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The growing demand for high-energy-density lithium batteries necessitates high-areal-capacity
electrodes, typically involving high-mass-loading cathodes. However, achieving high mass-loading
cathodes often leads to challenges such as structural instability and inefficient ion transport. In this
study, a series of ionic soft polymer (ISP) binders have been designed to overcome these limitations. By
modulating the segmental dynamics in the side chains, the ISP binder forms a reversible ion cluster,
significantly enhancing ionic conductivity. Furthermore, electrostatic interactions and hydrogen bonding
within the binder foster a robust network, providing strong adhesion and stability, while minimizing transition
metal dissolution and surface side reactions. The ISP binder also exhibits remarkable self-healing properties
and stretchability, effectively accommodating solvent-drying-induced stress. The designed binder-

Received 31st March 2025, incorporated NCM811 cathodes achieve an impressive areal capacity of 17.9 mA h cm~2 at 86.1 mg cm™2
Accepted 6th June 2025 mass loading. A pouch-type Li metal full cell with a thin Li metal anode (40 pm) delivers a high energy
DOI: 10.1039/d5ee01785h density of 381.1 W h kgeey /10675 W h Lo, including packaging materials. This study demonstrates the

promising potential of ISP binder to enable scalable high-areal-capacity electrodes for high-energy-density
rsc.li/ees lithium batteries with enhanced stability and performance.

Broader context

The global shift toward renewable energy and electric mobility requires advanced lithium batteries with significantly high energy densities. Achieving this goal
necessitates electrodes capable of supporting exceptionally high mass loadings of the active materials. However, the construction of these high-mass-loading
electrodes poses significant challenges, including structural instability, slow ion transport, and rapid performance degradation, hindering their commercial
viability. In this study, we address these critical limitations by engineering an innovative ionic soft polymer (ISP) binder. By precisely regulating the segmental
dynamics of the polymer side chains, this binder facilitates the formation of reversible ion clusters, dramatically enhancing lithium-ion conductivity and
electrode robustness. Moreover, the binder provides mechanical flexibility and self-healing capabilities, effectively preventing structural deterioration caused
by drying-induced stresses and cycling fatigue. The resulting lithium battery electrodes achieve superior energy densities (381.1 W h kgee ™ '/1067.5 W h Leen
(including packaging materials)) and improved cycle life under practical conditions (N/P = 0.6 and E/C = 2.5 g A h™"), demonstrating feasibility for scalable
manufacturing. By overcoming key performance barriers, this approach supports the broader adoption of high-energy-density lithium batteries essential for
accelerating global transitions toward sustainable energy storage and reducing the dependency on fossil fuels.
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Introduction

The ever-growing demand for high-energy-density lithium (Li)
batteries to power electric vehicles, portable electronics, and
grid storage systems has driven relentless advancements in
electrode materials and cell architectures."”> Among these
innovations, the development of high-areal-capacity electrodes
has emerged as a critical strategy for enhancing energy density at
the cell level.>* The development of high-areal-capacity electro-
des requires two key advancements in the design of high-mass-
loading electrode architectures and the selection of cathode
active materials with high specific capacities.>® However, these
advancements face significant challenges, particularly in retain-
ing electrochemical performance, mechanical stability, and long-
term cycling durability.®”

High-mass-loading electrodes increase the active material con-
tent per unit area, reducing the proportion of inactive materials
and ultimately improving the overall energy density.>® However,
fabricating ultrathick cathodes leads to significant mechanical
and electrochemical challenges. An excessive electrode thickness
exacerbates drying-induced capillary stresses, causing films to
crack and delaminate beyond the “critical cracking thickness”,
which compromises the mechanical integrity and adhesion to the
current collector, thereby degrading cell performance.'®'" More-
over, the extended Li" diffusion path in thick electrodes results in
uneven ion transport and sluggish through-thickness reaction
kinetics, restricting active material utilization.'>"> These chal-
lenges are further compounded by mechanical stresses during
repeated cycling, promoting crack formation, delamination, and
subsequent capacity fading. Various alternative fabrication meth-
ods and structural modifications have been explored to address
these issues, including dry processing techniques and advanced
electrode architectures. Dry processing mitigates solvent-induced
capillary stresses but suffers from poor interparticle contact, weak
mechanical cohesion, and limited adhesion to current collectors,
resulting in suboptimal ionic and electronic conductivity.'*'>
Similarly, advanced architectures, such as ice templating, gel
electrolyte-embedded systems, and three-dimensional (3D) print-
ing can improve transport properties but typically require complex
and expensive fabrication processes, limiting their scalability."®™*

Cathode active materials with high specific capacities, par-
ticularly, Ni-rich layered transition metal oxides (e.g., LiNiy g-
Coy.1Mn, ;0,, NCM811), also face severe stability challenges
during cycling.'® Highly reactive Ni** at high states of charge
accelerates interfacial side reactions with liquid electrolytes,
leading to electrolyte decomposition and the formation of a
resistive, non-uniform cathode-electrolyte-interphase (CEI)
layer.”® Additionally, transition metal (TM) dissolution, particu-
larly the reduction of Ni** to Ni**, results in TM deposition on
the anode, increasing cell impedance and accelerating capacity
decay.”" Structural degradation further exacerbates these issues,
as phase transitions from the layered structure to a rock-salt
structure, driven by Ni*" reduction and oxygen release, which
blocks Li* transport and reduces reversible capacity.*® Micro-
cracks that develop during cycling expose fresh surfaces, even
perpetuating interfacial degradation.

