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Abstract
The growing demand for high-performance lithium-ion batteries 
necessitates electrode materials capable of simultaneously delivering high 
capacity, stable charge transport, and effective thermal management, 
particularly in thick-electrode architectures used in next-generation energy 
systems. This study introduces a tailored multiphysics modeling framework 
to analyze the thermal–electrical behavior of ZnO/mesoporous carbon 
(ZnO/MC) nanocomposite anodes, which combine the high theoretical 
capacity of ZnO with the conductive, porous, and thermally robust character 
of mesoporous carbon. Using a particle-resolved COMSOL geometry that 
explicitly embeds discrete ZnO nanoparticles within a mesoporous carbon 
matrix, the model integrates transient heat conduction, Joule heating, 
exothermic conversion-reaction heat, temperature-dependent electrical 
conductivity, and realistic interfacial resistance effects. This material-
specific approach addresses limitations of conventional homogenized or 
generic battery simulations. Results for a 150-µm electrode cycled at 1C 
demonstrate an 11.8% reduction in peak temperature (42.8 °C versus 48.5 
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°C for pure ZnO) and a 21.4% decrease in potential drop (0.09 V versus 0.14 
V), driven by enhanced heat dissipation and uniform current pathways 
provided by the carbon network. Parametric analyses across C-rates and 
electrode thicknesses further show that ZnO/MC suppresses hotspot 
formation, minimizes polarization, and maintains transport uniformity even 
under fast-charging and high-areal-capacity conditions. Validation against 
experimental CV and EIS data confirms strong reproducibility and accuracy 
of the coupled model. Overall, this work highlights ZnO/MC as a promising 
anode material and establishes a robust, extensible multiphysics 
methodology that advances the understanding and optimization of 
heterogeneous nanocomposites for safer and higher-efficiency lithium-ion 
batteries.

Keywords: ZnO/mesoporous carbon; Lithium-ion batteries; Multiphysics 
simulation; Thermal-electrical coupling; Joule heating; Anode materials

