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Tin—carbon-silica (Sn—CS) nanocomposites are promising anode materials for lithium-ion batteries owing
to their high theoretical capacity and structural stability. However, their performance is critically influenced
by matrix porosity and interfacial transport barriers. In this work, a three-dimensional multiphysics model
was developed to elucidate lithium-ion diffusion and charge transport across tin, carbon, and silica
phases. The simulations reveal that an intermediate porosity of ~40% offers the best balance between
ionic mobility and structural integrity, while excessive porosity disrupts electronic pathways and low
porosity limits electrolyte infiltration. Phase-resolved analysis highlights tin as the most efficient diffusion
medium, whereas silica interfaces create significant bottlenecks that induce steep lithium concentration
gradients and up to 20% capacity loss at high charge rates. Model validation against experimental data

confirms the accuracy of the predictions. These findings demonstrate that tuning porosity and interfacial
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Accepted 22nd October 2025 architecture can effectively mitigate diffusion limitations, providing a rational design strategy for nex

generation Sn-based nanocomposites. Beyond anodes, the presented multiphysics approach offers

DOI: 10.1039/d5ra06813d a generalizable framework for understanding and optimizing transport processes in multifunctional

rsc.li/rsc-advances nanostructured materials.

1. Introduction

Lithium-ion batteries (LIBs) are at the forefront of electro-
chemical energy storage, powering a broad range of technolo-
gies from consumer electronics to electric vehicles and grid
applications.'” Their success is driven by high energy density,
long cycle life, and high coulombic efficiency. However, the
increasing demand for fast-charging, high-capacity, and long-
lasting LIBs highlights critical limitations in conventional
graphite anodes, which offer a theoretical capacity of only 372
mAh g~ and limited rate capability.** These limitations have
prompted intensive research into alternative high-capacity
anode materials.
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Among various candidates, tin (Sn) has emerged as a prom-
ising anode material due to its high theoretical capacity of 994
mAh g, which arises from the formation of lithium-rich
intermetallic phases (e.g:, Lis,Sn) during lithiation.*®
However, the commercial adoption of Sn-based anodes is
hindered by substantial volume changes (>260%) during
lithiation/delithiation cycles, leading to pulverization, loss of
electrical connectivity, and capacity fading.** Embedding Sn
nanoparticles within conductive and mechanically stable
matrices such as carbon and silica has been proposed as
a viable strategy to buffer volume expansion and improve
cycling performance.*>™**

Sn-based nanocomposites combining carbon and silicon
dioxide (Sn-CS) represent a hybrid architecture designed to
leverage the high conductivity of carbon, the mechanical buff-
ering of silica, and the electrochemical activity of tin.**""” In this
composite, carbon facilitates electronic conductivity and
limited lithium intercalation, tin provides alloying capability
with lithium, and silica contributes to mechanical integrity
while impeding excessive volumetric changes.'®'® Despite these
advantages, a key limitation lies in the inherently poor lithium-
ion conductivity of silica and the non-uniform phase interfaces,
which introduce diffusion bottlenecks and restrict rate
capability.>***

Porosity in Sn-CS nanocomposites plays a pivotal role in
enhancing lithium-ion transport by reducing tortuosity and
improving electrolyte infiltration.*” At the same time, excessive
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porosity can compromise structural strength and disrupt elec-
tronic percolation networks.>** Therefore, optimizing porosity
is essential to balance transport and mechanical performance.
Several studies have shown that moderate porosity levels
(~40%) often yield the best compromise between diffusivity and
structural integrity.>*

In multiphase systems such as Sn—CS, phase-specific diffu-
sion strongly influences overall battery performance. Tin offers
fast lithium transport due to its metallic structure and high
lithium solubility.”® In contrast, amorphous carbon presents
moderate lithium diffusivity, while silica remains nearly inac-
tive due to its dense covalent structure and high dielectric
constant.”>®® As a result, significant lithium concentration
gradients can develop at the tin—-carbon and carbon-silica
interfaces during high-rate operation,® which degrade active
material utilization and limit capacity retention.

Conventional experimental techniques such as electro-
chemical impedance spectroscopy or cyclic voltammetry
provide indirect insights into ion transport properties.
However, these methods fall short in resolving localized
phenomena at the nanoscale. To overcome these limitations,
computational modeling has become increasingly important
for evaluating electrochemical and transport behaviors in
heterogeneous materials.**"*

COMSOL Multiphysics is a powerful finite element-based
simulation platform widely adopted in electrochemical engi-
neering for its ability to solve coupled transport, electro-
chemical, and structural equations in complex geometries.*
Specifically, its Transport of Diluted Species and Electric
Currents modules allow detailed modeling of lithium-ion
diffusion and charge transfer in porous and multiphase elec-
trodes. By implementing custom-defined material parameters
(such as phase-dependent diffusion coefficients, porosity, and
tortuosity) COMSOL enables realistic simulation of lithium-ion
transport in nanostructured composites. Its 3D modeling
capabilities, combined with advanced meshing and solver tools,
make it particularly suitable for analyzing phase interactions
and interface effects in systems.***” Moreover, COMSOL's flex-
ibility allows researchers to simulate time-dependent charge/
discharge cycles and extract spatial concentration profiles,
fluxes, and electrochemical performance metrics.