This journal is © The Royal Society of Chemistry 2025
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Polymer binders are crucial in stabilizing high-mass-loading
cathodes by reinforcing structural integrity and mitigating
interfacial side reactions.>>”** Previously reported binders, pri-
marily designed for interfacial stability, have demonstrated the
ability to coat NCM811 particles uniformly and chelate dis-
solved TM via hydrogen bonding.>>” However, most reported
polymer binders have overlooked critical properties such as
stretchability, self-healing, and ionic conductivity, which are
essential for stabilizing both the electrode surface and the
inner cathode architecture. The absence of a stable 3D network
and well-defined Li" transport pathways limits their effective-
ness in ultra-thick electrodes, restricting their application in
high-energy-density Li batteries.

Herein, we report the development of a series of ionic soft
polymer (ISP) binders designed to address the critical limitations
of conventional binder systems in high-mass-loading NCM811
cathodes. The binder is designed to regulate the segmental
dynamics of side chains, which facilitates the formation of
reversible electrostatic interactions within the polymer matrix.
Increasing the density of ionic side chains systematically
enhances the ionic conductivity of the ISP. Moreover, the incor-
poration of the reversible interactions and segmental mobility in
the ISP binder enables it to effectively accommodate drying-
induced stresses and mitigate cycling-induced degradation. Elec-
trostatic interactions, coupled with hydrogen bonding, ensure
uniform coverage of active materials with a stable CEI layer that
suppresses undesired side reactions with liquid electrolytes,
mitigating TM dissolution, phase transitions, and intergranular
cracks. The synergistic effects of the ionic and mechanical proper-
ties of the ISP significantly enhance the electrochemical perfor-
mance of NCM811 cathodes and enable the fabrication of high-
areal-capacity electrodes (17.9 mA h ecm ™2 at a mass loading of
86.1 mg cm °) with uniform topologies, surpassing previously
reported binder systems. Moreover, a pouch-type full cell incor-
porating the NCM811 cathodes and a thin Li metal anode (40 pm)
achieves a remarkable energy density of 381.1 W h kgeq '/
1067.5 W h Ly ', including packaging materials. This study
explores the transformative potential of the ISP binder to pave the
way for practical high-energy-density Li batteries using scalable
manufacturing processes.

Results and discussion

The role of polymer binders in the cathode architecture is
illustrated in Fig. 1a. The surfaces of the cathode particles
and current collectors are primarily composed of metal oxides,
necessitating hydrogen bond donor groups in the binder to
ensure strong adhesion. However, the conventional polymer
binder (polyvinylidene fluoride, PVDF) interacts with these
surfaces only through van der Waals forces, leading to an
inconsistent coating and poor structural integrity.>*> This non-
uniform coating can destabilize the cathodes, particularly in
high-mass-loading electrodes, resulting in crack formation
(Fig. 1a inset). However, the ISP binder facilitated a uniform
coating on the cathode materials owing to the hydrogen
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bonding donor groups. Furthermore, the segmental dynamics and
ion cluster of the ISP binder effectively stabilized the electrode
structure even at high-mass-loading (Fig. 1a inset).”® In addition,
the ion cluster within the binder enhances Li* transport, mitigat-
ing ion transport limitations often associated with thick electrodes.
To optimize the synergistic effects between the mechanochemical
and ion conductive properties, lithium-3-sulfopropyl methacrylate
(LSP) and methacryloyl 3,4-dihydroxyl-L-phenylalanine (DOPA)
were randomly copolymerized in various ratios considering their
reactivity, yielding a series of polymers: poly(LSP) (ISP100),
poly(LSP, ¢,-DOPA, 35) (ISP67), poly(LSP,s,-DOPA, 5,) (ISP50),
poly(LSP, 55--DOPA, ;) (ISP33), and poly(DOPA) (ISP0) (Note S1,
ESIY). The chemical compositions and molecular weight distribu-
tions of the copolymers were characterised by nuclear magnetic
resonance (NMR) spectroscopy and gel permeation chromatogra-
phy (GPC) (Fig. S1 and S2, ESIY).

As the electrode fabrication process involves slurry casting
in N-methyl-2-pyrrolidone (NMP), the solubility of the ISPs in
NMP was assessed at a polymer concentration of 5 mg mL ™"
(Fig. S3, ESIT). ISP100 exhibited poor solubility and formed
precipitates, whereas the other ISPs were fully soluble. Therefore,
further investigations were conducted using ISP0O, ISP33, ISP50,
and ISP67.

The incorporation of LSP with long alkyl side chains
increases the free volume within the polymer matrix, as con-
firmed by differential scanning calorimetry (DSC). The series of
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ISPs, except for the ISPO, exhibited low glass transition tem-
peratures (Tg) below 0 °C (Fig. S4, ESIf). In particular, ISP67
with the highest LSP content had the lowest T, (—21 °C),
indicating enhanced chain mobility. Moreover, the presence
of sulfonate in LSP introduces reversible interactions between
the polymers via electrostatic interactions (Fig. S5 and S6, ESIT).
The large free volume and interaction in the polymer matrix
allow for highly stretchable properties, which was confirmed by
the tensile stress-strain (S-S) analysis of free-standing films
(Fig. 1b). ISPO with a relatively high T, (13 °C) exhibited a 90.4%
break of elongation, indicating rigidity. In contrast, ISP67
exhibited extremely high stretchability (817% break of elonga-
tion) compared to the other ISPs. However, its low Young’s
modulus indicates limited mechanical robustness, leading to
reduced structural integrity. ISP33 and ISP50 exhibited 540%
and 731% break of elongation, respectively, while maintaining
a moderate Young’s modulus.

