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High-energy lithium batteries require electrode architectures that enable
high areal capacity, high active material content, and stable high-voltage
operation—requirements that conventional slurry-based electrodes
struggle to meet due to inefficient electron percolation, parasitic
reactions, and limited processing-architecture predictability. Here we
design and validate a dry-processed electrode architecture that leverages
molecular-level coupling between fibrous carbon and binder to promote
efficient electronic conduction while suppressing high-voltage interfacial
degradation. This architecture achieves areal loadings >5 mAh cm?with
>99 wt% active material and supports stable operation up to 4.70 V without
compromising rate capability. The 4.55 VNMCS8I1||graphite pouch cells
retain 78% capacity after 1,000 cycles at C/3-rate, with average Coulombic

efficiency exceeding 99.9%. These results are achieved without material-level
modifications or specialized electrolyte additives, highlighting the potential
of electrode engineering alone to unlock the intrinsic performance of active

materials even under demanding conditions of high areal loading and
maximum active material content.

Maximizing the energy density of lithium batteries is a central chal-
lenge in advancing next-generation energy storage systems for electric
vehicles and grid applications'. Achieving this requires electrode archi-
tectures that not only deliver high areal capacities but also maximize
the proportion of electrochemically active components. Increasing
areal capacity substantially boosts energy density at lower loadings,
yet gains diminish beyond -5-6 mAh cm2due to the disproportionate
contribution of inactive materials (carbon and binder) to total cell
mass. By contrast, increasing the active material weight ratio shows
alinear relationship with energy density, as even small reductions in

binder and conductive additive content directly improve the efficiency
of cellmass utilization. Enhancing the active material ratio, particularly
beyond the industry-standard values of ~-95-96 wt%, can therefore
yield substantial energy density increase. In addition to improving
gravimetric energy density, reducing low-density components such
ascarbonandbinder alsoleads to a measurable increase in volumetric
energy density, whichis critical for space-constrained applications’.
Although areal loading and active material ratio are often treated
independently?, they must be co-optimized to unlock the full potential
of lithium batteries.
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Despite efforts to optimize electrode architecture, a substantial
gap remains between the theoretical and practical capacity of many
state-of-the-art cathode materials, particularly high-Nilayered oxides
suchasLiNiygMn,;Co,,0,(NMC811)*. Although their theoretical capac-
ity exceeds 270 mAh g™, conventional voltage-limited cycling protocols
typically access only ~70% of this value®. These voltage cutoffs are
imposed to mitigate structural degradation and transition-metal disso-
lution, bothtriggered by parasitic reactions at the cathode-electrolyte
interphase (CEI)®. In particular, operating high-Ni NMCs (NMC stands
forNi,Mnand Co) above 4.30 Vinduces electrolyte decomposition and
surfacereconstruction, leading to interfacial instabilities that compro-
mise long-term cyclability”®. As a result, much of the electrochemically
active material remains untapped, limiting commercial lithium-ion
batteries’ cell-level energy density.

Supplementary Table 1 presents that cycling of high-Ni NMC
cathodes with graphite anodes at voltage cutoffs above 4.40 V has
been explored to increase energy density. Most approaches focus on
materials-level modifications, including electrolyte reformulations®™,
surface coatings on NMC particles” and bulk structural doping'?, aim-
ing to mitigate high-voltage degradation. Although these strategies
offer incremental improvements, cycling stability remains limited,
with capacity fading within300-500 cycles™"*. These results highlight
the persistent challenges of sustaining long-term performance at high
voltages. Overcoming this voltage-induced capacity ceiling requires
notonly stable materials but also electrode architectures and interfa-
cial designs that suppress high-voltage degradation while maintaining
efficient electronic and ionic transport across thick electrodes.

Inaddition to voltage stability challenges, Supplementary Table 1
also presents key limitations in electrode engineering using conven-
tional slurry-casting methods. Although some studies report cathodes
witharealloadings exceeding 15 mg cm™or3 mAh cm™(ref. 14), these
oftenrely on high contents of inactive components, resultingin active
material weightratios around 90 wt%. By contrast, electrodes achieving
higher active material ratios (>95 wt%) tend to be restricted to much
lower areal loadings, typically below 10 mg cm™ (ref. 15), due to poor
mechanical integrity, high likelihood of delamination at the current
collectorinterface, and challenges in maintaining electronic percola-
tion network during the drying process'. These limitations become
particularly critical at elevated cutoff voltages, where increased elec-
trochemical and structural stresses throughout the electrode exacer-
bate parasitic reactions and mechanical failure".

Unlike slurry casting, dry processing mechanically integrates
active material, conductive carbon and binder without liquid-phase
transport, enabling structurally coherent electrodes with minimalinac-
tive content'®. Although dry electrode processing offers clear manu-
facturing advantages, including reduced production time and energy
consumption'®, how processing conditions govern electrode architec-
ture remains poorly understood®?, limiting its full potential to achieve
thick, high-voltage cathodes with ultrahigh active material content.

In this work, we employ operando single-particle X-ray diffrac-
tion (XRD) to observe phase transformation dynamics and structural
heterogeneity in high-loading NMC811 cathodes during cycling above
4.40 V. Thisapproach enables us to track the evolution of lattice, strain
and phase heterogeneity in real time—phenomena that are otherwise
obscured in bulk-averaged diagnostics***’. The insights gained from
these operando studies reveal the mechanistic origins of failure in con-
ventionalslurry-processed electrodes and motivate the rational design
of adry-processed electrode architecture that addresses these issues
with both high areal loadings (>5 mAh cm™) and higher active material
ratios (>99 wt%). We further integrate coarse-grained molecular dynam-
ics (CGMD) simulations? to elucidate mesoscale interactions between
polytetrafluoroethylene (PTFE) binder and functionalized vapour-grown
carbonfibre (VGCF) under dry mixing, revealing how shear and compac-
tion govern conductive network formation and interfacial coupling.
These insights establish quantitative structure-processing-function

relationships essential for the rational design of dry-processed thick
electrodes that enables 4.55 VNMCS811||graphite pouch cells.

Results and discussion

Reaction heterogeneity in thick electrode at high voltage

Thick electrodes introduce pronounced heterogeneities in ionic and
electronictransport, which lead to non-uniform state-of-charge distri-
butions across the electrode thickness”. Thisinhomogeneity induces
localized overpotentials that scale with the logarithmic dependence
of reaction rate, governed by Butler-Volmer behaviour. To probe the
spatial and temporal reaction heterogeneity in high-loading cath-
odes under elevated voltage conditions, we employed operando
single-particle XRD, which enables direct correlation between struc-
tural evolution and state-of-charge at the single-particle level. High-flux
synchrotronradiation and coherent X-rays focusing to micron-scale are
essential forisolating diffraction signatures fromindividual particles
embedded within composite electrode films that can exceed 100 um
in thickness and contain tens of thousands of crystallites®*,

Toisolate and evaluate the limitations intrinsic to electrode archi-
tecture, commercially available polycrystalline NMC811 active mate-
rial was used as received without applying further modifications.
Rietveld refinement of NMC811 powder confirms phase purity and low
cation disorder (Supplementary Fig. 1). Morphological characteriza-
tion of NMC811 particles in Supplementary Fig. 2 reveals a hierarchical
microstructure whichis characteristic of commercial high-Nilayered
oxides”. The NMC811 powder was cast into thick slurry-processed
electrodes containing 90 wt% active material, with an areal loading
exceeding 30 mg cm2and a thickness of ~125 pum, tailored for operando
single-particle diffraction measurements as shown in Fig. 1a.