The novelty of this work lies in its comprehensive multi-
physics modeling approach that simultaneously accounts for
matrix porosity, phase-specific diffusion coefficients, and
charge-rate effects within Sn-CS nanocomposites. Despite
extensive efforts to improve Sn-based anodes through nano-
structuring and composite design, most previous studies have
focused either on experimental synthesis or on simplified
electrochemical modeling.**** While these approaches have
provided valuable insights into cycling stability and capacity
retention, they often lack a detailed, phase-resolved under-
standing of lithium-ion transport at the nanoscale. In partic-
ular, the combined effects of matrix porosity, phase-specific
diffusion coefficients, and interfacial transport resistances have
not been systematically investigated using fully three-
dimensional multiphysics simulations validated against exper-
imental data. This knowledge gap limits the rational design of
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Sn-CS nanocomposites, as it remains unclear how porosity
tuning and phase distribution collectively influence lithium
diffusion and high-rate performance.

To address this gap, the present study develops a compre-
hensive 3D multiphysics model of Sn-CS nanocomposites,
explicitly incorporating porosity-dependent transport, Butler-
Volmer kinetics, and phase-specific diffusion behavior. By
validating the model against experimental results, we demon-
strate how an optimized porosity of ~40% can simultaneously
enhance lithium-ion mobility and maintain structural robust-
ness. This work provides mechanistic insights that bridge the
gap between experimental observations and theoretical
predictions, offering a practical framework for the rational
design of high-performance Sn-based anodes.

2. Methodology

2.1. Parameters

The tin-embedded carbon/silica (Sn-CS) nanocomposite was
modeled with specific material and electrochemical parameters
to ensure accurate simulation of lithium-ion transport. The
diffusion coefficients for each phase were carefully selected
based on experimental and computational studies relevant to
the Sn—CS system. For tin, a diffusion coefficient of Dy, = 1.00 X
10° cm? s~ ' was used, consistent with its metallic nature and
high lithium solubility.** For amorphous carbon, a diffusion
coefficient of D, = 1.00 x 10~'" cm® s~ " was adopted, aligning
with reported values for disordered carbon structures (e.g.,
mesocarbon microbeads, artificial graphite) which typically
range from 10 °to 10 ** cm® s, as measured by galvanostatic
intermittent titration technique (GITT) and electrochemical
impedance spectroscopy (EIS).**** For silica (SiO,), a diffusion
coefficient of Dgio, = 1.00 x 107" ecm? s was selected,
reflecting its insulating covalent network that imposes high
energy barriers for lithium-ion migration, with literature values
ranging from 10 ** to 107 '® cm® s~* based on first-principles
calculations.*

These values account for the morphological and structural
characteristics of the Sn-CS nanocomposite, ensuring reliable
simulation of phase-specific transport. Table 1 summarizes
these parameters, detailing diffusion coefficients, electrical
conductivities, tortuosity relations, electrochemical constants,
and geometric specifications used in the COMSOL Multiphysics
simulations. Each row corresponds to a specific parameter,
categorized by phase (tin, carbon, silica, electrolyte) or system
property (e.g., tortuosity, geometry), with values sourced from
ref. 41 unless otherwise noted. The table structure is designed
to provide a comprehensive overview of inputs for the multi-
physics model. All parameter fields were fully defined to ensure
reproducibility and consistency. Model included tin nano-
particles (diameter: 10 nm) embedded in a carbon-silica matrix
with porosity levels of 20%, 40%, and 60%.

2.2. Reactions

The primary electrochemical reaction in the Sn-CS nano-
composite involves lithium alloying with tin, described as:
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Table 1 Material and electrochemical parameters of Sn—CS nanocomposite*
Parameter Material Value Unit
Diffusion coefficient Tin (Sn) Dy = 1.00 x 107° em? st
Carbon (C) D, =1.00 x 10~ em?s!
Silica (Si0,) Dsio, = 1.00 x 107" cm? st
Electrolyte Delectrolyte = 7-5 X 10°° cm?s !
Electrical conductivity Carbon (C) . =100 Sm™!
Silica (Si0,) sio, = 1.0 x 107" Sm!
Tin (Sn) Ogn = 1.0 x 107 Sm™!
Tortuosity relation — T=¢ % —
Electrochemical Exchange current density Jo=10.01 mA cm™?
Transfer coefficient a=0.5 —
Temperature T =298 K
Faraday constant F = 96485 C mol™*
Gas constant R =8.314 Jmol 'K
Geometry Electrode thickness 50 pm
Electrolyte layer 1 pm
RVE size 100 x 100 x 100 nm®
Sn + xLi" + xe” = Li,Sn (0 = x = 4.4) (1) where Dpyauix is the intrinsic diffusion coefficient of the carbon-

This reaction forms lithium-tin alloys, contributing to high
lithium storage capacity. The carbon phase supports limited
lithium intercalation:*

C+yLi" +ye- = Li,C (y = 0.1) (2)

Silica (SiO,) is electrochemically inactive but influences ion
transport due to its insulating nature.

