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Abstract

Fast-charging lithium-ion batteries require graphite anodes with low ionic transport resis-
tance, yet systematic links between electrode manufacturing parameters and fast-charge
performance remain scarce. This study shows that twin-screw extrusion (TSE) process
conditions control electrode tortuosity, the geometric complexity of ionic pathways, by
reshaping the binder network architecture without altering active material integrity. A cen-
tral composite experimental design combined with multi-scale diagnostics identifies pore
network tortuosity as the primary transport bottleneck. The optimized mild kneading con-
dition (K4: 60 wt% kneading zone solids, 7% kneading length, gentle screw design) reduces
the 8-80% state-of-charge (SOC) charging time by 14.9% relative to the intensive baseline
(B1-B3: 70 wt%, 50% kneading length), matching conventional batch mixing. Regression
analysis confirms a strong correlation between tortuosity and fast-charge performance
(R? = 0.86), whereas the correlation with charge-transfer resistance is weaker (R?> = 0.59).
Mechanistically, mild kneading promotes reversible, sterically stabilized carboxymethyl
cellulose (CMC) networks consistent with extended “loop-tail” polymer conformations.
Intensive kneading is consistent with the formation of bridging gels that fail to arrest binder
migration during drying and clog surface pores. A Pore-Homogeneity Index (PHI), derived
from mercury porosimetry, quantifies the resulting microstructural heterogeneity, correlates
with tortuosity (R? = 0.76), and characterizes pore network uniformity. The results identify
local stress intensity as a primary factor influencing binder network formation and support
tortuosity as an adjustable design parameter in continuous anode processing.

Keywords: lithium-ion battery; graphite anode; fast-charging; tortuosity; twin-screw extrusion;
slurry microstructure

1. Introduction
1.1. The Tortuosity Bottleneck in Fast-Charge Anodes

Widespread electric vehicle adoption depends on rapid recharging. The U.S. Depart-
ment of Energy defines “Extreme Fast Charging” (XFC) as reaching 80% state-of-charge
(SOC) within 10-15min [1,2]. Sustaining rates above 4 C in high-energy cells forces a
trade-off between energy density and power density [3-5].

Transport and kinetic processes at the graphite anode limit fast-charge capability.
Under high charging currents, ohmic losses, sluggish interfacial kinetics, and restricted
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mass transport produce large overpotentials. Once the local anode potential falls below
0V vs. Li/Li* (the thermodynamic stability threshold of the electrolyte), metallic lithium is
deposited [6,7]. The resulting plating causes irreversible capacity loss through electrolyte
consumption and accelerated solid electrolyte interphase (SEI) growth, and poses safety
risks from dendrite formation [8,9].

Single-particle measurements confirm that solid-state lithium diffusion within graphite
supports rates above 20 C. In porous composite electrodes, however, the rate-determining
step shifts toward ionic transport in the liquid electrolyte [5,10]. In this liquid-phase-limited
regime, tortuosity (7) is the decisive parameter. It quantifies the geometric impediment to
ion migration and scales the effective diffusion coefficient via Degs = Dy - €/ 7. Measured
tortuosity values in manufactured electrodes (T ~ 3-10) far exceed predictions from the
Bruggeman relation (T = ¢ %) [11,12]. The discrepancy stems largely from the morphology
of the Carbon-Binder Domain (CBD). Depending on processing conditions, the CBD blocks
pore entrances or masks active material surfaces, extending effective transport paths and
shrinking the electrochemically active surface area. The Diffusion-Limited C-Rate (DLC)
falls [13-15], local overpotentials rise at a given current, and the lithium plating risk
increases. Although desolvation energy and charge-transfer resistance (R.t) also affect
kinetics at low temperatures or low SOCs [16,17], methods that directly correlate process-
induced CBD morphology with tortuosity and fast-charge performance remain lacking.

1.2. Twin-Screw Extrusion: Opportunities and Challenges

The industrial transition from discontinuous planetary batch mixers to co-rotating
twin-screw extruders (TSE) marks a fundamental shift in electrode manufacturing. Conven-
tional batch processes suffer from non-productive downtimes and significant batch-to-batch
variation [18]. Quasi-continuous TSE processing offers a six-fold reduction in process time,
lower energy consumption, and a smaller facility footprint [19,20].

A key advantage of extrusion is its controllable process—structure-property relation-
ships. The modular screw configuration decouples local shear intensities from residence
time distributions, enabling slurry processing at solid contents ranging from “high-solid”
to “semi-dry” states [21-23]. High solid fractions reduce downstream drying energy and
suppress post-coating binder migration [24,25]. They also permit deagglomeration of con-
ductive carbon without exceeding the critical damage threshold of the active material [26].
Continuous extrusion yields energy savings during mixing [19,26,27] and allows shear-
sensitive components such as styrene-butadiene rubber (SBR) binder to be introduced only
during the final dilution stage, preserving molecular integrity [28].

Because TSE operates at elevated solid concentrations, the slurry enters a restrictive
rheological regime in which local stress fields dictate the irreversible spatial arrangement
of the CBD [13,29,30]. Two competing dispersion mechanisms govern this regime: rupture
(sudden fragmentation above a critical stress) and erosion (gradual surface attrition under
sustained shear) [31,32]. Effective dispersion depends on the interplay of maximum shear
stress, stress frequency, and specific stress intensity [33-36]. Hydrodynamic simulations
show that local stress history, rather than global specific mechanical energy (SME), deter-
mines the final dispersion quality [37,38]. Backward-conveying kneading blocks create
intensive kneading zones by maximizing fill level and forcing material over high-shear
disc crests [39-42].

Managing shear intensity in graphite anodes requires a narrow operational window.
Insufficient shear leaves carbon black agglomerates intact, causing coating defects and poor
electronic conductivity [43,44]. Excessive shear disrupts carbon percolation networks and
can induce graphitic delamination. At solid concentrations above 70 wt%, wall slip may
interrupt shear transmission at the barrel-slurry interface [45,46]. Elevated stress intensities
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can also fracture particles, exposing fresh surfaces that consume available binder and
elevate tortuosity by clogging surrounding pores. Recent graphite—anode mixing studies
have primarily focused on graphite delamination and particle fracture [24,26,29,30,47].
As a result, concurrent slurry-network mechanisms, particularly carboxymethyl cellulose
(CMC) adsorption, CBD redistribution, and drying-induced pore blockage, remain less
clearly resolved.