Figure 1b shows the schematic of the experimental setup for the
operando single-particle XRD. Coherent X-rays from a synchrotron
source were directed throughanoperando coin cellwhere the NMC811
thick cathode was being charged to 4.70 V versus Li metal anode at
C/10-rate. The coin cell was aligned such that individual Bragg reflec-
tions from embedded primary particles within the electrode can be
captured on a two-dimensional detector. The detector was shifted
to record the (003) Bragg peak of the particles. Figure 1b presents a
representative diffraction pattern, in which multiple distinct Bragg
reflections are observed along the Debye-Scherrer ring. The magnified
region highlightsinterference fringes surrounding the brightest spot,
confirming that the signal originates from a single particle®.

Theelectrochemical performance of the cell during the operando
X-ray measurementsis presentedin Fig.1c. The operando cell deliversa
charge capacity approaching 250 mAh g™, whichis close to the theoreti-
cal limit of the layered NMC811. The voltage profile without apparent
plateau features suggests a solid-solution behaviour, consistent with
otherreportsintheliterature”. Supplementary Video 1 reveals evolu-
tion of the (003) Bragg scattering from NMC811 particles. During early
delithiation (up to-4.25 V), the (003) scattering shifts to lower angles,
indicating c-axis expansion due to increased electrostatic repulsion
between oxygen layers upon Li removal®°. Above 4.25V, the Bragg
scattering splits and the c-lattice collapses, reflecting non-uniform
interlayer contraction driven by charge transfer between O 2p and
partially filled Nie, orbitals that reduces oxygen-oxygen repulsion’.

This asynchronous behaviour is quantitatively revealed in
Fig. 1d,e. The c-lattice evolution of four representative particles all
shows expansion followed by collapse during delithiation but with
particle-dependent onset and final c-lattice values, indicating distinct
states of charge under identical cycling conditions. The onset of scat-
tering broadening (1/A) likewise varies among particles, reflecting
asynchronous development of lattice disorder and microstrain that
parallels the c-lattice evolution. Together, these results reveal asyn-
chronous delithiation kinetics in slurry-processed thick electrodes
under high-voltage cycling—features that are obscured in conventional
bulk-averaged XRD measurements.
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Fig.1| Operando single-particle XRD for measuring reaction heterogeneity
inthick electrode at high voltage. a, Cross-sectional SEM image of aslurry-
processed NMC811 cathode with a total electrode thickness of -125 pm.

b, Aschematic of the operando single-particle XRD setup using high-flux
synchrotron radiation. The colour scale bar represents normalized X-ray
intensity scaled by the maximum value in this frame. ¢, Voltage profile for the
slurry-processed NMC811 cathode during charging to 4.70 V versus Li metal
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anode at C/10-rate. The voltage profile shows a charge capacity of -250 mAh g™.
d,e, The tracked c-lattice parameters obtained from the recorded (003) Bragg
peak position (d) and (003) Bragg peak widths (e) for four representative
particles as labelled in b reflect asynchronous phase transitions. Dataind

and e are presented as mean values with error bars representing one standard
deviation derived from peak fitting for each particle.

To visualize the structural change of the whole ensemble of scat-
tering particles, we angularly averaged all diffraction patterns along
the Debye—Scherrer ring and present the resulting intensity profiles
under various charging voltagesin Fig. 2a. The evolution of the (003)
Braggreflection clearly tracks the expansion and subsequent collapse
ofthec-lattice parameter of NMC811 particles. While all patterns show
peak broadening and asymmetry above 4.25V, the onset of c-lattice
collapse appears asynchronous across the population of particles.
This heterogeneity is reflected by the splitand distorted peaks above
4.25V, whichreinforces the earlier single-particle analysis.

Such structural divergence leads to different states of charge
or lithium content (that is, x values in Li,Ni, sMn,,Co,,0,) among
particles above 4.25V, which induces localized overpotentials. This
is further supported by Fig. 2b, where increasing the active material
ratio from 93 to 97 wt% leads to a clear increase in voltage polariza-
tion during charging and discharging. This enhanced polarization
indicates aggravated reaction heterogeneity, where spatially uneven
state-of-charge distributions emerge as the active material fraction
increases. Notably, the 97 wt% electrode shows clear voltage fluctua-
tions near the end of charge, particularly beyond 4.60 V. These irregu-
lar features are indicative of asynchronous particle-level reactions,
where individual particles or domains reach high states of charge
at different times. As a result, the effective utilization of NMC811
decreases with increasing active material ratio, while maintaining
the same areal loading of ~30 mg cm™. Specifically, the reversible
capacity drops from 220 mAh g at 93 wt% to 200 mAh g at 97 wt¥%,
highlighting the limitations of slurry-processed thick electrodes in
achievinghomogeneous reaction pathways when the active material
content exceeds 95 wt%.

Architecture design of dry-processed thick electrode
Theobserved reaction heterogeneity is notintrinsic to NMC811-being
rarely reported in thinner electrodes®>° with areal loadings below
3 mAh cm™—but instead originates from transport limitations in
slurry-processed thick electrodes at high voltage. High-voltage charg-
ing promotes electrolyte deprotonation, generating acidic byprod-
ucts that destabilize the CEl and increase charge-transfer resistance
at particle surfaces'”. As the active material content increases, the
system becomes increasingly reliant on a well-connected electron
percolation network to compensate for these interfacial resistances.
Because electron transfer for electrolyte decompositionis facilitated
at carbon-electrolyte interfaces, electrode architecture design for
high-voltage stability must ensure electronic percolation while mini-
mizing carbon-electrolyte contact area.

Building onthese insights, we propose thick electrode architecture
design principles to mitigate reaction heterogeneity. Theseinclude the
use of high-aspect-ratio carbon additives to improve the continuity
of the electronic percolation network, minimizing the surface area of
conductive carbon to limit direct electron transfer to the electrolyte
and engineeringinterfacial coupling betweenthe insulating binder and
conductive carbon. Together, these strategies reinforce conductive net-
workintegrity while reducing direct carbon-electrolyte contact area.
AsshowninFig.3a, two structural strategies can be employed torealize
effective interfacial coupling: surface coating and fibre-like intertwin-
ing. The former refers to the conformal deposition of binder on carbon
surfaces; the latter involves fibre-to-fibre entanglement, which requires
boththe carbon additive and binder to possess fibrous morphology.

The choice of carbon additive is critical for thick electrode design.
VGCF exhibits an aspect ratio exceeding 200, with a typical diameter
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Fig.2|Impact of reaction heterogeneity in slurry-processed thick electrode
on optimizing active material ratio at high voltage. a, Angularly averaged
diffraction patterns along the Debye—-Scherrer ring under different charging
voltage. The arrows indicate the emergence of a pseudo-peak accompanying
the splitting of the (003) Bragg scattering. b, Voltage profiles of slurry-
processed NMC811 thick electrodes with various active material ratios during
charging and discharging between 4.70 and 2.50 V versus Li metal anode at
C/10-rate. The inset highlights voltage polarization and fluctuations in the
high-voltage region near the end of charge for the slurry-processed thick
electrodes with 97 wt% active material.

of ~100 nm and length greater than 20 um (Supplementary Fig. 3),
providing sufficient connectivity for a three-dimensional (3D) per-
colation network (Supplementary Table 2) while maintaining a low
specific surface area (-18.6 m*>g™), more than ten times lower than
that of carbon nanotubes. These properties make VGCF well suited for
high-loading cathodes. PTFE is selected as the binder due toits ability
to fibrillate under shear during dry processing®, forming fibre-like
structures that entangle with VGCF, reinforce electronic percolation
and reduce direct VGCF-electrolyte contact.

