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strategies are reviewed in terms of low-tortuosity architectures, multilayer and gradient electrodes, conductive
network engineering, and model- and diagnostics-guided design. Finally, we argue that designed areal capacity alone
is insufficient for evaluating practical thick electrodes. Achievable areal capacity, operating current density, and
capacity utilization should be reported together to distinguish nominally high-loading electrodes from electrodes
that deliver accessible capacity under relevant operating conditions. This review provides mechanistic and design
perspectives for translating high active material loading into practical areal capacity in high-energy rechargeable Li
batteries.

INTRODUCTION

The rapid expansion of electric vehicles and high-power portable electronics has placed rechargeable lithium
(Li) batteries at the center of modern energy-storage technologies. Liquid-electrolyte Li-ion batteries (LIBs)
currently dominate commercial applications, whereas all-solid-state batteries (ASSBs) are being developed as
next-generation high-energy systems! . Although their electrolyte phases and cell configurations differ, both
systems face a common electrode-level constraint: increased active material loading contributes to practical
energy density improvement only when ion transport, electron conduction, electrolyte accessibility, and
reaction homogeneity are sustained throughout the electrode thickness. In practical cells, cell-level energy
density is directly linked to driving range, operation time, pack volume, and system cost”'*.. Accordingly,
substantial research has focused on increasing the reversible capacity and operating voltage of electrode
materials through high-Ni cathodes, Si-containing anodes, Li-rich compounds, and advanced electrolyte
formulations!"***. However, as state-of-the-art electrode materials continue to improve, the bottleneck for
further energy-density improvement is increasingly shifting from intrinsic material capacity to electrode-
and cell-level structural design'=?.

Electrochemically inactive components, including current collectors, separators, electrolytes, binders, and
conductive additives, occupy a substantial fraction of the total mass and volume of practical cells****).
Although these components are indispensable for mechanical support, ionic/electronic transport, and cell
safety, they dilute the contribution of active materials to total energy output. High-capacity materials
therefore need to be coupled with electrode architectures that increase the active material fraction within a

36-38]

fixed cell footprint!

Thick electrode architectures provide an effective strategy for increasing active material loading while
reducing the fraction of inactive components at the cell level, thereby improving energy density and
manufacturing efficiency. Quantitative estimates indicate that increasing electrode thickness from 25 pm (= 8
mg cm™) to 200 um (= 64 mg cm*) reduces the inactive component ratio from 44 to 12 wt.%"".. Assuming a
tap density of 3.2 g cm™ for the active materials and excluding packaging dimensions, this structural
modification increases the active material fraction from 56 to 88 wt.%, underscoring the potential of thick
electrodes for high-energy-density battery systems [Figure 1A]"",

Despite these advantages, the electrochemical benefits of thick electrodes are not always fully realized under
practical operating conditions. Ko et al. systematically compared graphite electrodes with conventional and
thick mass loadings of 10 and 15 mg cm?, respectively. Although the thick graphite electrode initially
provided higher areal capacity, it exhibited faster capacity decay and inferior high-current retention than the
conventional-loading electrode [Figure 1B-D]"*. This comparison highlights the distinction between
nominal loading or designed areal capacity and electrochemically accessible capacity. Increased electrode
thickness can intensify Li* transport limitations, concentration polarization, nonuniform reaction
distribution, and incomplete active-material utilization. Thus, thick electrodes offer clear advantages in
energy density and manufacturing efficiency only when the accompanying transport-, reaction-, and
structure-related challenges are controlled [Figure 1E].
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Figure 1. (A) Schematic illustration of battery component ratios based on thin electrodes and a thick electrode configuration; (A) is
reprinted with permission from Ref.3%, Copyright © 2019 Wiley; (B-D) Comparison between standard and thick graphite electrodes; (B)
Cross-sectional SEM images, (C) cycling performance and (D) rate capabilities; (B-D) are reprinted with permission from Ref.**}, under
CC BY NC-ND license; (E) schematic illustration of the advantages and key technical challenges associated with thick electrode
architectures. SEM: Scanning electron microscopy.

Previous reviews have established the fundamental principles, transport limitations, architectural strategies,
and manufacturing considerations associated with thick and high-loading electrodes"****”). However, a
remaining need is to directly connect these degradation mechanisms and design strategies with the extent to
which increased electrode loading is translated into electrochemically accessible capacity under practically
relevant operating conditions. In particular, high designed areal capacity alone does not indicate whether the
loaded active material can be effectively utilized at a meaningful current density. From this perspective,
capacity utilization provides a useful link between electrode design and practical electrochemical output by
describing the fraction of designed areal capacity that can be delivered under a specified operating condition.
Accordingly, the central perspective of this Review is not simply how much active material can be
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incorporated into an electrode, but how effectively that loading can be converted into achievable areal
capacity without sacrificing operating current density.

Based on this perspective, this Review provides a mechanistic analysis of the key limitations associated with
thick electrode architectures and relates these limitations to practical capacity utilization. Tortuosity-driven
ionic transport and electrolyte infiltration limitations, through-thickness concentration polarization, reaction
heterogeneity, and electrode-level degradation are discussed as interconnected factors that determine the gap
between designed and achievable areal capacity. We then critically examine low-tortuosity architectures,
multilayer and gradient designs, conductive-network engineering, and model- and diagnostics-guided
optimization in terms of how effectively they improve transport, reaction uniformity, and active-material
utilization. Where appropriate, limitations shared by LIBs and ASSBs are distinguished from electrolyte-
specific constraints, including liquid-electrolyte wetting and pore-scale infiltration in porous electrodes and
solid-ion-conductor percolation and catholyte distribution in composite cathodes. Throughout this Review,
designed areal capacity, achievable areal capacity, operating current density, and capacity utilization are
considered together to provide a practical framework for evaluating whether high active material loading can
be translated into accessible electrochemical capacity.

DEGRADATION MECHANISMS OF THICK ELECTRODES

Tortuosity-driven ionic transport and electrolyte infiltration limitations

As electrode thickness increases, ion transport through the porous electrode network becomes increasingly
constrained by elongated and tortuous pathways!**”. Tortuosity is therefore a key structural parameter
governing ionic resistance, electrolyte accessibility, and reaction homogeneity in thick electrodes. In porous
electrodes, increased tortuosity generally decreases the effective ionic conductivity and diffusivity of the
electrolyte phase!**”. This relationship is often approximated as «; =< ¢/t and D, = &/1, where ¢ and t denote
porosity and tortuosity, respectively, although the exact dependence may vary with the tortuosity model and
pore-network characteristics. Importantly, the transport penalty associated with electrode thickening is not
determined solely by the increased Li* transport distance, because thickness-dependent changes in pore
connectivity and accessibility can further amplify the effective ionic resistance. Neidhart et al. showed that
electrode thickening can intensify ionic transport limitations by increasing tortuosity within the porous
electrode network*”. Cross-sectional images of NMCs11 cathodes with different coating thicknesses show an
increase in electrode thickness from 36 pm, corresponding to 1.54 mAh cm?, to 170 pm, corresponding to
8.60 mAh cm™ [Figure 2A and B]. To quantify ionic transport resistance, the authors employed
electrochemical impedance spectroscopy under blocking conditions and analyzed the response using a
simplified transmission-line model [Figure 2C]. With increasing electrode thickness, tortuosity remained
moderate below approximately 150 pm but increased sharply beyond this threshold. Ionic resistance
followed the same thickness-dependent trend, as evidenced by the R, values and enlarged impedance
responses in the Nyquist plots [Figure 2D-F]. These results demonstrate that electrode thickening affects
ionic transport through both an extended transport distance and thickness-dependent changes in the
internal pore network. The resulting increase in tortuosity and ionic resistance progressively limits the ability
of the electrolyte phase to sustain uniform Li* transport across the electrode depth.

Li et al. further showed that increased tortuosity in thick LiCoO, electrodes is closely associated with limited
electrolyte infiltration**). Increasing the LiCoO, loading from 20 to 50 mg cm™ increased the electrode
thickness from 68 to 190 um, reduced porosity by 46%, and increased tortuosity by 33%. This pore-structure
evolution reduced electrolyte permeability by 90% and the effective ion-transport coefficient by 60%,
ultimately decreasing capacity retention from 80% to 14%. These observations indicate that increased
tortuosity and restricted electrolyte infiltration should not be regarded as independent limitations. Instead,
both originate from thickness-dependent changes in the pore network and collectively reduce ionic
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Figure 2. (A and B) Cross-sectional images of NMC811 cathodes with coating thicknesses of (A) 36 um and (B) 170 pm, respectively; (C)
simplified transmission-line model under blocking conditions; (D) tortuosity (1) as a function of coating thickness; (E) thickness
dependence of R; (F) Nyquist plots and corresponding fits for NMC811 electrodes with different thicknesses; (A-F) are reprinted with
permission from Ref.i*8 under a CC BY 4.0 license; (G) schematic illustration of electrolyte infiltration behavior in thin and thick
electrodes. TLM: Transmission-line model; NMC811: LiNi, sMn,;Co,,0,.

accessibility within the inner electrode region [Figure 2G]****). Thus, transport limitations in thick electrodes
can be described not only as a consequence of extended diffusion length, but also as a coupled structural
effect involving increased tortuosity, reduced pore accessibility, and less effective electrolyte infiltration. As
these limitations increasingly restrict Li* supply toward the inner electrode region, the local reaction demand
can no longer be uniformly supported throughout the electrode thickness. This mismatch between local Li*
supply and electrochemical reaction demand consequently generates through-thickness concentration
polarization, resulting in spatially heterogeneous reaction kinetics and incomplete active-material
utilization*.

