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Solvent-free dry-processed electrode (DPE) technology has become a promising platform for the
manufacturing of lithium-ion batteries, offering a low carbon footprint, enhanced energy efficiency, and
cost-effectiveness compared to conventional slurry-based processes. In addition to its process sustainability,
the dry process enables the formation of a distinctive electrode microstructure, characterized by a well-
interconnected pore network, low tortuosity, a broadened active surface area, and improved electron
conduction pathways, which supports high energy density and power performance. Although considerable
laboratory-scale progress has been made, several critical challenges, such as the non-uniform binder
distribution, insufficient mechanical integrity during large-scale manufacturing, and limitations in current
collector compatibility, still hinder the commercialization of DPEs while preserving their microstructural
advantages. Overcoming these barriers requires synergistic innovations in terms of materials design and
process engineering. This review highlights recent advancements in key material components, including
active materials, conductive additives, binders, and current collectors, along with process technologies such

Received 31st December 2025, as powder mixing, kneading, laminating, and calendering, all from the perspective of microstructural
Accepted 20th February 2026 optimization. We discuss how materials innovation can address process limitations and, conversely, how
DOI: 10.1039/d5mh02484f novel process strategies can accommodate material constraints. Finally, this review provides a micro-

structure-centric perspective on the materials and process innovations required for ensuring the scalable
rsc.li/materials-horizons production of high-performance and sustainable DPEs with unique microstructural features.

Wider impact

Owing to the growing interest in gigafactory-scale and sustainable battery manufacturing, dry-processed electrodes (DPEs) have become a promising platform,
eliminating toxic solvents and energy-intensive drying processes. This review highlights recent advances in both materials design and process engineering that
enable the scalable fabrication of DPEs with structurally robust architectures. Unlike conventional slurry-based electrodes, DPEs have distinctive
microstructural features that are not simply determined by the materials or processes alone but are co-shaped through their coupled, bidirectional interplay.
These microstructures critically impact electrode performance and reliability, especially in thick electrodes. By characterizing the DPE manufacturing process
into four key stages—mixing, kneading, laminating, and calendering—the origin of major defects, including non-uniformity, delamination, and heterogeneous
densification, is identified and strategies for mitigating these issues are proposed. This review provides a practical framework linking materials chemistry and
process engineering to microstructure and performance, offering valuable insights for researchers and engineers developing the next generation of high-
performance, scalable, and sustainable electrode manufacturing technologies.

1. Introduction
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battery attributes, particularly energy density, affordability, and
safety, each with stringent and often conflicting requirements.
To fully replace internal-combustion engine vehicles, LIBs must
simultaneously meet performance targets, including high
energy density (>350 Wh kg '), low manufacturing costs
(<100 USD kWh,; '), long-term durability (> 15-year service
life), and high safety under actual operating conditions.*”
These performance demands have driven extensive research
on all major battery components, including cathodes, anodes,
electrolytes, and separators. Traditionally, LIB development has
focused on chemistry-driven materials-level innovation, leading
to remarkable advances in terms of intrinsic electrochemical
properties such as specific capacity, electrochemical stability,
and cycle life.* > While such material-level improvements have
resulted in notable performance gains, it is becoming increas-
ingly evident that cell-level performance is not solely deter-
mined by chemistry alone. Instead, the architecture of
electrodes, including design parameters such as composition,
mass loading, and density, and microstructural features like
component distribution, active surface area, and ion/electron
conduction pathways play decisive roles in translating material
properties into real-world device performance. Consequently,
studies have recently moved beyond materials design to incor-
porate electrode- and cell-level engineering, highlighting the
need for integrated approaches that optimize materials, struc-
tures, and processing in tandem."*"”

Among the various electrode-level strategies, the design of
thick electrodes is gaining increasing attention as a promising
approach for simultaneously reducing the manufacturing cost
per kilowatt-hour (kWh) and enhancing the energy density by
minimizing the relative fractions of inactive components such
as current collectors and separators. For instance, by increasing
the cathode mass loading from 20 mg cm ™~ (roughly equivalent
to a thickness of ~57 um at an electrode density of 3.5 g cm ™)
to 70 mg cm > (~200 um), the proportion of inactive compo-
nents could be reduced from approximately 21% to 6%,
while the gravimetric energy density could be increased from
475 Wh kg™ ' to 541 Wh kg™ (this estimation considered only
the cathode and current collector).'®>° Despite these advan-
tages, conventional wet-processed electrodes (WPEs) face
intrinsic limitations when implemented in thick formats. Sol-
vent evaporation during drying often induces problems such as
carbon-binder domain (CBD) migration and electrode delami-
nation, leading to structural heterogeneity and increased inter-
nal resistance.”’** Additionally, wet processing depends on
energy-intensive drying and toxic solvent recovery systems (e.g:,
N-methyl-2-pyrrolidone, NMP), thereby increasing both manu-
facturing costs and environmental burdens.

To overcome these limitations, dry-processed thick electro-
des, which eliminate the need for solvents and the associated
drying and recovery processes, have been adopted. By avoiding
solvent-related emissions and substantially lowering energy
consumption, dry-processed electrodes (DPEs) offer a signifi-
cantly reduced carbon footprint.>*

While dry process techniques provide distinct advantages,
the comprehensive understanding of how materials selection
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and processing strategies co-shape the electrode microstructure
in DPEs remains limited. This review critically examines recent
advances in DPE technology by integrating materials innova-
tion and process engineering within a microstructure-centric
framework. This approach underscores the bi-directional inter-
play between materials and processes, highlighting how tar-
geted materials design can mitigate the intrinsic limitations of
processes, and, conversely, how advanced processing strategies
can accommodate material constraints.

Key electrode components, including active materials, con-
ductive additives, binders, and current collectors, are system-
atically discussed, alongside critical processing steps such as
powder mixing, kneading, laminating, and calendering, with
particular emphasis on how materials innovation and proces-
sing strategies result in microstructure evolution in DPEs.
Furthermore, polytetrafluoroethylene (PTFE)-based binder sys-
tems, which continue to play a central role in DPE manufactur-
ing, are examined, alongside emerging alternatives that present
new opportunities for microstructural control and functional
enhancement in DPEs. Ultimately, this review provides a uni-
fied, microstructure-driven perspective that bridges materials
chemistry with process design, offering critical insights into the
scalable manufacturing of high-performance, cost-effective,
and environmentally sustainable DPEs.

2. Advantages and manufacturing
methods of dry-processed electrodes

2.1. Advantages of the dry process, compared to the
conventional slurry-based wet process

2.1.1. Environmental sustainability and cost-effectiveness.
Fig. 1a schematically illustrates the conventional slurry-based
wet electrode manufacturing process, which typically involves
four main steps: (1) slurry mixing, (2) slurry coating, (3) drying,
and (4) calendering. A solvent recovery system is also required
to regenerate toxic organic solvents such as NMP, which are
widely used in cathode slurries. In commercial-scale produc-
tion, the drying process and recovery step are particularly
energy-intensive, accounting for 46.84% of the total energy
consumed for full-cell manufacturing. To precisely control the
drying temperature and solvent evaporation rate, a multi-zone
drying system is employed, often extending over 100 m and
consisting of dozens of sequential convection ovens regulated
at temperatures ranging from tens to several hundreds of
degree Celsius.>*® To recover evaporated NMP, large-scale
purification units incorporating multi-stage distillation col-
umns are used. Notably, such recovery systems consume up
to 230 kW for operating blowers and exhaust fans alone.
Moreover, the energy required to recover 1 kg of NMP can
reach about 10 kWh, approximately 45 times higher than the
latent heat of vaporization for pure NMP, owing to the need to
heat and circulate large volumes of air to prevent explosion
hazards.?””*® This combination of extensive drying infrastruc-
ture and energy-demanding solvent recovery increases both the
capital expenditure (CAPEX) and operational expenditure
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(OPEX), contributing to the total manufacturing cost and
carbon footprint of WPEs. In contrast, DPEs, shown schemati-
cally in Fig. 1b, eliminate the need to use solvents and the
associated drying and recovery stages altogether. For instance,
PTFE-based DPEs use the fibrillation behavior of PTFE under
shear stress, enabling a streamlined fabrication route consist-
ing of (1) powder mixing, (2) kneading, (3) sheet forming, and
(4) laminating and calendering.”*" This approach eliminates the
need for drying and solvent recovery and reduces the overall
process complexity. Consequently, DPEs can reduce the number
of equipment units required by up to 30% and decrease both
CAPEX and OPEX by approximately 20%. Moreover, by removing
the drying bottleneck, the speed of electrode coating can be
increased by up to 20%. From a sustainability perspective, conven-
tional WPE production emits approximately 2.3 kg CO, per kWh of
electrode capacity, whereas the dry process has been reported to
reduce these emissions by up to 60% (Fig. 1c and d).>**>7¢