Beyond morphological similarity, effective VGCF-PTFE coupling
requires chemical interactions. VGCF containing intrinsic surface
oxygen functional groups (-1.5 wt% O; Supplementary Table 3) was
therefore selected to provide reactive sites. X-ray photoelectron
spectroscopy (XPS) reveals a shift in the O 1s peak from 533 to 531 eV
after dry shear mixing with PTFE (Supplementary Fig. 4), while the C
1s peak remains unchanged, indicating a transformation of surface
oxygen species rather than charge transfer from the binder. Decon-
volution of the O 1s spectra (Supplementary Fig. 5) shows that pris-
tine VGCF is dominated by C-0 (56.9%) and -OH (43.1%) species with
negligible C=0 content, whereas after shear mixing the C=0 fraction
increasesto55.3%, accompanied by decreasesin C-0 (36.7%) and -OH
(8.0%). This chemical evolution is consistent with an enol-to-keto
transition of surface -OH groups (Supplementary Fig. 6), facilitated by
PTFE and supported by the presence of hydrogen in VGCF (0.2 wt%).
Raman spectroscopy (Supplementary Fig. 7) further confirms this
transition, with the /p//; ratio increasing from ~0.10 to -0.20. In addi-
tion, thered shift and broadening of the 2D’ overtone (second-order,
non-disorder-induced Raman band), together with the suppression
and redistribution of O-H stretching modes, are fully consistent with
an C-0/-OH to C=0 transformation®’. Together with PTFE fibrillation
under shear, this chemical transition promotes interfacial coupling
between carbon and binder in dry-processed electrodes.

Dry electrode processing involves three key steps: shear mixing,
which establishes the overall electrode architecture; calendering,
which compresses the electrode to achieve target density and poros-
ity; and lamination, which bonds the electrode layer to the current
collector. Amongthese steps, shear mixingis the most critical for deter-
mining the spatial distribution and interfacial coupling of binder and
carbon. Our modelling efforts therefore focus on this step to capture
the dynamic evolution of binder-carbon interactions and network
connectivity that ultimately dictate charge transport and interfacial
stability in the dry electrode.

In this study, we developed a CGMD model focused on the inter-
action between VGCF and PTFE. VGCF was simplified as linear carbon
chains consisting of 30 particles with a radius of 50 nm to capture its
high aspect ratio. PTFE was modelled as chains with alength of -1 pm,
each composed of 70 spherical particles representing -[CF,-CF,]- seg-
ments, consistent with the morphology observed before fibrillation
(Supplementary Fig. 3). This modelling employed the classical Len-
nard-Jones12-6 potential®* to describe chemicaliinteractions between
PTFE and VGCF particles.

CGMD simulations (Fig. 3b-f) capture PTFE-VGCF interaction
evolution under a shear stress of 5 MPa, consistent with experimen-
tal dry-processing conditions. Initially (Fig. 3b), PTFE chains are uni-
formly dispersedinarelaxed configuration, whereas after shear mixing
(Fig. 3c) they redistribute and accumulate near VGCF surfaces. This
behaviour arises from mass and inertia differences, with lighter PTFE
being morereadily displaced than the relativelyimmobile VGCF and is
further driven by chemicalinteractions between the two components.
Radial distribution function (RDF) analysis (Fig. 3d) confirms this redis-
tribution, showing increased PTFE probability density near VGCF at
r=60nmanda correspondingincreasein coordination number after
shear mixing. Together, these results demonstrate that shear-induced
PTFE redistribution is critical for establishing strong binder-carbon
couplingindry-processed electrodes.

The structural evolution of PTFE during shear mixing was further
quantified by the radius of gyration (RoG) distribution (Fig. 3e). Ini-
tially, relaxed PTFE chains exhibit a broad RoG peak at ~60 nm, which
shifts to ~45 nm after shear mixing, comparable to the VGCF radius
(50 nm), indicating PTFE winding around the fibres. This behaviour is
supported by morphological evidence (Supplementary Fig. 8), showing
PTFE helically wrapped along VGCF surfaces (yellow arrows). In addi-
tion, PTFE also forms conformal coating layers on VGCF walls, indicat-
ingmultiple modes of interfacial coupling indry-processed electrodes.

During shear mixing, PTFE chains wind around VGCFs via friction
and tension, drawing fibres closer and forming a stable conductive
network (Fig. 3f). As mixing proceeds, the interfibre distance decreases
from~360t0-250 nm, reflecting PTFE-mediated connectivity and align-
ment of VGCFs. To quantify electronic network efficiency, large-area
cross-sectional imaging was performed on dry- and slurry-processed
thick electrodes (areal loading ~30 mg cm™) using plasma focused
ion beam-scanning electron microscopy (PFIB-SEM), whose high
milling rate enables statistically representative sectioning over large
areas”*. The resulting PFIB-SEM images were segmented by grayscale
contrast into NMC811 active material (red), carbon-binder domain
(CBD, darkblue) and pores (light blue), as shown in Fig. 4a,b for dry- and
slurry-processed electrodes, respectively.

Conventional analysis often emphasize CBD uniformity across
electrode thickness as an indicator of thick-electrode performance.
Analysis of segmented PFIB-SEM images (Supplementary Fig. 9) shows
comparable CBD uniformity in dry- and slurry-processed thick elec-
trodes, with standard deviations of 1.15% and 1.00%, respectively.
However, uniformity alone does not capture conductive network
efficiency; instead, CBD connectivity is the primary determinant of
effective electronic percolation.

Connectivity maps (Fig. 4c,d), in which each colour represents
anisolated CBD subnetwork, reveal sharp differences between the
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Fig. 3| Architecture design and modelling verification of dry-processed thick
electrode for high-voltage stability. a, A schematicillustration of the composite
thick electrode composed of NMC particles, carbon fibres (CF) and PTFE binder.
b, Theinitial state of the electrode materials mixture assumed in the modelling.
¢, The final state of the electrode microstructure after performing CGMD
simulations. d, The calculated RDF distribution between VGCF and PTFE for the
initial and final state. g;is the pair RDF between species VGCF (i) and PTFE (j).

