlling Porosity and Cracks in
Secondary Particles for Low-Cost and High-Energy LIBs

Myungeun Choi, Hee-Beom Lee, Yongseok Lee, Hyunji Kweon, Jinho Ahn, Bonyoung Ku,
Jihoe Lee, Sangyeop Lee, Jiyoung Park, Young-Min Kim,* and Jongsoon Kim*

The Co-free Li[Ni0.75Mn0.25]O2 (NM7525) cathode offers the significant
advantage of low production costs. However, it requires a high-voltage
charging process (≥4.5 V vs Li/Li+) to achieve the energy density level of
high-Ni Li[NixCoyMnz]O2 (x ≥ 0.8) cathodes, which leads to severe structural
and morphological degradation in the secondary particles during prolonged
cycling. Herein, it is demonstrated that the formation of a stable and
homogeneous cathode-electrolyte interface (CEI) can effectively suppress
large porosity and crack propagation in the secondary particles of the
NM7525 cathode, as well as undesirable structural changes and microstrain
in the crystal structure, with a high charging cut-off voltage of 4.45 V and an
elevated temperature of 45 °C in the full-cell system. For stabilization of the
CEI layer at the high-voltage operation, an optimized electrolyte system is
applied, containing the additive with low highest occupied molecular orbital
(HOMO) energy. This controlled porosity and crack formation in secondary
particles enhances the electrochemical performances of the NM7525-based
full cell. In the case of cyclability, the CEI-stabilized full-cell delivers a
high-capacity retention of 90% after 100 cycles under the harsh operation
conditions of high charging cut-off voltage and elevated temperature, whereas
the as-prepared full-cell shows a retention of just 78%.

1. Introduction

With global decarbonization policies and the threat of global
warming, the energy paradigm for mobility is shifting to-
ward electrified transportation supported by sustainable energy
resources.[1–3] For the expansion of the electric vehicles (EVs)
market and the demand for enhanced driving ranges, the con-
tinuous research into Li-ion batteries for high-energy density
has necessitated the replacement of engine-based vehicles.[4]
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In the past decade, the typical layered
oxide cathodes, such as Li[NixCoyMnz]O2
(NCM) and Li[NixCozAly]O2 (NCA), have
been intensively utilized to achieve the re-
quired performance on LIBs.[5–7] Especially,
to maximize the specific capacity of the
cathode materials, the most recent stud-
ies have focused on high-Ni NCM cath-
ode materials (Ni ≥ 80%), which delivered
over 800Wh kg−1 for high-energy density.[8]

Nevertheless, the scarcity and price volatil-
ity in raw materials, particularly for Co re-
sources, make it difficult for EVs to achieve
price parity similar to internal combustion
engine vehicles (ICEVs). Given the vari-
ous global supply chain challenges, con-
ventional high-Ni NCM cathode materials
are inappropriate for the economically vi-
able strategy for the EV market. There-
fore, the development of eliminating Co
in cathode materials for price-neutral LIBs
has become a significant research priority.
Recently, Co-free Li[NixMny]O2 (x < 0.8,

y > 0.2), have been significantly consid-
ered the most promising candidates for

next-generation LIBs with high-energy density and low-cost
advantage.[9–11] However, to obtain a high energy density sim-
ilar to the high-Ni NCM level, an increase of charging cut-off
voltage to 4.5 V (vs Li/Li+) should be required, which results in
severe structural change, such as H2−H3 phase transition. Es-
pecially, in the case of the secondary-particle-based particles of
the layered oxide cathodes, it was reported that the severe struc-
tural change induced by the high voltage charging process gener-
ates the catastrophic mechanical failure interior to the particles
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and aggravates the particle pulverization.[12–14] Thus, the high-
voltage charging process, essential for achieving the high energy
density of Li[NixMny]O2 cathodes, can induce severe intergranu-
lar cracks along the primary particle boundaries within the sec-
ondary particles. This compromises the mechanical integrity of
the material and leads to the propagation of large cracks in the
secondary particles, accompanied by significant internal poros-
ity evolution during prolonged cycling.[15] Then, the generated
cracks and fractures in the secondary particles give rise to ex-
posure of the cathode surface, and electrolyte infiltration con-
tributes to capacity retention fading. Moreover, the formation of
cracks in the secondary particles and the degradation of cycle
performance, which occurred during the high voltage charging
process, is further accelerated under a high temperature (45 °C)
environment.[16] In the case of conventional NCM cathodes, var-
ious studies have been conducted to prevent crack formation in
secondary particles.[17,18] However, these studies have primarily
focused on improving particle stability through the control of sec-
ondary particle formation and the regulation of compositional
gradients in these particles. Moreover, since NCM cathodes typ-
ically operate with a charging cut-off voltage of 4.3 V (vs Li/Li+),
there remains a lack of intensive research aimed at suppressing
crack formation in secondary particles during high voltage opera-
tions, such as atmore than 4.5 V (vs Li/Li+), as with Li[NixMny]O2
cathodes. Therefore, finding effective solutions to address this is-
sue for stable operation of Li[NixMny]O2-based LIBs under the
high voltage (≥4.5V) charging process is urgently needed.
In this study, we focused on the idea that stabilizing primary

particles is preferentially important for the overall stabilization
of secondary particles during charge/discharge. It was reported
that forming a stable cathode-electrolyte interphase (CEI) layer is
one of themost essentialmethods for stabilizing the crystal struc-
ture of the cathode materials.[19–21] The CEI layer is a solid inter-
facial layer that forms between the cathode and the electrolyte
in LIBs. It naturally develops due to electrolyte decomposition
on the cathode surface and plays a crucial role in electrochem-
ical performances. The high-voltage operation may deteriorate
the surface chemistry of the cathode and the oxidation stability of
the electrolyte components with the generation of HF from the
LiPF6 hydrolysis. These by-products from the electrolyte decom-
position contribute to the formation of an excessively thick and
unstable CEI layer due to irregular deposition with the limited
charge transfer of Li+. During the prolonged cycling, the inho-
mogeneous CEI layer undergoes localized de/lithiation, failing
to prevent undesired reactions on the cathode surface, ultimately
leading to intergranular cracks.[22] To address these challenges,
optimizing a protective and homogeneous CEI layer via the incor-
poration of an electrolyte additive with high oxidation stability on
the cathodes is essential for preserving cathode integrity and en-
hancing the electrochemical performance for long-term cycling
at the high-voltage operation. Thus, we expected that stabilization
of the CEI layer in the primary particles under harsh conditions,
such as the high voltage charging process above 4.5 V (vs Li/Li+),
can successfully suppress the crack formation in the secondary
particles of Li[NixMny]O2 cathodes even after prolonged cycling.
For the formation of a stable and homogeneous CEI layer on
the primary particles of the Co-free Li[Ni0.75Mn0.25]O2 (NM7525)
cathode under the high voltage charging process, we used an elec-
trolyte additive, 1,4-butane sultone (BS) having low highest occu-