Through-thickness concentration polarization
When ionic transport cannot sustain the local electrochemical reaction demand throughout a thick electrode,
Li* availability becomes increasingly nonuniform along the electrode depth, giving rise to through-thickness
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Figure 3. (A and B) Li* concentration extracted from P2D simulations as a function of cell thickness; (A) thin and (B) thick electrodes; (A
and B) are reprinted with permission from Ref.® under a CC BY 4.0 license; (C-F) 3D and scatter plots of XRD point measurements, color-
coded by depth, showing Li,C, value as a function of time and depth during 2C (C and E) charge, and (D and F) discharge; (C-F) are
reprinted with permission from Ref.t*? under a CC BY 3.0 license; (G) Schematic illustration of thickness-dependent Li* concentration
gradients in thin and thick electrodes. XRD: X-ray diffraction.

concentration polarization'***"). Under transport-limited conditions, this spatial imbalance leads to
preferential reaction in regions with more favorable Li* access and delayed electrochemical participation in
less accessible regions, thereby producing depth-dependent reaction heterogeneity. Min et al. investigated
the thickness dependence of transport limitations in all-active-material lithium-ion cells using
electrochemical modeling''!. The simulated Li* concentration profiles revealed increasingly pronounced
spatial gradients as the electrode thickness increased [Figure 3A and B]. Under these transport-limited
conditions, the separator-facing region was supplied with Li* more readily and reacted earlier, whereas the
current-collector-facing region exhibited delayed reaction kinetics and insufficient ionic access.
Consequently, the cell can reach the prescribed cut-off voltage before the entire electrode thickness is
electrochemically utilized, leaving a fraction of the loaded active material incompletely accessed. The
resulting reaction state therefore becomes progressively depth-dependent, with different electrode regions
approaching their local end-of-charge or end-of-discharge conditions at different times.
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Consistent with this transport-induced spatial imbalance, Finegan et al. experimentally visualized depth-
dependent lithiation in a 101 um graphite electrode using high-speed pencil-beam X-ray diffraction
(XRD)“*\. The depth-resolved diffraction profiles revealed that lithiation preferentially proceeded in the
separator-facing region, while the reaction in the current-collector-facing region was delayed under high-rate
operation [Figure 3C-F]. The increasing reaction gradient at higher current demonstrates that concentration
polarization is governed not only by electrode thickness itself but by the balance between ionic transport
capability and electrochemical reaction demand. Collectively, through-thickness concentration polarization
represents the spatial manifestation of an imbalance between ionic transport and electrochemical reaction
demand in thick electrodes. The resulting depth-dependent reaction distribution causes some regions to
undergo preferential electrochemical cycling while other regions remain incompletely utilized, thereby
widening the gap between designed and achievable areal capacity. At the same time, localized reaction
intensification can create spatially nonuniform electrochemical environments that promote subsequent
electrode and interfacial degradation [Figure 3G]'*>**!.

ELECTRODE-LEVEL DEGRADATION IN THICK ELECTRODES

Coupled electrode degradation in liquid-electrolyte LIBs

In liquid-electrolyte LIBs, transport limitations in thick electrodes manifest differently at the cathode and
anode but collectively determine full-cell degradation. Restricted Li* transport and through-thickness
concentration polarization induce depth-dependent reaction heterogeneity in both electrodes, resulting in
local overutilization, active-material underutilization, and progressive interfacial degradation. Because the
cathode and anode operate under the same applied current, degradation occurring at either electrode
contributes to the overall polarization and capacity loss of the full cell. Therefore, cathode- and anode-side
degradation need to be considered together to understand how thickness-induced transport limitations affect
practical full-cell performance.

At the cathode, transport limitations can induce pronounced depth-dependent reaction heterogeneity. Won
et al. systematically compared reference and thick LiFePO, electrodes with active material loadings of 9 and
18 mg cm?, corresponding to electrode thicknesses of approximately 75 and 150 um, respectively!”..
Although the two electrodes exhibited comparable electrochemical behavior at low current density, the thick
electrode showed pronounced capacity decay at 1C, indicating that increased electrode thickness imposes
severe kinetic constraints during repeated cycling. To identify the origin of this degradation, the authors
divided the electrodes into separator-facing and current-collector-facing regions and analyzed their phase
evolution using ex situ XRD. In the reference electrode, both regions showed reversible phase conversion
between LiFePO, and FePO, after 100 cycles, indicating relatively homogeneous electrochemical reactions
throughout the electrode thickness [Figure 4A and B]. In contrast, the thick electrode exhibited clear depth-
dependent reaction imbalance. The separator-facing region showed dominant FePO, and LiFePO, features at
the charged and discharged states, respectively, whereas the current-collector-facing region retained mixed
LiFePO,/FePO, characteristics even after full charge and discharge [Figure 4C and D]. The retained mixed
LiFePO,/FePO, signature in the current-collector-facing region is consistent with incomplete electrochemical

participation associated with restricted Li" transport across the electrode thickness.

This nonuniform reaction distribution further accelerates interfacial degradation and resistance buildup. In
thick cathodes, the separator-facing region undergoes more intensive electrochemical cycling because Li*
access is more favorable in the separator-facing region, while the current-collector-facing region remains
relatively underutilized” 7*. This locally concentrated reaction promotes electrolyte decomposition and
cathode electrolyte interphase (CEI)/byproduct accumulation at the cathode surface, which further increases
kinetic resistance. In cathode materials that undergo pronounced lattice strain during cycling, such as Ni-
rich layered cathodes, repeated local overutilization can further promote particle cracking, interparticle
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Figure 4. (A-D) Ex situ XRD patterns of the separator-facing and current-collector-facing regions of reference (A and B) and thick (C and
D) LiFePO, cathodes at the 100th charge and discharge states; (A-D) are reprinted with permission from Ref.l7°? under a CC BY 4.0
license; (E) depth-resolved Li distribution obtained by laser-induced breakdown spectroscopy and (F) XPS results of cycled standard and
thick graphite electrodes; (E and F) are reprinted with permission from Ref.3*), under CC BY NC-ND license; (G) normalized capacity
retention and (H) normalized voltage polarization of regular- and high-loading NMC532/graphite pouch cells cycled at 20 °C under
different C-rates; (G and H) are adapted from Ref.l*? under a CC BY 4.0 license; (1) schematic illustration of coupled degradation
mechanisms in high-loading liquid-electrolyte LIBs. LFP: Lithium iron phosphate; FP: iron phosphate; CEl: cathode electrolyte interphase;
SEl: solid electrolyte interphase; XRD: X-ray diffraction; NMC532: LiNi, -Mn,;Co,,0,; XPS: X-ray photoelectron spectroscopy; LIB: Li-ion
battery.

contact loss, and irreversible structural degradation””*\. Although these degradation phenomena are not
limited to thick electrodes, spatially nonuniform reactions can intensify their occurrence within
preferentially utilized regions. Therefore, cathode-side degradation in thick electrodes can be described as a
transport-mediated process involving depth-dependent reaction heterogeneity, local overutilization in the
separator-facing region, underutilization in the current-collector-facing region, interfacial byproduct
accumulation, particle/contact degradation, and progressive resistance buildup'®'*.

On the anode side, transport limitations promote degradation through depth-dependent lithiation
inhomogeneity and localized Li plating. Ko et al. compared standard and thick graphite electrodes with mass
loadings of 10 and 15 mg cm™, corresponding to electrode thicknesses of approximately 80 and 120 pm,
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respectively”. The thick graphite electrode initially delivered a higher areal capacity than the standard
electrode, but this gain was accompanied by rapid capacity decay during repeated 1C cycling. Laser-induced
breakdown spectroscopy revealed that the Li content remained relatively uniform across the standard
electrode after both the initial and 50th cycles, whereas the thick electrode exhibited pronounced Li
accumulation in the current-collector-facing region after prolonged cycling. In particular, more than 80% of
Li remained trapped in the current-collector-facing 30% of the thick electrode even after full delithiation to
1.6 V [Figure 4E]". This depth-dependent Li trapping indicates that the current-collector-facing region
becomes progressively less accessible to reversible cycling, while a larger fraction of the electrochemical
reaction is concentrated in the separator-facing region.

The localized reaction in the separator-facing region further promotes anode surface degradation. Because
the current-collector-facing region contributes less effectively to charge storage, the effective local current
density becomes concentrated in the more electrochemically accessible region during lithiation, thereby
increasing the susceptibility to Li plating. Ko et al. observed a decrease in LiC,, and an increase in LiC,
during a 16 h rest period after lithiation in the thick electrode, whereas the standard electrode showed
minimal changes". This relaxation-induced phase evolution was attributed to chemical lithiation of graphite
by deposited Li and provides indirect evidence for localized Li plating. X-ray photoelectron spectroscopy
(XPS) analysis of the cycled electrodes also showed larger C=0 and C-O components in the thick electrode
than in the standard electrode, indicating more severe electrolyte decomposition at the graphite surface
[Figure 4F]. Cryogenic transmission electron microscopy (TEM) further revealed substantially greater solid
electrolyte interphase (SEI) growth in the thick electrode during repeated cycling. These observations
indicate that sluggish Li* transport, depth-dependent Li trapping, localized Li plating, and additional SEI
formation form a self-reinforcing degradation process. Continuous SEI growth increases interfacial
resistance and further aggravates lithiation inhomogeneity and local reaction concentration!® .,