2.1.2. Electrode microstructure. The electrochemical per-
formance of LIBs is governed not only by the intrinsic proper-
ties of the constituent materials but also by the microstructure
of the electrodes. Critical microstructural features include the
spatial distribution and morphology of each component, inter-
facial contact between active materials and CBDs, effective
surface area for interfacial electrochemical reactions, tortuosity
of ion percolation pathways, and continuity of electronic con-
duction networks. These features collectively determine key
performance metrics such as rate capability, cycle life, energy
density, and safety.'®*>*”7*° Notably, by eliminating solvent
usage and the drying step, DPEs offer distinct advantages in
terms of electrode microstructure, compared to WPEs. As
shown in Fig. 1e, the drying process in WPEs often causes
CBD migration, resulting in the formation of non-uniform
CBDs, especially in the thickness direction. These bulky CBD
agglomerates obstruct lithium-ion pathways and increase tor-
tuosity, thereby impeding ion transport and worsening rate
performance.®™*? In contrast, DPEs with PTFE binders benefit
from the polymer’s fibrillation under shear during overall
mixing processes, which form a continuous fibrillar network.
This network minimizes pore blockage, facilitating the estab-
lishment of well-connected lithium-ion conduction pathways
and improving rate capability."> Remarkably, this fibril network
enables the fabrication of self-standing electrodes with binder
contents as low as 1 wt%, significantly reducing the proportion of
electrochemically inactive components and improving the overall
energy density. Moreover, in thick electrodes, WPEs are more
susceptible to structural inhomogeneities such as edge elevation
(in-plane non-uniformity), through-plane CBD migration, and
drying-induced cracking or delamination. These issues are inher-
ently mitigated in DPEs, owing to their solvent-free fabrication.
Therefore, DPEs are particularly well-suited for the construction of
thick, high-loading electrodes, offering superior microstructural
uniformity and mechanical stability.°

2.2. Typical manufacturing methods for dry-processed electrodes

Various manufacturing methods have been developed for DPEs,
including PTFE-fibrillation-based methods (Maxwell technology),****
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powder hot pressing,*>*® melting extrusion, vapor
deposition,*® dry-spray deposition,’*>> and 3D printing.”?
Among these, Maxwell/PTFE fibrillation, melting extrusion,
and spray deposition demonstrate the highest technological
maturity and scalability, especially in terms of roll-to-roll (R2R)
compatibility and industrial applicability. Fig. 1f provides a
comparative schematic overview of these representative dry
fabrication methods.

2.2.1. Maxwell/PTFE fibrillation. The PTFE-fibrillation-
based (Maxwell) method is the most widely implemented
strategy for DPE fabrication, with successful demonstrations
ranging from lab-scale prototyping to commercial mass
production.”®*" This method utilizes the unique fibrillating
behavior of PTFE under mechanical shear stress to create an
interconnected fibrous binder network that physically entan-
gles and binds active materials and conductive additives with-
out requiring solvents.>* First, PTFE powder, active material,
and a conductive additive undergo dry mixing to ensure a
uniform distribution. Commonly used equipment for this step
includes planetary mixers, ball mills, or high-energy shear
Subsequently, the blended powder is fed into a
kneader, where the PTFE undergoes fibrillation. Key processing
parameters, including the shear rate, temperature, and knead-
ing time, must be strictly controlled to ensure the formation of
a robust 3D PTEE fibrillar network.”>® The resulting dough-
like composite or partially formed dry sheet is then laminated
onto a current collector (typically primer-layer-coated Cu or Al
foil). Final densification is achieved through additional roll
pressing and calendering, during which time the electrode
thickness, density, and mass loading can be precisely con-
trolled. Notably, this method enables the fabrication of free-
standing or ultra-thick electrodes with high mechanical integ-
rity even at binder contents below 1 wt%, offering remarkable
advantages for high-energy-density designs.">”

2.2.2. Melting extrusion. In the melting extrusion method,
a mixture of thermoplastic polymer binders, active materials,
and conductive additives is processed through a heated
extruder.?”*®>® Inside the extruder, the polymer binder melts,
binds the powder constituents, and simultaneously undergoes
mixing and shear-induced homogenization. Typical thermo-
plastic binders, such as polyvinylidene fluoride (PVdF),*®
poly(vinylidene fluoride-co-hexafluoropropylene) (PVdF-HFP),
poly(ethylene oxide) (PEO),>® polypropylene (PP),°° paraffin
wax, and polyaniline,®" can be used in the melting extrusion
technique. After extrusion, the composite is formed into sheets
via hot pressing and then laminated onto a current collector
and calendered. This technique is particularly suitable for
applications requiring a higher binder content, such as
mechanically flexible architecture. However, melting extrusion
poses challenges for conventional LIB electrodes that require a
low binder content (<2 wt%). At such low loadings, achieving a
uniform binder distribution and sufficient mechanical adhe-
sion by employing the melting-extrusion method is difficult.
Therefore, precise control over the binder particle size, shear
rate, extrusion temperature, and residence time is essential for
ensuring good processability and performance.®*

mixers.>°
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Fig. 1 Schematic illustration of (a) the conventional slurry-based wet process and (b) the dry process for manufacturing LIB electrodes. Radar plots
comparing key manufacturing metrics—required equipment, OPEX, CAPEX, coating speed, and carbon emission (each metric normalized to 100% for the
wet process)—for (c) the wet process and (d) the dry process. (e) Representative microstructural features and advantages of DPEs over WPEs.
(f) Schematic overview, radar plots of the technical features (scalability, technological maturity, electrode thickness, and electrode density (E.D.)), and
historical development of typical manufacturing methods for DPEs.
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2.2.3. Spray deposition. Spray deposition involves forming
DPEs by delivering granulated dry powder blends (typically
containing active material, binder, and conductive additive)
onto a current collector surface via an air- or gas-driven spray
3051 Flectrostatic spraying techniques can be used to
improve deposition uniformity and adhesion.*® Following
deposition, the electrode undergoes hot-roll pressing to melt
or fuse the binder (e.g., thermoplastic or wax-type binders),
followed by calendering for further densification and adhesion
enhancement. In some cases, post-deposition curing steps,
such as thermal annealing or UV crosslinking, may be intro-
duced to enhance the mechanical robustness and cohesion of
the electrode layer.®* This method is highly compatible with
R2R production lines owing to its continuous and scalable
nature. However, it presents considerable challenges related
to the precise control of powder-granule morphology, flow
behavior, spray uniformity, and layer thickness.** These diffi-
culties can result in uneven mass loading, poor adhesion, or

nozzle.

Processes

Microstructural
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inconsistent porosity across the electrode width. Fig. 1f sum-
marizes the historical evolution and technological progress of
the three core DPE manufacturing methods. For each, repre-
sentative milestones including pioneering studies, subsequent
process optimization, and recent advancements toward R2R
implementation and commercial-scale deployment are pre-
sented. To facilitate a rapid and practical comparison of DPE
manufacturing methods, we additionally include a radar chart
technical summary in Fig. 1f, highlighting their relative scal-
ability, technological maturity, achievable electrode thickness,
and energy density potential based on previous literature
Studies'31,152,153

2.3. Materials- and process-driven dry-processed electrode
engineering

As summarized in Fig. 2, several types of microstructural defects
can be observed in DPEs, including (1) non-uniformity, (2)
delamination, and (3) heterogeneous densification accompanied
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Fig. 2 Microstructural challenges in DPE manufacturing and the interplay between manufacturing processes and materials design.
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by crack formation. These issues arise from the complex interplay
between processing conditions and material properties. For
instance, a non-uniform distribution of components may result
from improper shear conditions during mixing and kneading,
while also being strongly affected by the particle size, morphology,
surface chemistry, and thermodynamic properties of the active
materials, conductive additives, and binders. This review dissects
the DPE manufacturing process step-wise, including the mixing,
kneading, laminating, and calendering processes, and critically
examines the microstructural challenges that arise at each stage.
We then discuss both process-level modifications and material-
level innovations proposed in recent studies to mitigate these
issues.

3. Challenges and strategies for
scalable dry-processed electrode
manufacturing

PTFE-based DPEs are typically dry-mixed and fibrillated before
lamination and calendering.***>®® Dry powder mixing strongly
affects the microstructure of the resulting powder mixture, thus
greatly influencing the electrochemical performance and
mechanical integrity of the electrode. Owing to the absence of
a dispersing solvent, achieving a homogeneous distribution of
electrode components at the microscale remains a critical
challenge in dry processing. Moreover, the shear-induced fibril-
lation of PTFE under mechanical mixing conditions contri-
butes to the formation of a fibrous binder network that
enhances mechanical robustness but requires a careful opti-
mization of processing parameters. Finally, because of the
hydrophobic nature of PTFE, an optimized lamination strategy
is required to address interfacial adhesion issues, while careful
control of calendering conditions is essential for mitigating
particle microcracking in thick electrodes. The following sec-
tions systematically discuss recent strategies involving materi-
als modification and processing control, to overcome the
inherent challenges of each step.