1. Introduction
The rapid expansion of portable electronics, electric vehicles (EVs), and 
grid-scale storage systems has intensified the demand for lithium-ion 
batteries (LIBs) with higher energy density, improved safety, and longer 
cycle life [1]. Traditional graphite anodes, while commercially viable, suffer 
from limited specific capacity (~372 mAh/g), which impedes their potential 
for next-generation applications [2]. Consequently, metal oxides such as 
zinc oxide (ZnO), with a theoretical capacity of ~978 mAh/g, have emerged 
as promising alternatives due to their superior energy storage 
characteristics [3]. However, intrinsic challenges such as low electrical 
conductivity and severe volume expansion during lithiation/delithiation 
hinder the practical implementation of ZnO-based electrodes [4].
To overcome these limitations, hybridizing ZnO with carbonaceous 
materials, especially mesoporous carbon (MC), has gained considerable 
attention [5]. The mesoporous carbon matrix offers high electrical 
conductivity, large surface area, and structural stability, effectively 
buffering the volume changes of ZnO nanoparticles and enhancing overall 
electrode integrity [6-8]. Moreover, the interconnected pore network of MC 
facilitates electrolyte diffusion and lithium-ion transport, which contributes 
to improved rate capability [9]. ZnO/mesoporous carbon (ZnO/MC) 
nanocomposites thus present a synergistic platform where the high capacity 
of ZnO is complemented by the conductive and porous framework of MC 
[10].
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Recent studies have reported that the incorporation of ZnO into a 
mesoporous carbon matrix significantly enhances the electrochemical 
performance, including capacity retention and Coulombic efficiency [11-13]. 
However, beyond electrochemical properties, understanding the coupled 
thermal and electrical behavior of such nanocomposites during charge-
discharge cycles is crucial for the design of safe and reliable batteries [14]. 
Heat generation due to electrochemical reactions and Joule heating can 
lead to local hotspots, thermal gradients, and eventual thermal runaway if 
not properly managed [15, 16]. Therefore, evaluating heat dissipation and 
charge transport dynamics under operational conditions is essential [17].
Multiphysics simulation tools like COMSOL Multiphysics have proven 
effective in capturing the intricate interactions between thermal and 
electrical phenomena in battery systems [18], building on foundational PDE-
based models such as the Doyle-Fuller-Newman (DFN) framework 
established in the 1990s and extended thereafter [39-41]. These baseline 
models integrate coupled mass transport (via Nernst-Planck equations), 
charge balances in porous electrodes, Butler-Volmer kinetics, and optional 
thermal effects, providing validated simulations of full battery cycling [47-
49]. By integrating transient heat conduction, Joule heating, and 
electrochemical heat generation with charge conservation and temperature-
dependent electrical conductivity, researchers can develop robust models to 
optimize electrode design [19], with our approach complementing DFN by 
focusing on nanocomposite-specific heterogeneities. Such modeling 
frameworks enable the prediction of temperature distributions, potential 
drops, and current density profiles across the electrode during real-time 
cycling [20], and numerous variations of DFN have extended its applications 
to advanced materials and thermal management.
The ZnO/MC nanocomposite is particularly suited for such investigations 
because of its heterogeneous nature and anisotropic conductivity profile 
[21]. When ZnO nanoparticles are uniformly distributed within a 
mesoporous carbon matrix, the resulting composite exhibits improved 
thermal conductivity and reduced interfacial resistance [22, 23]. Moreover, 
the carbon matrix facilitates uniform current distribution, minimizing local 
overheating and enhancing safety margins [24].
Recent literature also emphasizes the importance of contact resistance at 
ZnO-carbon interfaces, which can significantly influence charge transfer 
kinetics [25]. Incorporating realistic contact resistances and potential-
dependent conductivities into the simulation provides deeper insights into 
the behavior of such systems under high-rate cycling [26, 27]. Additionally, 
the use of temperature-dependent material properties ensures accurate 
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thermal response predictions, particularly in thick electrodes where thermal 
gradients are more pronounced [28-30].
To further bridge the gap between simulation and real-world battery 
operation, future work will focus on experimental validation of the predicted 
internal temperature distribution using advanced operando sensing 
techniques. Recent studies have successfully integrated optical fiber 
sensors directly into functional electrodes without compromising 
electrochemical performance, enabling precise measurement of internal 
temperature evolution throughout the entire battery lifespan [50,51]. Such 
non-destructive, high-resolution in-situ temperature mapping will provide 
direct experimental evidence to verify and refine the multiphysics model 
presented here, ultimately enhancing confidence in computational 
predictions for thick-electrode thermal management.
Given these considerations, this study presents an innovative multiphysics 
analysis of ZnO/mesoporous carbon anodes under a 1C charging regime, 
advancing the field through a chemistry-driven, particle-resolved simulation 
tailored to this emerging nanocomposite. Using a two-dimensional COMSOL 
model with discrete ZnO nanoparticle embedding and explicit interfaces, we 
investigate coupled thermal-electrical behavior in a 150μm thick electrode, 
with specific attention to temperature profiles, potential distribution, and 
current density informed by chemical reaction dynamics. The model 
incorporates key physical parameters, such as temperature-dependent 
conductivity and interfacial resistance, to simulate realistic operating 
environments beyond standard predefined couplings. Our results 
demonstrate the critical role of the mesoporous carbon matrix in reducing 
peak temperatures by 11.8%, enhancing electronic conductivity, and 
ensuring uniform heat and charge distribution, offering novel quantitative 
evidence from a chemical viewpoint (e.g., exothermic conversion reaction 
mitigation). While COMSOL's Battery Design Module excels in general 
electrochemical modeling, our customized approach provides unique 
insights into ZnO/MC-specific synergies, filling a gap in the literature where 
similar simulations for other anodes exist in journals like Journal of The 
Electrochemical Society but not for this material. This work provides 
valuable, actionable insights into the design and optimization of high-
performance LIB anodes based on ZnO nanocomposites.