The degradation behavior of high-loading electrodes becomes more complex when the cathode and anode
are combined in a practical full cell, because electrode loading interacts strongly with the operating current
density and operating temperature. Thompson et al. compared NMCs32/graphite pouch cells with regular
and high positive-electrode loadings of 19.3 and 29.2 mg cm™, corresponding to reversible cathode areal
capacities of 3.4 and 5.1 mAh cm?, respectively®'. The corresponding N/P ratios were 1.24 and 1.12. Long-
term cycling was conducted at different temperatures of 20, 40, and 55 °C with the applied C-rate adjusted to
avoid excessive Li plating. At 40 °C and C/4, the regular- and high-loading cells exhibited nearly identical
normalized capacity retention and similar impedance growth, indicating that increased electrode loading did
not necessarily accelerate degradation when the imposed reaction rate remained within the accessible
transport capability of the electrodes. In contrast, at 20 °C, the high-loading cells cycled at C/4 retained
approximately 97% of their capacity after = 6,000 h, whereas increasing the rate to C/2 decreased the capacity
retention to approximately 92% [Figure 4G] and resulted in a more pronounced increase in voltage
polarization [Figure 4H]"". The authors attributed this additional degradation to small amounts of Li
plating. High-loading cells operated at 55 °C and C/3 also exhibited impedance growth comparable to
regular-loading reference cells after normalization". These results demonstrate that the influence of
electrode thickness cannot be separated from cycling temperature and current density. Rather than
exhibiting a simple temperature-dependent degradation trend, high-loading electrodes become particularly
vulnerable when the ionic and interfacial transport capability at a given temperature is insufficient to sustain
the imposed areal current density. Accordingly, comparisons of thick-electrode cycling performance should
report electrode loading, temperature, and operating current density together when evaluating transport-
induced degradation and practical capacity utilization.
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The importance of electrode balance was further examined by Faraji Niri et al., who evaluated the effect of
N/P ratio together with electrode thickness, active material loading, cathode areal capacity, and C-rate in
graphite/NMCe22 full cells””. Their analysis showed that the influence of N/P ratio on electrochemical
performance depends strongly on the other electrode parameters and operating rate, with a nearly linear
dependence at low C-rates and a more nonlinear response at medium and high C-rates. These results
indicate that the N/P ratio cannot be considered independently of electrode loading and operating current
density when high-loading full cells are evaluated. In addition, Yang et al. demonstrated that electrode
loading and cathode chemistry can affect graphite degradation under fast-charging conditions'*”. Their post-
cycling analyses showed that both the paired NMC cathode and Li plating influenced the nonuniform SEI
composition on the graphite surface, demonstrating that degradation at the anode can also be affected by the
electrochemical environment established by the counter electrode. Although the electrode loadings examined
in this study were lower than those of many thick-electrode systems, the results provide direct evidence that
cathode- and anode-side degradation processes cannot always be treated independently in practical full cells.

Collectively, degradation in high-loading liquid-electrolyte LIBs originates from coupled transport
limitations and electrode-specific degradation processes [Figure 4I]. At the cathode, restricted Li* transport
induces depth-dependent reaction heterogeneity, active-material underutilization, interfacial degradation,
and resistance buildup. At the anode, nonuniform lithiation promotes Li trapping, localized Li plating,
electrolyte decomposition, and continuous SEI growth. In a full cell, these processes collectively increase
polarization and irreversible Li loss, while their severity is further affected by N/P ratio, operating current
density, and temperature. As polarization and Li inventory loss progressively increase during cycling, the cell
can reach its cut-off voltage before the designed capacity of both electrodes is fully utilized, thereby reducing
the achievable areal capacity of the high-loading electrode system.

Coupled electrode and interfacial degradation in ASSBs

In ASSBs, the degradation of thick electrodes is governed by transport and interfacial constraints that differ
from those in liquid-electrolyte LIBs. Whereas Li" transport in porous LIB electrodes occurs through liquid-
electrolyte-filled pore networks, ion transport in ASSB composite cathodes requires continuous solid-
electrolyte pathways and sufficient solid-solid contact between the cathode active material (CAM) and solid
electrolyte (SE). Increasing electrode thickness therefore extends the Li* transport pathway while
simultaneously increasing the requirement for continuous ionic and electronic percolation throughout the
composite cathode. These transport constraints can generate depth-dependent reaction heterogeneity even
in the absence of liquid-electrolyte infiltration****). Moreover, repeated volume changes of the CAM
continuously alter the internal particle contact and transport pathways, coupling ionic transport, reaction
distribution, and mechanical degradation in thick ASSB electrodes.

Stavola et al. directly visualized depth-dependent reaction heterogeneity in approximately 110 pm thick
NMC111/Li PS,Cl composite cathodes using high-energy depth-profiling XRD"*!. Substantial lithiation
gradients developed even during cycling at C/10, and the spatial reaction distribution changed markedly with
the CAM fraction. For the 70 wt.% CAM electrode, preferential reaction was observed toward the current-
collector-facing region, whereas increasing the CAM fraction to 80 wt.% shifted the reaction toward the
solid-electrolyte-facing region and increased the degree of reaction heterogeneity [Figure 5A and B]. The
maximum difference in local Li content across the electrode thickness increased from Ax = 0.145 for the 70
wt.% CAM electrode to Ax = 0.24 for the 80 wt.% CAM electrode, corresponding to substantial fractions of
the cyclable capacity®. These results demonstrate that the spatial reaction distribution in thick ASSB
cathodes is strongly affected by the relative ionic and electronic transport properties of the composite
electrode.
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Figure 5. (A and B) Depth-dependent lithiation profiles of NMC111/Li,PS.Cl composite cathodes containing (A) 70 wt.% and (B) 80 wt.%
CAM, obtained by high-energy depth-profiling XRD; (A and B) are reprinted with permission from Ref..*>> under a CC BY 4.0 license; (C)
first-cycle capacity response of NMC83-based composite cathodes under different current-density, temperature, and stack-pressure
conditions; (D) first-cycle specific-capacity profiles of 70 pm (left) and 115 um (right) composite cathodes employing solid electrolytes
with different ionic conductivities; (E) reconstructed 3D microstructure of the composite cathode before cycling; (F) reconstructed 3D
microstructure of the composite cathode after 50 cycles; (C-F) are reprinted from Ref.° under a CC BY 4.0 license; (G and H) calculated
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Microstructural analysis further showed that increasing the CAM fraction changed the balance between the
ion-conducting SE network and the electronically conducting CAM network. When the CAM fraction
increased from 70 to 80 wt.%, the tortuosity factor of the Li PS_Cl phase increased substantially, whereas that
of the NMC phase decreased””. Thus, increasing the active-material fraction can improve the continuity of
the electronically conducting CAM network while simultaneously reducing the volume fraction and
connectivity of the ion-conducting SE phase. The resulting increase in SE tortuosity restricts Li* transport
and promotes more pronounced reaction heterogeneity. Accordingly, high CAM loading and
electrochemical accessibility are not necessarily proportional in thick ASSB cathodes; rather, the energy-
density benefit of increasing the active-material fraction must be balanced against the requirement for
continuous solid-electrolyte percolation throughout the electrode thickness.

The accessible capacity of thick ASSB cathodes is additionally sensitive to the transport properties of the SE
and the applied electrochemical and mechanical conditions. Gao et al. investigated composite cathodes

composed of LiNi . Mn_ Co,, O,, Li,InCl, and carbon nanofibers and showed that accessible cathode

capacity was primarily limited by Li* transport through the SE phase"®. For a composite containing 65 wt.%
CAM, 30 wt.% SE, and 5 wt.% carbon nanofibers, the influence of current density and stack pressure became
particularly pronounced at 30 °C, whereas increasing the temperature to 80 °C substantially improved the
accessible capacity under a stack pressure of 2 MPa [Figure 5C]"°. The dependence of capacity on SE
conductivity became more pronounced as the electrode thickness increased. At 80 °C and 1 mA cm™ under 2
MPa, increasing the composite-cathode thickness from 70 to 115 pm maintained a specific capacity of
approximately 210 mAh g based on the CAM mass, when the highly conducting Li,InCl, was employed,
enabling an areal capacity of approximately 5 mAh cm™. In contrast, decreasing the SE conductivity
substantially reduced the accessible capacity of the thicker electrode [Figure 5D]**. These results show that
the capacity benefit of electrode thickening in ASSBs can be realized only when the solid-ion-conducting
network sustains sufficient Li* transport under the imposed current density, temperature, and stack-pressure
conditions.

In addition to restricting active-material utilization, the solid-solid nature of ASSB composite cathodes
introduces progressive contact degradation during repeated cycling. Gao et al. showed that the composite
cathode cycled between 2.6 and 4.4 V at 1 mA cm™ and 80 °C under 2 MPa retained approximately 65% of its
initial capacity after 50 cycles”. Three-dimensional reconstruction revealed substantial microstructural
rearrangement and void formation after cycling, indicating degradation of the initially intimate interparticle
contact [Figure 5E and F]. Increasing the stack pressure to 10 MPa improved the 50-cycle capacity retention
to approximately 93%, consistent with improved preservation of particle contact. Alternatively, reducing the
upper cut-off voltage from 4.4 to 4.2 V decreased the NMC volume change from approximately 6% to 2.5%
and increased capacity retention from 65% to 94% at 2 MPa"". These observations demonstrate that repeated
CAM volume changes can disrupt the solid-solid contact required for ion and electron transport, while stack
pressure strongly affects the extent to which this contact is maintained during cycling.

The mechanical origin of this contact degradation can be further understood from grain-level chemo-
mechanical behavior. Liu et al. developed a microstructure-sensitive chemo-mechanical model for Ni-rich
nickel-cobalt-manganese (NCM) composite cathodes and showed that heterogeneous Li distribution,
crystalline anisotropy, and state-of-charge-dependent lattice changes generate highly nonuniform stress and
defect distributions within cathode particles””. Although this study was not designed specifically as a thick-
electrode comparison, it provides a mechanistic basis for understanding how transport-induced reaction
heterogeneity can be translated into particle- and interface-level degradation in ASSB composite cathodes.
The calculated Li concentration and dislocation-induced plastic shear exhibited pronounced spatial
heterogeneity, with Li-concentration gradients contributing to dislocation accumulation within the cathode
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particles [Figure 5G and H]"”. For polycrystalline particles, the random arrangement of primary particles
further increased the heterogeneity of dislocation activity because the local strain response depended on
crystallographic orientation and position within the secondary particle.