pied molecular orbital (HOMO) energy compared to other addi-
tives used for stabilization of the high-Ni NCM cathodes based
on the charging process of 4.3 V (vs Li/Li+). The homogenous
and stable formation of the CEI layer on the primary particles
of the NM7525 cathode by application of the BS-containing elec-
trolyte was verified through the ex situ transmission electron mi-
croscopy (TEM) analysis.
Interestingly, we demonstrated that stabilizing the CEI layer

can successfully suppress porosity change and crack formation
in the secondary particles of the NM7525 cathode under the high
voltage charging process and elevated temperatures. Especially,
through 3D electron tomography based on focused ion beam-
equipped scanning electronmicroscopy (FIB-SEM) serial section
technique, we successfully investigated the porosity change and
the pore distribution in secondary particles of NM7525 cathode
after 100 cycles.[23–26] It was verified that the application of the
stabilization of the CEI layer results in the well-retained poros-
ity in secondary particles of NM7525 cathode even after 100 cy-
cles under the full cell system with the 4.45V-charging process
at 45 °C operation, which is clearly distinct from the as-prepared
full cell results. Moreover, it was observed that the stabilization
of the CEI layer enables notable suppression of crack formation
in secondary particles of the NM7525 cathode after prolonged
cycling. This well-controlled stability of macro-structure in sec-
ondary particles of NM7525 cathode by the stabilized CEI layer
enables enhanced electrochemical performances. In the case of
the CEI-stabilized full cell (C-S full cell), after 100 cycles with the
4.45V-charging process at 45 °C, its discharge capacity was re-
tained to≈90%of the initial capacity, whereas the as-prepared full
cell (A-P full cell) just delivered the capacity retention of ≈78%.
Furthermore, it was observed that the stabilization of secondary
particles enables the enhanced power-capability of the NM7525-
based full cell with a high energy density.

2. Results and Discussion

2.1. Enhanced Electrochemical Performances of
Li[Ni0.75Mn0.25]O2-Based Full Cell

Figure 1a,b exhibit the refined X-ray diffraction (XRD) pattern
and crystal structure of Li[Ni0.75Mn0.25]O2 (NM7525) cathode. All
the diffracted peaks were well indexed to the typical O3-type lay-
ered structure with R3̄m space group. Moreover, in the XRD pat-
tern of the NM7525 cathode, no diffraction peaks related to no-
ticeable impurities or secondary phases were observed, indicat-
ing the successful preparation of the NM7525 cathode. The de-
tailed structural information obtained by Rietveld refinement is
tabulated in Table S1 (Supporting Information). The low values of
the reliability factors (Rp = 6.87%, RF = 2.86%, and 𝜒2 = 2.74%)
indicate high accuracy of the refinement. These results also show
that Li atoms are situated at 3a sites; Ni and Mn atoms randomly
occupy at 3b sites; O atoms are located at 6c sites. The crystal
structure of the NM7525 cathode is also confirmed through high-
resolution transmission electronmicroscopy (HRTEM) analyses.
Through the HRTEM-based fast Fourier transform (FFT) analy-
ses, it was verified that the interplanar spacing between neigh-
boring fringes was ≈0.214 nm, which is consistent with the d-
spacing of the (104) plane in theNM7525 structure (Figure 1c and
inset). Moreover, the selected area electron diffraction (SAED)
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Figure 1. a) Rietveld refined XRD pattern (RI = 3.58%, RF = 2.86, and 𝜒2 = 2.74%) and b) crystal structure of Li[Ni0.75Mn0.25]O2 (NM7525). c) HRTEM
image of NM7525 and corresponding FFT image. d) SAED patterns of as-prepared NM7525 particles e) SEM-EDS mapping images of O, Mn, and Ni
elements in NM7525 particles. f) HOMO and LUMO energy level diagrams of electrolyte components. g) Cycle performances of NM7525ǀǀLi half cells
at 200 mA g−1 using various contents of BS additive.

analysis indicates that NM7525 has a single-crystalline structure,
in which the obtained structural information is well matched
with the Rietveld refinement results (Figure 1d). In Figure S1
(Supporting Information), it was verified that the morphological
structure of the NM7525 cathode consisted of cluster-like spher-
ical secondary particles with a diameter range of 5–15 μm via

scanning electron microscopy (SEM) analysis. The SEM based
elemental energy dispersive X-ray spectroscopy (EDS) mapping
analyses on the NM7525 cathode (Figure 1e; Table S2, Support-
ing Information) indicate that the Ni and Mn elements are ho-
mogeneously distributed in the NM7525 particles, which is also
confirmed by the atomic ratio of Ni: Mn = 75: 25 through the
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inductively coupled plasma (ICP) analyses (Table S3, Supporting
Information).
In addition, the suitability of the BS additive for high-voltage

operation was confirmed through density functional theory
(DFT) calculations. In terms of the Co-free NM7525 cathode,
high-voltage operation above 4.5 V (vs Li/Li+) is essential to
achieve an energy density comparable to that of Ni-rich NCM
cathodes. It was reported that sulfur-containing additives have
been utilized for forming a stable CEI layer owing to their in-
herent high oxidation state (+VI) of the sulfur atom, originating
from the decomposition products at high voltage ranges (>4.5 V
vs Li/Li+).[27] Moreover, the decomposition products from sulfur-
containing additives, such as Li2SO4 and ROSO3Li, can struc-
turally stabilize Ni2+ due to their moderately strong affinity for
Ni2+, thereby effectively suppressing the dissolution of transition
metal (TM) ions in Ni-rich cathodes.[28] Therefore, for facilitating
stable CEI formation in the primary particles of NM7525 cath-
ode under high-voltage conditions, we focused on identifying a
sulfur-containing electrolyte additive with a low highest occupied
molecular orbital (HOMO) energy. As shown in Figure 1f, we cal-
culated and compared the theoretical HOMO and lowest unoc-
cupied molecular orbital (LUMO) of ethylene carbonate (EC), a
representative electrolyte solvent, with those of well-known addi-
tives vinylene carbonate (VC) and lithium bis(oxalate)borate (Li-
BOB). The calculation results showed that BS with S = O func-
tional group has a HOMO energy level lower than that of VC and
LiBOB but higher than that of EC. This implies that BS partici-
pates in reactions to form the CEI layer at higher voltage regions
compared to VC and LiBOB, which are typically used for stable
operation at 4.3V (vs Li/Li+). To experimentally verify this, we
evaluated the electrochemical properties using a half-cell system
with a charging cut-off voltage of 4.5V (vs Li/Li+) and an opera-
tion temperature of 45 °C. As shown in Figure 1g, we compared
the cycle performance by varying the content of BS and found
that the most stable cyclability was achieved with the electrolyte
containing 1 wt% BS. Particularly, in the half-cell system, the use
of 1 wt% BS-containing (1-BS) electrolyte significantly improved
the cycle performance compared to the use of the pristine elec-
trolyte, which implies that the application of 1-BS electrolyte can
maximize the stabilization of the CEI layer in NM7257 cathode.
To analyze this more accurately, we measured the characteristics
in a full-cell system using a graphite anode.
To explore the protective effects of NM7525 cathode by stabi-