To further investigate the interaction between the polymers,
the rheological properties of the ISPs were analyzed (Fig. 1c).
The storage modulus (G’) represents the elastic properties,
whereas the loss modulus (G”) indicates the viscous properties
of the polymers. The frequency-dependent variation in the
moduli classifies the polymer behavior into different mechan-
ical states (Fig. S7a, ESIt). ISPO and ISP33 exhibited higher G”
than G’ at high angular frequencies (over 1 rad s~ '), transition-
ing from glassy to rubbery states at approximately 1 rad s~ (Fig.
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(a) Illustration of a cathode based on conventional and ISP binders, along with the insets of the optical images of the cathode. (b) The tensile

stress—strain (S—S) curves, (c) the storage (G’) and loss (G”) moduli under angular frequencies, and the (d) segmental relaxation time (z5) at 0.05 rad s+ of
the ISPs. (e) The tensile S-S curves depending on the time (quantitative self-healing), along with insets of optical microscopy (OM) images (qualitative

self-healing) of the ISP50.

7516 | Energy Environ. Sci.,, 2025, 18, 7514-7526

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ee01785h

Open Access Article. Published on 27 June 2025. Downloaded on 6/14/2026 9:36:53 PM.

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

(cc)

Paper

S7b, ESIt). For ISP67, G’ was higher than G” at a high angular
frequency (0.4-10 rad s™'), indicating a predominantly elastic
response. However, G’ was significantly lower than G’ under a
low angular frequency (0.05-0.4 rad s~ '), suggesting an altera-
tion from the rubbery to the terminal region at 0.4 rad s~ '. In
contrast, ISP50 exhibited consistently higher G’ than G” over the
entire angular frequency region (0.05 to 10 rad s~ '), retaining a
stable rubbery state (elastic properties).*®

The segmental relaxation time (t5) of the polymer side
chains was analyzed at 0.05 rad s~ " using eqn (1):>*°

J =G [(n) = /] &y

where J/, G', [n*], , and 1 are the storage compliance, storage
modulus, complex viscosity, angular frequency, and relaxation
time, respectively. The series of ISPs with more LSP showed
shorter 7, indicating more vigorous segmental dynamics
(Fig. 1d and Fig. S8, ESIt). This high segmental motion,
coupled with reversible electrostatic and hydrogen bonding
interactions, contributed to enhanced self-healing properties.*
The self-healing ability was confirmed by qualitative analysis of
optical microscopy (OM) image. The ISPO film retained the
cutting trace after 20 min, whereas the cutting traces in ISP50
and ISP67 disappeared within 200 s. Moreover, to quantitatively
compare self-healing, S-S curves were obtained using the free-
standing films (Fig. 1e and Fig. S9, ESI{). Similar to the OM
images, ISP50 and ISP67 showed extremely fast self-healing
(99.0 and 99.3%, respectively) after 200 s compared with the
original films (Videos S1 and S2, ESIY).

As the ion moieties within the polymer increased, the
formation of ion clusters became more facile (Fig. S5, ESIT).
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The results were similar to the increase in ionic conductivity
(Fig. 2a).>™? ISP50 and ISP67 exhibited ionic conductivities of
1.19 and 0.89 mS cm ™', respectively, outperforming PVDF
(0.0011 mS cm 1) (Fig. 2a and Fig. S10, ESIt). To further assess
ion transport efficiency, temperature-dependent ionic conduc-
tivity was investigated to obtain the activation energy from the
Vogel-Tammann-Fulcher plot (Fig. 2b).** The activation energy
was also consistent with ion-cluster formation. Notably, ISP50
exhibited the lowest activation energy in the series of ISPs,
confirming its high ionic transport properties. For more detail,
the behavior of mobile ions within the polymer was analyzed via
the relaxation frequency (Fig. 2c and d). The difference between
charge (z.) and dielectric (tp) relaxation times indicates the time
required for mobile ions to transport through the polymer
matrix and reach the electrode interface.** It was difficult to
accurately determine the charge relaxation frequency due to the
high ionic conductivity of ISP50 and ISP67 at room temperature
(Fig. S11, ESIf). Therefore, charge and dielectric relaxation
frequencies were evaluated at —40 °C. ISP50 showed a shorter
relaxation time difference (52 ms) than ISP67 (82 ms), indicating
faster ionic mobility (Fig. 2d and Fig. S12, ESIt). Consequently,
the formation of ion clusters contributed to the ionic conductiv-
ity; however, excessive ion-cluster formation was detrimental to
ionic conductivity (Fig. 2e).*®

In addition, the strain-dependent ionic conductivity of the
ISPs was evaluated. When ISPO was subjected to a 20% strain,
the resistance increased 1.3 times compared to its initial state
(Fig. S13a, ESIf). However, its ionic properties deteriorated
under higher strain. ISP33, ISP50, and ISP67 exhibited minimal
change in resistance at 20% strain compared to ISPO and
retained their ionic properties until 100% strain. Resistance
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(a) lonic conductivity of the ISP series and PVDF. (b) lonic conductivity depending on the temperature of the ISP series. (c) Real and imaginary

impedance depending on the frequencies, and the (d) ion migration relaxation time of the ISP series at —40 °C. (e) Schematic diagram of ion clusters in

the ultrathick cathode.
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changes were examined across a range of 0-100% repeated
strains for ISP33, ISP50, and ISP67. The ISPs exhibited a
consistent variation in resistance under repeated strains (Fig.
S13b, ESIf). Considering both mechanical and ionic properties,
ISP50 demonstrated the most desirable characteristics for high-
areal-capacity electrodes.