Simulation time (ns)

e, Calculated probability density distribution of RoG for the initial and final

state of the PTFE binder. The insets show representative PTFE chain
conformations before and after shear mixing, illustrating the transition from
arelaxed configuration toa more compact, wrapped state around VGCF.

f, Calculated evolution of the interchain distance between VGCF pair as a function
of the simulation time. The insets display snapshots of VGCF pairs before and
after shear mixing, highlighting the progressive reductionin interfibre distance.

two electrodes. In the slurry-processed electrode, the CBD is frag-
mented, with the largest connected cluster accounting for only 17.1%
of total CBD pixels, whereas the dry-processed electrode exhibits a
dominant percolating network comprising 61.2%. The 3D PFIB-SEM
tomography (Supplementary Fig. 10) over a representative volume

(100 x 100 x 30 pm?) confirms this contrast: statistical analysis of
labelled subnetworks across slices (Supplementary Fig. 11) shows
that the dry-processed electrode not only has alarger dominant CBD
fraction on average but also a narrower distribution, indicating more
robust and spatially continuous electronic percolation.
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Fig. 4| Connectivity evaluation of the electronically conductive network

for both dry- and slurry-processed thick electrodes with areal loading of

~30 mg cm™.a,b, Segmented PFIB-SEM images of dry- (a) and slurry-processed
(b) electrodes, with the NMC811inred, the CBD in dark blue and the pores in light
blue. ¢,d, The connectivity maps of the CBD network, and the different colours

0 5 10

represent different aggregates of CBD, for the dry- (c) and slurry-processed

(d) electrodes. e, f, Distribution of the simulated current density in the NMC811
active material and CBD with a current equivalent to C/3-rate flowing from top to
bottom for the dry- (e) and slurry-processed (f) electrodes.

To quantify theimpact of CBD connectivity, current flow equiva-
lent to C/3 was simulated across the electrode thickness (Fig. 4e,f).
In the slurry-processed electrode, a larger fraction of current passes
through NMC811 particles, yielding an average particle current density
0f1.0 x 102 A m™, compared with4.6 x 10~ A mfor the dry-processed
electrode. Because NMC8I1 has electronic conductivity approxi-
mately five orders of magnitude lower than the CBD, this parasitic
current flow leads to increased ohmic losses. These results demon-
strate that the superior CBD connectivity in dry-processed thick elec-
trodes promotes electronic transport through the most conductive
phase, enabling more homogeneous utilization of NMC811 under
high-voltage operation. Beyond electronic transport, Li* transport
throughtheelectrolyte has also beenidentified as akinetic limitation
in thick electrodes®*”. To quantitatively assess its contribution, we

then evaluated the ionic transport parameters of both slurry- and
dry-processed electrodes. Both electrodes exhibit comparable pore
distribution uniformity: standard deviation 0.89% for slurry and 1.2%
for dry (Supplementary Fig.12), which indicates no porosity-induced
penalty. However, the dry-processed electrode shows reduced tortuos-
ity (2.49 versus 2.87), corresponding to an ~13% decrease and an ~33%
increase in effective Li* diffusivity relative to the slurry-processed
electrode (Supplementary Fig.13). This reduced tortuosity contributes
toimprovedionic transport, complementing the enhanced electronic
percolationin dry-processed thick electrodes.

Dry-processed thick electrode for high-voltage stability
In the dry-processed electrode, PTFE binder winds around and coats
VGCEF fibres through shear-driven chemicalinteractions, simultaneously
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Fig. 5| Electrochemical performances of dry-processed thick electrode
demonstrating high-voltage stability and maximized active material
content. a, Voltage profiles of dry-processed NMC811 thick electrodes (areal
loading of -30 mg cm™) with various active material ratios during charging and
discharging between 4.70 and 2.50 V versus Li metal anode at C/10-rate. The inset
highlights asmooth voltage profile in the high-voltage region near the end of
charge for the dry-processed thick electrodes with 97 wt% active material.

b, Voltage profiles of dry-processed NMC811 thick electrodes with 99 wt% active

Active material ratio (%)

material during C/10- and C/3-rate cycling versus Li metal anode. ¢, Cycling
performances of NMC811dry-processed thick electrodes with 99 wt% active
material at C/3-rate versus Li metal anode. The pink arrow points to the y axis
showing the capacity retention and the black arrow points to the y axis showing
the Coulombic efficiency. d, Literature results summary of electrochemical
performance for high-Ni NMC layered cathodes with varying active material
contents”*°** (see Supplementary Table 5 for all performances and cell
parameters). L stands for mass loading.

enhancing electronic connectivity and forming a barrier that sup-
presses direct carbon-electrolyte contact, thereby mitigating elec-
trolyte decomposition at high voltages. This binder-carbon coupling is
absentinslurry-processed electrodes. Linear sweep voltammetry (LSV)
confirmsthat, despite using the same VGCF additive, slurry-processed
composites exhibit an earlier onset of parasitic reactions and higher
currents than dry-processed counterparts (Supplementary Fig. 14).

Consequently, increasing the active material content from
93 wt%to 97 wt% in the dry-processed electrode (Fig. 5a), while main-
taining a high areal loading of ~30 mg cm™ and a cutoff voltage of
4.70V, does not introduce additional overpotential during the ini-
tial cycle at C/10-rate, and the reversible capacity remains stable at
~220 mAh g™ Unlike slurry-processed thick electrodes, which show
voltage fluctuations above 4.60 V due to asynchronous particle-level
reactions, dry-processed electrodes display smooth voltage pro-
files across all active material ratios, indicating homogeneous del-
ithiation. This advantage extends to ultrahigh loadings, with areal
capacities approaching 9 mAh cm™ (areal loading -45 mg cm™)
exhibiting voltage profiles nearly identical to those at lower loadings
(Supplementary Fig.15).

Operando single-particle XRD was performed on dry-processed
thick electrodes during charging to 4.70 V (Supplementary Fig. 16).
Individual NMC8I11 particles show continuous angular shifts of the
(003) Bragg scatterings throughout charging (Supplementary Video
2), indicating synchronous lattice evolution across the ensemble.
Unlike slurry-processed electrodes, no peak splitting or pronounced
broadening is observed above 4.25 V (Supplementary Fig. 17), imply-
ing minimized state-of-charge heterogeneity and suppressed local
overpotentials. Electrochemicalimpedance spectroscopy (EIS) further
shows consistently lower resistance for dry-processed electrodes

cycledto4.70 V (Supplementary Fig. 18 and Supplementary Table 4).
Theseresults confirmthatreaction heterogeneity inslurry-processed
thick electrodes originates from electrode architecture rather than
intrinsic NMC811 properties. By mitigating Li concentration gradients
within particles and across the electrode, the dry-processed electrode
achieves a Li* diffusivity of 6.9 x 1072 cm?s™, more than four times
higher than that of the slurry-processed electrode.

Building on these results, the active material content was fur-
ther increased to 99 wt% in dry-processed electrodes while main-
taining an areal loading of -30 mg cm™. The resulting free-standing
films (-25 cm?) exhibit excellent flexibility and structural integrity,
remaining crack-free upon bending (Supplementary Fig. 19), which
is essential for roll-to-roll manufacturing®. Mechanical testing
(Supplementary Fig. 20) further confirms despite increasing the
active material fraction from 93 wt% to 99 wt%, the tensile strength
remains comparable to thick electrodes using substantially higher
binder contents®.