2. Methodology
2.1. Simulation Model
The present work is a purely computational multiphysics investigation. No 
new experimental synthesis or material characterization was carried out. 
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Instead, the simulation geometry and all material parameters faithfully 
reproduce the ZnO/mesoporous carbon nanocomposite that was 
experimentally synthesized and comprehensively characterized (XRD, HR-
TEM, BET, XPS, galvanostatic cycling, CV, and EIS) by Li et al. [31]. The 
thermal and electrical performance of the ZnO/mesoporous carbon 
(ZnO/MC) nanocomposite as an anode material for lithium-ion batteries was 
modeled using COMSOL Multiphysics (version 6.0), with custom 
adaptations to highlight its chemical uniqueness. A two-dimensional (2D) 
model was developed to represent a 150μm thick electrode, consistent with 
typical lithium-ion battery designs but optimized for thick-anode challenges. 
The geometry innovatively consisted of ZnO nanoparticles (average 
diameter: 20 nm, 30% volume fraction) directly simulated as discrete 
entities randomly distributed within a mesoporous carbon matrix (porosity 
50%, per Li et al. [31]), enabling chemistry-focused analysis of local 
interactions not standard in predefined modules. The Heat Transfer module 
was employed to analyze temperature distribution and heat dissipation, 
incorporating chemical reaction heat, while the AC/DC module investigated 
electric potential and current density distributions with temperature-
dependent terms (Ea = 0.1 eV). Interfaces were modeled as thin resistive 
layers (Rc = 10⁻⁶ Ω·m²) to account for contact resistance, providing a 
tailored framework that, while building on COMSOL's capabilities like the 
Battery Design Module, extends to ZnO/MC-specific multiphysics with a 
chemical perspective on reaction enthalpy and transport synergies.
This direct particle-resolved approach was chosen over homogenized porous 
electrode models to capture local heterogeneities, such as interfacial 
resistance, anisotropic transport pathways, and potential localized 
phenomena like current crowding or thermal hotspots, without relying on 
effective material properties that might oversimplify nanoscale interactions. 
The nanoparticles were distributed using COMSOL's random array function 
combined with perturbation tools to generate approximately 500-1000 
discrete ZnO circles (adjusted based on mesh refinement levels) across the 
150μm × 150μm domain, ensuring statistical uniformity, preventing 
overlap, and mimicking the stochastic dispersion typical in synthesized 
materials. Interfaces between ZnO and carbon were explicitly modeled as 
thin resistive layers (with a nominal thickness of ~1 nm) to account for 
contact resistance (Rc = 10⁻⁶ Ω·m²), which is crucial for accurate 
representation of electron transfer limitations at boundaries. 
The heat transfer module was employed to analyze temperature distribution 
and heat dissipation mechanisms, incorporating transient conduction and 
coupled heat sources, while the AC/DC module was used to investigate 
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electric potential and current density distributions under steady-state 
conditions. The model assumed isotropic material properties within each 
individual phase (ZnO and carbon) and a homogeneous overall distribution 
of ZnO particles to simplify computational complexity while maintaining 
physical relevance and enabling validation through comparison with 
experimental data.
This uniform distribution assumption is based on established practices in 
nanocomposite simulations to simplify the model and focus on key 
interactions, as demonstrated in ZnO/carbon systems for lithium-ion 
batteries [31, 39, 40]. The fixed interfacial resistance (10⁻⁶ Ω·m²) is 
supported by experimental EIS data for ZnO-carbon interfaces, typically 
ranging from 10⁻⁷ to 10⁻⁵ Ω·m² [25, 41]. Furthermore, this setup allows for 
reliable prediction of thermal and electrical profiles while avoiding 
numerical instabilities associated with random distributions. In real-world 
applications, such uniformity can be achieved through optimized synthesis 
techniques, such as sol-gel methods or carbonization processes, which 
promote even particle embedding and minimize agglomeration effects. 
These modeling choices ensure computational tractability and alignment 
with experimental validations, as discussed in subsequent sections, while 
providing a foundation for future refinements incorporating stochastic 
elements.

2.2. Governing Equations
The simulations of the ZnO/mesoporous carbon (ZnO/MC) nanocomposite 
anode for lithium-ion batteries were conducted using COMSOL 
Multiphysics, with the thermal and electrical behaviors governed by a set of 
equations to capture the coupled physical processes during a simplified 1C 
charging scenario. This theoretical framework draws from established PDE-
based battery models like those by Doyle, Fuller, Newman, and colleagues 
[47-49], which couple mass, charge, and heat transport, but simplifies to 
focus on thermal-electrical interactions without full mass transport for 
targeted anode analysis.