lization of CEI layer under harsh conditions in the full cell sys-
tem, we compared the cycle performances of NM7525||graphite
full cells with the pristine and 1-BS electrolytes at a current den-
sity of 200 mA g−1 (1C = 276.5 mA g−1) in a voltage range of
2.9–4.45 V at 45 °C. As shown in Figure 2a, the capacity re-
tention of the C-S full cell by use of 1-BS electrolyte was as
high as 90% with almost no visible capacity decrease, whereas
a gradual capacity fading was apparent for the as-prepared full
cell A-P full cell with a capacity retention of 73% after 100 cy-
cles. The drastic capacity decay of the cell with the pristine elec-
trolyte was related to the degradation of the unstable electrode-
electrolyte interfaces over 100 cycles. Furthermore, the normal-
ized charge/discharge profiles for the two electrolytes provided
a detailed insight into the difference of the cycle performance
based on the evolution of the cell polarization during cycling
(Figure 2b,c). In terms of the A-P full cell, it was evident that

the normalized capacity was continuously and rather severely
reduced during the charge/discharge process up to 100 cycles.
In contrast, the C-S full cell showed lower cell polarization than
that of A-P full cell, with only a slight capacity fading in the high
voltage region. In addition, the X-ray photoelectron spectroscopy
(XPS) analysis was conducted to examine the CEI-stabilization
effect on the surface of NM7525 cathodes after 100 cycles (Figure
S2, Supporting Information). In the C 1s XPS spectra, the peaks
corresponding to C−O containing species at 286.5 eV and C−F
containing species at 289.8 eV exhibited lower intensity on the
cathode in the C-S full cells after 100 cycles, suggesting that
the CEI layer is thinner and contains fewer carbonate byprod-
ucts from the decomposition of the electrolyte.[29,30] In the F 1s
XPS spectra, the NM7525 cathode in the C-S full cells after 100
cycles showed a less intense LixFyPOz peak at 686.6 eV com-
pared to that in the A-P full cell. This suggested that the for-
mation of the stable BS-based CEI effectively suppressed elec-
trolyte decomposition during the prolonged cycling under harsh
conditions, thereby inhibiting the generation of the LixFyPOz by-
product.[31–33] To further demonstrate the CEI components on
the surface of NM7525 cathodes via S 2p XPS spectra, it was
verified that the decomposition products of BS additive, such as
Li2SO3 and ROSO2Li in the 100-cycled cathode electrodes in the
C-S full cells. The abundant Li2SO3 and ROSO2Li would partici-
pate in a stable CEI layer in the high-voltage operation upon the
prolonged cycling (Figure S3, Supporting Information).[34] Fur-
thermore, the composition of CEI layers was investigated via at-
tenuated total reflection-Fourier transform infrared spectroscopy
(ATR-FTIR) to verify the correlation between the surface chem-
istry of theNM7525 cathodes and the BS incorporation. Figure S4
(Supporting Information) exhibited the ATR-FTIR spectra in the
100-cycled electrode in the C-S full cell. Consistent with the XPS
results, the peaks between 775 and 830 cm−1 in the 100-cycled
C-S full cell reflected the CEI structure indicating the presence
of LiF, HCOOLi, and (CH2OCOOLi)2, which are associated with
the decomposition of electrolyte on the cathode surface.[31] More-
over, a peak at 668 cm−1, related to Li2SO3, suggested that the
BS additive participated in the formation of the CEI layer.[35,36]

In addition, to verify the probability of universal applicability, the
full-cell tests of Li[Ni0.8Co0.1Mn0.1]O2 (NCM811) cathodes were
performed under the identical conditions of NM7525-based full-
cell tests (Figure S5, Supporting Information). The C-S NCM811-
based full cell with the BS-added electrolyte exhibited a capacity
retention of ≈73% for 100 cycles, while A-P NCM811-based full
cell using the pristine electrolyte just delivered a capacity reten-
tion of≈64%. These results indicate that stabilizing the CEI layer
in the primary particles of Ni-rich layered oxide cathodes helps
control porosity and minimize crack formation in the secondary
particles, thereby enhancing the electrochemical performance of
both NM7525 and NCM811 cathodes under harsh conditions, in-
cluding high-voltage operation at 4.45 V and an elevated temper-
ature of 45 °C.
To further highlight the performance difference, the compar-