1.3. The Slurry Network Formation Gap

Microstructural evolution in aqueous graphite slurries is governed by interactions
among graphite, CMC, carbon black, and SBR. CMC acts as the primary dispersant, ad-
sorbing onto solid surfaces and providing electrosteric anionic repulsion [48,49]. Electrode
mechanical stability depends on the specific adsorption conformation of CMC. Hofmann
and Willenbacher [50] showed that intense adsorption onto porous domains depletes binder
from particle-particle contacts. Binder polarity further dictates carbon black dispersion [51].

Scheutjens—Fleer self-consistent field theory [52,53] describes how polymer chains at
solid-liquid interfaces adopt distinct conformations: trains (surface-anchored segments),
loops (segments protruding into the solvent), and tails (unbound terminal ends). Extended
“loop and tail” conformations maximize steric layer thickness. Elevated shear rates alter
these conformations or strip polymer chains from surfaces [54]. Adsorption efficiency
depends on molecular weight, degree of substitution, and processing stress [54-57]. If the
resulting network lacks sufficient yield strength, capillary forces during drying drive SBR
latex and carbon additives toward the evaporation front, causing binder depletion at the
current collector and surface enrichment [25,54,58,59].

The susceptibility to such migration reflects a kinetic competition: capillary pressure
(scaling with drying rate and pore size) competes against the network yield stress that resists
particle rearrangement. Delayed structural recovery prolongs the window during which
capillary forces exceed the yield stress, enabling sustained particle transport. Rapid gela-
tion, by contrast, immobilizes the suspension effectively [60]. This thixotropic competition
between shear-induced network breakdown and Brownian structure recovery determines
the electrode architecture at the point of film solidification during drying [61-64]. Process-
ing above 65 wt% solids increases particle contact frequency and can intensify CMC-surface
interactions. Subsequent dilution may then leave part of the polymer strongly adsorbed
in train-like conformations, while weakly attached tail segments and free CMC remain
available for interparticle bridging. Compared with moderately kneaded slurries, in which
loop-rich adsorption layers provide steric stabilization, this state is more prone to bridging
flocculation and the formation of physical particle-polymer—particle bridges [52,53,65-67].
Hydrodynamic shear rate, controlled mainly by screw speed and geometric screw design,
must be distinguished from local stress intensity, which is governed by solids loading, parti-
cle contact frequency, and local force transmission. A unified framework that connects local
stress intensity and CMC conformational states to macroscopic tortuosity and fast-charge
capability has not been established.

1.4. Objectives and Hypothesis

This study investigates how TSE process parameters, specifically kneading zone solid
concentration and stress intensity, relate to binder network formation, electrode tortuosity,
and fast-charge capability.

The experimental design separates the effects of local stress intensity from hydrody-
namic shear rate through a central composite design. “Mild kneading” denotes a processing
regime that constrains peak shear stresses while preserving the extensional flow needed to
deagglomerate carbon black via surface erosion rather than mechanical rupture [31,68].
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The underlying hypothesis is that constrained kneading zone solid concentrations
promote extended CMC conformations (loops and tails), generating sterically stabilized,
reversible suspension networks. Such networks recover rapidly after coating, providing
the yield stress needed to arrest capillary-driven SBR migration. This stabilization should
preserve pore homogeneity and reduce tortuosity without modifying the active material.

The objectives are to (i) provide quantitative evidence identifying the primary trans-
port limitation in fast-charge graphite anodes, (ii) establish process—structure—property
relationships linking specific TSE parameters to effective tortuosity, and (iii) validate rheo-
logical and electroacoustic slurry metrics as diagnostic proxies for industrial process control.
The porosimetric and impedance-based reference methods used to establish these corre-
lations remain post-process laboratory analyses; in production, the correlated quantities
of viscosity and color are intended to be tracked by available in-line surrogates, such as
pressure-based capillary viscometry at the extruder outlet for the slurry network state and
an optical color (CIELAB) sensor at the end of the coater for surface binder enrichment.

2. Experimental Methods
2.1. Materials

The anode formulation comprised synthetic graphite (VW3, Showa Denko;
dsp = 10.1um, BET surface area 4.85m?g!), Super C45 conductive carbon black
(Imerys; BET 45m?g~!), sodium carboxymethyl cellulose (CMC, MAC500L, Nip-
pon Paper Industries Co., Ltd., Tokyo, Japan; M, = 344.440 gmolfl, DS =0.70), and
an aqueous styrene-butadiene rubber latex dispersion (SBR, Zeon 451-B, Zeon Cor-
poration, Tokyo, Japan; 40 wt%). The dry mass ratio was 96:1:1:2 (graphite:carbon
black:CMC:SBR), corresponding to a CMC fraction of 1.0 wt% in the final dry electrode.
During continuous processing, CMC was introduced as a 1.4 wt% aqueous master
solution as this was the highest concentration that could be pumped. The CMC con-
centration in the aqueous phase during processing lies well above the critical overlap
concentration c*, i.e., the concentration at which polymer coils begin to overlap and
interpenetrate rather than remain isolated, ensuring a chain-entangled rheological
regime [69]. Pre-dissolution was selected deliberately: preliminary trials (data not
available) with direct dry-CMC powder dosing resulted in lower electrode adhesion,
consistent with the observations of Haarmann et al. [20] for cathode slurry, because the
swelling and chain-relaxation time of CMC in water exceeds the residence time avail-
able in the extruder and prevents complete hydration and adsorption-layer formation
within the process.

2.2. Electrode Fabrication

The above-mentioned CMC master solution was prepared using a rotor-stator mixer
(IKA XPP 200L, IKA-Werke GmbH & Co. KG, Staufen, Germany; CMX geometry) at
1500 rpm for 10 min followed by 1000 rpm for 10 min, then aged for 24 h at ambient tem-
perature to ensure full polymer relaxation.