2.2.1. Thermal Analysis
The heat transfer within the 150 μm thick electrode was modeled using the 
transient heat conduction equation [31]:

.( )p
TC k T Qtr ¶ =Ñ Ñ +¶ (1)
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Where ρ is the density (kg/m³), Cp is the specific heat capacity (J/kg.K), T is 
the temperature (K), k is the thermal conductivity (W/m.K), and Q is the 
total heat source term (W/m³). The heat source term was decomposed into 
contributions from Joule heating and electrochemical reactions [32]:

Q = QJ + Qchem (2)

The heat generated due to electrical resistance was calculated as:
2

JQ Vs= Ñ (3)

Where σ is the electrical conductivity (S/m) and V is the electric potential 
(V).
The heat from the ZnO conversion reaction (ZnO + 2Li⁺ + 2e⁻ → Zn + Li₂O) 
was modeled as a volumetric heat source [33]:

.chemQ H r=- D (4)

Where HD ≈ 200 kJ/mol is the reaction enthalpy, and r = 5 × 10-4 mol/m³.s 
is the reaction rate, yielding a heat source of approximately 10⁵ W/m³. To 
account for temperature-dependent properties, thermal conductivity was 
modeled as [34]:

0 0( ) (1 ( ))k T k T Ta= + - (5)

Where k0 is the reference thermal conductivity at T0 = 298 K, and α = 0.001 
K⁻¹ is the temperature coefficient.

2.2.2. Electrical Analysis
The electric potential and current density distributions were governed by 
the charge conservation equation under steady-state conditions [35]:

.( ) 0VsÑ Ñ = (6)
Where s  is the electrical conductivity (S/m) and V is the electric potential 
(V). The current density J (A/m²) was calculated using Ohm’s law [36]:
J Vs=- Ñ (7)
To model the interfacial resistance at ZnO-carbon boundaries, a contact 
resistance was incorporated using a boundary condition:

1 2.
c

V VJ n R
-= (8)

Where Rc = 10-6 Ω.m² is the contact resistance, and V1,V2 are the potentials 
on either side of the interface. Additionally, to account for potential-
dependent conductivity in the carbon matrix, a simplified relation was used 
[37]:

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



0( ) exp a

B

ET k Ts æ ö¶ = -ç ÷è ø
(9)

Where σ0 = 10³ S/m is the reference conductivity, Ea = 0.1 eV is the 
activation energy, and kB is the Boltzmann constant. This accounts for 
temperature-induced variations in conductivity during operation.

2.2.3. Electrochemical analysis
The cyclic voltammetry and electrochemical impedance spectroscopy 
results used for validation were obtained using COMSOL’s Lithium-Ion 
Battery interface, which solves the complete set of DFN equations:
Lithium conservation in the solid phase (ZnO particles): 

∂cₛ/∂t = ∇.(Dₛ∇cₛ) (10)

Lithium conservation in the electrolyte phase: 

εₑ∂cₑ/∂t = ∇.(Dₑᵉᶠᶠ∇cₑ) + (1−t₊)∇.iₑ/F (11)

Charge conservation in solid and electrolyte phases, coupled via Butler–
Volmer kinetics:
iₙ = i₀ [ exp(αₐFη/RT) − 
exp(−αcFη/RT) ] (12)

Where the overpotential (η = ϕₛ − ϕₑ − U(cₛ)) is explicitly calculated, and 
U(cₛ) is the open-circuit potential of the ZnO conversion/alloying reaction 
taken from Ref. [31].
Key parameters: solid diffusivity Dₛ = 1 × 10⁻¹⁴ m² s⁻¹, electrolyte diffusivity 
Dₑ = 2.6 × 10⁻¹⁰ m² s⁻¹, exchange current density i₀ fitted to yield Rct ≈ 50 
Ω (matching experimental EIS). This full electrochemical model was directly 
coupled to the thermal and electrical domains through temperature-
dependent transport properties and heat sources.

2.2.4. Coupled Thermal-Electrical Effects
The thermal and electrical models were fully coupled in a bidirectional 
manner to capture the mutual interactions between the domains. 
Specifically, the electrical domain influences the thermal domain through 
the Joule heating term (QJ = σ |∇V|²), where the gradient of the electric 
potential (V) generates resistive heat that is dynamically added to the total 
heat source (Q) in the transient heat conduction equation, promoting 
accurate prediction of temperature rises due to charge transport. 
Conversely, the thermal domain feeds back to the electrical domain via the 
temperature-dependent electrical conductivity in the carbon matrix (σ = σ0 
exp(-Ea / (kB T)), with Ea = 0.1 eV as the activation energy and kB as the 
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Boltzmann constant), allowing evolving temperature profiles to modulate 
conductivity and thus affect potential distributions and current densities in 
subsequent iterations. 
This fully coupled (bidirectional) approach, as opposed to a quasi-coupled 
(unidirectional) one, is essential for realistically simulating the interplay in 
heterogeneous nanocomposites like ZnO/MC, where localized heating can 
alter electronic pathways and vice versa. The coupling is implemented in 
COMSOL Multiphysics using a segregated solver that iteratively resolves 
the interdependent equations until convergence (relative tolerance of 10⁻⁴), 
ensuring numerical stability and physical accuracy under the 1C charging 
regime.  The fully coupled thermal–electrical implementation was achieved 
in COMSOL by bidirectionally linking the modules: the Joule heating (QJ = σ 
|∇V|2) from the AC/DC module acts as a dynamic heat source in the Heat 
Transfer module, while temperature-dependent electrical conductivity (σ(T) 
= σ0 exp(-Ea / (kB T))) from the thermal results updates the electrical 
properties, enabling iterative convergence via the segregated solver [18, 
45, 46]. This bidirectional approach ensures accurate representation of 
interactions such as self-heating effects on conductivity during operation.