ison of the average discharge voltages was obtained from the
voltage profiles for the C-S and A-P full cells during 100 cycles
(Figure 2d). The A-P full cell exhibited the average discharge volt-
age decline at a relatively steep rate of 0.62 mV per cycle, whereas
the C-S full cell revealed a more gradual decrease of 0.45 mV
per cycle. It was associated with a notably specific energy loss
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Figure 2. a) Cycle-performances of the as-prepared (A-P) and CEI-stabilized (C-S) full cells under a charge cut-off voltage 4.45 V. Comparison of normal-
ized capacity charge/discharge profiles for b) the as-prepared (A-P) full cell and c) the CEI-stabilized (C-S) full cell during 100 cycles. d) Comparison of
average discharge voltages in the as-prepared (A-P) and CEI-stabilized (C-S) full cells. e) Charge/discharge profiles of the CEI-stabilized (C-S) full cell
at various current densities and a temperature of 45 °C. f) Ragone plot of the as-prepared (A-P) and CEI-stabilized (C-S) full cells at various current
densities.
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stored in the cell with the pristine electrolyte, originating from
severe degradation of the NM7525 structure for prolonged cy-
cles. Thus, the above results indicated that the cycling stability
of the NM7525-based full cell can be highly improved through
the stable CEI formation under high-voltage operation. To inves-
tigate the difference of the capacity and voltage fading in the 100-
cycled NM7525 cathode electrodes, the differential capacity ver-
sus voltage (dQ/dV) profiles were compared in Figure S6 (Sup-
porting Information). The electrochemical performance fading is
certainly associated with an undesirable phase transition occur-
ring in the high-voltage region. As shown in Figure S6a (Support-
ing Information), the dQ/dV profiles for the monoclinic phase in
the range of 3.6 V to 3.9 V were noticeably invisible during 100
cycles in the A-P full cell. In contrast, the C-S full cell preserved
the monoclinic phase with the stable and smooth phase transi-
tion after 100 cycles by the homogeneous formation of a stable
CEI layer (Figure S6b, Supporting Information). These findings
in the pristine electrolyte implied that the phase transition with-
out themonoclinic phase is caused by the severe structural degra-
dation accumulated after 100 cycles, eventually resulting in in-
cremental microcracking at the grain boundaries of the primary
cathode particles. Furthermore, it is clearly seen from Tables S4
and S5 (Supporting Information) that the proportion of dQ/dV
curves between 4.1−4.45 V distinctly increased substantially af-
ter 100 cycles in the A-P full cell (+2.43%) compared to that in
the C-S full cell (+1.57%). Since the structural stability of the
NM7525 cathode upon prolonged cycling was affected by theme-
chanical strain related to detrimental H2−H3 phase transition,
we assumed that the stabilization of CEI layer effectively miti-
gated the deteriorated phase transition in the NM7525 structure
even after charging to 4.45 V at 45 °C. The incorporation of BS
additive is proposed to contribute to the reconstruction of the ro-
bust CEI layer on the NM7525 cathode, which is expected to ex-
hibit enhanced electrochemical stability. To assess the effect of
Li+ kinetics through the CEI layer, cyclic voltammetry (CV) mea-
surements were conducted at various scan rates from 0.1 to 0.5
mV s−1 in the voltage range of 2.90−4.45 V. Figure S7a,b (Sup-
porting Information) exhibited that for the first anodic current
branch, three obvious peaks observed at 3.55 V, 3.72 V, and 4.25
V are attributed to H1→M, M→H2, and H2→H3 phase transi-
tions, respectively, in both the C-S and A-P full cells. Additionally,
the analysis of the CV profiles at various scan rates enabled the
assessment of the impact of the surface pseudo-capacitance on
lithium storage kinetics.[37] The relationship between the peak
current (i) and scan rate (v) was analyzed using a function of
i = avb to investigate the charge storage process (Figure S7c, Sup-
porting Information). The b-value for the C-S full cell was calcu-
lated to 0.77, higher than that of the A-P full cell, suggesting that
the lithium storage mechanism is predominantly dominated by
the pseudo-capacitance behavior.[38] In addition, it is important
to confirm that the electrolyte additive successfully participates
in the CEI formation during charge/discharge. An electrolyte ad-
ditive that does not properly react during charging can increase
resistance, hindering Li+ diffusion. To verify the participation of
BS additive for the CEI formation, we conducted the Galvanos-
tatic intermittent titration technique (GITT) under a low current
density (30 mA g−1) after the initial pre-cycle at the high temper-
ature of 45 °C. The GITT profiles and the apparent Li+ diffusivity
(D) of the C-S full cell and A-P full cell were displayed in Figure

S8 (Supporting Information). The diffusion coefficient of Li+ ions
(D) during charge/discharge was calculated using the following
Equation 1:

D = 4
𝜋𝜏

(mV
MS

)2(ΔEs
ΔEt

)2

,
(
𝜏 ≪

L2

D

)
(1)

where 𝜏,ΔEt, andΔEs represent the duration of constant current,
the voltage variation during a single step, and the cumulative volt-
age change under applied current conditions, respectively. The
diffusivity of Li+ ions for the C-S full cell and the A-P full cell af-
ter the charging process were evaluated as 8.5 × 10−7 cm2 s−1 and
8.2× 10−7 cm2 s−1, respectively. It indicates that the incorporation
of BS additive facilitated the formation of a stable CEI layer, lead-
ing to a modest increase in diffusivity that provides an effective
pathway for Li+ diffusion. Moreover, this finding is well matched
with theCV results, which indicated that the decomposition of BS
additive in the high-voltage region on the cathode surface effec-
tively induces the formation of a stable CEI without increasing
the internal resistance during the charge/discharge process.[39]

Moreover, the electrochemical impedance spectroscopy (EIS)
analysis was performed to support the effect of CEI-stabilization
in lowering the resistance of 100-cycled full cells at the high tem-
perature of 45 °C (Figure S9, Supporting Information). In the C-
S full cell, the overall EIS profile exhibited smaller curves of the
cathode-electrolyte interface resistance (RCEI) and charge trans-
fer resistance (RCT) compared with the results on the A-P full
cell. These results indicated that the creation of the protective
CEI layer contributed to enhancing the interfacial stability of the
NM7525 particles under harsh operation conditions.
The stable formation of CEI layer also leads to the enhanced

power-capability of the NM7525-based full cell. As shown in
Figure 2e and Figure S10 (Supporting Information), the specific
capacities of the A-P and C-S full cells measured at a current den-
sity of 30 mA g−1 were ≈215.2 and ≈217.1 mAh g−1, respectively.
Especially, the C-S full cell at 1000 mA g−1 exhibited a specific
capacity of ≈159.8 mAh g−1, whereas the A-P full cell delivered
a specific capacity of ≈138.3 mA h g−1 at the same conditions To
confirm the impact of loading mass level on the cathode elec-
trodes, the electrochemical performances of NM7525 cathode
with different loading mass were conducted at various current
densities (Figure S11, Supporting Information).[37,40] Through
the comparison using the Ragone plot (Figure 2f), the enhanced
power-capability by the stable formation of the CEI layer is more
clearly revealed, which is attributed to the improved Li+ diffusion
by protecting the interfacial electrodes in harsh conditions.

2.2. Controlled Porosity and Cracks in Secondary Particles Via
Stabilization of CEI Layer

Referring to previous research, the LiPF6 hydrolysis in the elec-
trolyte promotes the formation of acid compounds (e.g., HF),
which induces TM dissolution on the cathode surface. It con-
tributes to severe interfacial degradation caused by the H2−H3
phase transition, ultimately leading to the microcrack formation
between primary particles. Especially as structural degradation of
Ni-rich cathode materials occurs at the CEI layer due to the dete-
riorated reaction between highly reactive Ni4+ and the electrolyte,

Adv. Funct. Mater. 2025, 35, 2424880 © 2025 Wiley-VCH GmbH2424880 (6 of 15)