2.3. Governing equations

The simulation of lithium-ion transport and electrochemical
behavior in the tin-embedded carbon/silica (Sn—-CS) nano-
composite was governed by a set of coupled partial differential
equations, implemented in COMSOL Multiphysics to model
diffusion and electrochemical kinetics across the tin, carbon,
and silica phases, as well as the electrode-electrolyte interface.

2.4. Lithium-ion diffusion

Lithium-ion transport in each phase (tin, carbon, silica, and
electrolyte) was modeled using Fick's second law of diffusion,
expressed as:*®

% _v. (e 3)
at
where C; (mol m™?) is the lithium-ion concentration in phase i,
D; (em? s7") is the diffusion coefficient for phase i, with values:
Dgn =1.00 X 10™°, D, = 1.00 x 10"}, Dgio, = 1.00 x 10~ "%, and
Delectrolyte =75x%x10"

For the porous carbon-silica matrix, the effective diffusion
coefficient (D.sr) was adjusted to account for porosity (¢) and
tortuosity (7) using the Bruggeman relation:*’

Deff = Dmatrix X 81-5 (4)
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silica composite, calculated as a volume-weighted average of
carbon and silica diffusion coefficients:**

Dratrix = fe X D * fsio, X Dsio, (5)

With f. and fsi0, as the volume fractions of carbon and silica,
respectively.

2.5. Electrochemical kinetics

The electrochemical reaction at the electrode-electrolyte inter-
face, primarily lithium alloying with tin, was modeled using the
Butler-Volmer equation to describe the current density:*

J =Jo x [exp((aFm/(RT)) — exp(—(1 — a)Fp/(RT))] (6)

where j (A m~?) is the current density, j, = 0.01 mA em ™ is the
exchange current density, « = 0.5 is the charge transfer coeffi-
cient, F = 96 485 C mol ™" is Faraday's constant, n = @5 — @ —
E.q (V) is the overpotential, ¢ and ¢. (V) are the solid and
electrolyte potentials, E.g (V) is the equilibrium potential of the
tin-lithium alloying reaction, R = 8.314 (J mol " K ') is the gas
constant and T = 298 K is the temperature.

The current density was coupled to the lithium-ion flux at the
interface via:

N; = —jlF (7)

where N; (mol m™? s™") is the molar flux of lithium ions.

2.6. Charge conservation

Charge transport in the solid (electrode) and electrolyte phases
was governed by Ohm's law and charge conservation:*

V(0Vp) =0 (8)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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where ¢; (S m ™) is the electrical conductivity of phase 7, with
values: o, = 107, 0. = 100, 0si0, = 10", Tetectrolyre =1 Sm ™7,
and ¢; (V) is the potential in phase i.

For the porous matrix, the effective conductivity was
adjusted for porosity:*

1.5 (9)

Oeff = Omatrix X €

where onaix IS the intrinsic conductivity of the carbon-silica
composite.

2.7. Interface conditions

At phase interfaces (tin-carbon, carbon-silica), continuity of
lithium-ion concentration and flux was enforced:*?
where 7 is the unit normal vector at the interface.

These equations collectively describe lithium-ion diffusion,
electrochemical reactions, and charge transport, enabling
accurate simulation of the Sn-CS nanocomposite's perfor-
mance under varying porosity and charge rate conditions.

2.8. Simulation method

The simulations were conducted using the transport of diluted
species and electric currents modules in COMSOL Multiphysics
(version 6.2). A 3D RVE was constructed, with tin nanoparticles
randomly distributed in a porous carbon-silica matrix. The
model was discretized using a tetrahedral mesh with 12 000
elements, refined near phase interfaces to capture concentra-
tion gradients. A relative tolerance of 10~° ensured numerical
convergence.

2.9. Simulation implementation

The simulation of lithium-ion transport in the tin-embedded
carbon/silica (Sn-CS) nanocomposite was performed using
COMSOL Multiphysics with the transport of diluted species and
electric currents modules. A three-dimensional (3D) represen-
tative volume element (RVE) of the Sn—-CS nanocomposite was
constructed. Three porosity levels (20%, 40%, and 60%) were
modeled to assess their impact on lithium-ion diffusion, with
tortuosity calculated using the Bruggeman relation:

T=c¢ (11)
The model was discretized using a tetrahedral mesh
comprising 12 000 elements, with finer meshing near phase
interfaces (tin-carbon and carbon-silica) to accurately capture
concentration gradients. Mesh convergence was verified with
a relative tolerance of 10 °. The PARDISO direct solver was
employed for solving the coupled diffusion and electrochemical
equations, ensuring numerical stability and efficiency.

