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Tortuosity-weighted interfacial flux for lithium (TWIF-Li) predicts
through-thickness Li gradients in thick composite all-solid-state
cathodes without fitted parameters. Image-derived microstruc-
tures, GITT-derived concentration-dependent solid diffusion, and
tortuosity-weighted interfacial kinetics reproduce operando neu-
tron radiography across practical rates, delivering transferable
design rules to suppress transport-limited reaction fronts.

All-solid-state batteries (ASSBs) are widely pursued as successor
technologies to conventional Li-ion batteries, because replacing
flammable liquid electrolytes with solid ion conductors can
improve safety while enabling cell architectures with high
energy density.? Realizing that promise at the cell level
requires high-mass-loading, thick cathodes, since inactive com-
ponents (electrolyte, current collectors, packaging) dilute
material-level gains when electrodes remain thin.**

Recent experimental studies of practical-thickness solid-state
cathodes show, however, that thicker composite cathodes often
suffer pronounced losses in active-material utilization and exhi-
bit strong spatial non-uniformity during cycling. Depth-profiling
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Operando neutron radiography validates a
parameter-free transport—kinetics model for thick
solid-state battery cathodesf
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New concepts

In this work, we introduce Tortuosity-weighted interfacial flux for lithium
(TWIF-Li), a physically interpretable, parameter-free framework that pre-
dicts lithium transport and reaction heterogeneity in thick composite all-
solid-state battery cathodes. The model integrates image-derived elec-
trode microstructures, concentration-dependent solid-state diffusion
extracted from GITT, and tortuosity-weighted interfacial kinetics. Impor-
tantly, the framework is directly validated by operando neutron radio-
graphy, demonstrating that it can reproduce through-thickness lithium
gradients at practical current densities without fitting to cycling data. We
believe this study offers a clear conceptual advance beyond incremental
performance optimization. Rather than treating transport non-uniformity
in thick solid-state cathodes as an empirical limitation, this work estab-
lishes a transferable physics-based framework that links microstructure,
pathway tortuosity, interfacial kinetics, and spatial utilization in a pre-
dictive manner. The results also yield actionable design principles for
suppressing transport-limited reaction fronts, including reducing mis-
match between ionic and electronic pathway tortuosity and improving the
uniformity of active interfaces. We expect these insights to be broadly
relevant to researchers working on solid-state batteries, electrochemical
materials, transport in heterogeneous solids, and operando characteriza-
tion.

measurements on ~110 pm sulfide-composite cathodes, for
example, report substantial lithiation gradients and link their
evolution to high tortuosity—especially in the solid—electrolyte
phase.” Operando neutron imaging further demonstrates that
sluggish ion transport in composite cathodes can be rate limit-
ing and can manifest as reaction-front-like behavior across the
electrode thickness.® These observations underscore a central
challenge for thick ASSB cathodes: performance is not governed
by “average” transport properties alone, but by the coupled
availability of ionic and electronic pathways and the localized
kinetics at solid-solid contacts.

Modeling is essential for transforming these observations into
actionable design rules. Classical porous-electrode theory, pio-
neered by Newman and collaborators, provides a powerful con-
tinuum framework for electrode-scale prediction and remains
foundational in battery modeling. Yet the strength of this
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framework—its ability to render complex microstructures tracta-
ble—comes from macrohomogeneous approximations that are
not automatically valid for thick composite ASSB cathodes. New-
man & Tobias’ seminal analysis treats porous electrodes via a
continuum macrohomogeneous approach that uses average
quantities and effective transport properties, avoiding a detailed
depiction of exact geometry and adopting homogeneous pore/
interfacial-area concepts at the electrode scale.” Newman &
Tiedemann similarly emphasize that practical porous-electrode
models must capture the essential features of real electrodes
without exact geometric detail, relying on parameters such as
porosity, average surface area per unit volume, and volume-
average resistivity.> In the Doyle-Fuller-Newman lineage of
insertion-electrode modeling, insertion dynamics may be simpli-
fied using superposition, and parameterizations often assume
large, constant electronic conductivity and constant solid diffu-
sion coefficients together with a single characteristic particle
size.” Modern assessments of DFN-style modeling reinforce this
division of labor: homogenized DFN models can match averaged
cell metrics efficiently, but microstructurally resolved models are
needed to access localized dynamics and heterogeneities that
drive degradation and non-uniform utilization.'>"!