 16163028, 2025, 27, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202424880 by Sungkyunkw
an U

niversity, W
iley O

nline L
ibrary on [03/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

the microcracks affect the increase of the internal area exposed
to the electrolyte, leading to the electrolyte infiltration in the cath-
ode particle interior. The subsequent degradation of the exposed
contact area due to parasitic electrolyte attack accelerates the frac-
ture of the cathode’s secondary particles and aggravates capacity
fading during prolonged cycling. To solve these problems, the for-
mation of a stable and robust CEI layer on the cathode electrode
has been continuously conducted to alleviate the severe structural
degradation during prolonged cycling.[21] The enhanced cycling
performance of the C-S full cell is attributed to the formation of
the stable and homogeneous CEI layer, which protects the un-
desirable electrolyte penetration and inhibits structural degrada-
tion. To further assess the effect of the stabilized CEI layer on the
cathode particles in detail, we investigated the contrasting inner
structural changes in the NM7525 secondary particles between
the A-P and C-S full cells in the harsh conditions (high charging
cut-off voltage 4.45 V and elevated temperature 45 °C).
To characterize internal pore distribution structures from a 3D

perspective, the electron tomography technique was employed
based on the serial sectioning method using FIB-SEM. This in-
volves collecting a series of 2D SEM images during the FIB se-
rial sectioning, which can subsequently be aligned to construct a
3D volume representing the sample under investigation.[24] In
SEM imaging, secondary electron (SE) imaging is favored for
visualizing surface morphology due to its high contrast at ob-
ject edges, resulting from increased secondary electron emis-
sion. However, this SE imaging can lower the reliability of object
recognition and segmentation, which are essential processes for
electron tomographic analysis.[41] Conversely, backscattered elec-
tron (BSE) imaging, which collects recoiled electrons after elastic
beam-sample interactions, shows contrast dependent on atomic
number, unaffected by surface geometry. Since the BSE imaging
is thus free of topographic contrast changes, a series of BSE im-
ages during the FIB serial slicing of the sample were acquired
for a reliable object segmentation for the tomographic volume
reconstruction (Figure S12, Supporting Information). This FIB-
SEM-based serial section imaging technique for artificial volume
reconstruction is highly effective for visualizing and analyzing
the 3D structure of a hierarchically structured secondary particle
that bears primary grains and geometrical imperfections such as
internal pores (or cracks). Additionally, it offers a superior spatial
resolution (a few nanometers) that surpasses the capabilities of
X-ray computed tomography, which is vital for the 3D examina-
tion of nanoscale structural alterations.[42]

Figure 3a describes the typical process of a pore-segmented
volume reconstruction for the NM7525 cathode particles using
the above-mentioned FIB-SEM-based serial section imaging. In
the FIB-SEM instrument, the focused Ga ion beam was precisely
aligned to the desired sectioning plane in the sample and then
continuously sliced off the sectioning plane at the depth inter-
val of 15 nm, while the SEM was synchronized to acquire every
exposed sectioning plane automatically. This FIB-SEM serial sec-
tioning process generated a stack of SEM images representing
the internal structure of the sample. Through the binarized seg-
mentation process that automatically groups pixels into subsets
for separating semantic regions or objects in SEM images, an ar-
tificial image stack divided by pores (and cracks) and filled parti-
cle regions was generated, ready for 3D volume reconstruction
for visualization and quantification of pore distribution inside

the analyzed particles.[43] Figure 3b presents the reconstructed
volume (left panel) and independently separated internal pore
structure (right panel) of the fresh NM7525 secondary particle
before cycling. The reconstructed tomographic volume showed
that the NM7525 secondary particle bears two distinctive porous
structures: a spherical porous layer decorating the outskirt of the
core part and large pores clustered in the core region. Likewise,
a similar geometrical distribution of pores was observed in the
reconstructed tomographic volumes for the 100-cycled NM7525
secondary particles with or without stabilization of the CEI layer
(Figure 3c,d). Nonetheless, it is observed that the sizes and mor-
phological distribution of internal pores were developed differ-
ently depending on whether stabilization of the CEI layer. The
live rotation and perspective views of the three tomographic vol-
umes with the segmented pore structures are provided in sup-
porting Videos S1–S3 (Supporting Information), respectively.
To evaluate the difference in pore structure evolution after 100

cycles by stabilization of the CEI layer, we calculated pore con-
tents (i.e., total porosity, Pt) and the total surface area (St) of the
pores inside the reconstructed volumes, as shown in Figure 3e,f.
The Pt of the secondary particle in the 100-cycled C-S full cell
was evaluated to be ≈6.14%, which is similar to that of the fresh
secondary particle (≈5.88%). In contrast, the secondary parti-
cle in the 100-cycled A-P full cell showed a considerably larger
Pt (≈8.43%) than that of the fresh secondary particle, which
was attributed to the structural deterioration causing the grad-
ual growth of internal pores and crack propagation in the sec-
ondary particles under the prolonged high voltage cycles. More-
over, as the internal porosity decreases due to the suppression
of cycling-induced structural degradation by stabilization of the
CEI layer, the total surface area (St) in the secondary particle cor-
respondingly decreases, which is a signature of the suppressed
crack propagation. This result demonstrates that the secondary
particle of NM7525 in the A-P full cell can be readily damaged
upon cycling. In contrast, the uniform CEI distribution in the C-
S full cell notably improved electrode stability under harsh high-
voltage cycling. Furthermore, EDX elemental mapping for the
three samples verified that the C-S full cell delivered effectively
suppressed TM dissolution after extended cycling, compared to
the A-P full cell (Figure S13 and Table S6, Supporting Informa-
tion). These results of structural and chemical characterizations
suggested that the robust and homogeneous CEI layer effectively
restrained TM dissolution from the NM7525 cathode and miti-
gated the formation of internal pores.
To obtain deeper insight into the enhanced stability in the sec-

ondary particles of NM7525 cathode by stabilization of the CEI
layer under the hash electrochemical cycles, direct measuring of
the 3D distribution of internal pores is crucial because existing lo-
cal pores and newly formed cracks become combined into larger
pores as the cycle-induced structural pulverization proceeds. The
geometrical pore distributions inside the three cathode samples
were visualized, as shown in Figure 4a. Note that the positions
of internal pores and their size were determined to correspond
to the artificial sphere filling for the inside of an irregular shape
of an actual pore for simplicity in the digital processing for pore
detection.[24,44] Compared to the initial pore distribution in the
fresh particle, significant internal pore evolution was observed in
the 100-cycled secondary particle of the NM7525 cathode within
the A-P full cell. In contrast, the 100-cycled secondary particle in
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Figure 3. a) Typical workflow of FIB-SEM serial sectioning and digital segmentation of pore structure in the secondary particle to reconstruct a to-
mographic volume. b–d) Perspective views of 3D reconstructed volumes (left panel) and separated internal pore structures (right panel) of the fresh
NM7525 and the 100-cycled electrodes in the as-prepared (A-P) and CEI-stabilized (C-S) full cells, respectively. Quantitative analysis on e) total porosity
(PT) and f) total surface area (ST) calculated from the reconstructed volumes.
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Figure 4. a) 3D distributions of internal pores reconstructed from the tomographic volumes of the fresh NM7525 and the 100-cycled electrodes in the
as-prepared (A-P) and CEI-stabilized (C-S) full cells, respectively. b) Histograms showing pore diameter distributions of the three samples.