3.1. Powder mixing process

The powder mixing process is an important step for ensuring
uniform dispersion of active materials, conductive additives,
and binders. This process must be achieved through mechan-
ical mixing, as the dispersant-assisted wet dispersion of con-
ductive additives is not employed.®®® In terms of material
properties, carbon additives are inherently highly likely to
agglomerate owing to the presence of van der Waals and n-n
interactions as well as because of their high surface energy,
making effective dispersion particularly challenging.>””%”*

Oh et al.’® reported the effects of various carbon additives on
DPEs. Carbon nanotubes (CNTs) exhibited intrinsically high
electrical conductivity (~200 S cm '), approximately 100 times
higher than that of conventional carbon black (Super P:
~29.6 S cm™ ', Ketjen black: ~23.2 S cm™"). However, despite
this superior intrinsic conductivity, their electrode-level advan-
tage was substantially diminished due to poor dispersion of
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CNTs under physical mixing conditions. In contrast, conven-
tional carbon black, despite its inherent tendency toward
aggregation, showed comparatively more homogeneous disper-
sion than CNTs owing to its 0D morphological properties. To
exploit their intrinsically high electrical conductivity and
fibrous morphology, recent efforts focused on achieving homo-
geneous CNT dispersion, which enables the formation of a
percolated electronic network."****® Accordingly, the surface
modification strategies have been introduced, offering two key
advantages: (1) reducing interparticle agglomeration; the sur-
face functionalization introduces polar functional groups that
weaken van der Waals attraction™”'*® and (2) improving
interfacial interactions with active materials due to hydrogen
bonding and dipole-dipole interactions between active materi-
als and carbon additive surfaces.®” However, most functionali-
zation approaches rely on acid-based treatments, which often
induce buckypaper-like structures, as CNTs inevitably undergo
re-bundling during drying due to capillary forces, thereby
limiting their dispersibility.’>>*®® This limitation becomes
more pronounced during dry mixing, as even high shear stress
is insufficient to disrupt re-bundled CNTs, ultimately hindering
uniform CNT distribution. To mitigate the intrinsic limitations
of carbon materials, Kim et al.”? introduced ozone-treated CNTs
as shown in Fig. 3a. Conventional CNT functionalization is
typically achieved using strong liquid-phase oxidants to gener-
ate surface functional groups. However, such an approach often
causes severe damage to the sp” carbon framework, leading to
deterioration of electronic conductivity. In addition, acid-based
mixing generally results in the formation of rigid buckypaper
structures, making it unsuitable for dry processes. Contrast-
ingly, ozone treatment not only preserves the initial fluffy
powdery texture of CNTs but also introduces oxygen-
containing functional groups, such as hydroxyl, carbonyl, and
carboxylic-acid groups, onto the surface. X-ray microscopy
(XRM) analysis revealed that, after pressing, an ozone-treated
single-walled CNT (O-SWCNT) electrode with NCM-based cath-
ode active materials maintained a porosity of 13.89%, whereas
a Super P-NCM (SP) electrode retained a higher porosity of
20.90%. This difference was attributed to the partial aggrega-
tion of Super P particles, even under the application of high
shear forces during calendering. As an alternative strategy, the
pre-dispersion of carbon materials has been achieved by coat-
ing the active materials, rather than by directly modifying the
carbon materials themselves.””*>” Koo et al.®” reported a
uniform wrapping of a multi-walled CNT (MWCNT) on single-
crystalline NCA (SC-NCA) cathode active materials, in which an
anti-solvent-induced salt-out effect was employed to trigger
MWCNT precipitation (Fig. 3b). In comparison, a conventional
WPE containing 2 wt% carbon black (CB-wet) exhibited a highly
non-uniform distribution of conductive additives relative to a
DPE incorporating CNTs (CNT-Dry). This inhomogeneous con-
ductive network resulted in the degradation of the electronic
percolation pathway and, consequently, higher local resistance,
as was clearly visualized using 2D scanning spreading resis-
tance microscopy (2D-SSRM). Furthermore, 3D digital twin
structural analysis revealed that the effective electronic

This journal is © The Royal Society of Chemistry 2026
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conductivity (o5 .sr) of a CNT-DPE was approximately 3.1 times
higher than that of a CB-WPE, while the tortuosity of the
electronic transport pathways was reduced by 36%. By pre-
dispersing an MWCNT directly onto the cathode active mate-
rial, CNT agglomeration was effectively mitigated, leading to a
highly uniform carbon distribution. Consequently, both
lithium-ion and electronic transport processes were signifi-
cantly enhanced, allowing an exceptionally high active material
fraction of up to 99.6 wt% within the electrode and achieving a
high electrode density of 4.0 g cm™>. Moreover, Linh et al.”
proposed a facile pre-dispersion strategy using polyvinylpyrro-
lidone (PVP), a cost-effective and widely used polymeric dis-
persant, to facilitate homogeneous MWCNT dispersion
(Fig. 3c). The PVP macromolecular chains absorbed onto the
MWCNT surfaces, preventing aggregation and forming a stable
dispersion in ethanol before electrode fabrication. The authors
achieved a well-distributed conductive network that promoted

This journal is © The Royal Society of Chemistry 2026

effective electronic percolation in the electrode. Accordingly,
PVP-MWCNT DPEs (PCDPEs) with areal capacities of 8 and
10 mAh cm™? exhibited markedly higher discharge capacity
and improved capacity retention than those of MWCNT-only
DPEs (CDPEs), highlighting the advantages of enhanced con-
ductive network formation in thick electrodes.

However, the above-mentioned strategies have primarily
focused on carbon additives only, whereas achieving a uniform
distribution of both carbon additives and binders remains a
critical design consideration. Because PTFE is electrically insu-
lating, its inhomogeneous dispersion can induce not only a
heterogeneous current density but also deterioration of the
mechanical integrity of the electrode structure.”>”” Accord-
ingly, the spatial distribution of the CBD plays a decisive role
in determining both the electronic percolation network and the
mechanical robustness of the electrode, thus significantly
influencing the overall electrochemical performance.*'>*7%
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Yoon et al.”® reported a wet-chemical process using thioglycolic
acid to synthesize a PTFE-nanoparticle-anchored reduced gra-
phene oxide (rGO@PTFE) composite (Fig. 3d). Owing to the
presence of anchored PTFE nanoparticles, the rGO@PTFE
composite effectively suppressed restacking of rGO sheets,
mitigated aggregation, and promoted enhanced nanofibrilla-
tion behavior. As a result, the rGO@PTFE-based ultra-thick
cathode (G@P_TC) exhibited a high lithium-ion transference
number of 0.73, whereas the Super P-PTFE-based thick cathode
(S-P_TC) showed a substantially lower value of 0.43. The
improved lithium-ion transport in G@P_TC effectively alle-
viated concentration polarization in thick electrodes, enabling
a more uniform ionic flux throughout the electrode. In addi-
tion, G@P_TC delivered superior electrochemical performance,
achieving a maximum areal capacity of 15.2 mAh cm 2 and a
volumetric capacity of 563 mAh cm?, respectively, along with
excellent rate capability and cycling stability.

In conclusion, achieving a homogeneous dispersion of
inactive materials is critically important, as it determines
the electrode microstructure and cell performance. To
facilitate a systematic comparison, Table 1 summarizes various
strategies for achieving a uniform dispersion of inactive com-
ponents, including conductive carbon additives and
binders.>”¢>7277479°81 This comparison provides insights into
how the targeted modification of inactive materials can pro-
mote uniform mixing behavior, thereby facilitating the scalable
fabrication of thick DPEs.

3.2. Kneading process

Kneading is an essential step for PTFE-based DPE processing,
as it induces PTFE fibrillation. Apart from ensuring the homo-
geneous distribution of PTFE, the degree of fibrillation strongly
determines the electrode microstructure and mechanical prop-
erties, thus considerably influencing electrochemical
performance.®>#* Therefore, from both the perspectives of
the intrinsic PTFE properties and processing conditions, sys-
tematic studies are required to elucidate how PTFE fibrillation
evolves and how the resulting changes influence electrochemi-
cal behavior.