Thick ASSB cathodes stress these assumptions in multiple,
coupled ways. First, unlike many liquid-electrolyte electrodes
where electronic conductivity is engineered to be uniformly
high, solid-state composite cathodes often operate as two inter-
penetrating and separately percolating networks: Li" transport
through the solid electrolyte and electron transport through
conductive additives and the active-material backbone. Spatial
variability in solid-solid point contacts and ionic/electronic
percolation pathways can therefore govern the reaction-trans-
port coupling and the spatiotemporal evolution of electrochemi-
cal dynamics."* Second, solid-state composites can exhibit strong
tortuosity and microstructure-dependent access to active inter-
faces, which makes local reaction localization sensitive to where
ionic and electronic pathways are simultaneously favorable.
Third, operando measurements of thick cathodes highlight that
reaction non-uniformity is not merely an “edge effect”: in high-
mass-loading cathodes, operando neutron imaging directly visua-
lizes non-uniform lithiation behavior and motivates architecture
gradients because a uniform catholyte distribution can mis-
match a non-uniform Li' flux field generated by faradaic
reactions.'® Together, these findings motivate a modeling clo-
sure that can connect microstructure-resolved pathway con-
straints to interfacial reaction rates under operating conditions.

Here, we introduce the Tortuosity-Weighted Interfacial Flux
for Lithium (TWIF-Li), a parameter-free interfacial-kinetics
relation that ties the local reaction rate at active-material-
solid-electrolyte (AM-SE) contacts to the simulated ionic and
electronic tortuosity'* of the composite, providing a physically
grounded boundary condition for lithium flux. This step is
conceptually distinct from conventional porous-electrode clo-
sures, where tortuosity is typically treated as an input to
effective transport coefficients or approximated through simple
porosity-based correlations. The active-material diffusion coef-
ficient is assigned as a function of local state of charge from
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Galvanostatic Intermitted Titration Technique (GITT)"> measure-
ments to capture an approximated concentration-dependent
solid-state transport. The electrode architecture is taken directly
from image-based reconstructions (FIB-SEM), so transport and
reaction emerge from non-ideal geometry rather than idealized
spherical-particle packings. Recently, we reported a Si|LPSCI|-
LiNbO,-coated NMC811 solid-state battery architecture optimized
for maximizing energy density and cycling stability through
hybrid processing and interfacial diagnostics.'® The objective of
the present study is different. Here, we do not seek to improve the
performance record of that platform; rather, we use the same
well-characterized chemistry as a model system to develop and
validate a parameter-free transport-kinetics framework for thick
composite cathodes. By combining image-derived microstruc-
tures, GITT-derived concentration-dependent diffusion, and oper-
ando neutron radiography, we directly test how lithium transport
and interfacial reaction non-uniformity evolve through the cath-
ode thickness. Holding the chemistry fixed enables the transport
physics to be isolated and yields broadly relevant design rules for
thick all-solid-state cathodes that were outside the scope of our
earlier performance-focused study.

Critically, the framework is directly validated against oper-
ando neutron radiography measurements of lithium distribu-
tion across the cathode thickness under practical current
densities.

By reproducing the observed evolution of through-thickness
Li gradients across rate regimes without fitting to cycling data,
TWIF-Li closes a key gap between macrohomogeneous porous-
electrode modeling and operando-observed non-uniformity in
thick solid-state cathodes. The result is a transferable set of
design rules: suppress charge-induced gradients by reducing
mismatch between ionic and electronic pathway tortuosity, and
expand the synchronous-utilization window via architecture
and interface engineering informed by operando-validated
physics.

Experimental methods, image processing, GITT procedures,
and simulation details are provided in the SI.