the C-S full cell exhibited a pore distribution similar to that of the
fresh secondary particle. These results suggest that the formation
of pores and cracks in the secondary particle of NM7525 during
cycling is effectively suppressed by the stabilization of the CEI
layer. By quantifying pore size distribution, we notice that the av-
erage size and 3D distribution of internal pores in the secondary
particle of NM7525 in the C-S full cell are similar to the fresh sec-
ondary particle even after 100 cycles. In contrast, the pore sizes
within the secondary particles of NM7525 in the A-P full cell be-
came larger, with a broader distribution compared to the other
samples, as evident from the histograms of the 3D pore structure
distributions (Figure 4b). These results revealed a clear correla-
tion between the degradation of electrochemical properties and
the degree of pore structure evolution inside the secondary par-
ticles. As the incremental creation of internal pores under hash
electrochemical cycling induces the increase of the exposed sur-
face area of primary particles to the parasitic electrolyte, it even-
tually leads to more severe degradation of the electrochemical
properties for the sample when the CEI layer is not robust to pro-
tect it against the electrolyte infiltration into the secondary par-
ticle. In this respect, it is obvious that the CEI layer formed on

the NM7525 in the C-S full cell is highly robust and stable at the
high voltage cyclic operation, resulting in the suppression of pore
formation in the secondary particles. Considering the aforemen-
tioned results, along with the fact that the C-S full cell outper-
forms the A-P full cell in respect of electrochemical properties at
the high voltage operation, it was confirmed that the formation
of a homogeneous CEI layer as a protective layer on the cath-
ode surface inhibits the growth of various pores in the secondary
particles, independent of grain size change, and minimizes the
degree of electrolyte propagation by reducing the area exposed to
the electrolyte.
In addition, the morphology of the 100-cycled secondary parti-

cle in the NM7525 cathode was investigated in detail, using the
cross-sectional SEM analyses. As shown in Figure 5a and S14
(Supporting Information), severe crack propagation and degra-
dation were observed in the secondary particles of the 100-
cycled A-P full cell. In contrast, even in the elevated tempera-
ture and high charging cut-off voltage, the secondary particle in
the 100-cycled C-S full cell exhibited effectively suppressed criti-
cal cracks on the particles and maintained a morphology similar
to the fresh electrode. These results indicate that the deleterious
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Figure 5. a) Magnified cross-sectional SEM images of fresh NM7525 and the 100 cycled-NM7525 secondary particles in the as-prepared (A-P) and
CEI-stabilized (C-S) full cells, respectively. b) Ex situ XRD patterns of the fresh NM7525, the 100-cycled electrodes in the as-prepared (A-P) and CEI-
stabilized (C-S) full cells. c) W-HISM plots of NM7525 based on ex-situ XRD patterns of fresh NM7525 and 100-cycled electrodes in the as-prepared
(A-P) and CEI-stabilized (C-S) full cells, respectively. d) Operando XRD analysis of the CEI-stabilized (C-S) full cell at 30 mA g−1: Overall XRD diagrams
(left), magnified contour plot of (003) plane (middle), and the corresponding charge/discharge profile (right). Change in the c-axis lattice parameter of
NM7525 in (e) the as-prepared (A-P) and (f) the CEI-stabilized (C-S) full cells for the first charge/discharge.
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electrochemical performance and structural instability of the
NM7525 cathode are particularly attributed to the severe degra-
dation of the particle surface exposed to the electrolyte. More-
over, the XRD analyses of the 100-cycled electrodes in the C-S full
cell supported the enhanced structural stability of the NM7525
cathode by stabilized CEI layer for prolonged cycles, as shown in
Figure 5b. After 100 cycles, the (003) peak intensity was notably
lower than the (104) peak in the A-P full cell, whereas the C-S full
cell was well retained without considerable degradation. Consid-
ering the ratio of I(003)/I(104) related to the Li+/Ni2+ cation mix-
ing in Li layer, the lower value in the A-P full cell indicated that
the undesirable cation mixing was experienced after prolonged
cycling.[45,46] In contrast, the stabilization of the CEI layer effec-
tively preserved the crystal structure of the NM7525 cathode with
high value. The reason for the higher I(003)/I(104) ratio in the C-
S full cell can be attributed to the robust CEI layer securing the
electrolyte against the highly reactive Ni4+ during the prolonged
cycles, alleviating Li+/Ni2+ cation mixing and structural degrada-
tion.
Especially, to further elucidate the differences of the lattice evo-

lution in NM7525 cathode particles in A-P and C-S full cells over
the prolonged cycles, we quantified the lattice microstrain dur-
ing each cycle viaWhilliam-Hall isotropicmodel (W-HISM).[47,48]

The corrected full width at half maximum (FWHM) of each X-
ray diffraction peak for the cathode material was calculated due
to the instrumental effect associated with peak broadening using
the following Equation 2:

𝛽hkl =
√

𝛽2measured − 𝛽2instrumental (2)

where 𝛽hkl, 𝛽measured, and 𝛽 instrumental represent the corrected, mea-
sured, and instrumental peak width of X-ray diffraction peak pro-
file in radians, respectively. The instrumental data was obtained
using lanthanum hexaboride (LaB6) as standard powder. In the
W-HISMplot, the corrected 𝛽hkl, contributed to both lattice strain
and crystallite size. Then, considering the two independent fac-
tors of lattice strain and crystallite size in a particular peak, the
total peak broadening, related to the isotropic nature of the crys-
tals, was expressed in the following Equation 3:

𝛽hkl cos 𝜃hkl = 4 𝜀 sin 𝜃hkl +
K𝜆
D

(3)

where 𝜃hkl is the Bragg angle, D is the crystallite size, 𝜆 is the X-
ray wavelength, and K is assumed to be 0.9 as the shape factor.
Table S7 (Supporting Information) exhibited the lattice strain (ɛ)
information from the linear fitting with a term of 4 sin𝜃hkl along
x-axis and 𝛽hkl cos𝜃hkl along y-axis based on the above equation.
As presented in Figure 5c, during the cycling up to 100 cycles,
the total lattice strain of NM7525 cathode in the A-P full cell in-
creased by ≈11.24% compared to the original value, whereas that
of NM7525 in the C-S full cell increased by only≈0.29%. The sup-
pressed structural and morphological changes in NM7525 par-
ticles by the stabilized CEI layer are also confirmed through ex
situ TEM analysis. Figure S15 (Supporting Information) exhib-
ited the TEM images of NM7525 cathodes in the A-P and C-S
full cells after 100 cycles at 45 °C. In the case of the A-P full cell,
the uneven and uncontrolled CEI layer was formed on the sur-
face of NM7525 particles after cycling. Especially, the inhomo-