Lee et al.”® systematically investigated the mechanical and
electrochemical properties of electrodes with respect to the
particle size of PTFE (Fig. 4a). Pristine PTFE (PTFE(L)) exhibited
an average particle size of 492.31 um, which decreased to
87.73 um after 8 cycles of cryogenic freezer milling (CFM,
PTFE(M)), and further to 6.44 pm after 16 CFM cycles
(PTFE(S)). DPEs fabricated using PTFE with different particle
sizes were evaluated using a surface and interfacial cutting
analysis system (SAICAS) to assess interfacial adhesion, reveal-
ing distinct differences in adhesion behavior between PTFE(L)
and PTFE(S) under both vertical and horizontal stresses at a
75% depth. Electrochemical impedance spectroscopy (EIS)
analysis further demonstrated that decreasing the PTFE parti-
cle size led to reduced charge transport resistance, resulting in
enhanced ionic and electronic conductivity. This improvement
was attributed to the minimized contact area of the inherently
insulating PTFE when employing smaller particles, which
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facilitated more efficient charge transport within the electrode.
As shown in Fig. 4b, Lee et al.®® investigated how molecular
weight (My) influences the PTFE binder’s fibrillation behavior.
Compared with low-My, PTFE (PTFE(L)), high-M,y PTFE
(PTFE(H)) exhibited a lower degree of agglomeration and a
more uniform fibrous morphology. This behavior stemmed
from the sufficiently long polymer chains of PTFE(H), which
could sustain and propagate fibril formation, thereby promot-
ing effective fibrillation. Consequently, PTFE(H) showed super-
ior fibrillation behavior and a more homogeneous distribution
within the electrode. Composite cathode electrodes incorporat-
ing PTFE(H) not only exhibited lower electronic resistance but
also demonstrated enhanced adhesion strength. Accordingly,
an all-solid-state Li-In/LPSCI/NCM cell employing PTFE(H)
delivered a high discharge capacity of 209.7 mAh g~ ' and
exhibited excellent cycling retention of 97.4% after 300 cycles,
even at a high mass loading of 22.5 mg cm . Furthermore, Lee
et al.® tuned the degree of crystallinity of PTFE by heating it to
200 °C and then varied the cooling rate between 2 and 15 °C
min . Thereafter, they applied crystallinity- controlled PTFE to
compose cathode electrodes for all-solid-state batteries. The
prepared PTFE samples with different crystallinities were char-
acterized using X-ray diffraction (XRD), which confirmed the
presence of amorphous (A-PTFE), semi-crystalline (SC-PTEF,
conventional PTFE), and highly crystalline states (C-PTFE).
Stress-strain measurements revealed that A-PTFE resulted in
an increased mechanical strength; this enhanced strength
effectively mitigated interparticle contact loss within the elec-
trode. In electrochemical evaluations, a C-PTFE adopted NCM
cathode electrode exhibited a high initial discharge capacity of
171 mAh g ' and maintained a high capacity retention of
84.1% after 200 cycles. In summary, the intrinsic properties
of PTFE, including its My, particle size, and crystallinity, are
critical in governing the degree of fibrillation and, conse-
quently, the electrochemical performance.

From a processing perspective, the degree of fibrillation
varies with kneading parameters such as kneading time, tem-
perature, and feeding steps, thus influencing both the mechan-
ical integrity of electrodes and the ion percolation pathways. Oh
et al.>® reported that the fibrillation morphology evolved mark-
edly with kneading time (Fig. 4c). During the initial 5 min of
kneading, fibrillation was initiated, while nearly complete
fibrillation was achieved at 20 min. In contrast, prolonged
kneading for 60 min resulted in an over-kneaded state, in
which the fibrils were fractured, leading to a loss of mechanical
integrity within the mixer. For F-104 and F-208 binders,
although their intrinsic material properties, such as particle
size, bulk density, and specific gravity, were comparable, their
extrusion ratios differed significantly, ranging from 36 to 1500.
During kneading, F-104, which had a lower extrusion ratio,
exhibited a higher kneading torque than F-208. These observa-
tions highlight the fact that the optimal kneading process must
be carefully tailored to the intrinsic properties of the PTFE
binder. Moreover, Kim et al. reported that temperature is a
critical processing factor during PTFE kneading (Fig. 4d).””
When fibrillation was conducted at 30 °C, insufficient

This journal is © The Royal Society of Chemistry 2026
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(a) SEM images (top) and particle size distribution (bottom) of cryo-pulverized PTFE powders. Reproduced with permission from ref. 76. Copyright

2024, Elsevier B.V. (b) Processing schematic of the solid electrolyte sheet formation (top). SEM image (middle) and a predictive fibrillation model for
different molecular weights (bottom). Reproduced with permission from ref. 85. Copyright 2024, Elsevier B.V. (c) Schematic illustration of the
morphological changes of the PTFE binder with kneading time (top), corresponding SEM images (middle), and kneading torque profiles (bottom).
Reproduced with permission from ref. 55. Copyright 2024, Elsevier B.V. (d) Storage modulus of PTFE at different temperatures (top) and corresponding
SEM images (bottom). Reproduced with permission from ref. 77. Copyright 2024, Wiley-VCH GmbH. (e) Schematic illustration of the multi-step fibrillation
process (left) and SEM images of rope- and fiber-like PTFE morphologies at different feeding times (right). Reproduced with permission from ref. 88.
Copyright 2025, The Royal Society of Chemistry.

fibrillation occurred, resulting in PTFE remaining largely in a
virgin-like morphology and exhibiting a low tensile strength of
0.43 MPa. In contrast, kneading at 80 °C led to a well-
developed, fully fibrous PTFE morphology, accompanied by a
significant increase in tensile strength to approximately 0.85
MPa. When the kneading temperature was increased to 135 °C,

This journal is © The Royal Society of Chemistry 2026

which exceeds the glass transition temperature (Tg) of PTFE,
the fibrils tended to coalesce into film-like structures, indicat-
ing excessive softening. Notably, fibrillation at an optimized
temperature of 80 °C resulted in a more homogeneous distri-
bution of PTFE and conductive additives, thereby facilitating
continuous ion and electron transport pathways, which, in
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turn, reduced the ionic resistance (Rjon) and charge transfer
resistance (R.). Lee et al.®’ comprehensively investigated the
effects of PTFE processing on tensile stress and ionic conduc-
tivity during the fabrication of solid electrolyte sheets. As the
number of calendering loops increased, the tensile stress
increased, whereas the ionic conductivity remained at compar-
able levels. Furthermore, similar tensile stresses were observed
at uniaxial (perpendicular to the fibrillation direction) and
biaxial fibrillation directions. However, when the uniaxial
fibrillation was aligned parallel to the fibrillation direction, a
lower tensile strength was attained. This degradation was
attributed to the aggregation of 1D PTFE fibers. In contrast,
biaxial fibrillation resulted in a random distribution of fibers,
leading to an improved tensile strength. As an alternative
strategy for achieving uniform fibrillation, Lee et al.®® intro-
duced a dual-fibrous DPE fabrication method in which multi-
step kneading and grinding were performed as shown in
Fig. 4e. This multistep grinding-kneading process enabled
the uniform distribution of two types of PTFE fibers—yarn-
like thin fibers and rope-like thick fibers—resulting in homo-
geneous microstructures at both the macroscopic and micro-
scopic scales and leading to an enhanced electrochemical
performance. The rope-like fibers improved the mechanical
strength by reducing the edge roughness and enhancing the
cohesion and adhesion within the electrode.

In summary, the selection of intrinsic material properties
of the PTFE binder, together with the fibrillation processing
conditions, governs the mechanical integrity and the
ionic and electronic pathways of electrodes. Therefore, beyond
carefully selecting PTFE binder properties, the optimization
of fibrillation processes is essential for scalable DPE
fabrication.

3.3. Laminating process

The laminating process provides sufficient adhesion between
an electrode layer and a metallic current collector, thereby
ensuring the mechanical integrity of the electrode. However,
in PTFE-based DPEs, the bonding strength with metallic cur-
rent collectors is limited; instead, interfacial adhesion is domi-
nated by limited mechanical interlocking.***" In addition,
PTFE exhibits a low surface energy of approximately 18 mN
m ™', whereas aluminum (Al) current collectors have signifi-
cantly higher surface energies of approximately 40 mN m™~".°%%
This noticeable difference in surface energy leads to a reduced
work of adhesion at the electrode-current collector interface,
further worsening the interfacial adhesion strength.”* > More-
over, the interfacial adhesion between the electrode and the
current collector is characterized by localized point-to-point
contact, as PTFE provides binding through fibrillation. The
effective contact area is severely limited, leading to inherently
low interfacial adhesion strength. Addressing the weak inter-
facial adhesion, therefore, necessitates the development of
advanced current collector designs and surface modification
strategies.