The operando neutron radiography cell is shown in (Fig. 1a).
A normalized neutron transmission image of such a pristine
cell is shown in (Fig. 1b). Stainless steel plungers and Polyte-
trafluoroethylene (PTFE) are relatively transparent to neutrons,
so they are brighter compared to the electrodes and electrolyte
at the center. (Fig. 1c) shows average neutron transmission at
100% state of charge (SOC), 50% state of discharge (SOD), and
the fully discharged state as a function of distance from top to
bottom as shown in (Fig. 1b). (Fig. 1d) shows the relative changes
in neutron attenuation coefficient in each pixel. Details on how
cylindrical geometric variations are normalized can be found in
Supplemental Information. Experiments were conducted at C/10
and C/5, with a mass loading of 30 mg em™> LiNbOj;-coated
NMC811 AM particles on LPSCI SE. (Fig. 1(e) and (f)) show the
polarization curves for the cycles where the data was collected.

The main objective of this study is to model the transport of
Li" during a charge-discharge cycle and compare it with the
neutron imaging data. Fig. 2 shows the three-phase represen-
tative volume element (RVE) for simulation, derived from

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 (a) Drawing showing the cell configuration for operando neutron
radiography. (b) Example of measured grayscale neutron transmission. (c)
The transmission values are averaged for each row of pixels along the
diameter of the cathode and can be plotted along the axis perpendicular to
the battery to compare across SOCs. (d) Three images in ratio mode
showing the ratio of attenuation coefficients (compared to a pristine state).
Dark colors indicate lower presence of lithium, whose movement can be
tracked during cycling. (e) and (f) include the polarization curves for the
cycles at C/10 and C/5 respectively, for which the neutron radiographs
were taken.
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FIB-SEM images with a pixel resolution of 270 nm. The Li"
concentration is assumed to be constant in the SE, since the
transport in the SE phase is at least three orders of magnitude
faster'”'® than that in the AM.

The mass flux boundary condition is then applied at each
AM-SE interface, which are referred to as active interfaces. For
the inactive interfaces, the mass flux is always zero. In a system,
Q, with n x m = N control volumes £; ;, the total flux is given

by J*:

)

gt (1)

N
zF Z Sij
ij
here I, is the applied current density, s; ; is the active surface
area of control volume (7, j), z is the charge number, and F is the
Faraday constant. Fig. 2 displays the boundary conditions
applied to the RVE.

The average in-plane lithium concentration is obtained from
neutron imaging for a full cycle at 0.5 mA cm ™2 and is shown in
Fig. 3a). The lithium depletion profile is asynchronous in
charging, with most of the depletion taking place at the center
of the cathode, while the current collector side and the SE side
see significantly less depletion.

In discharge, the profile is initially asynchronous, as most of
the lithium replenishment occurred near the cathode center.

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 (a) FIB-SEM of composite cathode cross-section. (b) The periodic
boundary conditions for the three-phase system are shown, along with the
boundary treatment for active versus inactive interfaces.

Then, as the lithium saturation becomes more even across the
domain, the lithium-concentration profile transitions to a
synchronous state, where the entire cathode seems to be at a
similar SOD.

In order to model this asynchronous behavior, eqn (1) must
be modified. We theorize that the depletion profile is a compe-
tition between transport pathways: the Li" ions must travel
towards the anode, and e~ must travel to the current collector.
Therefore, while a reaction near the current collector might be
favorable to the electron transport, the Li" ion must cross the
entire length of the cathode. The opposite is also true for a
reaction happening closer to the anode. Therefore, the rate at
which a reaction occurs can be thought of as a balance between
the potential for ion and electron transfer, with the minima
occurring at the current collector and the solid-electrolyte
interface, respectively.

The availability of lithium in the active interface plays an
important role in the overall reaction,'® and therefore the mass
flux at the interface. This term is especially important if the
depletion is asynchronous, as the availability of Lithium
changes drastically with position on the cathode, particle size,
and diffusion coefficient. A weighting factor is added to eqn (1)
to address the asynchronous accounting of lithium concentra-
tions in the composite cathode during cycling:

N
. Iy
T =Y Wi— (2)
Moo zZFYosij
i

where W;; is the dimensionless weighing factor. At each control
volume, W; ; from eqn (2) is expressed as the product of two
factors, w; and w,, given as follows:

2
(Te-jaM - doc — TLi+(SE - dSE)

wi(y) =21~ L
max

(3)

(4)

where T.-|am-de. is an estimate of the diffusion pathway for the
electron towards the current collector, 71;+sg-dsg 1S an estimate
of the lithium diffusion pathway towards the separator, Ty ax-H
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is the longest possible diffusion pathway in the domain, for a
cathode with height H. The tortuosity calculation is shown in
section 4.4 of the SI. The term w; is a function of the distance
from the current collector d.. and d.. = H — dgg.