geneous CEI layer exhibited a thickness variation ranging from
≈1.30 to 7.02 nm. On the contrary, the thickness of the CEI layer
of the NM7525 particle in the cycled C-S full cell is ≈3.61 nm,
which is thinner and more homogeneous than that of the pris-
tine electrolyte. Furthermore, the HRTEM images and the cor-
responding fast Fourier transform (FFT) images in Figure S16
(Supporting Information) revealed that the surface and bulk re-
gion of NM7525 secondary particle in the A-P full cell after 100
cycles exhibited a rock-salt (Fm3̄m) phase with an interplanar
distances of 0.22 nm.[39] It was speculated that the severe struc-
tural deterioration in the A-P full cell during cycling occurred un-
der harsh operation conditions (4.45 V and 45 °C). In contrast,
the C-S full cell after 100 cycles exhibited relatively mitigated
structural degradation, as evidenced by the presence of both lay-
ered (R3̄m) and spinel-like (Fd3̄m) phases at the outmost sur-
face, suggesting that TM dissolution was effectively restrained.
These results indicate that the robust and homogeneous CEI
layer protects the interfacial cathode electrode and suppresses
the serious mechanical strain, thereby alleviating the struc-
tural degradation of NM7525 secondary particles for prolonged
cycling.
To further investigate the structural evolution of NM7525 cath-

ode upon cycling and the effect of the cathode-electrolyte inter-
face chemistry under the high voltage region, operandoXRD anal-
yses were conducted in the first cycle at 30 mA g−1 through the
full cell system. Figure 5d and Figure S17 (Supporting Informa-
tion) exhibited that the (003) reflection of the NM7525 cathode
in the A-P full cell shifted noticeably with the state of charge
(SoC), indicating a variation along the c-lattice parameter of R3̄m
space group. Especially, the (003) reflection shifts toward slightly
lower 2𝜃 angles during charging from 3.0 to 4.1 V, indicating
the increase of the c-lattice parameter due to the H1-H2 phase
transition in NM7525 cathodes. With the subsequent charging
to 4.45 V, the (003) reflection reversely moves to higher 2𝜃 an-
gles at a high state of charge, driven by the extraction of most Li+

ions from the Li-layer, ultimately contracting during the H2−H3
phase transition. Notably, the extent of the shift in the C-S full
cell was smaller than that in the A-P full cell, providing highly
enhanced structural stability of the NM7525 cathode through sta-
bilization of the CEI layer. To examine the structural difference
in more detail, the c-lattice parameter was calculated from the
Rietveld refinement based on the operando XRD patterns for the
entire cycle process of the NM7525 cathode in the A-P and C-S
full cell (Figure 5e,f). The c-lattice value exhibited a gradual in-
crease but experienced an abrupt contraction when the deleteri-
ous H2−H3 phase transition occurred in the highly delithiated
state. During charging from 4.1 to 4.5 V, the degree of c-axis con-
traction in the C-S full cell (≈1.62%) is lower than that in the
A-P full cell (≈2.00%). These results demonstrate that CEI con-
trol effectively suppresses undesirable structural changes occur-
ring during the high-voltage charging process of NM7525, sup-
porting the successfully inhibited formation of large cracks and
porosity in the secondary particles of NM7525 during prolonged
cycling.
As summarized in Figure 6, for secondary particles of the

NM7525 cathode in the A-P full cell, numerous microcracks
formed along the intergranular boundaries in a random man-
ner during charge/discharge. These intergranular cracks devel-
oped after long-term cycling, creating pathways for undesirable
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Figure 6. The schematic image on the effect of CEI-stabilization for suppressed porosity and cracks in the NM7525 secondary particles during high-
voltage-based cycling.

electrolyte infiltration. The incremental formation of the microc-
racks further led to the development of an internal pore network,
which resulted in morphological degradation and mechanical
pulverization in the secondary particles of the NM7252 cathode.
On the other hand, in the case of the C-S full cell, the intergranu-
lar cracking inside the secondary particle of the NM7525 cathode
was effectively reduced with the formation of the homogeneous
CEI layer. These findings demonstrate that effectively stabilizing
the CEI layer significantly suppresses severe intergranular cracks
and large porosity in the secondary particles, protecting them

from parasitic electrolyte side reactions. This stabilization suc-
cessfully enhances the homogeneous (de)lithiation and electro-
chemical performance of the NM7525 cathode, even under harsh
operating conditions.

3. Conclusion

We demonstrated that the formation of porosity and cracks in
the secondary particles of the Co-free NM7525 cathode can be
successfully supported through the stabilization of CEI layers
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during the high voltage charging process in the full cell system.
The C-S full cell exhibited a high capacity retention of 90% af-
ter 100 cycles under harsh conditions of the high cut-off voltage
(4.45 V) and the high temperature (45 °C), whereas the A-P full
cell just delivered a capacity retention of 78% at the same condi-
tions. Especially, through FIB-SEM tomography, it was revealed
that the formation of a stable CEI layer by usage of BS addi-
tive with low HOMO energy can reduce the surface exposure
and mitigated the porosity development and crack propagation
in the secondary particles of NM7525 cathode, which clearly dis-
tinct from the results based on the pristine electrolyte. To further
investigate the cracks in the secondary particle, cross-sectional
SEM images of the 100-cycled NM7525 cathode were obtained,
proving that the secondary particle of NM7525 cathode in the A-
P full cell showed distinct fractures and crack propagation due
to an unstable cathode surface compared to that in the C-S full
cell. Moreover, by calculating the lattice microstrain during each
cycle and conducting operando XRD measurements, it was con-
firmed that the stabilized CEI layers effectively suppress unde-
sirable large structural changes in the NM7525 cathode during
charge/discharge with the high charging cut-off voltage and the
elevated temperature. This supports the successful inhibition of
large crack and porosity formation in the secondary particles of
the NM7525 cathode during prolonged cycling. We believe this
work offers valuable insights into improving the electrochemical
properties of Co-free layered cathodes through an effective strat-
egy for stabilizing the secondary particles of cathode materials,
paving the way for low-cost, high-energy LIB.

4. Experimental Section
Preparation of Electrolyte and Electrode: The pristine electrolyte con-

sisted of 1.2 M LiPF6 dissolved in EC/EMC/DMC (2:4:4 vol%). The BS-
containing electrolyte (pristine electrolyte+ 1 wt% 1,4-butane sultone (BS,
≥ 99%, Sigma–Aldrich)) was prepared in an Ar-filled glove box. After blend-
ing the electrolyte solution, 1 wt% BS-containing (1-BS) electrolyte was
stirred at 100 RPM at 60 °C for 60 h and rested for 2 days to stabilize the
solution mixture.

For the preparation of NM7525 cathode particles, co-precipitated
(Ni0.75Mn0.25)OH precursor was mixed with LiOH at a stoichiometric ra-
tio. The NM7525mixture was calcined at 850 °C for 10 h under oxygen gas
flow. The NM7525 and NCM811 electrodes were fabricated by applying a
slurry composed of 96 wt% NM7525 as the active material, 2 wt% con-
ductive carbon, and 2 wt% poly(vinylidene fluoride) (PVDF)-based binder
(Solef 5130) dissolved in anhydrous N-methyl-2-pyrrolidone (NMP) sol-
vent (Sigma–Aldrich) on aluminum foil. Then, the electrode was pressed
by a doctor blade method and dried in a vacuum at 120 °C for ≈1 h. All
experiments were conducted with a high loadingmass of 21mg cm−2. The
graphite anodes were fabricated with the graphite and cmc (sodium salt
of carboxymethyl cellulose)/sbr (styrene-butadiene rubber) binder on the
Cu foil.