Continuous processing used a co-rotating intermeshing twin-screw extruder (BTSK
30/44, Biihler AG, Uzwil, Switzerland; barrel diameter D = 30 mm, L./ D = 57.3) divided
into four functional zones: (1) dry solid feeding, (2) CMC injection, (3) high-solid kneading
(cx = 60-80wt%), and (4) SBR integration and final dilution to a coating solid content of
cs = 53.0 & 1.0 wt%. This tolerance reflects the achievable control band of the final coating
solid content under two continuous gravimetric dosing of four liquid feed streams on
the pilot-scale line. Here, the kneading zone solid concentration denotes the local solid
mass fraction of the suspension within the high-solid kneading section (Figure 1), i.e., the
concentration at which the material experiences the intensive dispersive stresses. The
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kneading length denotes the relative axial share of the total process length configured at
this levelled kneading concentration. A larger value exposes the material to the high-solid,
high-stress regime over a longer fraction of the screw. The screw design in the kneading
zone incorporated two mixing elements, followed by kneading blocks with a 45° stagger
angle and 5mm in forward conveying direction, followed by backwards conveying blocks.
Water-jacketed barrel cooling maintained isothermal processing at 20 + 1 °C.

Process—structure mapping followed a central composite star design with 12 distinct
operating conditions (Figure 1, Table 1). That means the process parameters were each
varied as single star-point excursions from the central operating point across their widest
technically feasible span for this machine and material and avoiding agglomerates or
particle fracture. This screening layout resolves the direction and relative magnitude of
each parameter’s influence in a single, statistically economical campaign, while replica-
tion is concentrated on the intensive baseline (B1-B3) to establish the reference variance.
The matrix included three baseline intensive kneading replicates (B1-B3: cx = 70 wt%,
Ix = 50%, intensive design), a low-concentration kneading condition at otherwise inten-
sive configuration (K1: cx = 60 wt%, Ix = 50%, intensive design), and an optimized mild
kneading condition (K4: cx = 60wt%, Ix = 7%, gentle design). The varied parameters
were throughput (11, 25-50 kg h™1), screw speed (11, 600-1200 rpm), barrel temperature (T,
20-40 °C), and binder injection position (I, 50-93%).

SBR
Gr CB CMC  Water +Water Water =P Powder

B1 B2
D1« GE) (D2
l Anode Slurry >

Figure 1. TSE process layout and experimental design. (Left): Schematic of four functional

[ 1 2 s 14 s 16 | 7 | o 1T 0 [ n 1 2 38 | 14|
s = cx = 60% — 80%

Kneading Zone

zones showing solid feeding (graphite/carbon black), CMC solution injection, high-solid kneading
(cx = 60-80wt%), and SBR dilution to final coating viscosity. (Right): Central composite star de-
sign mapping the experimental space. The primary comparison distinguishes mild kneading (K4,
ck = 60wt%, Ix = 7%) from intensive kneading (B1-B3, cx = 70 wt%, Ix = 50%).

Table 1. Central composite star design for evaluation of TSE process parameters. B1-B3 represent
the intensive baseline (cx = 70 wt%, Ix = 50%, intensive design). K1 isolates the effect of reduced
kneading zone solids at otherwise intensive conditions (cx = 60 wt%, Ix = 50%, intensive design).
K4 represents the optimized mild kneading condition (cx = 60wt%, Ix = 7%, gentle design). K2
and K3 modify the kneading length and the screw design, respectively. D1 varies mass throughput
(ri1), D2 varies screw speed (1), M1 varies the binder injection position (Ig), and T1 varies the barrel
temperature (T). “Int.” denotes the intensive kneading block design; “Gnt.” denotes the gentle
conveying element design; “Ref” denotes the planetary batch mixing reference.

Parameter B1-B3 K1 K2 K3 D1 D2 M1 Tl K4 Ref

Sequence 1,6,10 3 2 9 4 5 7 8 11 12
ck [wWt%] 70 60 70 70 70 70 70 70 60 -
Ix [%] 50 50 7 50 50 50 50 5 7 -
Design Int. Int. Int. Gnt. Int. Int. Int. Gnt. Gnt. -
i1 [kgh™!] 50 50 50 50 25 50 50 50 50 -
n [rpm] 1200 1200 1200 1200 1200 600 1200 1200 1200 -
Ig [%] 50 50 50 50 50 50 93 50 50 -
T [°C] 20 20 20 20 20 20 20 40 20 -
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A reference batch (Ref) was manufactured using a planetary mixer (HIVIS MIX 2P-
03/1, PRIMIX Corporation, Awaji, Hyogo, Japan) and served as the batch-processing
baseline. The process parameters matched the formulation kinetics of K4: dry components
and CMC solution were kneaded at 60 wt% solids for 30 min at 25 rpm, followed by gradual
CMC dilution (20min, 25rpm), SBR addition (10 min, 10rpm), and vacuum degassing
(5min, 10rpm).

Holding density and porosity constant ensures that the measured tortuosity and
pore-morphology differences arise from mixing-induced mechanisms rather than from
differences in loading and compaction. The electrode design parameters correspond to
the application-relevant compaction of a high-energy automotive graphite anode with an
areal capacity of C,pea = 4.00 £0.10 mAhcm 2. Slurries were applied onto 10 pm copper
current collectors using a doctor blade at 1 m min~!. The wet film gap was set individually
per sheet in a range of 200220 um. A two-stage drying protocol separated intrinsic network
formation effects from thermal artifacts: 30 min of ambient convection followed by 10 min
at 60 °C. Electrodes were calendered to a target density of pp = 1.55 £ 0.04 gcm 3 (30%
porosity, approximately 72 pm depending on individual loading of the sheet), dried under
vacuum at 120 °C for 12 h, and transferred into an argon-filled glovebox.

2.3. Slurry Characterization
2.3.1. Particle Size Analysis

Particle size distributions were measured by laser diffraction (Mastersizer 3000 with
Hydro MV dispersion unit, Malvern Panalytical Ltd., Malvern, Worcestershire, UK) under
1000 rpm stirring at a 0.5:1.5 mass dilution. A 0-50 pm grindometer ruled out macroscopic
agglomerates. The Mie optical model used a particle refractive index of 1.81 and an
absorption index of 0.1 for graphite and 1.33 for water as dispersant. The analysis served
as a comparative particle-integrity check; the identical parametrization has repeatedly
resolved process-induced particle damage in other material systems and process windows
of this material system.