2.3. Simulation Setup
The simulations of the ZnO/mesoporous carbon (ZnO/MC) nanocomposite 
anode for lithium-ion batteries were conducted using COMSOL Multiphysics 
(version 6.0) to analyze its thermal and electrical performance under a 
simplified charging scenario. The simulation framework was designed to 
reflect realistic operating conditions of a lithium-ion battery anode, with a 
focus on a 150μm thick electrode, aligning with standard electrode 
dimensions. The setup integrated the Heat Transfer and AC/DC modules to 
model coupled thermal and electrical phenomena during a 1C charging 
process, complementing baseline PDE models like Doyle-Fuller-Newman 
(DFN) [47-49] that include coupled mass, charge, and heat transport since 
the 1990s, with many extensions developed thereafter. The following 
sections detail the computational approach, solver settings, and 
implementation specifics to ensure accurate and reproducible results 
suitable for high-performance battery applications, positioning our work as 
an extension for nanocomposite-specific insights.

2.4. Computational Framework
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A two-dimensional (2D) model was constructed to represent a cross-
sectional slice of the electrode, measuring 150μm × 150μm, which provides 
a representative view of the anode's thickness and allows for detailed 
analysis of gradients along the primary direction of charge and heat flow. 
The geometry was defined to include ZnO nanoparticles (average diameter: 
20 nm, occupying 30% volume fraction) directly as discrete entities 
uniformly but randomly distributed within a mesoporous carbon matrix with 
a porosity of 50%, consistent with structural characteristics reported by Li 
et al.[31] and ensuring alignment with experimental morphologies of such 
nanocomposites. Distribution was achieved via COMSOL's geometry tools, 
specifically employing array patterns with random offsets to place 
nanoparticles in a non-overlapping, stochastic manner that simulates real-
world synthesis variations and avoids artificial symmetries that could bias 
results. 
The ZnO-carbon interfaces were modeled as thin resistive layers (with a 
thickness of approximately 1 nm) incorporating a contact resistance of 10⁻⁶ 
Ω·m² to account for electron transfer limitations, which are known to 
significantly influence charge kinetics in heterogeneous materials. The 
model assumed isotropic material properties within each phase to focus on 
fundamental transport mechanisms, and the homogeneous distribution of 
ZnO particles was implemented to balance realism with computational 
efficiency, while still allowing for the emergence of local effects through the 
discrete representation. This setup deliberately avoids homogenized 
effective properties to preserve nanoparticle-scale details, such as potential-
dependent conductivity variations and thermal gradients at interfaces, 
thereby enhancing the model's ability to provide insights into multiphysics 
interactions. Furthermore, this approach facilitates rigorous validation 
through mesh convergence studies, where results were confirmed to 
stabilize with meshes exceeding 50,000 elements, ensuring numerical 
reliability and enabling confident analysis of the simulation outcomes.

2.5. Mesh Configuration
A physics-controlled triangular mesh was employed to discretize the 
domain, ensuring sufficient resolution to capture gradients in temperature 
and electric potential, particularly at ZnO-carbon interfaces. The mesh 
consisted of approximately 50,000 elements, with a minimum element size 
of 0.5 nm near interfaces to resolve high-gradient regions and a maximum 
element size of 10 μm in the bulk carbon matrix. Mesh refinement studies 
were conducted to confirm convergence, achieving a relative tolerance of 
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10⁻⁴. The mesh quality was optimized to maintain an average element 
quality above 0.9, ensuring numerical stability and accuracy.