Electrochemically, the 99 wt% dry-processed electrode delivers
exceptional performance (Fig. 5b). At C/10, the first charge capacity
reaches 253 mAh g™ (93% of the theoretical capacity of NMC811), with
a discharge capacity exceeding 225 mAh g™ and an initial Coulombic
efficiency (CE) of 89%. At C/3, a high specific capacity of ~210 mAh g™
is retained. Rate capability tests (Supplementary Fig. 21) show neg-
ligible voltage polarization up to 6.0 mA cm™ for both charge and
discharge, with polarization at higher rates primarily attributed to
limitations of the Li metal anode paired with the high-loading cathode
(-30 mg cm™) in carbonate electrolytes*®*. Importantly, increasing
the active material content from 93 wt% to 99 wt% does not reduce
the NMC-CBD contact fraction (Supplementary Fig. 22), confirming
preserved percolation integrity.
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Fig. 6 | Comparison of electrochemical performance and post-mortem analysis
of thick electrode applied in NMC811||graphite full cells highlighting the
high-voltage stability of dry-processed electrodes. a, Cycling performance of
full cells using 95 wt% NMC811 cathodes (areal loading of -5 mAh cm™) at C/3-rate.
Bothyaxes correspond to the same electrochemical data for all cases. The left
yaxisreports the absolute areal capacity to show the magnitude of capacity
decay, whereas the right y axis presents the corresponding capacity retention,
normalized to theinitial areal capacity for convenience of comparison. Note

that the SC 4.55V case was evaluated using pouch-type full cells, whereas the
remaining three cases were tested using coin-type full cells. PC, polycrystalline;

Ni
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Energy loss (eV)
SC, single crystal. b, Aberration-corrected STEM-HAADF image of NMC811
particlesintheslurry-processed electrode after 100 cycles. ¢, Spatially resolved
OK-edge EELS spectra from surface to bulk of NMC811 particles in the slurry-
processed electrode after 100 cycles. d, Aberration-corrected STEM-HAADF
image of NMC8I11 particles in the dry-processed electrode after 100 cycles.
e, Spatially resolved O K-edge EELS spectra from surface to bulk of NMC811
particlesinthe dry-processed electrode after 100 cycles. The points1-5incand e
correspond directly to the labelled numbers within dashed green boxes inb and
d, respectively. f, ICP-MS analysis of graphite anodes paired with thick NMC811
cathodes after 100 cycles. TM, transition metal.

Cycling stability was evaluated in Li-metal half-cells using a liq-
uefied gas electrolyte and a reduced cutoff voltage of 4.30 V to miti-
gate Li-electrolyte incompatibility*. As shown in Fig. 5c, the 99 wt%
electrode retains 92% of its initial capacity over 200 cycles with an
average CE exceeding 99.7%. Pushing the design further, electrodes
with 99.5 wt% active material (Supplementary Fig. 23) maintain a high
discharge capacity of 216 mAh g™ and outperform reported bench-
marks (Supplementary Table 5). The bubble chartin Fig. 5d highlights
the unique combination achieved here—ultrahigh active material con-
tent (-99.5 wt%), high mass loading (-30 mg cm™) and high reversible
capacity—surpassing most literature reports clustered at 90-94 wt%
with lower loadings.

High-voltage full-cell performance was then assessed using graph-
ite anodes. Under a cutoff voltage of 4.70 V at C/3, slurry-processed
NMCS8Ll1||graphite cells show rapid degradation, with areal capacity reten-
tiondroppingto 85%after 100 cycles and 80% after 125 cycles (Fig. 6a). By
contrast, dry-processed full cells retain 89% of their initial areal capacity
(-5 mAh cm™) after 100 cycles and 82% after 200 cycles, with a higher
average CE of 99.89% compared with 99.74% for slurry-processed cells
(Supplementary Fig.24). Even under harsh conditions—cycling at 50 °C
with a4.70V cutoff—the dry-processed NMC811 retains 72% of its areal

capacity after 100 cycles (Supplementary Fig. 25), highlighting itsadvan-
tage under simultaneous high-temperature and high-voltage stress.

To elucidate high-voltage degradation mechanisms,
aberration-corrected scanning transmission electron microscopy in
high-angle annular dark field mode (STEM-HAADF) was performed on
NMCS8I11 particles collected from thick electrodes after 100 cycles. The
slurry-processed electrode exhibits anon-uniform CEl exceeding 5 nm,
with porousregions and discontinuitiesindicative of electrolyte-driven
interfacial corrosion (Fig. 6b). By contrast, the dry-processed electrode
maintains acompact, uniform CEl with an average thickness of -2 nm
(Fig. 6d), consistent with more effective interfacial passivation.

Electron energy loss spectroscopy (EELS) line scans were acquired
from surface tobulk of the particles to probe the local electronic struc-
ture evolution. The spatially resolved O K-edge spectra reveal pro-
nounced suppression of the oxygen pre-edge feature (-532 eV) near the
surface of slurry-processed particles, disappearing entirely within the
rock-salt region (Fig. 6¢), indicating oxygen loss and transition-metal
dissolution associated with layered-to-rock-salt transformation*. By
comparison, the dry-processed electrode retains the oxygen pre-edge
feature across the surface-to-bulk region (Fig. 6e), confirming better
preservation of the layered structure after cycling.
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This improved structural stability arises from the dry-electrode
architecture, which facilitates electronic connectivity while limiting
direct carbon-electrolyte contact, thereby suppressing high-voltage
parasitic reactions and electrolyte decomposition. Reduced forma-
tion of acidic species such as HF mitigates CEIl corrosion, oxygen loss
and transition-metal dissolution**. Inductively coupled plasma mass
spectrometry (ICP-MS) of cycled graphite anodes (Fig. 6f) confirms
substantially higher transition-metal deposition—primarily Ni—in
cellswith slurry-processed cathodes, implying severe cathode-anode
crosstalk that accelerates lithium inventory loss®.

To further extend high-voltage stability, single-crystal NMC811
(Supplementary Fig. 26) was employed to reduce surface area and
mitigate grain-boundary cracking. The dry-processed electrode using
single crystal demonstrates improved cycling stabilityata4.70 V cut-
off, retaining nearly 80% of its initial areal capacity after 400 cycles with
anaverage CE 0f 99.91% (Fig. 6a), highlighting the compatibility of the
dry-processing strategy with single-crystal morphologies.

The trade-off between energy density and cycling stability was
further evaluated by varying the voltage cutoff (Supplementary Fig.27).
Increasing the cutoff from 4.20 to 4.70 V raises the material-level dis-
charge energy density from 701 to 868 Wh kg™, corresponding to a
23.8% gain (Supplementary Table 6), while a 4.60 V cutoff already
delivers a 21.8% increase. Guided by this analysis, we evaluated a
dry-processed NMC811||graphite full pouch cell with a 4.55 V cutoff.
AsshowninFig. 6a, this cell achieves excellent cycling stability, retain-
ing 78% of itsinitial areal capacity after 1,000 cycles at a C/3-rate, with
anaverage CE 0f 99.92%.

Post-mortem scanning electron microscopy (SEM) analysis of
graphite anodes (Supplementary Fig. 28) shows intact particles after
long-termcycling, with no fracture or exfoliation and only edge smooth-
ing due to surface solid electrolyte interphase accumulation. Finally,
benchmarking against prior reports (Supplementary Fig. 29) demon-
strates that, unlike most high-mass-loading electrodes (=25 mg cm™)
thatfade within200-400 cycles, the dry-processed NMC811||graphite
pouch cell sustains stable operation well beyond 1,000 cycles.