2.3.2. Shear Viscosity

Steady-state shear viscosity was measured using a cone-plate rheometer (Kinexus
Pro+, Malvern Panalytical Ltd., Malvern, Worcestershire, UK; CP 1° /50 mm, 25.0 °C) over
a shear rate ramp of 0.1-1000s~!. Serrated-plate testing checked for wall slip artifacts. The
CP 1°/50 mm geometry was used with a truncation gap of 30 pm. Cone-plate geometry was
selected because it imposes a spatially uniform shear rate, required for an unambiguous
flow curve of a shear-thinning suspension. Because the measured torque scales with the
third power of the radius, the narrow apex region contributes negligibly to the signal;
consistency of the flow curves with serrated plate—plate control measurements, whose
gap far exceeds the largest particle dimension, confirmed the absence of wall-slip and
particle-confinement artifacts.

2.3.3. Viscoelastic Properties

Viscoelastic properties were determined using a coaxial-cylinder setup (MCR 302e,
Anton Paar GmbH, Graz, Austria; CC27, 20.0 °C) with oscillatory strain sweeps (1 Hz,
0.01-100% strain) to obtain the storage (G’) and loss (G”) moduli.

2.3.4. Structural Recovery Kinetics

Three-interval thixotropy tests (3ITT) assessed post-coating network regeneration:
Interval I (0.1% strain, 1 Hz, 30 s), Interval II (shear breakdown at 100s~!, 30 s), and Interval
III (recovery at 0.1%, 1 Hz, 30 min).
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2.3.5. CMC Adsorption Coverage

CMC adsorption density was quantified by electroacoustic spectroscopy (ZetaProbe
Analyzer, Colloidal Dynamics, LLC, Ponte Vedra Beach, FL, USA), measuring zeta potential
(¢) magnitude during bidirectional pH titration (HNO3/KOH). In this technique, an applied
alternating electric field drives the charged particles into oscillatory motion; the density con-
trast between particle and fluid causes this motion to emit a pressure wave (electrokinetic
sonic amplitude, ESA), whose amplitude and phase are detected. The signal is proportional
to the dynamic mobility of the particle and hence to the zeta-potential, which in this case
reflects the density and conformation of the adsorbed, charge-bearing CMC layer. Unlike
classical microelectrophoresis, the method operates directly in the concentrated suspension,
preserving the adsorption state established at process solid content.

2.4. Electrode Microstructure
2.4.1. Spectrophotometry

Vertical binder stratification was assessed non-destructively by surface spectrophotom-
etry (sp900, ColorLite GmbH, Katlenburg-Lindau, Germany). CIELAB color coordinates
(L*, a*, b*) were extracted from five locations per sample; reduced L* and elevated b*
serve as optical proxies for surface enrichment of SBR and carbon black [70]. CIELAB color
coordinates L*: lightness; a*: green-red axis; b*: blue-yellow axis) were extracted from
three positions distributed across each sheet, using at least two four per condition to capture
both within-sheet variability and sheet-to-sheet reproducibility; cells were subsequently
assembled from the characterized sheets. Surface enrichment of dark carbon black and SBR
manifested as reduced L* and shifted b*, whereas a* showed no systematic variation across
conditions and was not used as a proxy.

2.4.2. Pore Network Morphology

The volumetric pore size distribution was mapped by mercury intrusion porosimetry
(MIP, AutoPore V, Micromeritics GmbH, UnterschleiSheim, Germany) over a pressure
range of 0.1-61.000 psia, calculating with a contact angle of = 130° and surface tension of
v =0485Nm™1

2.5. Electrochemical Performance Evaluation
2.5.1. Cell Assembly and Formation

Three-electrode PAT-Core cells (PAT-Core, EL-Cell GmbH, Tempowerkring 8,
21079 Hamburg, Germany) were assembled against NMC811 cathodes (capacity ratio
n/p = 1.15 £ 0.03) with a metallic lithium reference electrode and LP572 electrolyte. Cells
underwent a three-cycle formation protocol at 0.1 C within a graphite anode potential win-
dow of 0.05-1.5V vs. Li/Li*, with an additional full-cell safety cut-off at 4.25 V. Five cells
were assembled and cycled for each parameter set. The intensive baseline was additionally
produced as three independent extrusion replicates (B1-B3), so that the reported statistics
capture both the cell-level (assembly-to-assembly) variance within each condition and the
process-level (extrusion-to-extrusion) variance of the baseline.

2.5.2. Fast-Charge Capability

Fast-charge performance was quantified using a 5C constant-current-constant-voltage
(5CCV) protocol [4]: constant-current (CC) charging at 5 C until the graphite anode potential
reached 50 mV vs. Li/Li*, followed by a potentiostatic constant-voltage (CV) hold to a
0.05C cut-off. The effective charging time between 8% and 80% SOC (fg_gg,) served as the
performance benchmark.
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2.5.3. Impedance Spectroscopy and DRT Deconvolution

Electrochemical impedance spectroscopy (EIS) was performed at 50% SOC (8 mV
perturbation, 200 kHz to 10 mHz). The SOC operating point lies on the flat stage-II region
of the graphite potential curve, where the minimal dU /dSOC ensures stationarity over the
low-frequency sweep and thereby supports the verified Kramers-Kronig linearity; it also
provides a reproducible reference state for between-sample comparison.

The Distribution of Relaxation Times (DRT) was computed using Tikhonov regularization
with an optimized smoothing parameter, A, according to Hahn et al. [71], Plank et al. [72]:

(7)

In(7) @

2.5.4. Tortuosity Measurement

Symmetrical blocking cells with a non-intercalating electrolyte (1 mol L~! TBACIO4
in propylene carbonate) isolated ionic transport resistance from electronic and interfacial
contributions. Tortuosity factors (1) were calculated from the transmission line model [11,14]:

_ RjonAexg

2ht @)

where Rjop, is the ionic resistance derived from Nyquist intercepts, A the electrode area, €
the porosity, and ht the total electrode thickness.