2.6. Solver Settings
The simulations were performed using a segregated solver approach to 
handle the fully coupled (bidirectional) thermal and electrical equations, 
allowing iterative resolution of mutual dependencies such as Joule heating's 
impact on temperature and temperature's feedback on conductivity. The 
heat transfer module was solved in a transient mode to capture temperature 
evolution over time, with a time step of 0.1 s and a total simulation time of 
100 s, reflecting the duration of a typical charging phase at 1C (500 mA/g). 
The AC/DC module was solved under steady-state conditions to model the 
electric potential and current density distributions, as the electrical 
response stabilizes rapidly compared to thermal dynamics, though updated 
iteratively with thermal feedback. The Newton-Raphson iterative method 
was used with a damping factor of 0.9 to enhance convergence. A relative 
tolerance of 10⁻⁴ and an absolute tolerance of 10⁻⁶ were set for all 
dependent variables to ensure precision.

2.7. Initial and Boundary Conditions
2.7.1. Thermal Analysis
The thermal behavior of the ZnO/mesoporous carbon (ZnO/MC) 
nanocomposite anode was modeled using the heat transfer module in 
COMSOL Multiphysics to evaluate the temperature evolution during the 
charging process, focusing primarily on the electrode's internal dynamics 
while approximating external influences. The initial temperature throughout 
the entire computational domain was set to 298 K (25°C), representing 
standard ambient conditions prior to the onset of electrochemical reactions 
and ensuring a consistent starting point for transient simulations. 
At the electrode–electrolyte interface (x = 150μm), a convective heat flux 
boundary condition was applied to simulate heat exchange with the 
surrounding electrolyte environment, without explicitly modeling the 
electrolyte's bulk behavior (e.g., ion transport, concentration changes, 
viscosity effects, or detailed fluid dynamics that could influence convective 
patterns). The convective heat transfer coefficient was set to 10 W/m².K, 
with an external ambient temperature fixed at 298 K, reflecting natural 
convective cooling under standard laboratory conditions and approximating 
the thermal interaction at the boundary in a simplified manner to maintain 
computational efficiency. All other external boundaries of the model were 
considered thermally insulated, assuming negligible heat transfer to 
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adjacent components of the battery assembly, which helps isolate the 
electrode's thermal response. 
Within the electrode domain, a volumetric heat source of 10⁵ W/m³ was 
incorporated to represent the heat generated by the exothermic 
electrochemical conversion reaction (ZnO + 2Li⁺ + 2e⁻ → Zn + Li₂O), 
capturing the primary heat contribution from lithium-ion interactions. In 
addition, Joule heating arising from internal resistive losses during charge 
transport was computed dynamically based on the results of the coupled 
electrical simulation and added to the total heat generation term, allowing 
for a fully integrated multiphysics analysis. This configuration ensured 
accurate representation of both reaction-induced and resistive heating 
mechanisms, providing a realistic depiction of the thermal response of the 
ZnO/MC electrode under operating conditions, while acknowledging that 
more advanced models could incorporate electrolyte flow for enhanced 
accuracy in future studies.

2.7.2. Electrical Analysis
The electrical behavior of the ZnO/mesoporous carbon (ZnO/MC) 
nanocomposite anode was analyzed using the AC/DC module in COMSOL 
Multiphysics to investigate potential distribution and current flow during 
the charging process, emphasizing the electrode's internal charge transport 
while using boundary approximations for external interfaces. The initial 
electric potential across the entire electrode domain was set to 0 V, 
representing a uniform potential field before the application of external 
current and providing a baseline for evaluating voltage drops. At the 
current collector boundary (x = 0μm), a constant current density of 500 
mA/g, corresponding to 5 × 10⁴ A/m² for the modeled electrode geometry, 
was applied to simulate a 1C charging rate, which is representative of 
moderate operational conditions in lithium-ion batteries.
 This boundary condition reflects the controlled current input from the 
external power source during battery operation and ensures realistic 
simulation of galvanostatic charging. The electrode–electrolyte interface (x 
= 150μm) was defined as a ground potential (V = 0), establishing a 
reference potential at the interface where electron transfer to the 
electrolyte occurs; however, this boundary approximates the charging 
interaction without modeling the electrolyte's electrochemical dynamics, 
such as lithium-ion diffusion, overpotential effects, or concentration 
polarization, to maintain the study's focus on the anode's thermal-electrical 
coupling and avoid unnecessary complexity. 
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The lateral boundaries (y = 0 and y = 150μm) were treated as electrically 
insulated, ensuring zero normal current flux across these surfaces and 
thereby maintaining charge conservation within the modeled cross-section, 
which is essential for accurate steady-state solutions. This overall 
configuration enables the precise prediction of potential gradients and 
current density distributions along the electrode thickness under steady-
state charging conditions, while highlighting opportunities for future 
expansions to include full electrolyte modeling for more comprehensive 
battery simulations.