Leveraging the chemomechanical and ionic properties of
ISP50, the binder was used to fabricate NCM811 cathodes. To
evaluate the binder distribution and electrode homogeneity,
analyses were conducted at the particle, micrometer, and
millimeter scales. At the particle level, transmission electron
microscopy (TEM) revealed a uniform and thin ISP50 binder
layer (~4 nm) coating the NCM811 particles (Fig. 3a). The
formation of ion clusters through the electrostatic interactions
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of LSP, combined with strong hydrogen bonding between the
rich functional groups (ie., catechol, carboxyl, and amine
groups) of DOPA and the oxygen-containing groups on
NCMS811, contributed to the even dispersion of the binder.
These interactions promote tight adhesion and elastic adapt-
ability, ensuring comprehensive particle coverage during slurry
mixing and electrode processing. In contrast, the PVDF binders
exhibited uneven and sporadic aggregation on the NCM811
surface because of their reliance on weak van der Waals
interactions (Fig. 3d).

At the micrometer scale, scanning electron microscopy
(SEM) images revealed that the NCM811 cathode with the
ISP50 binder (denoted as the ISP50 cathode) displayed uni-
formly distributed particles throughout the entire electrode,
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Fig. 3 Transmission electron microscopy (TEM) images of the (a) ISP50 and (d) PVDF binders on an NCM811 particle in the pristine state. Scanning
electron microscopy (SEM) images of the (b) ISP50- and (e) PVDF-based NCM811 cathodes. 3D optical profiler images of the (c) ISP50- and (f) PVDF-
based NCM811 cathodes. (g) 180° peeling test curves of the ISP50- and PVDF-based NCM811 cathodes. (h) The adhesive strength of the NCM811
cathodes at various electrode depths. (i) Adhesive strengths at the cut and peel modes of the NCM811 cathodes.
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whereas the NCM811 cathode with the PVDF binder (denoted
as the PVDF cathode) suffered from non-uniform particle
distribution and agglomeration (Fig. 3b and e). The superior
dispersion in the ISP50 cathodes, combined with the elasticity
and self-healing properties arising from the ion cluster of the
ISP50 binder, minimized microcrack formation caused by
drying-induced stresses, whereas the PVDF cathodes exhibited
noticeable microcracks, undermining mechanical stability. At
the millimeter scale, 3D laser microscopy provided insights
into the surface roughness of the electrodes. ISP50 cathodes
displayed significantly lower height deviations across a
1.0 mm x 1.0 mm area, indicating a smoother and more
uniform electrode surface compared to PVDF cathodes

lon
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(Fig. 3c and f). This surface uniformity correlated with the
superior dispersion properties of the ISP50 binder, further
validating its ability to ensure electrode homogeneity.

The mechanical stability of the electrodes was assessed by a
series of adhesion tests. The 180° peeling test using 3M tape
showed that the ISP50 cathode exhibited an adhesion force
more than five times higher than that of the PVDF cathode
(59 N m ' vs. 11 N m ') owing to the stronger secondary
interactions with the current collector (Fig. 3g). In contrast,
weak van der Waals interactions between PVDF and NCM811
led to inadequate particle adhesion and structural instability.
Given that the 180° peeling test primarily represents the weak-
est interfacial adhesion site where mechanical cracks or
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delamination occurred, the surface and interfacial cutting and
analysis system (SAICAS) was employed to further assess both the
cohesion strength within the cathode composite (cutting mode)
and the adhesion strength to the current collector (peeling mode)
(Fig. S14, ESIT).*® During the cutting mode, which measures the
cohesion strength within the cathode layer, both the PVDF and
ISP50 cathodes initially exhibited similar adhesion near the
surface. However, ISP50 cathodes demonstrated significantly
higher cohesion strength deeper within the composite, averaging
85.0 N m ™', compared to 57.0 N m™ " for PVDF cathodes (Fig. 3h
and i). In the peeling mode, which evaluates adhesion strength to
the current collector, ISP50 cathodes retained a stable and high
adhesion strength of 90.2 N m™", whereas PVDF cathodes exhib-
ited large fluctuations and a much lower average strength of
38.0 N m . These findings confirm that ion-cluster formation
and hydrogen bonding within ISP50 significantly enhance both
the adhesion and cohesion properties, resulting in a structurally
robust and homogeneous electrode architecture. In contrast, the
inhomogeneous PVDF binder distribution and its reliance on
weak van der Waals interactions compromise both adhesion and
cohesion strengths, making it prone to delamination and
mechanical failure. The synergistic effects of the electrostatic
interactions and inter-binder cohesion in ISP50 ensure superior
electrode integrity, making it an ideal binder for high-mass-
loading cathodes in next-generation Li batteries.

The electrochemical stability of the ISP50 binder was eval-
uated using linear sweep voltammetry (LSV). Both the ISP50
and PVDF films exhibited minimal anodic currents below 4.5 V
vs. Li/Li*, with current densities remaining under 2.0 pA cm ™2,
indicating negligible oxidative activity in this voltage range
(Fig. 4a). Notably, the PVDF film showed a significant increase
in oxidation current beyond 5.0 V, reaching approximately 63.0
MA cm” 2 at 5.5 V. In contrast, the ISP50 film retained a much
lower current density of about 7.8 pA cm™ > at 5.5 V, demon-
strating its enhanced oxidative stability. Additionally, during
the high-voltage floating test of the Li||NCM811 cells, the ISP50
cathode consistently demonstrated smaller leakage currents
across all voltages compared to the PVDF cathode, particularly
at 4.8 V (Fig. S15, ESIf). These results confirm the high
electrochemical oxidative stability of the ISP50 binder, which
leads to the enhanced stability of NCM811 under high-voltage
operation.