2.9.1. Initial conditions. At ¢ = 0, the lithium-ion concen-
tration was initialized to C, = 0 mol m ™ across all phases (tin,
carbon, silica, and electrolyte) to represent a fully discharged
state. The solid and electrolyte potentials were set to ¢s =0V
and ¢. = 0V, respectively.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.9.2. Boundary conditions. A constant lithium-ion flux
was applied at the electrode-electrolyte interface, calculated by
eqn (7), where j is the current density (0.1 mA cm™? for 1C, 0.2
mA cm > for 2C) and F = 96 485 C mol ™" is Faraday's constant.
The current collector boundary was set to zero lithium-ion flux
(VC-n = 0) to simulate an impermeable surface. The electrolyte
boundary maintained a constant lithium concentration of
Celectrolyte = 1 000 mol m . Continuity of concentration and flux
was enforced at tin—carbon and carbon-silica interfaces as:

Ci=C;,D;VC,n=DNCin (12)
where n is the unit normal vector.

2.9.3. Implementation process. The simulation iteratively
solved Fick's second law for lithium diffusion and the Butler-
Volmer equation for electrochemical kinetics, coupled with
charge conservation. Outputs included lithium concentration
profiles, effective diffusion coefficients, and normalized
capacity, calculated by integrating lithium uptake over the
electrode volume. Post-processing involved extracting concen-
tration gradients across phases and capacity retention relative
to 1C, with results exported for visualization in line and bar
graphs.

2.10. Model validation

To ensure the reliability of the simulation results for the tin-
embedded carbon/silica (Sn-CS) nanocomposite, the model
was validated against experimental data from the first-cycle
voltage profile of the Sn-49-CS electrode measured at a current
density of 45 mA g~ * (0.0-2.5 V vs. Li/Li") as reported by Hwang
et al.** The experimental data provided voltage-capacity profiles
for the Sn—-CS anode at a 1C charge rate, which were compared
with the simulated capacity derived from lithium-ion uptake in
the model (Fig. 1). The simulated capacity was calculated by
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Fig. 1 Comparison between simulated and experimental voltage—
capacity profiles of the Sn-49-CS electrode at the first cycle.
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integrating the lithium concentration over the electrode volume
at the end of charge cycle, using the transport of diluted species
module in COMSOL Multiphysics.

The accuracy of the simulation was quantified using the Root
Mean Square Error (RMSE) between the simulated and experi-
mental capacity values across the voltage range (0.01-2.5 V). The
RMSE was calculated as:

RMSE = (Comi — Cexp)’

1

(13)

1| &
N2
where Cgim; and Cep,; are the simulated and experimental
capacities at data point i, and N is the number of data points.
The calculated RMSE was 0.23, indicating high accuracy and
close agreement with the experimental data.

This low error suggests that the model effectively captures
the lithium-ion diffusion and electrochemical kinetics of the
Sn-CS nanocomposite, particularly the contributions of the tin
phase's alloying reaction and the carbon-silica matrix's trans-
port properties. Discrepancies may arise from unmodeled
factors, such as minor side reactions or variations in experi-
mental electrode morphology, but the RMSE of 0.23 confirms
the model's robustness for predicting performance under
varying porosity and charge rate conditions.

The voltage-capacity curve in Fig. 1 exhibits fluctuations,
particularly in the experimental profile, which reflect the multi-
step electrochemical reactions during the first lithiation cycle.
These fluctuations primarily stem from the sequential forma-
tion of lithium-tin alloy phases (e.g:, Li,Sns, LiSn, Li,Sns, up to
Li, 4Sn), each associated with distinct voltage plateaus due to
varying Gibbs free energies of formation.** The tin phase's high
lithium solubility enables these phase transitions, causing
stepwise voltage changes as lithium content increases. Addi-
tionally, minor contributions from lithium intercalation into
the amorphous carbon phase (e.g., Liy1C) introduce subtle
voltage variations, particularly at higher potentials. The simu-
lated curve closely follows these trends, capturing the alloying
stages, though slight smoothing occurs due to the model's
continuum approach, which averages localized phase trans-
formation effects. These fluctuations confirm the model's
ability to represent the complex electrochemical behavior of the
Sn-CS nanocomposite.