The same chemo-mechanical response also generated substantial stress at the CAM/SE interface. Liu et al.
showed that anisotropic dimensional changes during Li (de)intercalation produced persistent tensile stress at
the cathode/SE interface, providing a mechanical driving force for contact loss [Figure 5I]*”. Importantly,
decreasing the discharge rate alone did not eliminate this interfacial tensile stress, indicating that contact
degradation cannot be interpreted solely as a consequence of high-rate operation. The magnitude of the
interfacial stress was also strongly dependent on the mechanical properties of the SE, and electrochemical
cycling produced different stress states during lithiation and delithiation [Figure 5]]". These results indicate
that mechanical degradation in ASSB composite cathodes is governed by the coupled response of CAM
lattice changes, particle microstructure, and SE mechanical properties rather than by external operating
conditions alone.

The accumulated crystal defects can further contribute to irreversible structural degradation. Liu et al.
showed that dislocation-induced lattice strain modifies the local oxygen environment and can facilitate
oxygen loss and transition-metal migration, thereby promoting structural degradation of Ni-rich layered
cathodes"”. Their analysis further showed that heterogeneous Li distribution and structural degradation can
impede Li* transport within the cathode particle, generating an additional kinetic capacity loss. Thus,
reaction heterogeneity and mechanical degradation can form a self-reinforcing process: nonuniform Li"
transport generates local concentration and strain gradients, which promote crystal-defect formation and
interfacial stress; the resulting structural degradation and contact loss subsequently reduce active transport
pathways and further increase reaction heterogeneity.

Collectively, degradation in thick ASSB composite cathodes can be understood as a coupled consequence of
solid-electrolyte percolation limitations, depth-dependent reaction heterogeneity, CAM volume change, and
loss of solid-solid contact [Figure 5K]. Increasing electrode thickness or CAM fraction increases the
transport demand placed on the ion-conducting SE network, and insufficient ionic connectivity results in
spatially nonuniform active-material utilization. Repeated Li" insertion and extraction simultaneously
generate heterogeneous lattice strain and particle-scale volume changes, which can induce crystal defects,
interfacial stress, void formation, and contact loss. These changes progressively increase ionic and interfacial
resistance and reduce the electrochemically accessible fraction of the thick composite cathode. The severity
of these coupled degradation processes is further affected by operating current density, temperature, stack
pressure, voltage window, CAM fraction, and the mechanical properties of the SE. Consequently, the
practical capacity of thick ASSB electrodes depends not only on active-material loading but also on the ability
to maintain continuous solid-electrolyte percolation, solid-solid contact, and homogeneous electrochemical
reactions during repeated cycling.

THICK ELECTRODE DESIGN STRATEGIES

Overview of design strategies

To address the coupled transport, reaction, and degradation mechanisms associated with thick electrodes,
electrode design needs to extend beyond simply increasing active material loading. Restricted Li* transport,
insufficient electrolyte accessibility or solid-electrolyte percolation, discontinuous electronic pathways, and
through-thickness reaction heterogeneity can prevent the additional active material from being fully utilized.
Accordingly, thick-electrode design requires targeted regulation of ionic and electronic transport pathways
to sustain electrochemical accessibility throughout the electrode thickness.
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Figure 6. Schematic illustration of representative strategies for mitigating the technical limitations of thick electrodes.

Representative approaches can be broadly categorized according to the primary limitation they address.
Low-tortuosity architectures introduce more direct ion-transport pathways to improve through-plane ionic
transport and electrolyte accessibility”®*'*l. Multilayer and gradient electrodes spatially regulate composition,
porosity, particle size, or conductive-agent distribution to mitigate through-thickness differences in transport
and reaction kinetics!"*****). Conductive-network engineering aims to maintain continuous electronic
pathways and suppress local current concentration, particularly in high-loading and dry-processed
electrodes!'* ', In parallel, model- and diagnostics-guided approaches provide spatially resolved
information on transport, reaction distribution, and active-material utilization, enabling the dominant
bottleneck to be identified and the corresponding electrode architecture to be rationally optimized! %,
These representative strategies are schematically summarized in Figure 6 and discussed in detail in the

following sections.
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Low-tortuosity architectures

Low-tortuosity architectures have been developed to address the Li* transport limitations that become more
pronounced in thick electrodes. In conventional slurry-cast electrodes, active material particles are randomly
stacked and densely compacted during calendering, producing convoluted pore networks. As the electrode
thickness increases, this tortuous microstructure not only elongates Li* transport pathways but also
suppresses electrolyte infiltration into the inner electrode region* . Consequently, the electrolyte-accessible
reaction zone becomes spatially limited, leading to concentration polarization, delayed reaction kinetics, and
incomplete active-material utilization under high-loading and high-current conditions. Wu et al. proposed a
temporally shaped ultraviolet femtosecond laser strategy to fabricate low-tortuosity thick electrodes with
high-density through-hole arrays"®®. The through-holes provide direct ion-transport pathways across the
electrode thickness, facilitating electrolyte infiltration into the inner region of thick LiFePO, electrodes
[Figure 7A]. Unlike conventional pore-forming or templating methods, this laser-based post-treatment is
compatible with calendered electrodes and minimizes active material loss, which is critical for preserving the
energy-density advantage of thick electrodes. By controlling the laser wavelength and objective lens
numerical aperture, the authors systematically regulated the aperture size and aspect ratio of the drilled holes
[Figure 7B]. In particular, frequency-domain shaping from 800 to 400 nm enabled the formation of smaller
through-holes, while maintaining sufficient focal depth for through-electrode drilling.

The electrochemical benefit of this architecture was strongly dependent on the hole size and distribution.
Among the examined configurations, the 6-60 um structure, defined by a 6 pm hole diameter and 60 pm hole
spacing, delivered the most favorable rate capability compared with larger and more sparsely distributed hole
arrays, such as 10-120, 20-240, and 30-360 pm configurations [Figure 7C]. The superior rate capability of the
6-60 pm configuration can be attributed to its dense, small-diameter through-hole network, which shortens
local ion-diffusion distances without causing substantial material loss. COMSOL simulations further
supported this interpretation. In the unstructured thick electrode, electrolyte salt concentration was rapidly
depleted near the bottom region during discharge, which can limit reaction progression before the entire
electrode is fully utilized. In contrast, the laser-structured electrode maintained a more uniform electrolyte
concentration profile and sustained a more homogeneous state-of-charge evolution throughout the electrode
thickness [Figure 7D and E]. These improvements in ion accessibility were directly reflected in the
electrochemical performance of thick electrodes. The laser-structured LiFePO, electrodes exhibited reduced
tortuosity, lower ionic resistance, improved rate capability, and higher capacity retention during cycling
compared with unstructured electrodes®. Importantly, the advantage became more pronounced at higher
mass loadings, where ion-transport limitation is typically dominant. Even under 30, 40, and 60 mg cm™
loading conditions, the laser-structured electrodes retained higher discharge capacity during repeated cycling
at 0.5C than their unstructured counterparts [Figure 7F]. The higher capacity retention of the laser-
structured electrodes indicates that low-tortuosity architectures can mitigate the trade-off between high
active material loading and sluggish ion transport by improving electrolyte infiltration, suppressing
concentration polarization, and promoting more uniform electrochemical reactions.

Nevertheless, the effectiveness of low-tortuosity architectures depends on whether ionic transport is the
dominant limitation under the applied electrode loading and operating conditions. The strong dependence
of electrochemical performance on hole diameter and spacing in the study by Wu et al. indicates that simply
introducing through-plane channels is insufficient; the channel geometry needs to balance shortened ion-
transport pathways with preservation of the active-material fraction". In particular, dense through-hole
arrays can enhance electrolyte accessibility, whereas excessive or poorly optimized material removal would
reduce the loading advantage that motivates thick-electrode design. From a manufacturing perspective, laser
structuring offers the advantage of being applicable as a post-treatment to calendered electrodes and, in the
optimized configuration reported by Wu et al., enables low material loss**). However, it introduces an
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Figure 7. (A) Schematic illustration of conventional thin, high-tortuosity thick, and low-tortuosity thick electrodes; (B) SEM and backlight
microscopy images showing micro-hole arrays created by femtosecond laser percussion drilling using objective lenses with different
numerical apertures (NA = 0.4, 0.45, and 0.5) and different wavelengths (800 and 400 nm); (C) relationship between aperture size, NA,
and wavelength (left), effects of NA and wavelength on the diameter and aspect ratio of laser-drilled holes (middle), and influence of hole
size/distribution on rate capability for 6-60, 10-120, 20-240, and 30-360 pum configurations (right); (D) electrolyte salt concentration
distribution; (E) electrode state-of-charge evolution over time for unstructured LFP and 6-60 pum structured LFP during 1C discharge; (F)
cycling performance at 0.5C for different mass loadings (30, 40, and 60 mg cm); (A-F) are reprinted with permission from Ref.[®], under
CCBY NC-ND license. SEM: Scanning electron microscopy; NA: numerical aperture.

additional processing step and requires precise control of the channel geometry across the electrode area,
such that processing throughput, scalability, and compatibility with large-area manufacturing need to be
considered together with the electrochemical benefit***”.. Low-tortuosity architectures are therefore most
advantageous for high-loading electrodes in which through-plane ionic transport and electrolyte accessibility
primarily limit active-material utilization, whereas additional design strategies may be required when
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electronic conduction or spatial reaction imbalance becomes comparably limiting.