Electrochemical Measurements: The electrochemical performances
were evaluated using the 2032 coin-types NM7525||graphite full cell. Each
cell contained a polypropylene (PP) separator. They were fabricated in an
Ar-filled glove box with oxygen and moisture levels below 1.0 ppm. Gal-
vanostatic cells of charge/discharge tests for the NM7525||graphite full
cell were precycled in the voltage range of 2.9−4.45 V at room temper-
ature to activate the battery with 3 cycles. The capacity balance (N/P) of
negative and positive electrodes was 1.1−1.15. Then, the rate performance
was tested at various current densities (30, 60, 100, 200, 300, 500, 700, and
1000 mA g−1) at 45 °C using a battery tester (WBCS3000, WonATech Co.,
Ltd.). Cyclic voltammetry (CV) tests were performed using an electrochem-
ical analyzer (WBCS3000, WonATech Co., Ltd.) at different scan rates from

0.1 to 0.5 mV s−1. Galvanostatic intermittent titration technique (GITT)
measurement was conducted at a constant current density of 30 mA g−1

with 30-min rest durations after a pre-cycle under a temperature of 45 °C.
Materials Characterization: The crystal structures of the NM7525 cath-

ode were examined by X-ray diffraction (XRD; PANalytical) with Mo K𝛼
radiation (𝜆 = 0.70932 Å) in the 2𝜃 range of 4.61°–34.32° (a step size
of 0.01°). Then, the angles of the obtained XRD patterns were converted
through Cu K𝛼 radiation (𝜆 = 1.54178 Å). The Rietveld refinement (Full-
Prof) was conducted to analyze the XRD patterns.[49] The morphology
and microstructures of NM7525 cathode particles were observed at an
accelerated voltage of 15 keV using filed-emission scanning electron mi-
croscopy (FE-SEM; ZEISS GeminiSEM 560) at the National Center for
Inter-university Research Facilities (NCIRF) at Seoul National Univer-
sity. For the cross-sectional SEM analyses, the pristine and cycled elec-
trode materials were prepared by polishing each particle via a cross-
sectional polisher (CP; JEOL Co., Ltd.). High-resolution transmission elec-
tron microscopy (HR-TEM) combined with selected area electron diffrac-
tion (SAED) was conducted to identify the crystal phase of the NM7525
cathode particles using filed-emission transmission electron microscopy
(FE-TEM; JEM-F200, JEOL Co., Ltd.) installed at the Cooperative Center
for Research Facilities (CCRF) at Sungkyunkwan University. To confirm the
atomic ratio of Ni and Mn elements, inductively coupled plasma atomic
emission spectroscopy (ICP-AES) was performed at the National Center
for Inter-university Research Facilities (NCIRF) at Seoul National Univer-
sity. X-ray photoelectron spectroscopy (XPS) measurements were carried
out to investigate the CEI components using an AXIS Supra (Kratos Analyt-
ical) at the National Center for Inter-University Research Facilities (NCIRF)
at Seoul National University. All samples were fitted using the XPSPEAK41
software and calibrated to the binding energy (284.5 eV) of C 1s peak.
Attenuated total reflection-Fourier transform infrared spectroscopy (ATR-
FTIR) was conducted using an IR 4700 spectrometer (JASCO) equipped
with a single reflection ATR kit (ZnSe Crystal Kit) in the scanning range of
600–4000 cm−1 at the Cooperative Center for Research Facilities (CCRF)
at Sungkyunkwan University.

To analyze 3D volumetric data of pristine and cycled cathode electrodes,
serial-section electron tomography was used using a dual-beam focused
ion beam (FIB; Helios 5 HX DualBeam™). Cross-sectional SEM imaging
for the whole scale of secondary cathode particles was performed to ac-
quire 450 images during continuous FIB milling along the depth direc-
tion at a thickness interval of 15 nm. After the experimental acquisition, a
commercial 3D software package (AVIZO, Thermo Fisher Scientific) was
used to stack and align the sectioned images for each sample, allowing
to reconstruct a 3D artificial volume. This reconstructed volume data was
then processed further to perform quantitative image segmentation anal-
ysis, measuring total porosity and spatial distribution of pores and cracks
in the volumes.[24] To enhance local contrast in the fine details of cracks
and pores, a contrast-limited adaptive histogram equalization (CLAHE)
filter was applied to all the images.[26] To reduce probable contamination
during the serial-section imaging process, pretreatment for cleaning was
conducted using Ar plasma for 20 min after loading the samples into the
FIB-SEM chamber. For FIB milling, an accelerating voltage of 30 kV and a
current of 2.4 nA were used. All cross-sectional images by SEM were ob-
tained in backscatter electron (BSE)mode at a low accelerating voltage and
low current of 5 kV and 0.1 nA, respectively, to reduce the effects of artificial
charging. The artificial vertical pattern formed in the SEM images because
of uneven vertical milling, the curtaining effect, was removed by applying
fast Fourier transform (FFT) filtering to the entire SEM image stack. Due to
the low yield of the BSE signal, which results in a poor signal-to-noise ratio,
Gaussian filtering was applied to reduce statistical noise in each SEM BSE
image. Digital segmentation, visualization, and quantification of the pore
structures in the secondary cathode particles were also conducted using
the commercial 3D software package (AVIZO, Thermo Fisher Scientific).
An energy-dispersive X-ray spectrometer (EDX) equipped inside the FIB-
SEM instrument was employed to analyze the elemental distribution of
transition metals on secondary cathode particles before and after cycling.

Computational Details: The theoretical highest occupied and lowest
unoccupied molecular orbital (HOMO and LUMO) energy levels of elec-
trolyte components were identified through the density functional theory

Adv. Funct. Mater. 2025, 35, 2424880 © 2025 Wiley-VCH GmbH2424880 (13 of 15)
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(DFT) calculations Gaussian 16 software package.[50] Following the cal-
culations, spin-unrestricted density functional theory (DFT) was applied
to optimize the molecular structures with no symmetry constraints us-
ing the Becke−Lee−Yang−Parr (B3LYP) hybrid exchange-correlation func-
tional and the triple-zeta valence polarization (TZVP) basis set.[51–56] The
calculated molecular geometries of electrolyte components, such as the
additives and solvents, were constructed using the Avogadro software.[57]

The dielectric constant (ɛ = 21.468) was adopted, corresponding to the
experimental value for the EC/EMC/DMC (2:4:4 vol%) mixture as a com-
monly used electrolyte solvent based on previous studies.[58–60]
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