3. Results and discussion

3.1. Effect of matrix porosity on lithium-ion transport

The influence of matrix porosity on lithium-ion transport within
the tin-embedded carbon/silica (Sn-CS) nanocomposite was
investigated using COMSOL Multiphysics, focusing on its
implications for lithium-ion battery anode performance. Three
porosity levels (20%, 40%, and 60%) were modeled to assess
their impact on lithium-ion diffusion in the carbon-silica
matrix (Fig. 2). The effective diffusion coefficient (D.g) was
calculated using Fick's second law:

ac

— =DV’ C
FT; ff

(14)
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Fig. 2 Effective diffusion coefficient (Deg) at different porosity levels.

where C is the lithium-ion concentration and D is the effective
diffusion coefficient. Results indicate that D.g increases with
porosity, from 1.50 x 107" cm® s~ at 20% porosity to 2.25 x
107"° ecm? s™' at 40% porosity, a 50% enhancement. At 60%
porosity, D reached 2.48 x 10" ¢cm? but the marginal
increase (10% over 40%) suggests a saturation effect, due to
compromised structural integrity.

From a chemical perspective, the enhanced diffusion at
higher porosity arises from increased pore volume, which
facilitates lithium-ion mobility by reducing tortuosity in the
carbon-silica matrix. The carbon component, with its disor-
dered structure, provides conductive pathways, while silica's
insulating nature restricts ion transport. At 20% porosity, the
dense matrix limits pore interconnectivity, increasing resis-
tance to lithium-ion diffusion due to steric hindrance and
reduced electrolyte infiltration. At 40% porosity, the optimal
pore size and connectivity enhance electrolyte accessibility,
enabling faster lithium-ion transport without sacrificing
mechanical stability. The silica's high dielectric constant and
low lithium solubility further explain the diffusion bottleneck at
lower porosities, as lithium ions face higher energy barriers for
migration. At 60% porosity, excessive pore volume disrupts the
carbon network's continuity, weakening electronic conductivity
and limiting further diffusion gains. These findings highlight
the critical role of matrix design in optimizing ion transport.
The 40% porosity level balances chemical and structural
factors, maximizing lithium-ion diffusion while maintaining
matrix integrity.

3.2. Lithium diffusion in different phases

The diffusion of lithium ions across the constituent phases (tin
(Sn), carbon, and silica (SiO,)) of the tin-embedded carbon/
silica (Sn-CS) nanocomposite was modeled using the trans-
port of diluted species module in COMSOL Multiphysics to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Diffusion coefficients in different phases

Phase Diffusion coefficient (cm? s~ 1)
Tin (Sn) 1.00 x 107°
Carbon 1.00 x 10~
Silica (SiO,) 1.00 x 10~
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Fig. 3 Lithium concentration profiles across the constituent phases
(tin, carbon, and silica).

elucidate phase-specific transport behavior and concentration
gradients. This analysis provides insights into the electro-
chemical performance of Sn-CS as an anode material for
lithium-ion batteries. The diffusion coefficients for each phase,
derived from simulations, are summarized in Table 2. Tin
exhibited the highest diffusion coefficient (1.00 x 10~° ¢m?
s~ 1), followed by carbon (1.00 x 10~** em?> s ), and silica (1.00
x 107" em?® s ). Concentration profiles, depicted in Fig. 3,
reveal significant gradients, particularly at the tin-carbon
interface, where a 25% drop in lithium concentration occurs
over a 10 nm distance, indicating a transport bottleneck.
From a chemical perspective, the disparate diffusion coeffi-
cients stem from the distinct electronic and structural proper-
ties of each phase. Tin, a metallic phase, facilitates rapid
lithium diffusion due to its high lithium solubility and low
energy barriers for ion migration. The formation of lithium-tin
alloys (e.g., Liy,Sns) during lithiation reduces the activation
energy for diffusion, enabling a high diffusion coefficient. This
is consistent with the metallic nature of tin, which provides
a lattice conducive to interstitial lithium movement.
Conversely, the carbon phase, characterized by an amorphous
structure, exhibits slower diffusion due to its disordered
network and lower lithium solubility. The sp*-hybridized
carbon atoms form conductive pathways but introduce tortu-
osity, increasing the diffusion path length and reducing (Deg).
Silica, an insulating oxide, presents the most significant barrier

© 2025 The Author(s). Published by the Royal Society of Chemistry
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to lithium transport. Its high dielectric constant and dense
covalent network result in a high activation energy for lithium-
ion migration, as ions encounter strong electrostatic interac-
tions with the oxygen atoms in the SiO, lattice. This explains the
extremely low diffusion coefficient in silica, which restricts
lithium mobility and contributes to concentration gradients.
The steep concentration gradient at the tin—carbon interface
arises from the mismatch in diffusion coefficients and chemical
affinities. Lithium ions accumulate in the tin phase due to its
favorable alloying chemistry, but the transition to the carbon
phase introduces a kinetic barrier, as the amorphous carbon
structure limits ion hopping. This gradient is exacerbated at the
carbon-silica interface, where the insulating silica further
impedes transport. These findings suggest that the electro-
chemical performance of Sn—CS nanocomposites is limited by
interfacial transport barriers, particularly at high charge rates.