3.3.1. Current collectors. Current collectors in WPEs have
been extensively studied to enhance their wettability toward
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electrode slurries and binders, enhance tensile strength,
increase corrosion resistance, and reduce contact
resistance.'®°¢°° However, despite their critical role, the func-
tion and design of current collectors in DPEs have received
comparatively limited attention. Wang et al.'® systematically
investigated three different types of current collectors and
evaluated their effects on electronic conductivity and interfacial
adhesion (Fig. 5a). They found that higher interfacial adhesion
led to improved electronic conductivity, and this conductivity
varied depending on the type of current collector. Traditional Al
current collectors (TACCs), which have a relatively smooth
surface, exhibit weak interfacial adhesion. In contrast, etched
Al current collectors (EACCs) feature a honeycomb-like struc-
ture with submicron-sized pores that can accommodate active
materials, resulting in moderately enhanced adhesion. Porous-
carbon-coated Al current collectors (PACCs) not only exhibit
high electronic conductivity but also provide strong interfacial
adhesion. A 180° peel test revealed a pronounced dependence
of interfacial adhesion on the type of current collector. The
TACC exhibited a low peel strength of approximately 0.28 N,
whereas the EACC showed a moderate value of ~6.88 N, and
the PACC achieved the highest peel strength (25.42 N). This
phenomenon was attributed to the roughness of the surface
structures, which effectively increased the interfacial contact
area. The enhanced interfacial adhesion led to improved elec-
tronic conductivity, with the PACC exhibiting higher conduc-
tivity (0.83 S m™') compared to the TACC (0.25 S m ).
Furthermore, galvanostatic intermittent titration technique
(GITT) analysis revealed that the lithium-ion diffusion coeffi-
cients of the EACC and TACC were 9.91 x 10~ % and 8.84 x 10~°
em?® s, respectively, whereas the PACC displayed a signifi-
cantly higher diffusion coefficient of 1.36 x 1077 cm?® s .
Overall, the PACC demonstrated superior electrochemical per-
formance, highlighting that strong interfacial adhesion facil-
itates the formation of homogeneous electron transport
pathways, which play a critical role in governing electrochemi-
cal behavior. However, such coatings typically increase the
fraction of electrochemically inactive components, leading to
a reduction in energy density. As an alternative strategy for
modifying Al current collectors, Kim et al'®" reported an
approach in which Al is anodized to form an Al,O; nanotube
array, followed by the removal of the top layer to create a nano-
embossed porous surface (Fig. 5b). X-ray photoelectron spectro-
scopy (XPS) analysis revealed that the nanostructured Al current
collector (NSA) exhibited metallic Al peaks comparable to those
of pristine Al, indicating the successful removal of the Al,O;
layer via chemical etching. Consequently, the NSA preserved
the chemical bonding structure of pure Al, leading to enhanced
charge transfer owing to the absence of Al,O;, which has high
resistivity. Furthermore, a 180° peel test demonstrated that the
NSA achieved a peel strength of 1.44 N cm ™, significantly
exceeding that of bare Al (0.30 N cm '), because of mechanical
interlocking induced by the nanostructured surface. To quan-
titatively analyze interfacial interactions, force-distance
spectroscopy was performed using atomic force microscopy
(AFM). The unbinding force increased from 3.06 x 10~° N for

This journal is © The Royal Society of Chemistry 2026
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bare Al to 6.79 x 10~

9 N for the NSA, while the adhesion energy

increased from 2.18 x 107" to 8.21 x 10~ J. Therefore, the
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(a) Schematic illustration of electrodes fabricated on various current collectors (left), electronic conductivity (middle), and adhesion force (right).

Reproduced with permission from ref. 100. Copyright 2024, Elsevier B.V. (b) Anodization process applied to aluminium current collectors to induce
surface roughness. Reproduced with permission from ref. 101. Copyright 2025, Wiley-VCH GmbH. (c) Photographic images of the current collectors with
and without plasma treatment (top). Schematic illustration of plasma treatment for surface activation (bottom). Reproduced with permission from ref.
108. Copyright 2025, Elsevier B.V. (d) Schematic illustration of crosslinking-assisted polymer interfacial bonding to reinforce the mechanical robustness
of the electrode (left). Adhesion strength of DP-bGr and DP-xPDAA@Gr (right). Reproduced with permission from ref. 15. Copyright 2025, Wiley-VCH

GmbH.
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3.3.2. Surface modification. The surface modification of
binders has been widely employed to enhance interfacial
adhesion.’®***  Plasma treatment is a well-recognized
dry surface modification process and has been reported to
effectively improve interfacial adhesion through surface
functionalization.'®>™'°” As shown in Fig. 5c¢, Kanno et al.'®
applied plasma treatment to the top surface of DPEs, introdu-
cing hydroxyl (-OH) groups onto the PTFE surface and, thereby,
converting the inherently nonpolar PTFE into a more polar
material, which enhanced the interfacial adhesion. During
plasma treatment, the crystal structures of cathode active
materials such as LFP and NCM remained largely unchanged,
and PTFE was confirmed to be selectively functionalized. The
plasma-treated electrodes exhibited significantly enhanced
interfacial adhesion, along with improved electrochemical per-
formance. Moreover, our group reported that graphite particles
coated with polydopamine (PD) and PAA induced in situ
chemical crosslinking during a dry fabrication process con-
ducted at 80 °C (Fig. 5d)."® The amine groups (-NH,) of PD and
the carboxylic acid groups (-COOH) of PAA formed robust
amide (-RNCO-) bonds, which occurred within the composite
layer and between adjacent coating layers, resulting in the
formation of a highly interconnected 3D network. XPS analysis
revealed that PD-coated graphite (PD@Gr) showed character-
istic -NH, and ~-HN-R peaks, whereas graphite particles coated
with both PD and PAA (PDAA®@Gr) showed an additional amide
(-RNCO-) peak. SAICAS analysis was performed to further
elucidate the role of amide bonding. Compared with pristine
dry-processed Gr (DP-bGr), DP-PD@Gr and DP-xPDAA@Gr
exhibited higher interfacial adhesion and enhanced adhesion
strength within the electrode. These results indicate that,
during DPE fabrication, in situ crosslinking effectively
enhances the overall mechanical robustness of the DPE. Elec-
trochemical evaluations showed that, after 500 cycles, DP-
XPDAA@Gr and DP-PD@Gr showed values of 87.1% and 84%,
respectively, whereas DP-bGr exhibited a lower capacity reten-
tion of 77.9%.

The lamination process is a critical step for enhancing the
interfacial adhesion between an electrode and a current col-
lector, as the adhesion at the electrode—current collector inter-
face directly influences electronic conductivity and contact
resistance, ultimately dictating electrochemical performance.
Although carbon coating, etching, plasma treatment, and
crosslinking-assisted polymer bonding strategies have
improved interfacial adhesion, from a processing perspective,
carbon-coated Al current collectors still require systematic
investigation to identify suitable conductive additives and
binders, optimize the coating thickness, and determine the
optimal fraction of carbon-coated Al within the electrode
architecture. Moreover, the Al etching process requires optimi-
zation to fully exploit its potential in enhancing interfacial
adhesion and electronic transport pathways.

3.4. Calendering process

Calendering has long been recognized as a critical post-
fabrication step that strongly influences the mechanical
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integrity and electrochemical performance of battery electro-
des. This process is believed to play a multifunctional role by
simultaneously determining electrode density, particle-particle
contact, adhesion to the current collector, and electronic and
ionic transport properties.>**'°>''® Beyond porosity reduction,
calendering in DPEs performs an additional and essential
function by continuing the fibrillation of polymeric binders
such as PTFE. Rolling and pressing introduce substantial shear
stresses that further extend, align, and redistribute the PTFE
fibrils throughout the electrode thickness. This shear-induced
fibrillation reinforces the mechanically interlocking binder
network that connects active material particles and conductive
additives, enhancing electrode cohesion and stabilizing parti-
cle-particle contact,3>*7113

3.4.1. Densification. Effective densification during calen-
dering contributes to an increased electrode density, thereby
improving the electronic connectivity and reducing contact
resistance within electrodes. Fig. 6a schematically illustrates
DPE calendering and highlights the distinct mechanical
regimes governing electrode formation, namely the feed zone
and the nip zone. In the feed zone, powder transport into the
roll gap is dominated by frictional forces between particles and
the roll surfaces, along with internal particle-particle friction,
which collectively generate pronounced shear planes approxi-
mately parallel to the roll surface. These shear fields redistri-
bute conductive additives and polymeric binders, further
promoting binder fibrillation. As the powder progresses into
the nip zone, the shear gradually diminishes and normal
compressive stress increases sharply, leading to densification
and consolidation of the electrode film. Importantly, Gyulai
et al.'™ demonstrated that effective DPE formation relies on
maximizing the shear-dominated feed zone while minimizing
excessive compaction in the nip zone, in contrast to conven-
tional wet-process calendering where shear is typically avoided.
This shear-dominant calendering ensures a homogeneous
redistribution of the binder, continuous fibril formation, and
uniform density profiles across the electrode thickness, thus
directly linking calender design and operating parameters to
densification quality, mechanical cohesion, and electrochemi-
cal performance. Despite these advantages, the densification
behavior during DPE calendering is highly sensitive to the
intrinsic mechanical properties of the binder system. For
instance, when PTFE alone is used as the binder, multiple
calendering passes are often required to reach the target
electrode thickness, reflecting the high stiffness and limited
plastic deformability of PTFE under compressive stress. To
overcome these limitations, PTFE composite binders incorpor-
ating non-fibrillizable polymers such as PVdF or PEO can be co-
introduced. These secondary binders provide enhanced ducti-
lity and flowability during calendering, enabling efficient thick-
ness reduction with significantly fewer roll passes, while also
preserving the mechanical cohesion of the electrode.'**

Along with binder properties, the architecture of active
materials also greatly determines the densification behavior
during calendering.’””"">™"'® Hong et al''® systematically
demonstrated that bimodal particle-size distributions