In w,, Ce is the concentration of lithium in the AM at a
pristine state, and c; j(t) is the concentration of lithium in
control volume Q; ;, at time ¢. The rationale for this simulation
setup can be found in the SI (Section S4 and S5).

In eqn (3), all terms refer to the geometry of the composite
cathode and are time invariant. Conversely, ¢; ; in eqn (4) is
time-dependent, therefore representing a dynamic component
of the reaction rate response to the available lithium in the AM.
Thus, both w,; and w, are dependent on location, (%, ), but only
w, needs to be re-evaluated at each time-step.

Based on eqn (4), the lithium concentration at the active
interfaces has a significant effect on the flux at that interface. In
order to correctly simulate this phenomenon, it is paramount
to use the correct diffusion coefficient for lithium in the
cathode AM. From GITT, we know that the Dy;jam can vary by
several orders of magnitude based on SOC. On the other hand,
it is clear from (Fig. 3d) that the cathode has significant
concentration gradients, and therefore ascribing the same
“SOC” to the AM particles on a microstructural level has no
physical meaning.

A new interpretation of GITT is proposed: the data, allied to
the neutron imaging experiment, is interpreted as a function of
the average concentration. This interpretation is then used to
fit the theory of anomalous diffusion,”® which is stated in

eqn (5):

D= DtracecLi,max + cLi 5)
CLimax — CLi
where Dy,ce is the diffusion coefficient in the AM when present
at low concentrations (trace amounts), and cy; max is the satura-
tion lithium concentration in the cathode. Both parameters are
derived based on the GITT data shown in Section S3 of the SI.
Note that each control volume at each time step will have a
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Fig. 3 (a) Time-dependent lithium concentration profile as a function of
the cathode height estimated from the neutron transmission profiles for a
charge—discharge cycle at C/10. (b) Simulation of cathode charge and
discharge with the same applied current and temporal resolution as the
experiment.
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different diffusion coefficient assigned, as D;; is a function of

the local concentration, c; ;.

(Fig. 3b) shows a simulation of the model proposed in eqn (2),
and can be directly compared to the neutron imaging data in
(Fig. 3a). Both are constructed using the average lithium concen-
tration across the thickness of the cathode, with a frame taken
every 5 minutes, a limitation imposed by the neutron imaging
experiment. For the charge cycle, W; ;is used for the reaction rate,
while in the discharge cycle the deposition is best described by
the complement w, alone, since the tortuosity dependence does
not appear to play a significant role in discharge.

Overall, the model for depletion proposed in eqn (2) shows
good qualitative agreement with the delithiation profile
derived experimentally. At 100% SOC, the model predicts an
average depletion of 51.2%, while the data show an average of
53.2% depletion across the cathode. The model also captures
the highly inhomogeneous and asynchronous nature of this
depletion revealed by the experiment. A detailed quantitative
analysis of the error between simulation and experiment is
provided in the SI.

During discharge, the model based on eqn (4) shows similar
dynamic behavior to the data. Initially, lithium preferentially
replenishes areas with lower concentrations. However, when
the concentration profile is approximately even, the cathode
seems to be replenished with lithium in a more even fashion.
The model correctly captures the evolution from asynchronous-
to-synchronous discharge, although lithium loss, which is
attributed to the plating in the anode, is not modeled, hence
the discrepancy.

Fig. 4(a) shows the neutron imaging data during a charge-
discharge cycle with higher current density. During charge,
the cathode exhibits a asynchronous behavior similar to that
shown in Fig. 3. However, during discharge at high C-rate, the
behavior is always roughly asynchronous and does not transi-
tion to a synchronous state of lithium concentration in the
cathode.
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Fig. 4 (a) Time-dependent lithium concentration profile as a function of
the cathode height estimated from the neutron transmission profiles for a
charge—discharge cycle at C/5. (b) Simulation of cathode charge and
discharge with the same applied current and temporal resolution as the
experiment.
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The simulation in (Fig. 4b) shows a very similar behavior to
the data in (Fig. 4a), with asynchronous charge and discharge
mechanisms. Critically, the simulation does not have any
parameters that are fitted to a specific cathode chemistry,
and the only difference between the simulations in (Fig. 3b)
and (Fig. 4b) is the applied current, I, in eqn (2).