3. Results and Discussion

3.1. Fast-Charge Performance and Rate-Limiting Mechanisms
3.1.1. Charge Time Statistics

The 5CCV protocol quantified how processing history affects fast-charge performance.
The effective charging time tg_ggy, depended strongly on process conditions (Figure 2).
Intensive kneading (B1-B3, cx = 70 wt%) produced a mean charge time of 59.9 + 2.1 min.
The optimized mild kneading configuration (K4: cx = 60wt%, Ix = 7%, gentle design)
reduced this to 51.0 min, corresponding to a 14.9% reduction (p < 0.01). Analysis of
variance (ANOVA) ranked the parameter hierarchy as cx > Ix > Screw Design > ri1;
individual p-value evaluation eliminated statistically insignificant terms [73].
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Figure 2. Fast-charge performance comparison between all trials and fast charge diagnostics for the
optimized mild kneading condition and the intensive baseline. (Top): Charge time distributions
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showing a 14.9% reduction. (Bottom left): SOC evolution during the constant-current phase.
The curves diverge at low SOCs (below 20%), indicating improved interfacial charge transfer.
(Bottom center): C-rate profiles showing sustained higher charging rates for mild kneading throughout
the CC phase. (Bottom right): Discharge capability confirming preserved rate performance across
all C-rates.

Reduced mass throughput (D1) correlated with longer charging times. This inverse
relationship contradicts the common assumption that extended residence times uniformly
improve dispersion homogeneity. At constant screw speed, lower throughput reduces the
degree of fill, which scales with the throughput-to-screw-speed ratio [42], but it prolongs
the residence time and raises the specific mechanical energy, which scales inversely with
throughput [74,75]; the elevated cumulative stress exposure per unit mass pushes the
network beyond the threshold at which its integrity is preserved. The dominance of solid
concentration over screw speed indicates that local stress intensity, set by particle-particle
collision frequencies at high solid loading, dictates structural formation far more than the
hydrodynamic shear rate does, as assumed in the simulations of Gonzalez et al. [38].

The planetary batch reference (Ref, 52.4 min) was prepared to match the formulation
kinetics of K4 and therefore represents an optimized batch electrode. Continuous TSE pro-
cessing thus achieves electrochemical parity with optimized batch mixing when operated
at reduced kneading concentration, while retaining the throughput, footprint and energy
advantages of continuous manufacturing.

3.1.2. Mechanism of Fast-Charge Limitation

Kinetic and transport contributions were separated to identify the physical origin of
the performance gain. The rate-SOC trajectory shows that performance divergence begins
at low SOC (<20%), where bulk concentration gradients are minimal. This indicates a
localized improvement in interfacial charge transfer at early charging stages, secondary to
the dominant transport improvement at higher SOCs discussed below. Full-cell Nyquist
plots support this kinetic contribution: the intensive kneading group displays enlarged
semicircles (Figure 3). Fitting with a modified R-RC-Warburg model (using Constant Phase
Elements for porous surface heterogeneity) isolated the combined interfacial resistance
(Rinterface), dominated by the charge-transfer resistance (R¢t). Rct correlates with charge
time (p = 0.003), but the coefficient of determination reaches only R? = 0.59.

Interfacial kinetics alone cannot account for the macroscopic performance difference;
the primary bottleneck is mass transport. The Bode representation is consistent with this:
intensive kneading shows elevated Z’ and —Z" below 1Hz, a signature characteristic of
diffusion limitation [4]. Symmetrical blocking cells quantified the effect directly: tortuosity
dropped 17%, from Tintensive = 8.4 £ 0.3 to Ty = 6.97 +0.25.

Interpreted as an SOC-window-normalized transport metric rather than as the instan-
taneous current of the initial 5 C constant-current step, the DLC model [10,15] predicts an
increase in the effective diffusion-limited charging capability from 0.128 C to 0.154 C. This
trend is consistent with the observed C-rate relaxation during the CV phase and with the
limited SOC interval over which the 5 C constant-current step can be sustained, indicating
that the system operates in the transport-limited regime [4,76].

The moderate coefficient of determination of the R correlation (R? = 0.59) is itself
mechanistically meaningful: it quantifies the subordinate role of interfacial kinetics, in
contrast to the strong tortuosity correlation (R?> = 0.86). The residual scatter reflects sample-
to-sample variation in active surface area and CBD surface masking, which is only partially
coupled to the bulk-transport-controlled charge time, together with the fit uncertainty of
the CPE-based extraction of R from overlapping semicircles. The correlations could be
further improved by increasing the sampling density within the relevant process parameter
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space, increasing the number of measured cells per condition, and further reducing process-
induced variability along the manufacturing chain through tighter tolerances.
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Figure 3. EIS diagnostics identifying transport limitations as the primary fast-charge bottleneck.
(Top left): Full-cell Nyquist plots showing enlarged semi-circles for intensive kneading (cx = 70 wt%).
(Top middle): Bode representation revealing elevated low-frequency impedance (below 1Hz) charac-
teristic of diffusion constraints. (Top right): Rci—charge time correlation with moderate explanatory
power (R? = 0.59), indicating that interfacial kinetics alone do not explain the performance difference.
(Bottom): Symmetric blocking cell analysis indicates a 17% tortuosity reduction for the optimized
mild kneading condition K4 compared with the intensive baseline (t : 8.4 — 6.97), correlating
strongly with fast-charge time (R% = 0.86).