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 (a) Scheme of a vertical powder calendering process with the distinct gap zones and characteristic parameters. Reproduced with permission from
ref. 112. Copyright 2023, American Chemical Society. (b) Schematic illustration of comparison of overall characteristics between PC and bimodal
electrodes. Reproduced with permission from ref. 116. Copyright 2025, Elsevier B.V. (c) Scheme of the distinguished ability of LiPO,F, as an electrode
additive, and S 2p and F 1s XPS spectra of background and LiPO,F,-added electrodes after the formation in all-solid-state batteries. Reproduced with
permission from ref. 119. Copyright 2023, Wiley-VCH GmbH. (d) Energy-selective backscattered electron micrographs and segmented images of NCM
particles for electrodes with low (0.5 wt%) and high (4 wt%) PTFE binder contents (left), corresponding NCM particle size distributions (right), and
normalized volume evolution under uniaxial compression with schematic illustrations of deformation behavior during calendering (bottom). Reproduced
with permission from ref. 122. Copyright 2025, The Royal Society of Chemistry. (€) SEM images of standard DPEs and solvent-assisted binder (SaB) DPEs,
including surface and cross-sectional morphologies (top) and high-magnification cross-sectional views with schematics illustrating microstructural
evolution during calendering (bottom). Reproduced with permission from ref. 123. Copyright 2024, Elsevier B.V.

combining large polycrystalline (PC) and small single- resulting in a lower fraction of mechanically damaged particles
crystalline (SC) particles enhanced packing density by effi- compared to that of unimodal PC electrodes at comparable
ciently filling interstitial voids, thereby reducing the number densities. Furthermore, the higher intrinsic packing density of
of calendering passes required to reach the target electrode bimodal electrodes suppressed elastic spring-back during elec-
density (Fig. 6b). Importantly, this densification proceeded trochemical cycling, preserving particle-particle contact and
through geometric rearrangement rather than particle fracture, electronic percolation networks. These effects collectively lead
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to improved electronic stability and cycling performance,
underscoring the fact that effective densification in calendering
arises from the coupled interactions between shear-induced
binder fibrillation and particle-scale packing, rather than from
compressive stress alone. Similarly, Kim et al.'*® have provided
direct evidence that conventional DPE preparation intrinsically
exhibits incomplete and spatially non-uniform densification
during calendering, contributing to persistent microstructural
defects such as interparticle voids and particle cracking after
rolling (Fig. 6¢). In their study, voids were widely spread
throughout the mixed powder before calendering, leading to
a sparse bulk structure in the as-pressed electrode because the
externally applied pressure was not evenly transmitted through
the heterogeneous powder bed. Consequently, regions with
residual voids exhibited poor mechanical load transfer during
calendering. This resulted in persistent porosity as well as the
development of microcracks within active materials and at
interfacial points of contact. To mitigate these chemo-
mechanical shortcomings, a bi-functionalized electrode addi-
tive approach was introduced, in which a finely dispersed
electrolyte component (LigPSsCl) and a lithium difluoropho-
sphate (LiPO,F,) additive were incorporated into the electrode
mixture. The bimodal particle size distribution and strategic
filling of interparticle voids by the additive facilitated a more
uniform pressure distribution under calendering, enhancing
powder packing and reducing residual voids and cracking.
Additionally, the LiPO,F, additive readily reacted with the
surfaces of the active material during initial electrochemical
formation, producing a conformal LiF/Li,PF, surface layer,
which further improved the chemo-mechanical stability and
suppressed solid electrolyte degradation. These findings collec-
tively underscore that achieving homogeneous densification
during calendering is a prerequisite for suppressing void
formation, ensuring uniform stress transfer, and maintaining
the mechanical and electrochemical integrity of DPEs.

3.4.2. Particle cracking. As discussed previously, particle
cracking represents a critical calendering-induced degradation,
fundamentally distinct from electrochemically driven fracture
during cycling.*>'*>**' Unlike WPEs, which typically contain a
continuous polymeric binder formed during slurry drying,
DPEs are consolidated through direct solid-solid interactions
among active material particles, conductive additives, and
fibrillated PTFE networks. Matthews et al'*> reported that
stress accommodation during calendering was governed pri-
marily by the viscoelastic response and structural continuity of
the PTFE binder network. In addition, PTFE-based DPEs exhibit
a characteristic viscoelastic deformation behavior comprising
three regimes: an initial elastic response, followed by a ductile
flow region associated with PTFE fibril deformation, and finally
a high-stress compaction regime in which particle rearrange-
ment becomes constrained and stress is transferred directly to
active material particles (Fig. 6d). Once an electrode enters this
compaction-dominated regime, local stress concentrations
develop at particle-particle contacts and within densely packed
clusters, providing a mechanical driving force for particle
fracture. Calendering-induced particle cracking has been
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shown to depend greatly on the binder fraction and its result-
ing influence on the electrode stiffness and yield strength.
Increasing the PTFE content beyond a certain threshold results
in a non-linear increase in both the Young’s modulus and yield
stress of the electrode composite, thereby reducing its ability to
undergo plastic deformation during compression. Conse-
quently, electrodes with higher binder contents demonstrate
extensive fractures of polycrystalline secondary particles during
calendering, with cracks propagating preferentially along grain
boundaries. Importantly, a study recently showed that such
calendering-induced particle cracking is not an inevitable out-
come of dry processing but can be substantially mitigated by
modifying the calendering pathway. Embleton et al.'** system-
atically showed that introducing a trace amount of a low-
boiling, non-toxic solvent (ethanol, <3 wt%) into a PTFE
binder system—referred to as a solvent-assisted binder (SaB)
dry process—fundamentally altered stress transmission during
calendering (Fig. 6e). Ethanol improved the initial dispersion of
PTFE and conductive additives and acted as a transient lubri-
cant during rolling, effectively redistributing externally applied
compressive stresses into shear-dominated deformation
modes. As a result, PTFE fibrillation was promoted more
uniformly, while excessive local stress concentrations at parti-
cle-particle contact points were suppressed. Cross-sectional
SEM images revealed that, unlike standard DPEs that exhibit
pervasive secondary particle cracking throughout the electrode
thickness, SaB-processed DPEs largely preserved the spherical
morphology of polycrystalline NCM622 particles, even under
high mass loading conditions.

In summary, calendering is a critical step in DPE manufac-
turing and governs electrode densification, binder fibrillation,
and mechanical integrity. Effective calendering in DPEs relies
on shear-dominated deformation to promote uniform PTFE
fibrillation and particle packing. Densification is strongly
influenced by binder mechanics and particle architecture,
while inadequate stress accommodation leads to non-uniform
consolidation and calendering-induced particle cracking.
Importantly, particle fracture is not intrinsic to dry processing
but can be mitigated by controlling materials design and
calendering pathways, allowing for mechanically robust and
high-performance DPEs.

4. Advanced binders for next-
generation dry-processed electrodes

4.1. Challenges in conventional PTFE binders

PTFE has become one of the most widely adopted binders for
DPE owing to its exceptional and unique fibrillation behavior
under shear.*>""”">* However, conventional PTFE binders pre-
sent several fundamental challenges that limit their broader
applicability (Fig. 7a). A major challenge is the inherently non-
uniform dispersion of PTFE within composite electrodes. In
DPE fabrication, binder dispersion is governed primarily by
mechanical mixing and shear-driven fibrillation, rather than by
solvent-mediated molecular diffusion. Under such conditions,

This journal is © The Royal Society of Chemistry 2026
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PTFE particles do not always undergo uniform fibrillation
throughout the electrode. Instead, localized PTFE agglomerates
or uneven fibrillar clusters frequently form, resulting in spatial
heterogeneity in binder distribution.’”*®'>>*° This non-
uniform binder network can induce localized ionic and electro-
nic transport bottlenecks, particularly in regions where exces-
sive PTFE aggregation disrupts continuous conductive
pathways or blocks pore channels. Consequently, such struc-
tural heterogeneity compromises electrochemical performance
by increasing local resistance and limiting the effectiveness of
utilizing active materials.