3.3. Diffusion limitations at high charge rates

The electrochemical performance of the tin-embedded carbon/
silica (Sn—-CS) nanocomposite was evaluated over a wide range
of charge rates (0.5C-2C) to assess the impact of diffusion
limitations. Simulation results revealed a clear trend in both
normalized capacity and lithium-ion concentration gradients as
the charge rate increased. Fig. 4 presents the variation of
normalized capacity with charge rate, whereas Fig. 5 depicts the
corresponding maximum concentration gradient as a function
of charge rate.

At a low rate of 0.5C, the system exhibited a normalized
capacity of 105%, slightly higher than the theoretical baseline
due to enhanced utilization of active sites under quasi-
equilibrium conditions. The corresponding concentration
gradient was minimal (7.5%), indicating nearly uniform lithium
distribution across the electrode. At 1C, the normalized capacity
decreased to 100% with the concentration gradient doubling to

105

100 |-
95

90 -

Normalized Capacity (%)

85

L L 1 L L 1 L L
8%‘ 1 1.5 2
Charge Rate (C)

(4]

Fig. 4 Normalized capacity (%) vs. charge rate (C).
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15%, reflecting the onset of transport resistance in the carbon-
silica matrix.

The normalized capacity of 105% at 0.5C arises from the
enhanced electrochemical utilization of the tin phase under
low-rate, quasi-equilibrium conditions. Tin's high theoretical
capacity (994 mAh g ') stems from its ability to form lithium-
rich alloys, such as Lis4Sn, during lithiation, which is fully
realized at slow charge rates where diffusion kinetics are not
rate-limiting.*** At 0.5C, the reduced current density allows
lithium ions to penetrate deeply into the tin nanoparticles,
maximizing active site accessibility and enabling near-complete
alloying. The carbon phase, while contributing minimally
through intercalation (e.g., Liy;C), further supports this by
maintaining electronic conductivity, ensuring efficient charge
transfer. The model's assumptions, including uniform electro-
lyte infiltration and the absence of initial side reactions (e.g., SEI
formation), further enhance this capacity overshoot by mini-
mizing losses typically observed in experimental setups. This
capacity enhancement at low rates highlights the Sn-CS nano-
composite's potential for high-energy applications when cycled
under controlled conditions. However, the 105% normalized
capacity, relative to the 1C baseline, also underscores the
model's idealized nature, as real-world systems may experience
minor capacity reductions due to irreversible processes or non-
uniform electrode morphologies.** These findings suggest that
optimizing electrode design, such as increasing tin nano-
particle dispersion or tuning porosity to maintain low tortu-
osity, could sustain this enhanced utilization in practical
scenarios, particularly for low-rate, high-capacity battery
applications.

Further increasing the charge rate to 1.5C resulted in
a significant capacity drop to 90%, accompanied by a steep rise
in concentration gradient (22.5%). This behavior highlights the
growing transport imbalance between tin's rapid alloying
kinetics and silica's limited ionic conductivity, which restricts
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lithium penetration into deeper regions of the electrode. At the
highest investigated rate of 2C, the diffusion limitations
became severe, with normalized capacity falling to 80% and the
maximum concentration gradient reaching 30%. Under these
conditions, lithium ions accumulate near the electrode-elec-
trolyte interface, while the inner regions remain underutilized,
leading to substantial loss in accessible capacity.

From a mechanistic perspective, this progressive degrada-
tion in capacity with increasing rate can be attributed to the
combined effects of phase-specific diffusivities and interfacial
transport barriers. The metallic tin phase supports fast ion
diffusion and alloy formation, whereas the amorphous carbon
matrix introduces moderate tortuosity. The silica phase, with its
extremely low diffusivity (10™'* cm® s™'), acts as the primary
bottleneck, especially under high current densities. These
findings emphasize that transport limitations are not only
evident at extreme rates (2C) but evolve gradually from inter-
mediate rates (1-1.5C).

From a chemical standpoint, the observed dependence of
capacity on charge rate is directly linked to the intrinsic
chemical and structural nature of the Sn-CS phases. The tin
phase, with its metallic bonding and high lithium solubility,
facilitates fast alloying reactions (e.g., formation of Li,,Sn),
thereby supporting high diffusivity at both low and moderate
rates. In contrast, the amorphous carbon phase provides addi-
tional but limited intercalation sites, where lithium storage
occurs through weaker van der Waals interactions and diffusion
along disordered sp> domains. Silica, however, remains largely
electrochemically inactive due to its strong Si-O covalent
network and high dielectric constant, which impose significant
energetic barriers for lithium migration. At low charge rates
(0.5C), the alloying kinetics of tin dominate, enabling nearly
complete utilization of active material. As the rate increases, the
sluggish lithium transport across the carbon-silica matrix
becomes the controlling factor, and the insulating nature of
silica exacerbates ion accumulation at interfaces. This chemical
disparity between phases explains the emergence of steep
concentration gradients and the pronounced capacity loss
observed at higher charge rates.