The electrochemical performance of NCM811 cathodes was
evaluated using coin-type half cells with a high-areal-mass
loading of 22.1 mg cm ? (~4.5 mA h cm ?). The ISP50
cathode exhibited a slightly higher initial discharge capacity
(208 mA h g ') and initial coulombic efficiency (92.2%)
compared to the PVDF cathode (204 mA h g~ and 90.4%).
Additionally, the ISP50 cathode demonstrated a lower over-
potential during the initial charge (3.82 V vs. 3.97 V for PVDF),
which is attributed to the enhanced ionic conductivity and
uniform particle dispersion provided by the ion cluster within
the ISP50 binder (Fig. $16, ESIt).>” The cycling performance of
cathodes was evaluated at 0.5C/0.5C within a voltage window of
2.7-4.3 V. The ISP50 cathode demonstrated stable capacity
retention of 80.1% after 200 cycles, whereas the PVDF cathode
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exhibited a gradual decline in capacity, retaining only 46.9%
after 150 cycles (Fig. 4b). Furthermore, the discharge rate
capabilities of the cathodes were evaluated by varying the
discharge current from 0.2C to 3.0C under a constant charge
current density of 0.2C (Fig. 4c). The ISP50 cathode exhibited
superior rate performance across all rates, reflecting its facile
redox kinetics owing to its ion cluster. To validate the optim-
ality of the 50:50 composition, we conducted comparative
electrochemical tests with ISP33, ISP50, and ISP67 binders
(Fig. S17, ESIY). The ISP50 cathode retained 71.0% of its 0.2C
capacity at 3.0C, outperforming ISP33 (57.3%) and ISP67
(47.6%), owing to its optimized ion cluster facilitating fast Li"
transport. In long-term cycling at 0.5C, ISP50 retained 80.1% of
its initial capacity after 200 cycles, compared to 64.4% (ISP33)
and 69.0% (ISP67). These results, consistent with the polymer
properties in Fig. 1 and 2, confirm ISP50 as the most effective
binder composition.

The galvanostatic intermittent titration technique (GITT) was
conducted after 30 cycles to further elucidate the Li" transport
behavior (Fig S18, ESIT). The cell with the ISP50 cathode exhib-
ited a lower internal resistance (Rinterna)) during charge and
discharge processes, with an average value of 56.5 Q compared
to 135.0 Q for the cell with the PVDF cathode (Fig. 4d). In
addition, the ISP50 cathode achieved higher Li" diffusion coeffi-
cients (Dy;+) over the entire state-of-charge (SOC) and depth-of-
discharge (DOD) ranges. The average Dy; for the ISP50 cathode
was 1.72 x 1077 ecm”® s, nearly an order of magnitude higher
than that of the PVDF cathode (2.73 x 10~® cm® s~ '), indicating
the efficient Li" transport of the ISP50 binder.

The improved ion transport kinetics in the ISP50 cathode
were also demonstrated by the distribution of relaxation time
(DRT) analysis in the Li|NCM811 cell. Herein, the charge
transfer resistance (R at a low frequency (10" < t < 107)
corresponds to the faradaic processes through the electrode
thickness, while the intermediate frequency peak (107! < 1 <
10?) represents the impedance of the SEI (Rgg;).*® To visualize
the energetic trends of R. and Rgg; during cycling, in situ
electrochemical impedance spectroscopy (EIS)-combined with
DRT mapping was performed on the Li|NCM811 cell with
different charge/discharge states (Fig. 4e and f). Compared
with the PVDF cathode, the ISP50 cathode showed significantly
lower R values throughout the cycling. The appearance of
resistance at a shorter relaxation time for the ISP50 cathode
reflects faster Li" kinetics and more efficient electrochemical
reactions. The ionic properties of the ISP50 cathode confirm
that the ion cluster within the ISP50 binder provides highly
conductive pathways for Li" transport and ensures strong
interfacial contact between the active materials and the electro-
Iyte. Furthermore, the synergistic effects of electrostatic inter-
actions and hydrogen bonding reinforced both the structural
and electrochemical stability of the ISP50 cathode, enhancing
its performance in high-mass-loading electrodes.