Furthermore, under low potential, PTFE may be susceptible
to reductive decomposition owing to the low lower unoccupied
molecular orbital (LUMO) level. When using PTFE as an anode
binder, the defluorination of PTFE results in a lower initial
coulombic efficiency (ICE) and chain cleavage, which degrade

This journal is © The Royal Society of Chemistry 2026

mechanical robustness. To address this, electrolyte additives
such as FEC (fluoroethylene carbonate) can be used to form a
proactive and stable FEC-derived solid electrolyte interphase
(SED)"*”'*® and polymer coating on active materials, providing
an option for suppressing irreversible PTFE reactions.'***° As
shown in Fig. 7b, Z. Wei et al.’®® systematically elucidated the
electrochemical reduction and defluorination of PTFE binders
in dry-processed graphite anodes and found that a thin PEO
coating on graphite particles effectively suppressed PTFE
decomposition by electronically decoupling the binder from
the anode while maintaining lithium-ion transport, thereby
enabling the development of high-loading DPEs with signifi-
cantly improved ICE and practical pouch-cell performance.
Another critical limitation of PTFE binders is found in their
poor interfacial adhesion to active materials and current col-
lectors. As mentioned in the Laminating process section, the
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chemically inert and nonpolar nature of PTFE composed of C-F
bonds results in weak interfacial interactions with metallic
current collectors, where adhesion relies mainly on mechanical
interlocking rather than on chemical bonding.*>°>**! In DPEs,
where the binder content is typically minimized, insufficient
interfacial adhesion can lead to delamination at the electrode—
current collector interface and reduced mechanical robustness
under calendering or cycling-induced stress. This issue
becomes particularly problematic in thick, high-loading elec-
trodes, where insufficient interfacial contact not only under-
mines structural integrity but also increases interfacial contact
resistance, thereby limiting effective electronic transport across
the electrode thickness. As electrode thickness increases, such
interfacial electronic bottlenecks can promote non-uniform
current distribution and depth-dependent electrochemical uti-
lization, underscoring the need to address adhesion and inter-
facial design as critical factors in fabricating thick DPEs.
Beyond adhesion-related concerns, facile electrolyte pene-
tration becomes increasingly critical in thick DPE configura-
tions, where lithium-ion transport must be sustained across
through-thickness pathways. While fibrillated PTFE networks
can form open-channel microstructures that are more favorable
for ion transport compared to conventional WPEs,"*>™"*> the
intrinsically low electrolyte affinity of PTFE remains a key
limitation. In DPEs, where the porosity and tortuosity are
carefully controlled through calendering, poor electrolyte wett-
ability can cancel the benefits of optimized densification by
limiting the effectiveness of ionic transport. Moreover, delayed
or incomplete wetting can result in increased interfacial resis-
tance, a non-uniform current distribution, and sluggish elec-
trochemical activation. These effects are exacerbated in thick
electrodes, where electrolyte penetration is already kinetically
constrained. To address this, Won et al.*>" proposed a post-
fabrication functionalization strategy where fibrillated PTFE
binders within DPEs are selectively modified via electron-
beam (EB) irradiation to introduce oxygen-containing
functional groups such as -COOH and C=O. This can effec-
tively convert intrinsically hydrophobic PTFE surfaces into
electrolyte-affinitive interfaces without compromising fibrilla-
tion behavior or mechanical integrity (Fig. 7c). As a result, the
EB-treated DPEs exhibited markedly improved electrolyte wett-
ability, enhanced electrolyte uptake, and significantly reduced
ionic transport resistance throughout the entire electrode
thickness. Importantly, this improvement has enabled uniform
lithium-ion migration even in hyper-thick electrodes with mass
loadings up to 100 mg cm 2, thereby mitigating through-
thickness reaction inhomogeneity and suppressing localized
overpotential accumulation. Similarly, Kanno et al.'® used a
plasma-assisted dry process to introduce oxygen-containing
functional groups (-OH) onto PTFE surfaces. By simply apply-
ing plasma treatment to a cathode sheet composed of PTFE, an
active material, and a conductive additive, the electrolyte wett-
ability and adhesion were improved, resulting in an enhanced
electrochemical performance compared with that of a non-
treated cathode. These findings clearly demonstrate that the
surface modification of PTFE binders represents a critical
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design strategy for overcoming the electrolyte wetting limita-
tions of DPEs, particularly under high mass loading conditions.

Apart from performance-related concerns, environmental
recycling and health-related challenges associated with PTFE
are becoming increasingly imporant."**"**® PTFE is classified
within the broader family of per- and polyfluoroalkyl sub-
stances (PFASs), a class of fluorinated compounds which are
under increasing regulatory scrutiny due to their extreme
environmental persistence, potential for bioaccumulation,
and emerging links to human health hazards. Owing to its
strong chemical and thermal stability, PTFE is often associated
with the “forever chemical” concern, as degradation in the
environment is slow and end-of-life handling is difficult.'®""®>
While this stability is advantageous for electrode integrity, it
also creates challenges from a lifecycle perspective, particularly
for waste treatment and recycling of PTFE-containing electro-
des. As a result, persistent fluorinated components may
increase cumulative environmental burden and limit efficient
material recovery through recycling routes.*®*'* In particular,
increasing attention has been directed toward perfluoroocta-
noic acid (PFOA) and related long-chain PFAS, which were
historically used as processing aids or surfactants during PTFE
polymerization. Although PFOA is not intentionally present in
the final PTFE product, residual traces and lifecycle-related
considerations, including emissions during manufacturing and
impacts during disposal, have led regulators to evaluate PTFE-
containing materials within the broader PFAS framework. In
summary, the challenges associated with non-uniform disper-
sion, interfacial instability, limited electrolyte wettability, elec-
trochemical instability at low electrode potentials, and growing
environmental, recycling, and health considerations under
PFAS-related regulation support the need to move beyond
conventional PTFE binders toward more sustainable material
systems for DPEs.

4.2. Dual-binder and beyond-PTFE binder (PFAS-free) systems

While substantial efforts have been made to address the
limitations of PTFE-based DPEs through process optimization
and interfacial engineering, growing evidence suggests that
many of these challenges are intrinsically linked to the funda-
mental physicochemical nature of PTFE. Consequently,
research interest has been directed toward dual-binder strate-
gies and beyond-PTFE, PFAS-free binder systems that provide
both mechanical robustness and enhanced electrochemical
functionality. Dual-binder systems are effective systems in
which PTFE is combined with a secondary polymer binder,
i.e., a co-binder. In this approach, PTFE primarily serves as a
mechanically robust, fibrillating scaffold that enables solvent-
free electrode fabrication, while the co-binder introduces other
functionalities. Many of the co-binders employed in dual-
binder DPE systems, including PVAF and hydrophilic polymers
such as PAA, carboxymethyl cellulose (CMC), and PVP, have
been extensively investigated in WPEs and are generally
regarded as chemically and electrochemically stable within
the practical operating voltage window of LIBs.'®>'°® Sung
et al.®® demonstrated a representative dual-binder strategy that

This journal is © The Royal Society of Chemistry 2026
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integrates PAA as a hydrogen-bonding co-binder into PTFE-
based DPEs. By partially replacing PTFE with PAA while main-
taining a low total binder content, a substantial enhancement
in adhesion between the freestanding electrode film and the Al
current collector was achieved, attributed to hydrogen bonding
between the carboxyl groups (-COOH) of PAA and hydroxyl
groups (-OH) present on the native Al,O; layer on the Al current
collector (Fig. 8a). This chemical adhesion mechanism stood in
sharp contrast to the purely mechanical anchoring provided by
PTFE fibrils alone and effectively mitigated interfacial delami-
nation under both calendering-induced stress and long-term
electrochemical cycling. Beyond adhesion, the introduction of
PAA significantly improved the electrolyte wettability by
increasing the surface energy of the electrode and promoting
favorable interactions with polar carbonate-based electrolytes.
Contact angle measurements and impedance analyses clearly
confirm accelerated electrolyte infiltration, reduced interfacial
resistance, and enhanced lithium-ion transport throughout the
electrode thickness, particularly under high mass loading con-
ditions. Importantly, these interfacial improvements were
achieved without compromising the PTFE fibrillation behavior
or mechanical integrity, enabling stable electrochemical per-
formance in thick, high-density DPEs. Similarly, He et al'*'
introduced a biomass-derived flour additive at low loading
(1 wt%) into PTFE-based DPEs to form flour-infused DPEs with
enhanced structural and transport properties. The crosslinking
between protein and starch components in the flour, in combi-
nation with PTFE fibrillation, resulted in the formation of a
highly flexible and mechanically resilient powder network with
robust load transfer during calendering. Importantly, the mod-
ified microstructure exhibited a larger, more interconnected
pore architecture that reduced the pore tortuosity in the
electrode, thereby improving the ion transport kinetics com-
pared with those of conventional PTFE-only DPEs. DPEs incor-
porating 1 wt% flour demonstrated superior mechanical
integrity and enhanced rate capability and cycling stability,
along with the suppressed irreversible phase transitions and
intragranular/intergranular crack propagation under aggressive
cycling conditions. These findings show that hybrid additive
approaches, in which low-cost and sustainable powders are
integrated into PTFE fibrillated matrices, can effectively
address major bottlenecks in DPE performance by simulta-
neously reinforcing mechanical cohesion and ion transport
behavior. Along with strategies that target interfacial adhesion
and wettability, recent efforts have focused on enhancing the
electrochemical stability of PTFE-based DPEs by integrating
functional co-binders that stabilize the active material-binder
interface under reductive conditions.'**'** For example, Lee
et al."** reported a dual-binder system consisting of PTFE and
PVP for dry-processed graphite anodes, in which PVP effectively
reduced direct contact between PTFE and the anode surface,
suppressed PTFE decomposition, and facilitated the formation
of a robust, inorganic-rich SEI that enhanced the lithium-ion
kinetics and interfacial stability (Fig. 8b). Consequently, DPEs
using the PVP/PTFE binary binder achieved an ultrahigh areal
capacity (10 mAh cm™?) with significantly improved ICE and
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prolonged cycling stability compared with those of PTFE-only
counterparts.