Multilayer and gradient electrodes

Multilayer and gradient electrode architectures have been developed to address the position-dependent
transport and reaction imbalance that becomes pronounced in thick electrodes. In homogeneous thick
electrodes, Li* transport, electrolyte accessibility, electronic conduction, and reaction kinetics are not
uniformly distributed along the electrode thickness. The separator-facing region is readily supplied with
electrolyte and Li*, whereas the current-collector-facing region is more vulnerable to delayed ion transport,
electrolyte depletion, and incomplete active-material utilization. This mismatch generates concentration
polarization and local reaction heterogeneity, particularly under fast-charging or high-rate operating
conditions. Multilayer and gradient designs aim to mitigate these limitations by assigning different transport
or reaction functions to different electrode regions. Kang et al. demonstrated this concept using dual-layered
hybrid graphite anodes for fast-charging Li-ion batteries”. Instead of randomly blending natural graphite
and synthetic graphite into a single-layer electrode, the authors fabricated sequentially coated dual-layer
electrodes with different layer orders, denoted as single-layer electrode containing a 50:50 mixture of natural
graphite and synthetic graphite (SLE-X), dual-layer electrode with natural graphite in the bottom layer and
synthetic graphite in the top layer (DLE-NS), and dual-layer electrode with synthetic graphite in the bottom
layer and natural graphite in the top layer (DLE-SN) [Figure 8A]. The cross-sectional focused ion beam-
scanning electron microscopy (FIB-SEM) images confirmed that the proposed single-layer and dual-layer
electrodes were successfully constructed with controlled through-thickness configurations. This
configuration is relevant because the position of each graphite component determines how Li* influx,
electron transport, and interfacial reaction proceed during fast charging. To clarify how the dual-layer
configuration modulates transport and resistance, the authors selectively measured the interfacial and bulk
resistances of SLEs and DLEs using an electrode resistance measurement system [Figure 8B]. This analysis
showed that the internal resistance of the electrode is not governed solely by the intrinsic properties of each
graphite component, but also by its location within the electrode. In thick or fast-charging anodes, the
separator-facing region experiences rapid Li* supply and a high local reaction demand, whereas the current-
collector-facing region must sustain charge transport over a longer distance. Therefore, arranging graphite
components with appropriate kinetic properties at position-specific regions can reduce polarization and
improve active-material utilization. The through-thickness electrolyte accessibility was further investigated
using sodium laser-induced breakdown spectroscopy (Na-LIBS) depth profiling [Figure 8C]. Because Na*
from the electrolyte can act as a tracer for electrolyte infiltration, the depth profiles of relative Na* counts
provide information on how effectively the electrolyte reaches different regions of the electrode"’. This
diagnostic result is directly relevant to thick electrode design because limited electrolyte accessibility in the
inner electrode region aggravates Li* transport limitation and reaction nonuniformity. Thus, the Na-LIBS
analysis supports the idea that sequential layer ordering can influence not only electronic and interfacial
resistance but also the electrolyte-accessible reaction environment across the electrode thickness. The fast-
charging behavior of the single- and dual-layer graphite electrodes was further examined through transient
overpotential responses at 4C [Figure 8D]. The temporal overpotential evolution provides a direct indication
of how rapidly polarization develops during charging. Compared with the single-layer electrode, the
optimized dual-layer electrode showed a more favorable overpotential response, indicating that the
sequential arrangement of graphite components can mitigate abrupt polarization buildup under fast-
charging conditions'™. This effect arises because the dual-layer design redistributes the local reaction burden
along the electrode depth, rather than allowing the separator-facing region to dominate the charging
reaction. The depth-dependent lithiation behavior was directly visualized by Li-LIBS-guided Li* distribution
maps after the first 4C charging [Figure 8E]. These maps revealed how Li* was distributed within SLEs and
DLEs immediately after fast charging. In conventional single-layer electrodes, fast charging tends to induce
localized lithiation in the separator-facing region, which increases the risk of local overutilization and Li
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Figure 8. (A) Schematic illustration and FIB-SEM images of as-prepared SLE-X, DLE-NS, and DLE-SN hybrid anodes; (B) selective
measurement of interface and bulk resistances of SLEs and DLEs using the electrode resistance measurement system; (C) depth profiles of
relative sodium (Na*) counts during Na-LIBS; (D) transient overpotential responses of SLEs and DLEs within 15 min of charging at 4C; (E)
Li*-LIBS-guided Li* distribution maps obtained after the first 4C charge; (A-E) are reprinted with permission from Ref..8], under CC BY 4.0
license. SLE-X: single-layer electrode containing a 50:50 mixture of natural graphite and synthetic graphite; DLE-NS: dual-layer electrode
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plating. In contrast, the optimized dual-layer electrode promoted a more balanced Li* distribution across the
electrode thickness, indicating that a larger fraction of the electrode participated in reversible lithiation..
This result demonstrates that dual-layer graphite design can alleviate depth-dependent reaction
inhomogeneity by coordinating local kinetic properties with the spatial demand for Li" transport.

Chen et al. extended a similar design philosophy to high-loading NMC83 cathodes using a particle-size-
gradient architecture composed of large and small active-material particles"*”. By appropriately arranging
particles with different pore-forming and reaction characteristics, the optimized double-layer structure
improved electrolyte accessibility and rate capability under high-loading conditions. These results
demonstrate that particle-size-gradient design can mitigate concentration polarization by spatially
coordinating electrolyte transport with particle-size-dependent reaction kinetics.

Multilayer and gradient electrodes can therefore be considered position-dependent architectures rather than
simple stacked configurations. In thick anodes, dual-layer graphite designs can regulate Li* distribution,
electrolyte accessibility, overpotential evolution, and local active-material utilization during fast charging. In
thick cathodes, particle-size gradients can spatially coordinate electrolyte transport and reaction kinetics. By
matching electrode properties to the local electrochemical environment, multilayer and gradient
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architectures can mitigate concentration polarization, suppress localized overutilization, and improve active-
material utilization in thick electrodes.

Nevertheless, the effectiveness of multilayer and gradient architectures depends strongly on how accurately
the spatial distribution of electrode properties is matched to the local transport and reaction demand. The
results of Kang et al. show that changing the sequence of the same graphite components substantially alters
electrolyte accessibility, overpotential evolution, and Li* distribution, indicating that the benefit arises from
appropriate layer ordering rather than from multilayer construction itself*’. Similarly, Chen et al.
demonstrated that both the large-/small-particle sequence and the relative thickness of the two layers
critically affect electrolyte infiltration and rate capability!"”. An insufficient large-particle layer cannot
establish effective electrolyte diffusion pathways, whereas an excessive fraction limits the contribution of the
fast-reacting small-particle region. These observations indicate that the optimal gradient is not universal but
needs to be matched to electrode loading, operating current, and the dominant transport limitation.

From a manufacturing perspective, multilayer and gradient architectures can redistribute transport and
reaction functions without necessarily relying on material removal; however, this benefit is accompanied by
additional requirements for controlling layer sequence, composition, and thickness. Sequential fabrication
can therefore increase processing complexity compared with conventional homogeneous electrodes, while
deviations in layer thickness or composition over a large electrode area may reduce the intended spatial
balance in transport and reaction kinetics"**. Accordingly, the practical implementation of multilayer and
gradient electrodes requires consideration of not only their electrochemical benefit but also fabrication
complexity, reproducibility, and compatibility with scalable electrode manufacturing. Their greatest
advantage lies in electrodes where the dominant limitation varies systematically along the thickness
direction, whereas more homogeneous transport limitations may be addressed more efficiently by simpler
architectural modifications.

Conductive network engineering

Conductive network engineering has emerged as an important strategy for mitigating charge-transport
limitations in thick electrodes. As electrode thickness and areal capacity increase, electron pathways become
longer and more susceptible to discontinuity, while Li* transport is simultaneously constrained by tortuous
pore networks and limited electrolyte accessibility. Under these conditions, electrochemical reactions can
become spatially localized when conductive additives are not uniformly distributed throughout the electrode.
This issue can be particularly pronounced in dry-processed electrodes, where the conductive network must
be constructed through mechanical mixing and calendering without solvent-assisted dispersion. Therefore,
controlling the morphology, dispersion, and connectivity of conductive additives is essential for achieving
uniform reaction kinetics in thick electrodes. Min et al. addressed this challenge by mechanically unwinding
pristine carbon nanotube aggregates into unwound carbon nanotubes (uUCNTs), which were compared with
Super P carbon (SPC) and pristine CNTs (pCNTs) as conductive additives in high-loading dry cathodes
[Figure 9A]"". The unwinding process converted entangled CNT bundles into extended one-dimensional
conductive strands, thereby improving their ability to bridge adjacent active material particles and establish
long-range electron pathways. The dry electrodes were fabricated through a solvent-free process involving
powder mixing, dry sheet formation, calendering, and lamination onto an Al current collector [Figure 9B].
This process is relevant to thick electrode manufacturing because it enables high active material loading
while avoiding solvent evaporation, binder migration, and drying-induced heterogeneity.