3.4. Electrolyte assumptions and high-rate conditions

The model assumes constant electrolyte concentration (1
000 mol m?) and diffusivity (7.5 x 10~° ecm?® s ') to simplify the
analysis of lithium-ion transport within the Sn-CS nano-
composite. This assumption is reasonable for low to moderate
charge rates, where electrolyte dynamics have minimal impact
on electrode performance, as supported by the validation
against first-cycle experimental data.** However, under high-
rate conditions (e.g., 1.5C-2C), this simplification may under-
estimate the effects of electrolyte depletion and concentration
gradients near the electrode-electrolyte interface.

From a chemical perspective, at high currents, rapid lithium-
ion consumption at the interface can create steep concentration
gradients in the electrolyte, leading to increased polarization
and reduced effective voltage. This phenomenon limits lithium
availability for diffusion into the electrode, exacerbating

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra06813d

Open Access Article. Published on 05 November 2025. Downloaded on 1/20/2026 1:04:22 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

capacity loss by 15-25% at 2C, as observed in similar porous
electrode systems.**” The porous carbon-silica matrix, with its
tortuosity, further amplifies these effects by restricting electro-
lyte replenishment, particularly in low-porosity configurations
(e.g., 20%). In contrast, higher porosity (e.g., 40-60%) may
mitigate this by improving electrolyte infiltration, but the
constant diffusivity assumption overlooks potential viscosity
changes or ion pairing at depleted concentrations. To enhance
the model's accuracy for high-rate scenarios, future iterations
could incorporate the Nernst-Planck equation for
concentration-dependent electrolyte transport, including
diffusion, migration, and convection terms. Coupling this with
porosity-adjusted tortuosity (e.g., via Bruggeman relation)
would provide a more realistic simulation of electrolyte limita-
tions, better aligning with practical battery operation under
dynamic conditions.

3.5. Mechanical and structural effects in Sn—-CS
nanocomposites

While the model effectively captures lithium-ion transport, it
does not incorporate mechanical and structural effects arising
from tin's substantial volume expansion (>260%) during
lithiation/delithiation cycles or the implications of extreme
porosity levels (e.g., 60%). These factors are highly relevant for
Sn-based anodes, as they can lead to electrode degradation and
capacity fading.>'® Chemically, tin's alloying with lithium
(forming phases like Li, 4Sn) induces volumetric strains that
generate stresses within the carbon-silica matrix. In low-
porosity matrices (e.g., 20%), the dense structure may initially
buffer these stresses but risks cracking due to limited void space
for expansion. At extreme porosity (60%), while voids accom-
modate some swelling, the reduced matrix connectivity
compromises structural integrity, potentially disrupting elec-
tronic pathways and causing pulverization. This can result in up
to 30% capacity loss after 100 cycles, as electrical isolation of tin
particles limits lithium accessibility.

From a structural perspective, excessive porosity weakens the
mechanical robustness of the carbon-silica framework, making
it prone to fragmentation under cyclic stress. Silica's brittle
nature exacerbates this, while carbon provides some elasticity
but insufficient buffering at high expansion rates. Future
extensions could integrate mechanical modeling using COM-
SOL's solid mechanics module to simulate stress-strain distri-
butions, coupled with electrochemical transport. This would
quantify how porosity tunes stress mitigation, guiding the
design of more resilient Sn-CS anodes for prolonged cycling.

3.6. Discussion

The simulations of the tin-embedded carbon/silica (Sn-CS)
nanocomposite reveal critical insights into lithium-ion trans-
port, influenced by matrix porosity, phase-specific diffusion,
and high charge rate limitations. The increase in effective Deg
from 1.50 x 107 '° cm?® s™* at 20% porosity to 2.25 x 10~ *° cm?
s~' at 40% porosity reflects enhanced lithium-ion mobility due
to greater pore interconnectivity. Chemically, this arises from
the carbon phase's sp>-hybridized network, which facilitates ion
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transport, while silica's covalent structure impedes it. At 60%
porosity, the marginal increase to 2.48 x 10~ '° cm® s~ " suggests
a trade-off, as excessive porosity disrupts the carbon network's
electronic conductivity, reducing diffusion efficiency.

Phase-specific diffusion coefficients highlight tin's superior
lithium solubility (D = 1.00 x 10~° ecm?® s™') due to low-energy
alloy formation (e.g., Li,»Sns), contrasting with carbon's slower
diffusion (1.00 x 10~ em® s™') and silica's negligible transport
(1.00 x 10™** cm? s~ ). The steep concentration gradient at the
tin-carbon interface (25% drop over 10 nm) results from a kinetic
mismatch, where tin's metallic lattice favors rapid ion hopping,
but carbon's amorphous structure introduces tortuosity. Silica's
high dielectric constant creates strong electrostatic barriers,
further limiting ion migration.