Further simulations are shown for practical C-rates of C/25
and C/8.3 in Fig. 5(a) and (b), respectively.

Although these simulations are not directly validated by
neutron radiography, using the same TWIF-Li model supports
the hypothesis that the transition from synchronous to asyn-
chronous occurs naturally, due to an intrinsic kinetic limitation
at higher current densities. In Fig. 5(a), the lithiation gradients
during charge are the most synchronous out of all the simula-
tions, suggesting the asynchronous behavior emerges from a
progressive kinetic limitation. Fig. 5(b) shows a simulation with
C/8.3, an intermediate value between Fig. 3(b) and Fig. 4(b). In
this case, the asynchronous behavior during discharge is
already observed, albeit less prominent than in Fig. 4(b).

The results presented herein, allied with the observation of
the transition from asynchronous to synchronous behavior in
Sharma, Vasconcelos, and Zhao®" at low C-rates, suggests that
the inhomogeneities are due to limitations in reaction kinetics.
The inhomogeneities are more pronounced at higher C-rates,
where the kinetics are a major performance bottleneck.

TWIF-Li also aligns well with data from other publications,
suggesting that the tortuosity dependence of the asynchronous
concentration distributions in thick cathodes are a more general
feature, rather than a specific observation from our study. As more
data become available for different systems and chemistries of
ASSBs, the bounds of validity for TWIF-Li will become more
apparent.

To summarize, we introduced TWIF-Li, a parameter-free,
physically interpretable framework for lithium transport in
composite ASSB cathodes that (i) casts GITT data into an
anomalous diffusion form to obtain concentration dependent
solid-state diffusion, and (ii) defines a tortuosity-weighted
interfacial flux relation that links local reaction rates at
active-material/solid-electrolyte (AM-SE) the
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Fig. 5 Simulation of lithium distribution on the cathode during charge
and discharge for practical current densities of (a) C/25 and (b) C/8.3.
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measured ionic and electronic pathway tortuosity. Using
image-informed, non-ideal microstructures and no fitting to
cycling data, TWIF-Li quantitatively reproduces operando neu-
tron radiography measurements of through-thickness lithium
distributions across practical rate regimes.

Mechanistic insights

e Asynchronous charge emerges from tortuosity imbalance. Reac-
tion hot spots form where ionic and electronic percolation are both
favorable, leading to lithium depletion gradients during charge.

e Low-rate discharge tends toward synchronicity. As the posi-
tive electrode approaches higher saturation, discharge rates stabi-
lize, indicating the state of saturation, rather than the spatial
position, governs the kinetics at sufficiently low current density.

e Higher charge and discharge rates lead to widespread
concentration heterogeneity. Persistent post-charge/discharge
concentration inhomogeneities at higher current densities
reflect locally slow interfacial kinetics and imbalanced percola-
tion, explaining efficiency losses and incomplete utilization.

Design implications

e Balance the networks. Co-optimize ionic and electronic tortu-
osity (reduce their mismatch) to suppress charge-induced gradi-
ents and expand the synchronous-operation window.

e Engineer interfaces, not just thickness. Increase uniform,
effective AM-SE contact (via binder/SE distribution, coatings, or
processing) to raise local interfacial rates where pathways are
limiting.

e Tune particle and architecture scales. Adjust active-particle
size distributions, phase fractions, and connectivity to keep the
electrode within the synchronous regime boundary identified
by TWIF-Li at target areal loadings and currents.

e Use physics-only predictions to scale. Because TWIF-Li is
parameter-free and operando-validated, it provides transferable
design rules for diverse chemistries and architectures, enabling
rational scaling to higher-energy cathodes without trial-and-
error fitting.

e TWIF-Li closes a key gap by unifying spatial distribution,
dynamics, and interfacial reaction kinetics in a single, predic-
tive framework that is backed by operando neutron radiogra-
phy—delivering practical guidance for building higher-loading,
higher-efficiency ASSB cathodes.
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