The internal electrode morphology revealed that the conductive additive structure strongly governed the
formation of electron-conduction pathways. Cross-sectional images showed that SPC-, pCNT-, and uCNT-
based electrodes maintained dense electrode structures after dry processing [Figure 9C]. However, electron
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Figure 9. (A and B) Schematic illustration of (A) the unwinding process of entangled CNTs (left) into unwound CNTs (right), and (B) the
preparation for fabricating the dry-processed cathode; (C-E) cross-sectional morphology and spatial distribution of binder and conductive
networks in dry-processed electrodes; (C) cross-sectional SEM images of SPC, pCNT, and uCNT electrodes; (D) corresponding EPMA
WDS elemental maps of F and (E) Raman maps of NCM (red) and carbon (green); (F-H) high-resolution XRM images of (F) SPC, (G)
pCNT, and (H) uCNT electrodes; (1) void volume distribution across the electrode thickness obtained from XRM analysis; (J) void-
thickness distributions of each electrode obtained from XRM datasets; (K-L) electrochemical performance of half-cells using SPC, pCNT,
and uCNT electrodes at 7.5 mAh cm2; (K) rate and (L) cycling performance; (M) Li* diffusion coefficients (D,;,); (N) linear relationship
between the peak current and the square root of the scan rate; (A-N) are reprinted with permission from Ref.['°3 under a CC BY 4.0
license. pCNT: Pristine carbon nanotube; uCNT: unwound carbon nanotube; SPC: Super P carbon; SEM: scanning electron microscopy;

EPMA: electron probe microanalysis; WDS: wavelength-dispersive spectroscopy; XRM: X-ray microscopy; NCM: nickel-cobalt-
manganese.

probe microanalysis with wavelength-dispersive spectroscopy (EPMA-WDS) elemental mapping and Raman
mapping further revealed differences in the spatial distribution of the binder and conductive components
[Figure 9D and E]. In the SPC electrode, conductive carbon existed as discrete point-like domains, which can
limit continuous electronic percolation over long distances. In the pCNT electrode, CNT aggregation
produced locally concentrated conductive regions and carbon-deficient domains. In contrast, the uCNT
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electrode exhibited a more homogeneous conductive network across the electrode cross-section, indicating
that mechanical unwinding effectively suppressed CNT agglomeration and improved conductive additive
connectivity. Three-dimensional reconstructed electrode structures further illustrated the effect of
conductive network morphology [Figure 9F-H]. The SPC electrode showed discontinuous carbon domains
between active material particles, whereas the pCNT electrode contained bulky CNT clusters that generated
nonuniform conductive pathways. By comparison, the uCNT electrode displayed extended CNT strands
distributed between particles, forming a more continuous conductive framework throughout the electrode.
This feature is particularly important in thick electrodes because electron transport needs to be maintained
not only in the current-collector-facing region but also in the separator-facing region. A spatially uniform
conductive network can therefore reduce electronic bottlenecks, alleviate local current concentration, and
promote more homogeneous active-material utilization. The conductive additive morphology also
influenced the void structure of the dry electrodes. The uCNT electrode exhibited a lower void volume and a
narrower void-thickness distribution than the SPC and pCNT electrodes [Figure 91 and J]. Such a more
uniform void architecture reflects the role of unwound CNTs in homogenizing electrode packing and
suppressing large void formation. In thick electrodes, this structural uniformity is critical because large and
unevenly distributed voids can interrupt electronic percolation and create nonuniform electrolyte-filled
pathways, thereby contributing to local reaction imbalance. The uCNT network therefore improves the
structural uniformity of the dry electrode while maintaining interconnected charge-transport pathways.

The electrochemical benefit of the uCNT-based conductive network was demonstrated under a high areal
capacity of 7.5 mAh cm™. In rate capability tests, the uCNT electrode delivered higher specific capacity than
the SPC and pCNT electrodes over a wide range of current densities, especially under high-rate operation
[Figure 9K]. During repeated cycling at 0.5C/0.5C, the uCNT electrode also maintained higher capacity
retention and more stable Coulombic efficiency than the other electrodes [Figure 9L]. By forming a
homogeneous one-dimensional conductive network, the dry cathode maintained more efficient electronic
pathways and reduced kinetic constraints under high-loading conditions. The improved electrochemical
kinetics were further supported by apparent Li" transport and charge-transfer analyses. The uCNT electrode
exhibited more favorable apparent Li* transport behavior during both charge and discharge compared with
the SPC and pCNT electrodes [Figure 9M]. In addition, the scan-rate-dependent current response showed a
larger slope for the uCNT electrode, indicating enhanced charge-transfer characteristics and faster
electrochemical response [Figure 9N]. These kinetic improvements are consistent with the structural
observations: the unwound CNT network forms continuous electron pathways, improves conductive
additive dispersion, reduces isolated reaction domains, and supports more uniform electrochemical reactions
within the thick electrode. The key design variable is therefore not only the total conductive-additive content
but also the continuity and spatial uniformity of the conductive framework with minimal inactive-
component penalty. By transforming aggregated CNTs into extended conductive strands, uCNT's regulate
both conductive-network connectivity and void architecture, thereby improving apparent Li* transport
kinetics and sustaining higher capacity retention under high areal capacity conditions. Therefore, conductive
network engineering provides a practical route to mitigate transport-induced polarization and improve the
electrochemical utilization of thick electrodes while preserving the energy-density advantage of high active
material loading. At the same time, conductive-network design should preserve sufficient pore connectivity
for electrolyte infiltration and through-plane Li* transport, because excessive densification could
compromise ionic accessibility in thick electrodes.

The effectiveness of conductive-network engineering therefore depends on balancing electronic connectivity
with ionic accessibility rather than maximizing electronic conductivity alone. The comparison among SPC,
PCNT, and uCNT electrodes by Min et al. demonstrates that increasing the dimensionality of a conductive
additive is insufficient when the additive remains locally aggregated; instead, a continuous and spatially
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homogeneous conductive network is required to maintain electron transport over the extended length scale
of a thick electrode"*. Importantly, conductive additives also modify electrode packing and void structure,
meaning that improvement in electronic percolation can simultaneously alter electrolyte-accessible
pathways. An excessively dense or locally concentrated conductive network may therefore improve
electronic conduction while restricting pore connectivity, whereas insufficient conductive-additive
connectivity can generate electronically isolated active-material domains. Conductive-network design is
consequently most effective when electronic discontinuity or local current concentration contributes
substantially to the utilization loss, but it cannot independently resolve severe through-plane ionic transport
limitations.

The manufacturing route also determines how effectively such conductive networks can be realized in thick
electrodes. The uCNT architecture examined by Min et al. is particularly relevant to solvent-free electrode
processing, where conductive additives and binders need to form continuous networks through mechanical
mixing and calendering without solvent-assisted dispersion*. More broadly, Zheng et al. identified solvent-
free approaches, including dry spraying, dry powder coating, powder extrusion molding, and 3D printing, as
alternative routes for producing thick electrodes without the drying-induced stresses associated with

116

conventional slurry casting"'*. These approaches can alleviate drying-related cracking and eliminate solvent-
removal processes, although the resulting electrode performance remains dependent on how uniformly
active materials, binders, and conductive components are distributed within the thick electrode!'*. Thus,
solvent-free processing should be considered together with conductive-network formation rather than solely

as a means of increasing electrode thickness.

A complementary approach is to directly integrate active materials with three-dimensional conductive
scaffolds. Kang et al. demonstrated a self-standing CuCoNi-oxide nanowire array grown on Cu foam without
conventional binders or conductive additives, illustrating that electronic connectivity and mechanical
support can be incorporated directly into the electrode architecture!"”). Although this study was not
specifically designed for high-loading thick electrodes, such self-standing structures provide a
complementary design concept for reducing inactive components while maintaining continuous electronic
pathways.

Overall, conductive-network engineering offers a comparatively direct means of improving electron
transport without intentionally removing active material or introducing multiple compositionally distinct
electrode layers. Its practical benefit, however, depends on simultaneously maintaining low inactive-
component content, homogeneous conductive-additive dispersion, sufficient pore connectivity, and
electrode density. The strategy is therefore complementary to low-tortuosity and gradient architectures
rather than interchangeable with them: conductive-network engineering primarily addresses electronic
percolation and local current distribution, whereas severe ionic transport or through-thickness reaction
imbalance may require additional architectural control.

Model- and diagnostics-guided design

Model- and diagnostics-guided design has become an important approach for understanding and optimizing
thick electrodes, because transport limitation and reaction heterogeneity are difficult to fully interpret from
cell-level electrochemical curves alone. Although discharge profiles, rate capability, and capacity retention
provide macroscopic indicators of electrode performance, they do not directly reveal where the reaction
occurs, which region becomes underutilized, or how local Li* transport is restricted within the electrode.
Therefore, microstructure-resolved modeling and operando diagnostic techniques are increasingly used to
connect electrode architecture with spatial reaction behavior, enabling more rational design of thick
electrodes.
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Lu et al. demonstrated the importance of microstructure-resolved modeling by comparing single-crystal and
polycrystalline NMCs11 electrodes'*). Experimental discharge profiles were combined with three-
dimensional simulations to predict rate-dependent performance, and the calculated curves showed good
agreement with the measured electrochemical behavior [Figure 10A]. This agreement indicates that
microstructure-resolved modeling can capture the key transport and reaction processes governing thick
electrode performance. More importantly, the model visualized the internal state of lithiation, electrolyte
concentration, and charge-transfer current density at 65% depth of discharge under 3C operation [Figure
10B-D]. These spatial maps revealed that the reaction in thick NMCs11 electrodes can be highly nonuniform
and is governed by the coupled effects of liquid-phase transport, solid-state diffusion, and local particle
morphology. The modeling results further showed that different electrode microstructures generate different
utilization patterns. In single-crystal electrodes, smaller and more uniform particles promoted more
homogeneous lithiation, whereas polycrystalline electrodes contained large particles that were more likely to
be underutilized during high-rate discharge. The analysis of individual particle C-rate and particle-volume
fraction across the electrode thickness clarified that local reaction demand is not evenly distributed but varies
depending on the distance from the separator, particle size, and local electrolyte environment [Figure 10E].
The particle-level C-rate analysis further links local utilization behavior to specific microstructural variables,
including particle size distribution, porosity, electrode thickness, and spatial particle arrangement. These
parameters therefore serve as design targets for mitigating concentration polarization and improving active-
material utilization. Thus, microstructure-resolved modeling provides a quantitative basis for designing
gradient particle distributions or position-dependent electrode architectures, rather than relying on empirical
trial-and-error optimization. Complementary to modeling, operando diagnostics provide direct
experimental evidence of reaction heterogeneity in working thick electrodes.