Furthermore, recent studies are increasingly emphasizing
the influence of binder dispersion and network uniformity on
the mechanical integrity and electrochemical performance of
DPEs."**'* For instance, Kang et al.'*> introduced a bollard-
anchored dual-binder architecture in which a PAA-grafted-
sodium carboxymethyl cellulose (PAA-g-CMC) functioned as a
dispersion-controlling ‘bollard,” effectively anchoring PTFE
fibrils and suppressing binder agglomeration (Fig. 8c). This
architecture effectively suppressed binder agglomeration by
immobilizing PTFE fibrils through multivalent hydrogen bond-
ing and polymer-polymer anchoring, thereby preventing
uncontrolled fibril bundling and the development of localized
binder-rich domains during dry mixing and calendering. As a
result, the dual-binder system promoted a more homogeneous
binder network throughout the electrode thickness, signifi-
cantly improved powder dispersion, and enabled uniform
stress and charge transport even at high mass loadings
(90 mg cm 2 and 15.6 mAh cm ™ ?), while simultaneously redu-
cing the overall PTFE content.

Building upon dual-binder strategies that partially alleviate
the intrinsic limitations of PTFE, emerging studies are focusing
on the development of beyond-PTFE, PFAS-free binder systems
that can fundamentally replace fluorinated polymers in DPE
manufacturing.*”%*¢718 [n this context, two distinct material
design strategies have been explored, namely PFAS-free binders
that retain fibrillation behavior under shear and alternative
binders that enable dry processing without relying on fibrilla-
tion mechanisms. Regarding the former, Schmidt et al'*®
reported a renewable, fluorine-free protein-based binder (ser-
icin) that could form fibrillar networks during shear-induced
dry processing, similar to PTFE fibrillation. Despite its lower
My, relative to that of PTFE, sericin underwent shear-induced
fibril formation, generating a spiderweb-like network that
effectively interconnected active materials and conductive addi-
tives in solvent-free lithium-sulfur cathodes. Importantly, the
intrinsic polarity of the polypeptide binder enhanced the
electrolyte wettability and interfacial interactions with polysul-
fide species, resulting in an electrochemical performance com-
parable to that of PTFE-based DPEs, even under electrolyte-lean
conditions. In addition, this study demonstrated that the
fibrillation-enabled mechanical integrity in DPEs is not exclu-
sive to fluoropolymers and can be achieved using biodegrad-
able, PFAS-free macromolecules with appropriate molecular
architectures. In contrast, a fundamentally different approach
was introduced by Kim et al.,"*® who demonstrated fluorine-
free DPEs based on a thermoplastic binder (Parafilm® M) that
does not rely on fibrillation for mechanical cohesion. Instead,
Parafilm, composed of paraffin and polyethylene, exploits its
low T, and thermoplastic flow behavior to establish interparti-
cle bonding through mild pressure activation during dry press-
ing and calendering (Fig. 8d). This binder enabled primer-free
adhesion to current collectors, a uniform binder distribution,
and robust mechanical integrity without the formation of
fibrillar networks. Notably, the absence of fluorinated moieties
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resulted in a wider electrochemical stability window, particu-
larly at low potentials, while simultaneously addressing PFAS-
related environmental and regulatory concerns. The successful
fabrication of thick electrodes exceeding 5-9 mAh cm ™2 along
with long-term cycling stability underscores the fact that non-
fibrillating, thermoplastic binders represent a viable and scal-
able alternative to PTFE-dominated DPE technologies. Simi-
larly, Kim et al."** designed PFAS-free DPEs based on styrene-
butadiene rubber (SBR), which acts as a sticky adhesive during
high-pressure calendering. The resulting DPEs exhibited an
open-channel interfacial structure that promoted the formation
of a favorable SEI rich in LiF, thereby enhancing cycling
stability even at an ultrahigh areal loading of 10.6 mAh cm ™2,

Collectively, the various dual-binder and beyond-PTFE
(PFAS-free) binder systems reviewed in this section demon-
strate that the challenges of DPE manufacturing can be
addressed through multiple, function-oriented material design
strategies rather than by relying on PTFE alone. To facilitate a
Systematic Comparison, Table 260,90,132,141—143,145,146,148—150
summarizes representative binder systems with respect to their
primary functional roles, the corresponding DPE fabrication
approaches, and the resulting electrochemical performance,
particularly in terms of capacity retention during cycling, thus
providing a perspective on the effectiveness and scalability of
emerging binder technologies for DPEs.

5. Summary and outlook: advanced
materials and processes for scalable
dry-processed electrode
manufacturing

DPE manufacturing provides an alternative electrode fabrica-
tion route for LIBs by removing conventional solvent-
dependent processing steps. As systematically reviewed in this
paper, the primary advantages of dry processing (i.e., environ-
mental sustainability, reduced manufacturing cost, and high
coating speed) originate from the elimination of solvent hand-
ling and drying steps. However, as schematically illustrated in
Fig. 9, the practical application of DPEs critically depends on
optimization at both the process and material levels.
Regarding processing perspectives, each step of DPE manu-
facturing, including powder mixing, kneading, sheet forming,
laminating, and calendering, plays a critical role in determin-
ing the electrode microstructure. Non-uniform powder mixing
leads to local heterogeneity in the distribution of binders and
conductive additives, which subsequently manifests as spatial
variations in electronic conductivity and mechanical strength.
Similarly, insufficient or non-uniform PTFE fibrillation during
kneading compromises the formation of a continuous fibrous
binder network, resulting in poor cohesion within the bulk
electrode, as well as weak adhesion at the electrode/current
collector interface. Lamination and calendering, while essential
for densification and interfacial contact, can introduce further
constraints, such as crack formation and density gradients,

Mater. Horiz.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5mh02484f

Open Access Article. Published on 24 February 2026. Downloaded on 4/7/2026 3:53:53 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review
(Conductive additives)
oD 1D, 2D OO O
b o

Dimension Functionalization

(Active materials )

Q.0 ©

Bimodal Single Surface Q’
system crystalline engineering Q/;.
Binders) 9%
O &
iy S

View Article Online

Materials Horizons

Calendering
———

Scalable and robust
dry-processed electrode

(Current collectors)

Fig. 9 Schematic illustration highlighting the interplay between material and process innovations essential for scalable manufacturing of high-

performance, sustainable DPEs with distinct microstructural features.

when the mechanical compliance of the electrode film is not
properly matched to the applied stress. These results show that
process control plays a critical role in both microstructural
stability and electrochemical performance.

Meanwhile, materials-level design also plays an important
role in DPE performance. The fibrillation behavior of PTFE
binders, for instance, is intrinsically related to the My, particle
size, and crystallinity, which, in turn, determines the robust-
ness of the fibrous network formed during shear-driven proces-
sing. Conductive additives with different dimensions and
surface energies respond differently to dry mixing and knead-
ing, influencing percolation pathways and contact resistance.
Likewise, the choice of the active material or polymeric binder
affects electrochemical stability and mechanical stress accom-
modation during lamination and calendering. Importantly,
these material properties collectively define the processing
window for obtaining uniform microstructures.

The intrinsic limitations of PTFE-based DPEs highlight the
need for next-generation binder concepts. From a scale-up
perspective, thicker and higher-loading DPE architectures
may require higher absolute binder input to maintain mechan-
ical integrity and processability, even when the binder fraction
is controlled and optimized. This trend can amplify the

Mater. Horiz.

environmental, recycling, and regulatory burden of fluorinated
binder systems at the cell-manufacturing level. Therefore,
future binder design should target not only fibrillation cap-
ability and electrode robustness but also reduced environmen-
tal impact and safer material pathways. In this context, dual-
binder strategies—in which PTFE serves as a mechanically
robust fibrillating scaffold while secondary polymers introduce
complementary functions—demonstrate that key performance
bottlenecks in DPEs can be effectively addressed through syner-
gistic materials design. Emerging PTFE-lean or PTFE-free systems,
including co-binder systems and non-fluorinated polymer net-
works, provide an important transition route. In particular, bio-
derived fibrillar candidates such as cellulose nanofibers
(CNFs)®>°11%% and protein-based fibroin'’*'"* are attracting atten-
tion due to their potential to form mechanically supportive net-
works while offering improved environmental compatibility. More
broadly, beyond-PTFE (PFAS-free) systems—including fibrillating
fluorine-free macromolecules and non-fibrillating thermoplastic
binders—further indicate that mechanical cohesion and scalable
dry processing can be achieved through fundamentally different
mechanisms.

In summary, scalable and mechanically robust DPE manu-
facturing should be treated as an integrated material-process—

This journal is © The Royal Society of Chemistry 2026
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microstructure engineering problem. Only by simultaneously
optimizing processing routes and materials design, while
accounting for electrochemical performance, manufacturabil-
ity, and sustainability, can DPEs realize their full potential
as a cornerstone technology for next-generation battery
manufacturing.
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