To investigate the superior cycling performance of the ISP50
cathode, postmortem analysis of the electrodes was conducted
after the cycling test. ICP-MS analysis revealed that the
amounts of metallic Ni, Co, and Mn deposited on the Li metal
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anode paired with the ISP50 cathode were significantly lower
than those deposited on the Li metal anode with the PVDF
cathode (Fig. S19, ESIt). This result was attributed to the
chelating ability of the carboxylate and catechol groups in
DOPA within the ISP50 cathode, as shown in Fig. 1a. These
chelating groups trap TM ions, mitigating metal dissolution in
accordance with Le Chatelier’s principle.*® Additionally, ex situ
EIS analysis showed that the ISP50 cathode retained stable
resistance over 100 cycles, while the PVDF cathode exhibited a
significant increase in resistance after just 10 cycles, indicating
accelerated interfacial degradation and poor cathode stability
(Fig. S20, ESIt). Surface analysis of the cycled cathode using X-
ray photoelectron spectroscopy (XPS) provided further insights
into the superior interfacial properties of the ISP50 cathode.
The C 1s spectra of the ISP50 cathode showed reduced C-O and
C=O0 peaks compared to the PVDF cathode, indicating sup-
pressed electrolyte decomposition due to the uniform coating
provided by the ISP50 binder (Fig. 5a and b).*° In the F 1s
spectra, the PVDF cathode exhibited higher intensities of
Li,PF,0, and LiF peaks, indicating more extensive reactions
between the active material and acidic electrolyte species from
the electrolyte along with LiPFg salt decomposition.*" Further-
more, the O 1s spectra revealed a higher intensity of the TM-O
peak for the PVDF cathode at 528.2 eV, highlighting greater
surface exposure of NCM811 particles, which promotes side
reactions. To further corroborate the composition and depth
distribution of the cathode electrolyte interphase (CEI) layer,
time-of-flight secondary-ion mass spectrometry (TOF-SIMS)
analysis was applied to the cycled NCM811 cathodes. In TOF-
SIMS 3D reconstruction images, the PVDF cathode displayed
that Ni~ fragments were scarcely detected on the NCM811
surface, while high intensities of CEI components such as
LiF,” and CP~ were observed (Fig. 5d). This accumulation of
CEI species represents the formation of a thick uneven CEI
layer from electrolyte decomposition, which hinders Li"
kinetics and contributes to structural degradation. Conversely,
the ISP50 cathode showed a thin, uniform CEI layer with a well-
distributed Ni~ fragment signal and significantly lower CEI-
related fragment intensities, ensuring efficient ion transport
(Fig. 5c). To further confirm the suppression of parasitic
reactions and phase transitions, gas evolution measurements
were conducted using quadrupole mass spectrometry (QMS)
following the formation cycle (Fig. S21, ESIt). The PVDF-based
cell exhibited significantly higher concentrations of ethylene
(from EC decomposition) and oxygen (from lattice oxygen
release), whereas the ISP50-based cell showed markedly
reduced evolution of these gases. This result directly demon-
strates that the uniform and robust ISP50 binder coating
effectively mitigates both electrolyte decomposition and oxygen
release from the NCM811 lattice.

The structural stability of NCM811 cathodes with different
binders was examined using synchrotron-based nano-
computed-tomography (nano-CT) to visualize the morphologi-
cal changes and internal particle cracks at high resolution.
Nano-CT offers a distinct advantage over conventional imaging
methods by enabling the investigation of interior particle
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cracks and subtle structural deformations that are not visible
on the surface.*>** The 3D reconstructed image of the PVDF
cathode revealed abnormal microcracks in the NCM811 parti-
cles (white arrows), whereas the ISP50 cathode retained a stable
particle morphology and structural integrity (Fig. 5e and f).
Similarly, XY-plane transmission X-ray microscopy (TXM)
images showed extensive intergranular microcracks and pores
in the PVDF cathode, whereas the ISP50 cathode exhibited no
noticeable cracks. These results were corroborated by the cross-
sectional SEM images, which revealed severe internal cracks in
the PVDF cathode (Fig. S22, ESIt). The intergranular cracks in
the PVDF cathode are attributed to the inhomogeneous lithia-
tion and delithiation processes, leading to anisotropic volume
changes and mechanical stress accumulation. This stress facil-
itates crack initiation and propagation, particularly along grain
boundaries.***> In contrast, the ISP50 binder provides uniform
coverage and mechanical reinforcement, mitigating stress con-
centrations and preventing crack formation.

Furthermore, scanning transmission electron microscopy
(STEM) with fast Fourier transform (FFT) and electron energy
loss spectroscopy (EELS) analysis provided atomic-level evi-
dence for the ability of the ISP50 binder to mitigate phase
transformation. Notably, the thickening of the phase transfor-
mation layer to the rock-salt phase impedes Li" transport into
the layered structure of the cathode and decreases the Li-
storage capability of the cathode. The ISP50 binder drastically
reduced the phase transformation thickness to 3.9 nm while
retaining the layered structure at site B (Fig. 5g). In contrast, the
PVDF cathode showed a significantly larger phase transforma-
tion region with a thickness of 19.3 nm (Fig. 5h). EELS analysis
confirmed the interfacial stabilization by examining the oxida-
tion states of the TMs (Fig. 5i and j). The energy loss difference
(AE) in the O K-edge spectra, defined as the energy gap between
the main-edge peak (&540 eV) and the pre-edge peak
(~528 eV), revealed that the ISP50 cathode maintained higher
AE values, indicating mitigation of the reduction of the Ni** to
lower valence states (Ni** and Ni**) on the surface.’®"” Addi-
tionally, a distinct O K pre-edge peak appeared at a relatively
low depth for the NCM811 cathode cycled with the ISP50
binder, reflecting lower oxygen loss and a more stable cathode
surface. Moreover, the Ni L;/L, ratio declined more rapidly
from the surface to the bulk in the ISP50 cathode, demonstrat-
ing its ability to suppress Ni*" migration into the Li slabs,
thereby causing rock-salt phase thickening and structural
degradation. These results collectively demonstrate that the
interfacial and structural stability of the ISP50 cathode arises
from the synergistic effects of the electrostatic interactions by
ion clusters, hydrogen bonding, and metal-chelating groups.
These properties effectively suppress TM dissolution, minimize
interfacial side reactions, and mitigate phase transitions,
ensuring enhanced cycling performance and structural integ-
rity of the NCM811 cathodes. The enhanced structural stability
of the ISP50 cathode was further validated by differential
capacity (dQ/dV) analyses, which corresponded to the cycle data
presented in Fig. 4b (Fig. S23, ESIf). The dQ/dV curves of the
ISP50 cathode exhibited minimal changes with no notable peak
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Fig.5 C1s, F 1s, and O 1s XPS spectra of (a) ISP50- and (b) PVDF-based NCM811 cathodes after 100 cycles. 3D visualization of several secondary-ion
fragments on the cathode surface with (c) ISP50 and (d) PVDF binders. Synchrotron-based X-ray nano-tomography images of cycled NCM811 electrodes
from (e) ISP50 and (f) PVDF binders (scale bar = 10 um). STEM images with their FFT patterns for cycled NCM811 cathodes with (g) ISP50 and (h) PVDF
binders. EELS plots in the range of 0-20 nm of cycled NCM811 cathodes for O K-, Co L,, Co Lz, Ni Lz, and Ni L,-edge spectra with (i) ISP50 and (j) PVDF