Ji et al. employed operando neutron imaging to visualize Li distribution in a high-mass-loading NMC811
composite cathode for all-solid-state batteries (33 mg cm?, 5.0 mAh cm?, approximately 180 pm thick)"""!. In
this diagnostic configuration, the neutron beam passed through the operando cell composed of an anode, SE,
and cathode, and the detector recorded transmission images during electrochemical operation [Figure 10F].
Because Li has strong neutron contrast, changes in neutron transmission can be converted into spatial
information on Li distribution. The pristine image was used as a reference, and operando images collected
during charge and discharge were processed to visualize changes in Li distribution within the thick cathode
[Figure 10G]. The resulting neutron images directly showed the evolution of reaction heterogeneity during
cycling. Before charging, the Li distribution was relatively uniform throughout the cathode [Figure 10H]. At
the fully charged state, a pronounced spatial gradient appeared, indicating preferential delithiation in the
solid-electrolyte-facing region and delayed reaction toward the current-collector-facing region [Figure 10I].
After full discharge, the Li distribution did not fully recover to a homogeneous state, showing that reaction
nonuniformity persisted during the subsequent lithiation process [Figure 10J]. These observations
demonstrate that high-mass-loading cathodes can exhibit position-dependent reaction kinetics, where the
solid-electrolyte-facing region reacts preferentially while the current-collector-facing region remains
kinetically delayed. More importantly, the neutron-imaging study translated this diagnostic insight into an
electrode design principle. Ji et al. identified that, in addition to tortuosity, the mismatch between
nonuniform Li* flux generated by Faradaic reactions and the uniform distribution of the ion conductor in a
conventional composite cathode creates an additional ion-transfer obstacle!"""!. This point is particularly
relevant to ASSB composite cathodes, where Li* transport depends on continuous solid-ion-conductor
percolation rather than liquid-electrolyte infiltration alone. Based on this observation, they designed a
catholyte concentration gradient to match the local Li* flux along the electrode thickness. This diagnostics-
guided design improved rate capability even under high mass loading and enabled high areal capacity in
ultra-high-loading cathodes. Therefore, operando diagnostics do not merely verify degradation phenomena;
they provide spatially resolved information that can be directly converted into electrode architecture design.
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Model- and diagnostics-guided approaches provide a quantitative basis for translating thick-electrode
concepts into practical designs. Microstructure-resolved simulations clarify how particle morphology,
porosity, and electrode thickness shape local reaction heterogeneity, whereas operando imaging captures Li
redistribution and through-thickness reaction gradients during operation. Their combined use shifts thick-
electrode optimization from nominal mass loading to position-dependent transport, reaction, and utilization
behavior. These spatially resolved descriptors make it possible to evaluate whether a high-loading electrode
can deliver achievable areal capacity at relevant current densities while maintaining a sufficient fraction of its
designed capacity.



Byeon et al. Energy Z 2026, 2, 200022 Page 25 of 35

Model- and diagnostics-guided approaches therefore differ from structural strategies such as low-tortuosity,
gradient, or conductive-network architectures because they do not directly modify the electrode. Instead,
their primary role is to identify the dominant transport or reaction bottleneck and guide the selection and
optimization of an appropriate electrode architecture. Their effectiveness depends on reliable model
parameters and representative experimental conditions, but their combined use can reduce empirical
optimization and help minimize the gap between designed and achievable areal capacity in thick electrodes.

Comparative assessment and strategy integration

The design strategies discussed above address distinct but interconnected limitations of thick electrodes, and
their relative effectiveness therefore depends on the dominant bottleneck under a given electrode loading
and operating condition. Low-tortuosity architectures are particularly effective when through-plane ionic
transport or electrolyte accessibility limits active-material utilization, whereas multilayer and gradient
designs are advantageous when the transport and reaction requirements vary systematically along the
electrode thickness!”*'**). Conductive-network engineering is more directly suited to electrodes in which
electronic discontinuity or local current concentration contributes substantially to utilization loss"****\.
Model- and diagnostics-guided approaches, rather than acting as independent structural modifications,
provide a means of determining which limitation governs the observed performance and thereby guide the

110,111]

selection and optimization of the appropriate architecture!

These strategies also involve different practical trade-offs. Low-tortuosity architectures can substantially
shorten ionic transport pathways, but channel formation may introduce additional processing steps and,
depending on the fabrication method, active-material loss. Multilayer and gradient electrodes can
redistribute local reaction kinetics without intentionally removing active material, but require precise control
of layer sequence, composition, and thickness, which increases manufacturing complexity. Conductive-
network engineering can improve electronic percolation with a relatively small inactive-component fraction,
although excessive densification or poorly controlled conductive-additive distribution can compromise pore
connectivity and ionic accessibility. Thus, electrochemical improvement should be considered together with
active-material fraction, electrode density, process complexity, reproducibility, and manufacturing
throughput when evaluating the practical value of each strategy.

Importantly, the increasing coupling of ionic transport, electronic conduction, and reaction heterogeneity at
high electrode loading suggests that a single architectural modification may not always be sufficient.
Complementary strategies can be integrated when multiple transport limitations coexist. For example, low-
tortuosity pathways can improve through-thickness Li* transport, while a spatial gradient can redistribute
local reaction demand within the newly accessible electrode volume. Similarly, conductive-network
engineering can preserve electronic connectivity in regions made electrochemically accessible by ionic-
transport-oriented architectures. Such integration, however, is beneficial only when the additional
architectural complexity provides a measurable gain in achievable areal capacity and capacity utilization.
Therefore, the rational design of thick electrodes should focus on identifying the dominant bottleneck first
and introducing only the structural complexity required to overcome that limitation, rather than maximizing
architectural complexity itself. From a cost perspective, the electrochemical benefit of advanced electrode
architectures should also be weighed against the additional equipment, processing steps, and quality-control
requirements associated with laser structuring, multilayer fabrication, or other architecturally complex
manufacturing routes.
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PRACTICAL DESIGN AND EVALUATION OF THICK ELECTRODES

Cell-level and manufacturing considerations

The practical benefit of thick electrodes needs to be evaluated at the cell level rather than from electrode
loading alone. Increasing electrode thickness reduces the relative contribution of inactive components,
including current collectors and separators, and can therefore increase cell-level energy density while
reducing the number of electrode sheets required for a given cell capacity. However, this advantage is
maintained only when the additional active material remains electrochemically accessible under the intended
operating conditions. Singh et al. demonstrated this trade-off using NMC/graphite full cells with
approximately 70 and 320 pm thick electrodes**!. The thick-electrode cells exhibited a 19% higher
volumetric energy density at C/5, whereas their performance deteriorated substantially at C/2 because of
increased kinetic limitations. Thus, increasing electrode thickness can provide a clear cell-level energy
benefit, but this advantage progressively diminishes when transport limitations prevent the additional active
material from contributing to the delivered capacity.

Cell-level performance in liquid-electrolyte LIBs is also determined by parameters that are not captured by
electrode thickness or mass loading alone. Electrode density and porosity determine the balance between
volumetric energy density and ionic accessibility, while the active-material fraction needs to be balanced
against sufficient conductive additive and binder contents. Cathode-anode capacity balance is similarly
important because the influence of the N/P ratio depends on electrode thickness, mass loading, areal
capacity, and operating rate®. Electrolyte amount and separator thickness and properties provide additional
constraints: excess electrolyte can facilitate wetting and partially alleviate transport limitations in laboratory
cells, but it also increases inactive mass and can obscure electrolyte-accessibility limitations that become
important under practical conditions" .

Electrode area and cell format constitute additional scaling parameters because electrochemical behavior
observed in small-area coin cells does not necessarily translate directly to larger-format cells. Son et al.
systematically compared NCA/graphite full cells using the same electrode materials, electrolyte, and
electrode-coating parameters across = 7 mAh coin cells and pouch cells with capacities ranging from 24 to
approximately 1,000 mAh""*. The cathode and anode loadings were maintained at 22.8 and 13.1 mg cm?,
respectively, with an N/P ratio of 1.1, thereby enabling the effect of cell configuration and scale to be
examined under practically relevant electrode-loading conditions. Although the initial Coulombic
efficiencies and low-rate voltage profiles were comparable among the different cell formats, substantial
differences emerged in their internal resistance, rate capability, and long-term cycling behavior. The absolute
cell resistance progressively decreased with increasing electrode area and pouch-cell capacity, and the pouch
cells exhibited better rate capability than the coin cells despite using the same electrode chemistry"*.. In
addition, the coin cells showed faster capacity fading and evidence of Li plating on the graphite anode during
prolonged cycling, whereas the corresponding pouch-cell anodes maintained comparatively cleaner
surfaces'””.. These observations demonstrate that cell hardware, electrode area, and stacking configuration
can alter the apparent polarization and degradation behavior even when the intrinsic electrode formulation is
unchanged. Therefore, electrochemical performance obtained from small-area cells should not be interpreted
as a cell-format-independent property of a thick electrode. Although direct systematic comparisons involving
cylindrical cells remain relatively limited, practical validation of thick electrodes should progressively extend
from small-area laboratory cells to representative electrode areas, multilayer configurations, and application-
relevant cell formats while maintaining comparable electrode loading and operating conditions.

ASSBs introduce a different set of cell-level constraints because the solid electrolyte serves as both the ion-
conducting phase within the composite cathode and the separator between the electrodes. Increasing the
CAM fraction can improve cathode-level energy density but simultaneously reduces the solid-electrolyte
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fraction available for continuous ionic percolation, creating a direct trade-off between active-material
content and electrochemical utilization. Similarly, reducing the thickness of the solid-electrolyte separator
lowers inactive mass and ionic resistance but increases the requirements for mechanical integrity and reliable
cell fabrication. External pressure constitutes another practical design variable that is largely absent from
conventional LIB evaluation. Fabrication pressure determines the initial densification and interparticle
contact of the composite electrode, whereas operating stack pressure helps maintain solid-solid contact
during repeated cycling®. Although increased pressure can improve electrochemical utilization and cycling
stability, practical ASSBs need to achieve high areal capacity under moderate pressure because pressure-
maintaining hardware introduces additional complexity and reduces the cell- or pack-level advantage
expected from the solid-state architecture. Accordingly, thick ASSB electrodes should be evaluated together
with CAM/solid-electrolyte ratio, solid-electrolyte separator thickness, anode excess, and fabrication and
operating pressures rather than from cathode loading alone.