Conclusion

In this work, we report a design principle for maximizing active
material content in thick electrodes operating under high voltage.
High-aspect-ratio VGCF form an interconnected electronic network
that efficiently links active material particles, whereas fibrillated PTFE
binder coats and stabilizes these carbon fibres, maintaining pathway
integrity and reducing direct carbon-electrolyte contact to suppress
parasitic reactions. Central to this design is the interfacial coupling
between PTFE and VGCF, enabled by anenol-to-keto transition during
dry processing. This chemical transformation, facilitated by shear
stress, lays the molecular foundation for a robust architecture under
high-voltage operation. As a proof of concept, the dry-processed
NMCS8I11 cathode with 30 mg cm~loading and 99 wt% active mate-
rial enables stable operationup to4.70 V. Full cells with a4.55 V cutoff
and 5 mAh cm™areal capacity sustain1,000 cycles with an average CE
above 99.9%. This work also indicates efficient electronic transport
depends onnetwork connectivity rather than uniformity alone, and the
conventional view that conductive carbon and binder serve isolated
roles must be re-evaluated. Their synergistic interaction is essential
for achieving both structural integrity and electrochemical stability.

Methods

Thick electrode fabrication

Dry-processed electrodes were prepared by mixing commercial
NMCS811powder (polycrystalline from Targray or single crystal from
MSE Supplies), PTFE binder (Chemours) and VGCF (Sigma-Aldrich) at
aspecified massratio. A conductive carbon-to-binder mass ratio of 5:2
was consistently adopted for all slurry-processed and dry-processed
electrodes, except in the ultrahigh active material case (99.5 wt%),

where the formulation was adjusted to 0.4 wt% VGCF and 0.1 wt% PTFE.
The dry mixture was shear mixed at 100 °C for 10 min under an applied
shear stressinthe range of 1-5 MPato forma cohesive free-standing
film. To achieve target thickness and porosity of ~30%, the film was
rolled on a100 °C hot plate and subsequently hot-calendered at
100 °C onto 20-pm etched aluminium foil (Tob New Energy). The
final NMC811 mass loading was ~-30 mg cm™ for half-cell testing and
~25 mg cm™for full-cell testing, corresponding to ~6 and -5 mAh cm™,
respectively. For comparison, the slurry-processed thick NMC811
electrodes were fabricated by doctor blade method*®. Polyvinylidene
fluoride (PVDF, Arkema) was first dissolved in N-methyl-2-pyrrolidone
(Sigma-Aldrich) using a planetary mixer (ARE-310, Thinky) for 10 min.
NMC811 powder and conductive agent were then added at the desired
mass ratios and mixed for an additional 1 h to form a homogeneous
slurry. The slurry was cast onto aluminium foil using a doctor blade
with a defined gap thickness and dried under vacuum at 60 °C over-
night to remove N-methyl-2-pyrrolidone, followed by further drying
at120°Cfor1h.

Half-cell testing

Electrodes with a 0.5-inch diameter were punched and dried in a vac-
uumoven at100 °C for 24 h. In half-cell configurations, lithium metal
(Tob New Energy) was used as the counter electrode, with Celgard 2325
asthe separator for electrodes with~-6-9 mAh cm™areal capacity. The
areal capacity is defined by the discharge specific capacity at the forma-
tion cycletimes the active material areal loading in each case. CR2032
coincellswere assembled using 0.5-mm-thick spacer and one spring at
theanodeside. A Gen2 electrolyte (1 M LiPF,in EC:EMC of 3:7 by weight,
Gotion) was used for reversible capacity measurements and C-rate
performance testing. Galvanostatic cycling was performed at various
C-rates with 1C defined as 180 mA g™ and a voltage window of 2.50-
4.70 V.For extended cycling stability studies, aliquefied gas electrolyte
composed of 1.2 M LiTFSI and 1 M acetonitrile in fluoromethane:CO,
(19:1 by weight) was used, with an additional 5 wt% CO, to enhance
Li-metal stability**. For each testing condition, three half cells were
evaluated to make sure reported results are representative.

Full-cell testing

Both CR2032 coin cells and pouch cells were assembled for full-cell
testing. All full-cell measurements with a 4.70 V cutoff were carried
out in CR2032 coin-cell format, whereas the cycling tests at a 4.55V
cutoff were performed using a pouch-cell configuration. Graphite
electrodes (94 wt% active material) provided by the Ningbo Institute
of Materials Technology and Engineering were used as the anode
using the same industrial-scale coating and calendaring equipment
employed for commercial electric vehicle-grade lithium-ion battery
production. Thesingle-side areal capacity is 6.0 + 0.2 mAh cmZfor an
N/P ratio of 1.1-1.15. For single-layer pouch cells, cathodes measured
44 mm x 30 mm and anodes 45 mm x 32 mm. Initial assembly was
conducted without electrolyte in ambient atmosphere. The sealed
pouchesweretransferred to a heating tray in the glovebox antecham-
ber and vacuum-dried at 80 °C overnight. After drying, the cells were
moved into an Ar-filled glovebox for electrolyte injection, avoiding air
exposure. Electrolyte filling was controlled at a ratio of 3 g Ah™, using
anall-fluorinated electrolyte (1 M LiPFin FEC:FEMC of 3:7 by weight).
Celgard 2325 served as the separator. The pouch-type full-cell cycling
inthis study was conducted under a constant stack pressure of 350 kPa,
calculated based on the projected area of the graphite electrode. A
thin load cell positioned directly above the pouch cell continuously
monitored the applied pressure throughout long-term cycling. Cells
were cycled at C/10-rate for the first two cycles, followed by extended
cycling at C/3-rate in the voltage range of 2.50-4.70 V or 2.50-4.55 V.
The reversible capacity for the 4.55V NMC811||graphite pouch cell
was 66 mAh at C/10-rate. The electrochemical tests were performed at
either 25 °Cor 50 °C using a Neware Battery Test System (Neware). For
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each testing condition, three coin-type full cells or two pouch-type full
cells were evaluated to make sure reported results are representative.

LSV measurements

LSV was performed using a BioLogic VSP-300 at a scan rate of
1mV s, sweeping from open-circuit voltage to 4.80 V in a half-cell
configuration. The working electrode consisted solely of VGCF and
binder:polyvinylidene fluoride was used for the slurry-processed elec-
trode, whereas PTFE was employed for the dry-processed electrode.
For fair comparison, the reported parasitic currents were normalized
by the electrode mass.

EIS measurements

EIS measurements were performed using a BioLogic VSP-300 on
half-cells with NMC811 thick electrodes prepared via either dry or
slurry processing with 95 wt% active material. An applied AC poten-
tial of 10 mV over a frequency range from 1 MHz to 1 mHz was used.
Impedance analysis was performed after cycling with a charging
cutoff voltage of 4.70 V using a classical equivalent circuit model*®
(Supplementary Fig.18), where R, (R1), R..; (R2) and R, (R3) represent
the electrolyte, interphase and charge-transfer resistances, respec-
tively. We extracted the low-frequency Warburg coefficient and calcu-
lated the solid-state lithium diffusivity using the following equation:

b _l(LZ
B~ 2\ 2F2caRr, )’

where Ristheideal gas constant, T isthe absolute temperature, zisthe
number of electrons transferred in the redox reaction, Fisthe Faraday’s
constant, Cisthelithium concentration, Aisthe electrode surfacearea
and R, is the Warburg coefficient.

Powder XRD

NMC811powders (either polycrystalline from Targray or single-crystal
from MSE Supplies) were sealed in boron-rich glass capillary tubes
(0.7 mm diameter, Charles Supper Company) within an Ar-filled
glovebox maintained at <0.1 ppm H,0. XRD measurements were con-
ducted using a Bruker APEX Il Ultra diffractometer operated at 50 kV
and 50 mA. Rietveld refinement was applied to the collected XRD
data to determine the lattice parameters and site occupancies of the
pristine samples.