binders.

shifts throughout the extended cycles, confirming its superior
electrochemical reversibility and particle stability. Conversely,
the PVDF cathode displayed pronounced peak shifts at around
4.2 V (H2-to-H3: hexagonal to hexagonal) and 3.7 V (H1-to-M:
original hexagonal to monoclinic), reflecting significant
polarization from impeded ion transport and structural
deterioration.*®*° To rigorously evaluate the interfacial robust-
ness imparted by the ISP50 binder, cycling performance was

7522 | Energy Environ. Sci., 2025, 18, 7514-7526

examined under more aggressive conditions, including ele-
vated voltages and high temperature (55 °C) operation (Fig.
S24, ESIT). Although the PVDF cathode demonstrated relatively
stable cycling at a cut-off voltage of 4.3 V, severe structural
failures causing short circuits occurred at elevated voltages of
4.5 and 4.7 V within 90 and 60 cycles, respectively. These
failures stemmed from exacerbated electrolyte decomposition,
intensified intergranular cracking, and accelerated side
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reactions under such harsh conditions.?*”°

Remarkably, the
ISP50 cathode retained stable electrochemical cycling across
the entire voltage range (4.3-4.7 V), owing to the robust three-
dimensional polymer network, uniform binder coverage, and
efficient suppression of electrolyte degradation and microstruc-
tural defects. These findings underscore the potential of the
ISP50 binder for stabilizing high-energy-density Li battery
cathodes under practical and demanding operating conditions.

To further demonstrate the practical applicability of
the ISP50 cathodes for high-energy-density Li batteries, Li
metal full cells were assembled by pairing ISP50 cathodes
(22.1 mg cm™? to 86.1 mg cm ™ >) with a fixed Li metal anode
(100 pm ~ 20 mA h cm™?), yielding a range of N/P ratios from
4.6 to 1.1. Owing to the superior ionic properties and structural/
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interface stability of ISP50, the Li metal full cells exhibited a
proportional increase in the areal capacity, retaining stable
voltage profiles across all loadings (Fig. 6a). Cross-sectional
morphologies of the ISP50 cathodes with different mass load-
ings showed a uniform dispersion state, ensuring structural
integrity even at an ultrahigh mass loading of 86.1 mg cm™>
with a thickness of 358 um (Fig. S25, ESIt). Notably, the mass
loading of 86.1 mg cm > (corresponding to 17.9 mA h cm ?)
enabled by the ISP50 far exceeded that of previously reported
cathode binders (Fig. 6b). Additionally, the ISP50 cathodes
retained the specific capacity of NCM811 even at an areal mass
loading of 86.1 mg cm ™ *, whereas PVDF cathodes exhibited
severe cracking delamination, and a sharp capacity fade beyond
37.3 mg cm > (Fig. 6¢). These results underscore the critical
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Fig. 6

(a) Galvanostatic charge/discharge profiles of the cells as a function of the areal capacity of the NCM811 cathodes with the ISP50 binder. (b)

Comparison of the areal capacity (plotted as a function of areal mass loading) between the ISP50 cathode (this work) and previously reported cathodes
containing various binders. (c) Specific gravimetric capacity (C/Mncmsi11) and gravimetric energy density of the cells with different cathode binders. (d)
Cycling performance of the ISP cathodes with different areal mass loadings (0.1C/0.1C for charge and discharge). (e) Cycling performance of the double-
stacked pouch-type full cell with an N/P ratio of 0.69 (0.1C/0.1C for charge and discharge). (f) Comparison of the gravimetric and volumetric energy
densities of the double-stacked pouch-type full cells fabricated in this work and previously reported high-energy-density pouch cells.
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role of the ISP50 binder in maintaining cathode cohesion and
electrochemical integrity under high-mass-loading conditions.
While high-mass-loading electrodes are essential for achieving
high-energy-density cells, prior studies have overlooked the
importance of preserving the specific capacity at increasing
loadings. The ISP50 cathode enabled a steady increase in the
gravimetric energy density, reaching a plateau of 456.1 W h kg™
at an areal mass loading of 86.1 mg cm ™ (calculation details in
Table S1, ESIT). In contrast, PVDF cathodes suffered a gradual
decline in energy density beyond 37.3 mg cm ™2, correlating with
their compromised structural stability.