Manufacturing feasibility imposes a further boundary on the practically useful electrode thickness. In
conventional slurry-based processing, increasing coating thickness intensifies drying-induced capillary stress
and increases the susceptibility to cracking or delamination, defining a mechanical limitation represented by
the critical cracking thickness (CCT)!"'"*'l. Importantly, mechanical integrity and electrochemical
accessibility are not independent in thick electrodes. Cracking, delamination, and insufficient binder-
mediated adhesion can disrupt continuous ionic and electronic transport pathways, thereby increasing local
polarization and further aggravating reaction heterogeneity!">’. Even when mechanically stable thick
electrodes can be fabricated, their electrochemical benefit remains constrained by the limited penetration
depth (LPD) associated with ion transport through the electrode. These two limitations emphasize that
practical electrode thickness needs to satisfy both manufacturing stability and electrochemical accessibility.
Solvent-free processing can circumvent solvent-removal and drying-related limitations, whereas advanced
architectures such as laser-structured or multilayer electrodes can improve transport and utilization, but
these approaches introduce their own requirements for material distribution, process control, and
manufacturing throughput. Therefore, scalable thick-electrode design requires a balance among active-
material loading, electrode density, transport accessibility, mechanical integrity, and processing complexity
rather than maximization of electrode thickness alone.

Capacity-utilization-based evaluation framework

Increasing electrode loading does not necessarily result in a proportional increase in practically accessible
capacity. As discussed throughout this Review, transport limitations, reaction heterogeneity, and interfacial
degradation can leave a substantial fraction of the loaded active material incompletely utilized, particularly as
electrode thickness and operating current density increase. Therefore, designed areal capacity alone does not
tully represent the electrochemical benefit of a thick electrode. A more informative evaluation requires
consideration of how much of the designed capacity can actually be delivered under a specified operating
condition.

In this Review, designed areal capacity (Q,.,,,) is defined as the areal capacity expected from the active-

design
material loading before accounting for utilization losses arising from electrode-level transport and reaction
limitations. When a designed, nominal, or theoretical areal capacity is explicitly adopted in the original
publication as the reference capacity of the evaluated electrode, the reported value is used directly and its

basis is identified in Supplementary Table 1. Otherwise, Q,.,, is estimated as:
Qdesign =mAM x qref (1)

where mAM is the active-material loading (g cm™) and q,, is the reference reversible specific capacity (mAh

g") of the corresponding active material under conditions in which electrode-level transport limitations are
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Figure 11. Capacity-utilization-based evaluation of representative thick electrodes. (A) Designed versus achievable areal capacity. (B)
Capacity utilization as a function of operating current density. Representative testing conditions and calculation bases are summarized in
Supplementary Table 1. ASSB: All-solid-state battery; LIB: Li-ion battery.

minimized. When available, q,,, is taken from a thin or reference electrode of the same active material

measured within a comparable voltage window and temperature, preferably under a low-rate condition. If
such a reference electrode is not provided, the reversible specific capacity obtained at the lowest reported
current density for the corresponding material in the same study is used. The basis used to determine Q,,,
for each literature entry is explicitly identified in Table S1 because theoretical, nominal, and experimentally
referenced capacities can produce different values of Q

design*

Achievable areal capacity (Q .) is defined as the experimentally delivered areal capacity under the

achievabl

specified electrochemical condition. Capacity utilization is then expressed as:
Capacity utilization (%) = Q,evapte / Quesign * 100 (2)

This parameter describes the fraction of the designed electrode capacity that remains electrochemically
accessible under a specified operating condition, rather than simply the amount of active material
incorporated into the electrode. Importantly, capacity utilization should not be regarded as an intrinsic

property of an electrode because Q depends strongly on operating current density, voltage window,

achievable
temperature, cycle number, and cell configuration. For ASSBs, stack pressure and composite-cathode
configuration constitute additional variables because solid-electrolyte percolation and solid-solid contact

directly affect accessible capacity.

To enable a consistent literature comparison, the dataset used in Figure 11 was constructed using matched
electrode and operating conditions. For each entry, Q,,,, was assigned to the same electrode configuration
achievable? Whlle Q

electrochemical operating point. Operating current density was taken directly from the original publication

used to determine Q and operating current density were obtained from the same

achievable

when reported in mA cm?; when only C-rate was provided, it was converted only when the corresponding

capacity or current basis was explicitly defined. Table S1 summarizes Q. Q » Operating current

achievabl
density, capacity utilization, the corresponding cell system and representative testing condition, and the basis
used to determine Q.- Additional condition-dependent variables, including voltage window, temperature,
cycle or test state, and stack pressure, were considered when interpreting the reported capacity utilization but
are not intended to be exhaustively tabulated. To minimize ambiguity, the principal comparison was

restricted to literature entries for which Q.. Q , and operating current density could be obtained

achievable

directly or derived through transparent calculations without combining unmatched electrode loadings or
Operating COl’lditiOl’lS[38'96'98’101’102’1II’IZZ_IZSJ.
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Figure 11A compares Q,,, and Q for the selected representative thick cathodes. The Q, ;v = Quesign

achievable

relationship represents complete accessibility of the designed electrode capacity, whereas increasing
deviation below this relationship indicates a larger utilization loss under the corresponding operating
condition. The compiled data demonstrate that a high Q,,,;,, does not necessarily translate into a
proportionally high Q,_ ,......- I particular, electrodes with similar designed capacities can exhibit
substantially different accessible capacities depending on their internal transport architecture and applied
electrochemical conditions. Accordingly, the comparison distinguishes the ability to incorporate a large

amount of active material from the ability to electrochemically access that material.

Figure 11B further correlates operating current density with capacity utilization using the same matched
operating point employed for Figure 11A. This representation emphasizes the kinetic requirement associated
with thick-electrode operation: high utilization achieved only at a low current density does not necessarily
indicate that the additional active material remains accessible when the reaction demand increases.
Conversely, electrodes that maintain high-capacity utilization at increased current density more effectively
translate high active-material loading into practical electrochemical output. Liquid-electrolyte and all-solid-
state cathodes are distinguished in Figure 11 because their transport environments and practical operating
conditions differ substantially. In particular, the achievable capacity of ASSB composite cathodes additionally
depends on temperature and stack pressure, and these conditions are therefore explicitly provided in
Supplementary Table 1. Consequently, Figure 11 is intended to identify general relationships among
designed capacity, accessible capacity, and operating demand rather than to establish a direct performance
ranking among different electrode chemistries or battery systems.

Overall, this capacity-utilization-based framework shifts the evaluation of thick electrodes from nominal
loading toward the conversion of designed capacity into practically accessible capacity. Reporting Qg
Q. hievanier OPerating current density, and capacity utilization together, accompanied by the corresponding
electrochemical and cell-level conditions, provides a more transparent basis for assessing whether increased
electrode loading is effectively utilized. Such an approach can distinguish electrodes that simply contain
more active material from architectures that retain electrochemical accessibility as both electrode loading and

reaction demand increase.

CONCLUSION AND OUTLOOK

Thick electrodes provide a direct route to increasing the energy density of rechargeable Li batteries by
increasing active material loading and reducing the relative contribution of inactive components. However,
the energy-density benefit of electrode thickening is realized only when the additional active material
remains electrochemically accessible. As discussed throughout this review, increasing electrode thickness
intensifies ionic and electronic transport limitations, through-thickness reaction heterogeneity, and
electrode/interfacial degradation. In liquid-electrolyte LIBs, these limitations are closely associated with
tortuous ion-transport pathways, restricted electrolyte accessibility, cathode-anode reaction imbalance, Li
trapping, and localized Li plating. In ASSBs, solid-electrolyte percolation, solid-solid contact, stack-pressure
dependence, and chemo-mechanical degradation introduce additional constraints. Thus, the practically
useful thickness of an electrode is determined not simply by how much active material can be incorporated,
but by how uniformly that material can participate in electrochemical reactions during operation.

Recent advances in low-tortuosity architectures, multilayer and gradient electrodes, conductive-network
engineering, and model- and diagnostics-guided design demonstrate that these limitations can be mitigated
through rational control of electrode structure and transport pathways. Importantly, these approaches
address different bottlenecks and should not be regarded as interchangeable solutions. Their practical value
depends on whether the targeted transport or reaction limitation dominates under the relevant electrode
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loading and operating conditions, as well as on the additional material, processing, and manufacturing
requirements introduced by the architecture. Future thick-electrode design should therefore move toward
bottleneck-specific and, where necessary, integrated strategies that simultaneously preserve ionic
accessibility, electronic connectivity, reaction homogeneity, and active-material fraction without introducing
excessive fabrication complexity.

At the same time, electrode-level improvement needs to be translated into practical cell-level performance.
Parameters such as electrode density, porosity, active-material fraction, electrolyte amount, N/P ratio,
separator thickness and properties, electrode area, and cell format can substantially affect the performance of
liquid-electrolyte LIBs. For ASSBs, CAM/solid-electrolyte ratio, solid-electrolyte separator thickness, and
fabrication and operating pressures represent additional practical constraints. Accordingly, future studies
should evaluate thick electrodes under clearly defined and increasingly representative cell conditions while
considering manufacturability, scalability, and processing efficiency together with electrochemical
performance.

Ultimately, progress in thick electrodes should be assessed by how effectively increased active material
loading is converted into achievable areal capacity under relevant operating conditions. From this
perspective, designed areal capacity alone is insufficient as a performance descriptor. Designed areal capacity,
achievable areal capacity, operating current density, and capacity utilization should be considered together,
accompanied by the corresponding voltage window, temperature, cycle number, and cell configuration.
Rather than establishing a universal target for electrode thickness or areal capacity, this condition-dependent
framework provides a basis for distinguishing nominally high-loading electrodes from architectures that
effectively utilize their additional active material. Bridging high active material loading with sustained
capacity utilization, practical cell design, and scalable manufacturing will be central to translating thick-
electrode concepts into high-energy rechargeable Li batteries.
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