DRT analysis supports this hierarchy (Figure 4). The low-frequency diffusion peak (P3,
T ~ 1-100s) reaches distribution amplitudes (g(7) > 100) two orders of magnitude above
those of the ohmic (P1, T < 1 x 10~#s) and charge-transfer (P2, T ~ 1 x 1073-1 x 107! )
processes. P1 remains invariant across all conditions, indicating intact electronic perco-
lation [13,77]. P2 attenuation under mild kneading indicates reduced CBD masking of
the active surface [14,71,78]. The DRT difference spectrum shows that mild kneading
predominantly suppresses the transport resistance associated with P3, directly addressing
the dominant bottleneck [71,72,79-82].
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Figure 4. DRT analysis identifying diffusion as the rate-limiting process. (Left): Full DRT spectra
showing three characteristic peaks: P1 (SEI/contact resistance, T < 1 X 1074s), P2 (charge transfer)
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T~ 1x1073-1 x 107! s), and P3 (liquid-phase diffusion, T 2 1-100s). P3 dominates with g(7) > 100,
exceeding kinetic contributions by two orders of magnitude. (Right): Magnified P3 view with
difference spectrum (red line) showing that mild kneading specifically reduces transport resistance in
the diffusion-limited regime.

3.2. Microstructural Evidence for Tortuosity Differences

Total active material porosity was constant across all samples. The tortuosity dif-
ferences arise from the spatial arrangement of the Carbon Binder Domain [13,83]. Such
differences appear in electrode surface properties (Figure 5). Electrodes from intensive
kneading (cx = 70 wt%) exhibited dark, mottled surfaces, reflecting localized accumulation
of carbon black and SBR at the separator interface. Mild kneading (cx = 60 wt%) produced
bright, uniform textures consistent with homogeneous bulk retention. Spectrophotometric
analysis confirmed that higher lightness (L*) and yellow-blue chromaticity (b*) corre-
late with reduced tortuosity and shorter charge times. Darker surfaces can be attributed
to capillary-driven vertical binder migration during drying, which clogs the uppermost
pores [84].
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Figure 5. Surface morphology as a migration indicator linking process conditions to transport
properties. (Top): Scanning electron microscopy (SEM) images comparing intensive kneading (B1,
cx = 70wt%, dark/mottled surface indicating CBD surface enrichment) and mild kneading (K1,
ck = 60wt%, bright/uniform surface indicating homogeneous CBD distribution). (Bottom): CIELAB
colorimetry correlations with fast-charge time—higher L* (lightness, R* = 0.77) and b* (yellow-blue
axis, R? = 0.75) indicate reduced surface enrichment and correlate with faster charging.
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Cross-sectional cryogenic focused-ion-beam scanning electron microscopy (Cryo-
FIB/SEM) imaging visualizes these blockages directly (Figure 6). Intensive kneading
produces dense, impermeable agglomerates up to 10 um in diameter. Mild kneading
preserves a permeable, filigree network.
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Figure 6. Pore topology linking CBD distribution to transport properties. (Top): Cross-sectional
Cryo-FIB/SEM images comparing finely distributed “filigree” CBD morphology (mild kneading,
K1, cx = 60wt%) versus dense agglomerates up to 10 um obstructing ionic pathways (intensive
kneading, B1, cx = 70 wt%). (Bottom left): Mercury porosimetry showing narrow monomodal pore
size distribution for mild kneading versus broadened bimodal distribution for intensive kneading.
(Bottom right): PHI-tortuosity correlation (R?> = 0.76) confirming that pore heterogeneity drives
transport limitations.

Mercury intrusion porosimetry quantifies this morphological contrast. Mild knead-
ing yields a narrow, monomodal pore size distribution; intensive kneading produces a
broadened, bimodal one. A Pore-Homogeneity Index (PHI), defined as the full-width-
at-half-maximum divided by the median pore diameter (FWHM/d5), formalizes this
observation. A narrow distribution gives a low PHI; migration-induced pore clogging
broadens the distribution and raises the ratio. Tortuosity and the MacMullin number
quantify the macroscopic outcome of restricted transport but cannot distinguish between
different spatial distributions at equal total void volume. The PHI diagnoses the structural
cause: migration-induced size heterogeneity within the pore network. PHI decreased
from 2.52 (intensive kneading) to 1.18 (mild kneading) and correlated well with both
impedance-derived tortuosity (R? = 0.76) and fast-charge duration (R? = 0.61).
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Because mercury intrusion registers the pore throat governing access to a given volume
rather than the pore body, ink-bottle geometries shift the apparent diameter toward the
constriction size and can broaden the recorded distribution. The PHI is therefore used
strictly comparatively, between identically prepared and identically measured samples: at
fixed formulation the artifact acts in the same direction for all conditions and does not alter
the ranking of the index. The broadening observed under intensive kneading moreover
reflects a genuine, migration-induced volumetric heterogeneity rather than a pure throat
effect, consistent with the independent Cryo-FIB/SEM cross-sections. Absolute PHI values
are accordingly not interpreted as quantitative pore-geometry descriptors.

3.3. Slurry-Level Origins of Microstructural Differences

Particle size analysis rules out active-material comminution as the source of the
observed microstructural variation (Figure 7). All processing conditions yielded nearly
identical particle-size distributions with overlapping curves and a median particle size of
approximately dsp ~ 11 um. In addition, X-ray diffraction (XRD) revealed no detectable
changes in graphite crystallinity. Together, these findings indicate that neither particle frac-
ture nor crystal-structure degradation occurred during processing. Furthermore, operation
at 60-70 wt% solids remains well below the 80-82.5 wt% solids “reversal point” identified
by Borzutzki et al. [26]. Under such conditions, dispersion is expected to proceed predom-
inantly through gradual surface erosion and deagglomeration rather than catastrophic
particle rupture [31,33,38].
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Figure 7. Particle integrity and suspension dispersion state. (Top left): Particle size distributions (Q3)
overlap across all processing conditions (ds59 ~ 11 um), verifying the absence of graphite comminu-
tion. (Top right): XRD patterns confirm preserved graphitic crystal structure without exfoliation.
(Bottom left): Steady-state flow curves exhibit shear-thinning behavior with a viscosity crossover near
5s71. (Bottom right): Electroacoustic spectroscopy (ESA) measurements reveal a stronger negative
zeta potential for the 60 wt% mild kneading variant (|{| = 1.6mV vs. 1.3 mV), indicating higher CMC
adsorption and stronger steric stabilization.
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Electroacoustic spectroscopy revealed an 18% increase in apparent CMC adsorption for
the mild kneading case. The ESA signal magnitude (corresponding to an apparent |{|) was
1.6 mV compared to 1.3 mV for the intensive condition. Processing was strictly isothermal
at 20 °C, excluding thermal desorption; the observed difference is therefore attributed to
purely mechanical effects. At cx = 70 wt%, frequent particle—particle contacts generate
sufficient local stress to compress adsorbed CMC layers. Within the Scheutjens—Fleer
framework [52,53], this mechanical stripping is consistent with a conformational shift. Mild
stress (cx = 60 wt%) is consistent with preserved, extended loop-and-tail conformations
(Figure 8), generating strong steric repulsion that resists capillary collapse. Elevated stress
(cx = 70wt%) is consistent with compression of these chains into flat, train-dominated
conformations; upon subsequent dilution and coating shear, weakly anchored tail segments
and free CMC detach and become available for interparticle bridging, promoting bridging
flocculation [57].