The cycling stability of the Li metal full cells at varying N/P
ratios was evaluated at 0.1C/0.1C (Fig. 6d). Even at extremely
high mass loadings, full cells with the ISP50 cathodes
achieved 87.7% and 80.0% capacity retention for 63.4 mg cm >
(~12.9 mA h cm ?) and 86.1 mg cm * (~17.9 mA h cm ?),
respectively. In contrast, the PVDF cathode with a relatively low
mass loading of 31.1 mg cm > displayed severe decay after
50 cycles (Fig. S26, ESIf). The stable capacity retention and
electrochemical performance of the ISP50 cathode, even at low
N/P ratios, were attributed to its ion-cluster facilitating efficient Li*
transport, and its uniform coating on NCM811 particles, ensuring
structural integrity through elastic and self-healing properties.
Notably, the ISP50 cathodes above 40.0 mg cm 2 exhibited a
sudden capacity drop around 80 cycles, rather than gradual fading
(Fig. S27, ESIt). To investigate the origin of this failure, the ISP50
cathode with a mass loading of 40.9 mg cm > was recovered,
rinsed, and reassembled in a fresh coin cell with new Li metal and
electrolyte. The reassembled cell exhibited stable cycling perfor-
mance over 90 additional cycles, confirming that the failure was
primarily due to Li metal degradation or electrolyte depletion
rather than cathode deterioration. To examine the practical
limits of the ISP50 binder content, cathodes were fabricated with
2 wt% and 1 wt% binder. The maximum mass loading achievable
without electrode cracking was 40.9 mg cm 2 for 2 wt% and
23.1 mg cm > for the 1 wt% binder (Fig. S28, ESIt). Despite the
reduced binder content, both electrodes displayed stable voltage
profiles and robust cycling performance at 0.2C, indicating that
the electrochemical properties are retained. However, to fabricate
ultrathick cathodes without cracking, 5 wt% ISP50 is preferable.

For commercial applicability, a double-stacked pouch-type
full cell was fabricated, incorporating thick ISP cathodes
(52.3 mg cm™?) paired with a thin Li metal anode (40 pm,
N/P ratio of 0.69) and a controlled E/C ratio of 2.5 g A h™*
(Fig. S29, ESIt). The fabricated pouch cell delivered a capacity
of 277 mA h, achieving a remarkable energy density of
381.1 W h Kkgeey '/1067.5 W h Ly ', including packaging
materials (Table S3, ESIT). This performance places it among
the highest-reported energy densities for pouch-type full cells
compared to the previously reported high-energy-density
pouch-type full cells (Fig. 6f and Table S4, ESIt). The high-
energy-density achieved in this configuration underscores
the advantage of the ISP50 binders in enabling practical,
high-mass-loading cathodes, particularly in Li-metal battery
systems with stringent N/P and E/C ratios. Unlike many pre-
viously reported high-energy-density pouch cells, which require
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advanced electrolyte formulations optimized for Li metal
anodes, the ISP50-based pouch cells achieved stable operation
without electrolyte modifications. This highlights the intrinsic
interfacial stability of the ISP50 binder and further reinforces
its commercial potential. Moreover, the pouch cell retained
92.9% of its energy density after 60 cycles at 0.1C/0.1C (Fig. 6e).
To determine whether the degradation of the pouch cell
originated from the cathode or anode, the ISP50 cathode was
recovered from the pouch cell after 60 cycles, rinsed, and
reassembled in a coin cell with a fresh Li metal and electrolyte.
The recovered cathode maintained stable cycling, confirming
that the degradation stemmed from Li metal instability under
lean-electrolyte (2.5 g A h™") and high-areal-capacity conditions
(~10.5 mA h em™?) (Fig. S30, ESI%). This instability is attrib-
uted to the limited compatibility of the carbonate-based elec-
trolyte, which fails to adequately suppress dendrite formation
or parasitic reactions at the Li metal interface, leading to SEI
thickening and electrolyte depletion. These findings under-
score that while the ISP50 binder offers outstanding cathode
stabilization, further improvements in long-term cycling per-
formance will require integration with Li-stabilizing electrolytes
to fully realize the commercial viability of high-energy-density
Li metal pouch cells.

Conclusions

In this study, we introduced an ionic soft polymer (ISP) binder
designed by regulating the segmental dynamics of polymer side
chains to form ion clusters, enabling the fabrication of high-
areal-capacity electrodes for Li batteries. The ion clusters
enhanced Li" transport throughout the electrode and imparted
self-healing capability and stretchability, effectively accommo-
dating solvent-drying-induced stress. Furthermore, the ISP
binder stabilized the Ni-rich layered cathodes by forming a
uniform and adhesive protective coating with a stable CEI layer,
which suppressed interfacial side reactions, mitigated phase
transitions, and prevented intergranular cracking. This robust
interfacial stabilization minimized transition metal dissolu-
tion, preserved the layered structure of NCM811 and ensured
long-term electrochemical stability during cycling. Leveraging
these ionic and mechanical properties, the ISP enabled the
fabrication of high-mass-loading cathodes with an areal capa-
city of 17.9 mA h cm™? at a mass loading of 86.1 mg cm 2,
substantially outperforming conventional binder systems. The
practical feasibility of the ISP binder was further demonstrated
in a double-stacked pouch-type Li metal full cell, which deliv-
ered an energy density of 381.1 W h kgee” '/1067.5 W h Leeyy
(including packaging materials) while retaining 92.9% energy
retention over 60 cycles, even under stringent N/P (0.69) and E/
C ratios (2.5 g A h™'), without the need for advanced electrolyte
formulations. These findings highlight the scalability and
commercial viability of the ISP binder for fabricating high-
areal-capacity electrodes, offering a practical pathway toward
high-energy-density Li batteries with stable cathode architec-
tures and extended cycle life.
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