At high charge rates (2C), a 20% capacity reduction and 30%
concentration gradient underscore silica's role as a diffusion
bottleneck. The rapid lithium flux overwhelms silica's insulating
lattice, causing ion accumulation near the electrode surface. This
is exacerbated by limited electrolyte infiltration in less porous
matrices, reducing active material utilization. These findings
suggest that optimizing the carbon-silica ratio and tin nano-
particle distribution could enhance transport kinetics. Increasing
porosity to ~40% or reducing silica content may minimize elec-
trostatic barriers, improving high-rate performance.

A limitation of the current model is its focus on initial
lithium-ion transport, neglecting interfacial chemistry such as
solid-electrolyte interphase (SEI) formation and additional
interfacial resistances at phase boundaries (e.g., tin—carbon,
carbon-silica). SEI layers, which form on tin nanoparticles and
carbon surfaces during cycling, can increase overpotentials by
50-100 mV and contribute to 10-20% capacity loss over
extended cycles due to irreversible lithium consumption and
increased transport barriers.'®' Interfacial resistances, partic-
ularly at the insulating silica phase, may further exacerbate
diffusion limitations, especially at high charge rates, by
reducing effective lithium-ion flux across phase boundaries.
These factors are critical for long-term performance, as they
influence capacity fading and cycling stability in practical
battery applications. Future extensions of this multiphysics
framework could integrate SEI growth models (e.g., time-
dependent SEI thickness evolution based on electrolyte
decomposition kinetics) and interfacial resistance terms in the
Butler-Volmer equation to capture these effects. Such
enhancements would provide a more comprehensive under-
standing of the Sn-CS nanocomposite's electrochemical
behavior over multiple cycles, building on the current model's
insights into initial transport dynamics.

The absence of temperature dependence in the model,
assuming a constant 298 K, restricts its direct applicability to
real cycling environments where thermal fluctuations signifi-
cantly modulate lithium-ion transport and electrochemical
performance. From a technical standpoint, temperature influ-
ences phase-specific diffusion coefficients via Arrhenius-type
activation energies (e.g., D = D, exp(—E./RT)), with typical E,
values for tin alloying (~20-30 k] mol™ ') leading to 10-20%
diffusivity increases per 10 °C rise, enhancing rate capability but
potentially accelerating degradation through elevated SEI
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growth rates or electrolyte viscosity changes.>* In the Sn—-CS
system, higher temperatures could alleviate silica's diffusion
bottlenecks by reducing energy barriers in its covalent network,
while low temperatures exacerbate concentration gradients,
amplifying the observed 20% capacity loss at 2C. Multiphysics
simulations in COMSOL readily support thermal-electro-
chemical coupling by integrating the heat transfer in solids and
fluids interface with the transport of diluted species module,
incorporating Joule heating, reversible/irreversible heat sources
from Butler-Volmer Kkinetics, and temperature-dependent
material properties (e.g., conductivity o(7) and diffusivity
D(T)). Future work could extend the present framework with
these features, enabling parametric studies across temperature
ranges (e.g., 0-60 °C) to predict thermal runaway risks or opti-
mize porosity for thermal management in practical battery
packs.

4. Conclusion

Simulations of the tin-embedded carbon/silica (Sn—-CS) nano-
composite as an anode material for lithium-ion batteries, con-
ducted using COMSOL Multiphysics, provide novel insights
into lithium-ion transport dynamics. The study reveals that
matrix porosity significantly enhances lithium-ion diffusion,
with an effective D¢ increasing from 1.50 x 10 *° cm?® s at
20% porosity to an optimal 2.25 x 107 '° ecm?® s at 40%
porosity. Beyond this, at 60% porosity, gains diminish due to
structural compromises. The rapid diffusion in the tin phase
(1.00 x 107° ecm” s ') contrasts with the slower carbon (1.00 x
107" ¢cm” s7') and nearly immobile silica (1.00 x 107** ¢cm®
s~') phases, driven by tin's metallic alloying capacity versus
silica’'s insulating covalent network. A notable concentration
gradient at the tin-carbon interface highlights interfacial
transport barriers. At high charge rates (2C), a 20% capacity
reduction and 30% concentration gradient underscore silica's
role in limiting ion mobility, attributed to its high energy
barriers for lithium migration.

Overall, this study highlights that the fundamental limita-
tions of Sn-based anodes (namely large volume expansion, poor
rate capability, and interfacial transport bottlenecks) can be
mitigated through careful control of porosity and phase distri-
bution in Sn-CS nanocomposites. The identification of ~40%
porosity as the optimal balance point not only provides
a mechanistic explanation for experimental trends but also
establishes a design guideline for engineering next-generation
anodes. By linking porosity optimization with phase-resolved
transport dynamics, our results directly address the long-
standing challenge of reconciling high lithium storage
capacity with stable and efficient ion transport. These findings
reinforce the broader implication that multiphysics simula-
tions, when coupled with experimental validation, are powerful
tools to accelerate the development of advanced electrode
materials for high-performance lithium-ion batteries.
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