Operando single-particle XRD

Operando single-particle XRD measurements were performed using
9.0 keV photons on a half-cell setup, with diffraction patterns col-
lected by acharge-coupled device positioned 0.5 m downstream from
the sample. The coin cell casing was modified with a 5 mm opening
sealed by Kapton filmonboth sides, allowing X-ray transmission with-
out compromising electrochemical performance. NMC811 cathodes,
prepared via either dry or slurry processing with 90 wt% active mate-
rial, were used. The detector was positioned at a fixed 26 angle to
monitor the (003) Bragg reflection fromrandomly oriented nanopar-
ticles. Theincidentbeam was defined to 20 pm x 20 um by slits. Since
the overall crystallographic symmetry remains unchanged during
cycling, tracking the (003) peak position provides sufficient insight
into structural evolution.

Surface characteristics analysis

XPS was conducted on VGCF samples before and after dry mixing with
PTFEunder shear stress usinga Kratos AXIS Suprasystem. Measurements
were performed with a monochromatic Al Ka source (15 kV) under a
vacuum of -107® Torr. An automatic charge neutralizer was used during
data acquisition. Survey spectra were collected with a1.0 eV step size,
followed by high-resolutionscansat 0.1 eVintervals. All spectra were cali-
brated tothe C1speak at 284.6 eV. Peak fitting using CasaXPS software

was performed after Shirley background subtraction. Mixed Gauss-
ian-Lorentzianline shapes were used for the peak fitting with full width
at half maximum and peak positions constrained consistently across
samples to enable quantitative comparison of surface chemical states.

Raman spectroscopy analysis

Raman spectroscopy was performed on VGCF samples before and
after dry mixing with PTFE under shear stress using LabRAM HR Evol
Raman Microscope. The samples were sealed between two very thin
transparent glass slides. The measurements were run using a 532-nm
laser source, 600 gr/mm grating from a wavenumber range between
50and 3,500 cm™.

Chemical composition analysis

Elemental analysis of VGCF was performed by Midwest Microlab.
Carbon, hydrogen and nitrogen contents were measured using Dumas
combustion, in which the sample was fully oxidized in O, at ~950-
1,050 °C and the resulting CO, and H,0O were quantified by thermal
conductivity or infrared detection against certified standards (for
example, acetanilide). Oxygen content was analysed using a dedicated
LECO-type oxygen module via inert pyrolysis at -1,060 °C under He
flow, converting oxygen to CO for subsequent catalytic conversion
and quantification. The transition-metal contents on cycled graphite
electrodes were quantified using ICP-MS (iCAP RQ, Thermo Fisher Sci-
entific). Graphite electrodes collected from coin cells after 100 cycles
were punched into 1/8-inch discs and soaked overnight in 3 mol !
H,SO, for transition-metal extraction. The resulting supernatant was
collected and appropriately diluted for ICP-MS analysis.

Mechanical properties measurements

Dry electrodes were fabricated into rectangular strips and subse-
quently cutinto dogbone specimens using a3D-printed stencil (gauge
section 0.6 cm x 1.2 cm). The thickness of each specimen was measured
with amicrometrebefore testing. Tolocalize fracture within the gauge
region, the two gripping ends were reinforced with electrical tape.
Tensile measurements were conducted onalinear actuator (ESM303,
Mark-10) equipped with a10 N force gauge, using 3D-printed grips, at
an elongation rate of 1 mm min™ until mechanical failure.

Modelling for shear mixing process
To investigate the mesoscale interactions between PTFE binder and
VGCF, we performed CGMD simulations. Particle size and mass were
calibrated based on material density to ensure a physically realistic
environment. Each PTFE chain was modelled as a 1,035 nm polymer
comprising 70 coarse-grained beads, with each bead representing
several -[CF,-CF,]- units and a radius of 14 nm. VGCF was simplified
as a linear chain of 30 carbon beads with 50 nm radius each, repre-
senting the overall carbon structure and surface. The simulation sys-
tem included 10 VGCF chains and 500 PTFE chains to capture their
interfacial behavior.

Interactions were assumed to be governed by the classical 12-6
Lennard-Jones (L)) potential, with parameters adapted from the Mar-
tini 3 force field**

i =4e[(5) - (7]

Here, ¢ represents the potential well depth and ¢ the distance at
which potential energy is zero. Notably, the interaction strength (&)
between VGCF and PTFE was set higher than that between PTFE chains,
reflecting stronger binding—consistent with enol-to-keto transforma-
tions observed experimentally. A harmonic potential was also applied
to model bond length and angle variations within the PTFE chain.

Simulations were conductedinal.5 x 1.5 x 1.5 um® periodicbox using
the LAMMPS package"’. The systemunderwent a 50 ns pre-equilibration
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at300 K (NVT ensemble), followed by heating to 373.15K for 10 ns. Shear
mixing was simulated using periodic directional forces (-5 MPa, aligned
withexperimental shear stress) alternating along +x, tyand zdirections
for12 nspercycle, repeated over 30 cycles. Postshearing relaxation was
performed at 373.15 K for 25 ns. To evaluate structural evolution, data
were averaged from the initial and final 50 frames of the shear mixing
process. Visualization was carried out using OVITO*.

PFIB-SEM

A Thermo Scientific Helios 5 Laser-PFIB microscope was used for
large-area cross-section preparation on NMC811 cathode and followed
by Thermo Scientific Apreo 2S scanning electron microscope forimag-
ing. The dry- or slurry-processed cathode with 93 wt% active material
was first cut viarazor blade before mounting on a 54° pretilted holder
forlaserand focusedion beammilling. First, the sample was tilted at —6°
withits surface at an angle of -60° normal to theincident laser beam.
Initial rough laser ablation operations were conducted by utilizing a
laser with a power of 1.5 W for two passes of abox pattern, completed
withinatime frame of 15 s. Thenagentle polishing with laser at alower
power (0.375 W) was conducted viafour passes of abox patternfor40s.
To further improve the polishing quality and remove the laser-induced
periodic surface structures, a 5 min automatic rocking mill technol-
ogy was executed via PFIB at afocused ion beam acceleration voltage
of 30 kV and beam current 200 nA. Thermo Scientific Maps software
automates the acquisition of a series of tiled images with Apreo 2S
SEMto create an overview of the cross-section of samples within-lens
Tldetectorunder 2 kV accelerating voltage and 25 pAbeam current.

To enable image binder within the bulk of the cathode sample
without cross-polishing, the sample was broken off in a cryogenic
environmentvialiquid nitrogen (-196 °C), toresultinfractured surface.
The fractured surface morphology and characteristics were analysed
via Thermo Scientific Apreo 2S scanning electron microscope. A low
accelerating voltage of 2 kVand 25 pAbeam current were setin Optiplan
modewiththein-lensdetectors (T2 and T3) toimage the VGCF and PTFE
binder. To further enhance topographical signal,amuch lower acceler-
ating voltage of 500 eV and 6.3 pA beam current was set in Immersion
mode with beam deceleration to image the VGCF and PTFE binder.