Trains Loops Tails
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Figure 8. Schematic classification of adsorbed CMC conformations, proposed as an interpretive
framework rather than a directly measured molecular state. Trains exhibit the highest adsorption
degree and lowest susceptibility to surface disruption, loops represent an intermediate state with
stabilizing electrosteric repulsion, whereas tails and free CMC show the lowest adsorption degree
and the highest susceptibility to shear- and drying-induced redistribution.

3ITT measurements distinguish the two network regimes (Figure 9). After shear, the
mild kneading variant recovers rapidly (>95% within 2 min), re-establishing a low-shear
yield stress that immobilizes the particulate matrix before capillary transport can proceed
during solvent evaporation [64,84-86]. After this initial recovery, the system equilibrates
to a state dominated by viscous dissipation (6 > 50°, G” > G’), characteristic of sterically
repulsive, liquid-like inter-particle interactions. This equilibrium phase angle reflects
the nature of the inter-particle potential (repulsive rather than bridging) rather than the
immobilization mechanism itself.

The intensive kneading variant exhibits a solid-like recovery phase (6 ~ 30°, <71%
recovery, G’ > G"). This rheological signature is characteristic of a bridging gel that resists
Brownian reorganization. The delayed recovery sustains a window during which capillary
forces exceed the network yield stress, triggering a dual-failure mechanism: (1) binder
depletion at the current collector interface and (2) surface enrichment of CBD components.
Peel-test results support this interpretation: mild kneading achieved significantly higher
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mechanical adhesion (p < 0.05). The loss of physical integrity is attributed to structural
failure rather than to mechanochemical degradation of SBR.

Bridging flocculation, as distinct from electrostatic coagulation, denotes the assembly
of particles by individual polymer chains that adsorb onto two particles simultaneously,
forming physical particle-polymer—particle bridges [87-89]; at the molecular weight used
here, detached tails and free CMC are sufficiently long to span interparticle gaps. This
bridging network corresponds to the solid-like, slowly recovering gel [89,90] identified
rheologically in Figure 9 and is the direct origin of the delayed recovery that permits
capillary-driven binder migration during drying.

The steady-shear flow curves of the two slurries intersect (Figure 7). Since the final
composition is identical, the difference arises from the network structure imprinted by
kneading: at low shear rates the intensively kneaded slurry is more viscous due to a rigid
bridged network; with increasing shear this network collapses and the curve falls below
that of the mildly kneaded slurry, whose sterically stabilized network thins more gradually.
The crossover marks the yielding of the bridging network and corresponds to the abrupt
G’ breakdown of the K1 variant in the amplitude sweep (Figure 9). The crossover of G’/
and G reflects a change in interparticle interactions: intensive kneading forms an elastic
bridging network (G’ > G”), whereas mild kneading yields steric stabilization without
permanent connectivity, leading to viscous dissipation (G” > G’) [57].
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Figure 9. Viscoelastic characterization distinguishing network regimes. (Left): Amplitude sweeps
showing G’ and G” evolution; mild kneading exhibits lower initial moduli but maintains structural
integrity over a wider strain range. (Right): 3ITT structural recovery revealing the critical phase
angle difference (6): mild kneading recovers to § > 50° (liquid-like, G” > G/, steric repulsion), while
intensive kneading drops to & ~ 30° (solid-like, G’ > G”, bridging gel).

3.4. Mechanistic Summary and Design Rules

The experimental evidence supports a process—structure-property chain. Kneading
concentration strongly influences CMC adsorption conformation, which sets structural
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recovery kinetics. Network reversibility controls post-coating migration, dictating the final
CBD morphology and tortuosity, which in turn limit fast-charge capability.

This analysis separates hydrodynamic shear rate (controlled by rotational speed and
influencing residence time) from local stress intensity (driven by solids content and strongly
influencing network formation). Localized stress fields rather than the averaged shear rate
dictate the dispersion outcome, which supports the stress intensity model developed for
stirred media mills in the context of high-solid extrusion [34]. SPH and Langevin dynamics
simulations support this finding: extensional flow facilitates agglomerate rupture, but
intermediate shear rates are needed to optimize cluster stability [22,38].

We note that the local stress intensity is employed here as an inferred mechanistic
descriptor rather than a directly measured quantity. Following the stress-intensity concept
established for other mixing methods [34,91] it scales with the particle-particle contact
frequency and the force transmitted per contact and is therefore governed chiefly by the
kneading zone solid content and element geometry, as distinct from the hydrodynamic
shear rate set by screw speed.

These results yield three design rules for TSE-based graphite anode manufacturing:

1. Target a minimized kneading concentration (cx ~ 60wt% for CMC systems) to
achieve adequate dispersion while promoting extended polymer conformations that
prevent migration.

2. Prioritize tortuosity minimization for electrodes exceeding 4mA h cm ™2, as tortuosity
statistically dominates fast-charge performance (R? = 0.86).

3. Implement slurry-level diagnostic proxies (3ITT recovery, electroacoustic potential,
PHI, and surface colorimetry) for continuous manufacturing quality control.

3.5. Limitations and Scope

Several experimental constraints apply. The study used a single CMC grade; molecular
weight and degree of substitution will shift optimal adsorption concentrations [54,55].
All analyses were performed at fixed areal capacity and porosity. Thin-film electrode
architectures may exhibit a different hierarchy between transport and kinetic limitations.