A 3D PFIB-SEM tomography for the dry- and slurry-processed
cathode with 93 wt% active material was performed using a Thermo
Scientific Helios Hydra PFIB-SEM equipped with the Auto Slice &
View 5 (AS&V 5) software. Each 3D volume covered approximately
100 pm x 100 pm x ~30 pm. Before serial sectioning, sample prepara-
tion followed the standard AS&V 5 workflow, including the creation
of fiducial markers (milling current: 60 nA), milling of front and side
trenches (2.5 pA) and final cross-section cleaning (60 nA). The auto-
mated slice-and-view acquisition was then conducted at anion beam
accelerating voltage of 30 kV, a milling current of 60 nA and a slicing
interval of 250 nm.

Image reconstruction, processing, segmentation and visualiza-
tion were carried out using Avizo software. The PFIB-SEM slice stack
was imported into Avizo and reconstructed with the DualBeam 3D
Wizard module. Initial manual segmentation was performed on five
representative slices to generate a training set for three-component
segmentation (including cathode active material, CBD and pores),
followed by deep-learning-based segmentation applied to the entire
dataset. To eliminate small isolated artefacts and noise, the opening
module was applied to each slice of the segmented CBD. Finally, each
subvolume corresponding to the CBD cluster was individually labelled
and visualized in distinct colours on each slice. The area fraction of
each CBD cluster was analysed for each 3D PFIB-SEM slice to obtain
thedistributionand fraction of the largest CBD network oneachslice.

CBD network quantification
Based onthe PFIB-SEMimages, the Weka Trainable tool within Fiji was
used to segment theimage into three phases—the active material, the

CBDandthe pores. Based on those segmented images, the CBD aggre-
gates were formed if allthe CBD pixels within the aggregate were in con-
tact withatleast one other CBD pixel part of the aggregate. The contact
was investigated with the eight neighbours method within MATLAB.
The extent of contact between CBD and NMC active material was quan-
tified by computing the fraction of NMC pixels directly interfacing
with CBD pixels viaastandard four-neighbour connectivity algorithm.

Electronic current simulation

The segmented PFIB-SEM images were then meshed using the
open-access Iso2Mesh toolbox within MATLAB into a 3D mesh of -5 mil-
lion of tetrahedra (by stacking two identical images together) and
importedinto COMSOL Multiphysics 5.6, where the applied parameters
arelisted in Supplementary Table 7. The equations are listed below:

oD
J=0E+ E +-Iapp’

E=-VV,
At the top surface : J = Jypp,

Surfaceop

At the bottom surface (current collector) : J = —/,5p V=0

X >
Surfacecc

where/is the current density, /,,, is the current density applied and D
isthe dielectric displacement.

Tortuosity evaluation

The tortuosity values for each case were computed thanks to the
MATLAB add-on ‘TauFactor*’. The segmented PFIB-SEM images were
fed to this add-on, which computed the tortuosity values through a
diffusion-based algorithm. Supplementary Fig. 13 illustrates the impact
of the difference observed in tortuosity values between the dry- and
slurry-processed electrode might have on the Li* transport through
theelectrolyte. The blue curve represents the Bruggeman relation with
the phase proportion, whichis the electrolyteamount, neglected since
they are similar between the dry and slurry cases.

Scanning transmission electron microscopy-EELS

To prepare TEM samples, cycled electrode materials were dispersed
onto lacey carbon grids within an Ar-filled glovebox. All loading and
transfer procedures were carefully conducted to avoid air exposure.
STEM and EELS were performed on primary particles in ADF mode
using a JEOL JEM-ARM300CF microscope operated at 300 kV and
equipped with dual aberration correctors. To minimize beam-induced
damage, EELS spectra were acquired exclusively from regions free of
priorelectronirradiation.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data generated or analysed during this study are included in the
article and its Supplementary Information. Source data are provided
with this paper.
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Cell line source(s) State the source of each cell line used and the sex of all primary cell lines and cells derived from human participants or
vertebrate models.

Authentication Describe the authentication procedures for each cell line used OR declare that none of the cell lines used were authenticated.

Mycoplasma contamination Confirm that all cell lines tested negative for mycoplasma contamination OR describe the results of the testing for
mycoplasma contamination OR declare that the cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines  pngme any commonly misidentified cell lines used in the study and provide a rationale for their use.
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,

export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals For laboratory animals, report species, strain and age OR state that the study did not involve laboratory animals.




Wild animals Provide details on animals observed in or captured in the field, report species and age where possible. Describe how animals were
caught and transported and what happened to captive animals after the study (if killed, explain why and describe method; if released,
say where and when) OR state that the study did not involve wild animals.

Reporting on sex Indicate if findings apply to only one sex; describe whether sex was considered in study design, methods used for assigning sex.
Provide data disaggregated for sex where this information has been collected in the source data as appropriate; provide overall
numbers in this Reporting Summary. Please state if this information has not been collected. Report sex-based analyses where
performed, justify reasons for lack of sex-based analysis.

Field-collected samples | For laboratory work with field-collected samples, describe all relevant parameters such as housing, maintenance, temperature,
photoperiod and end-of-experiment protocol OR state that the study did not involve samples collected from the field.

Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

-
g
C
=
()

©
O
Et\
o
=
—
™

©
O
E,..
)

Q
wn
C
3
=
Q
>

<

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Qutcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes

[] Public health

|:| National security

|:| Crops and/or livestock

|:| Ecosystems
|:| Any other significant area
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Experiments of concern

Does the work involve any of these experiments of concern:

Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin
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Any other potentially harmful combination of experiments and agents




Plants

Seed stocks

Novel plant genotypes

Authentication

ChlP-seq

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied. ) )
Describe-any-atithentication-procedtres foreach seed stock- tised-ornovel genotype generated—Describe-any-experiments-tsed-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Data deposition

|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links

For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,

May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session
(e.g. UCSC)

Methodology

Replicates

Sequencing depth
Antibodies
Peak calling parameters

Data quality

Software

Flow Cytometry

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
enable peer review. Write "no longer applicable" for "Final submission" documents.

Describe the experimental replicates, specifying number, type and replicate agreement.

Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.

Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and
lot number.

Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files
used.

Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.

Describe the software used to collect and analyze the ChlP-seq data. For custom code that has been deposited into a community
repository, provide accession details.

Plots
Confirm that:

|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|:| All plots are contour plots with outliers or pseudocolor plots.

|:| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation
Instrument

Software

Describe the sample preparation, detailing the biological source of the cells and any tissue processing steps used.
Identify the instrument used for data collection, specifying make and model number.

Describe the software used to collect and analyze the flow cytometry data. For custom code that has been deposited into a
community repository, provide accession details.
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Cell population abundance

Gating strategy

Describe the abundance of the relevant cell populations within post-sort fractions, providing details on the purity of the
samples and how it was determined.

Describe the gating strategy used for all relevant experiments, specifying the preliminary FSC/SSC gates of the starting cell
population, indicating where boundaries between "positive" and "negative" staining cell populations are defined.

|:| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design
Design type

Design specifications

Indicate task or resting state; event-related or block design.

Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures  State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used

Acquisition
Imaging type(s)

Field strength

Sequence & imaging parameters

Area of acquisition

Diffusion MRI [ ] used

Preprocessing

Preprocessing software
Normalization
Normalization template
Noise and artifact removal

Volume censoring

to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across
subjects).

Specify: functional, structural, diffusion, perfusion.
Specify in Tesla

Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.

State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

D Not used

Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings

Effect(s) tested

Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether

ANOVA or factorial designs were used.

Specify type of analysis: [ | whole brain || ROI-based [ ] Both

Statistic type for inference

(See Eklund et al. 2016)

Correction

Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).
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Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.qg. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.
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