Macroscopic rheology (3ITT) and electroacoustics strongly imply distinct conforma-
tional states, but direct molecular quantification (e.g., via TD-NMR) would strengthen
these conclusions. The hypothesis of permanent damage to reversible structures relies on
theoretical structural kinetics models [61,64]. The PHI metric, derived from MIP, is used
comparatively to assess relative structural shifts, acknowledging the inherent “ink-bottle”
limitations of the technique. Translating the 14.9% performance gain to industrial prac-
tice requires validation in commercial pouch cells under complex thermal gradients and
long-term cycling.

4. Conclusions

This study presents a scalable processing methodology for optimizing fast-charging
graphite anodes via twin-screw extrusion. Decoupling particulate dispersion mechanics
from binder network evolution indicates that slurry microstructuring is the primary deter-
minant of ionic transport properties, consistent with manufacturing-centric perspectives on
XFC technology [2]. The physical origin of the charge time differences across all conditions
due to the local stress intensity during kneading is related to the way CMC is transferred
into train-dominated conformations and different adsorbtion states on the carbon surfaces.
The trials with more intense kneading have shown network characteristics rather than
bridging flocculation and a slowly recovering network that permits capillary-driven binder
migration during drying; the resulting pore clogging in the electrode raises tortuosity and,
in the transport-limited regime, the charge time.
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Objective (i):

Pore network tortuosity (R?> = 0.86) emerged as the dominant performance bottleneck,
superseding interfacial kinetics (R? = 0.59).

Objective (ii):
The solid concentration within the kneading zone strongly influences binder network
architecture. Mild kneading at 60 wt% reduced the fast-charging duration by 14.9% (from

59.9min to 51.0min), delayed lithium plating onset at elevated C-rates, and achieved
electrochemical parity with optimized batch systems [1,6].
Objective (iii):

The Pore-Homogeneity Index, rheological phase angle recovery, and surface colorime-
try demonstrated practical potential as cell performance predictors.

The performance degradation under intensive kneading (cx = 70 wt%) does not origi-
nate from active material fracture, provided operation remains below established structural
reversal points [26]. It is consistent with the compression of polymer conformations into
bridging gels that permit post-coating capillary migration (Figure 10). Within the inves-
tigated process window, higher shear does not universally improve dispersion quality.
Local stress intensity must be tailored to preserve the polymer conformations that strongly
influence network reversibility.

Slurry in the kneading zone Finished slurry Slurry after intense shearing Dry electrode

(b)
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train-dominated adsorption. bridging flocculation. shear in the coating process. binder migration.

.

Figure 10. Proposed mechanism linking kneading intensity to CMC adsorption conformation, slurry
stability, and CBD redistribution during electrode drying. Blue lines represent CMC chains, cyan regions
indicate the carbon-binder domain (CBD), black clusters represent carbon black, and gray particles
represent graphite. (Top row, optimized mild kneading, K4: cx = 60wt%, Ix = 7%, gentle design):
(a) loop-dominated CMC adsorption; (b) predominance of loops over tails associated with steric and
electrostatic stabilization; (c) limited tail detachment under coating-induced shear; and (d) moderate
binder migration during drying. (Bottom row, intensive baseline, B1-B3: cx = 70wt%, Ix = 50%,
intensive design): (e) train-dominated CMC adsorption; (f) predominance of tails over trains associated
with bridging flocculation; (g) extensive tail detachment under coating-induced shear; and (h) increased
binder migration during drying. The schematic represents a proposed interpretation consistent with the
diagnostic results and does not depict directly measured polymer conformations.
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The consistent thread across all diagnostics is that, at fixed formulation, the extruder
parameters act on the electrode through the local stress intensity as a single intermediate
variable which sets the adsorption conformation of the CMC. The same polymer popu-
lation can adopt extended loop-and-tail conformations under mild stress or compressed,
train-dominated conformations that release bridging tails and free chains upon dilution
under intensive stress; the identical formulation is thereby steered into either a sterically
stabilized, rapidly recovering network or a slowly recovering bridging gel. This explains
why parameters as diverse as solid content, kneading length, screw design and throughput
map onto the same tortuosity axis: they are different handles on the same stress-intensity
variable. The rheological recovery (3ITT and the G’'/G” regimes), the electroacoustic ad-
sorption magnitude, the surface colorimetry, and the pore-homogeneity index constitute
four independent measurement windows onto this conformational switch, and their joint,
consistent variation across conditions carries the mechanistic interpretation beyond the evi-
dence of any single technique. Network reversibility then governs post-coating migration,
which sets the carbon-binder-domain distribution and pore homogeneity, which set the
tortuosity and, in the transport-limited regime, the fast-charge time.

This study presents a continuous processing methodology for optimizing fast-charging
graphite anodes via twin-screw extrusion. Although a dedicated scale-up campaign was
beyond the scope of this work, transferability across scales is expected on established
grounds: TSE scale-up preserves geometric and kinematic similarity (L/D ratio, kneading-
element shear-gap geometry, specific mechanical energy) [42], under which the controlling
local stress history can be reproduced at larger barrel diameter, and the process—structure—
property relationships derived here are formulated in machine-independent quantities
(kneading zone solid content, kneading length fraction, element design). Experimental
validation of the scale-up in commercial-format cells remains necessary future work.
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Abbreviations

The following abbreviations are used in this manuscript:

TSE Twin-screw extrusion
CMC Carboxymethyl cellulose
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SBR Styrene-butadiene rubber

CBD Carbon-Binder Domain

SME Specific mechanical energy

50C State-of-charge

XEC Extreme Fast Charging

DLC Diffusion-Limited C-Rate

SEI Solid electrolyte interphase

EIS Electrochemical impedance spectroscopy
DRT Distribution of Relaxation Times

MIP Mercury intrusion porosimetry

PHI Pore-Homogeneity Index

3ITT Three-interval thixotropy test

5CCV 5C constant-current—constant-voltage protocol
ANOVA  Analysis of variance

XRD X-ray diffraction

SEM Scanning electron microscopy

FIB Focused ion beam
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