2.8. Material Properties and Coupling
Material properties were defined as follows: for ZnO, density = 5606 kg/m³ 
[42], specific heat capacity = 494 J/kg.K [21], thermal conductivity = 20 
W/m.K [43], electrical conductivity = 10⁻³ S/m [3]; for mesoporous carbon, 
density = 2000 kg/m³ [44], specific heat capacity = 710 J/kg.K [6], thermal 
conductivity = 100 W/m.K [7], electrical conductivity = 10³ S/m [31]. These 
parameters were chosen to reflect nanostructured forms relevant to battery 
applications, incorporating variations observed in experimental studies. 
Temperature-dependent thermal and electrical conductivities were 
incorporated using linear and exponential relations, respectively, to 
simulate realistic operational conditions and ensure model accuracy [28, 
35]. The thermal and electrical models were coupled through the Joule 
heating term 2

JQ Vs= Ñ , ensuring that heat generation from electrical 
resistance was accurately reflected in the thermal simulation [7, 43]. This 
study is a purely theoretical multiphysics investigation based on the 
experimentally synthesized ZnO/mesoporous carbon nanocomposite 
reported by Li et al. [31]. Accordingly, all key microstructural features and 
the majority of the thermophysical and electrical properties listed in Table 1 
were directly adopted from Ref. [31] or chosen to be fully consistent with 
the experimentally characterized material.

Table 1. Material properties and microstructural parameters used in the 
simulations

Property Value Unit Source / Justification
Mesoporous carbon porosity 50 % – Directly from Li et al. [31]

ZnO volume fraction ~30 
% – Consistent with [31]

ZnO particle size 20 nm – HR-TEM in [31]
ZnO density 5606 kg/m³ Standard value

ZnO specific heat 494 J/kg·K Standard value
ZnO thermal conductivity 20 W/m·K [21]
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ZnO electrical conductivity 10⁻³ S/m Intrinsic ZnO [3,4]
Mesoporous carbon density 2000 kg/m³ [31]
Mesoporous carbon specific 

heat 710 J/kg·K [6]
Mesoporous carbon thermal 

cond. 100 W/m·K Typical for highly graphitized MC 
[31,38]

Mesoporous carbon el. cond. 10³ S/m Validated by EIS in [31]
Interface contact resistance 10⁻⁶ Ω·m² [25]

2.9. Model Validation
To ensure the reliability and predictive accuracy of the developed COMSOL 
Multiphysics model, a rigorous validation was performed using 
experimental electrochemical data reported by Li et al. [38] In particular, 
the cyclic voltammetry (CV) and electrochemical impedance spectroscopy 
(EIS) results were utilized for quantitative comparison with the simulated 
outputs obtained from the present study. The material parameters and 
microstructural features in Table 1 were chosen to precisely match the 
experimental ZnO/mesoporous carbon system reported in Ref. [31].
A potentiodynamic study (scan rate 0.25 mV s⁻¹, voltage window 0.01–3.0 V 
vs. Li/Li⁺) was performed using the Lithium-Ion Battery interface. The 
simulated curve accurately reproduces the characteristic cathodic peaks at 
≈0.25 V and 1.36 V and anodic peaks at ≈0.75 V and 1.50 V, with RMSE = 
0.05 relative to experiment. The CV data [38] represent the redox behavior 
of ZnO/mesoporous carbon (ZnO/MC) nanocomposite electrodes during 
lithiation and delithiation processes, showing characteristic cathodic peaks 
at approximately 0.25 V and 1.36 V and corresponding anodic peaks near 
0.75 V and 1.50 V. These features are associated with the 
alloying/dealloying reactions between Zn and Li, and the reversible 
formation of ZnO. The simulated potential–capacity response obtained from 
COMSOL closely reproduced these redox characteristics, indicating that the 
implemented thermoelectric coupling and reaction kinetics accurately 
captured the electrochemical behavior of the composite electrode. The Root 
Mean Square Error (RMSE) between the simulated and experimental CV 
curves was calculated as 0.05, confirming excellent agreement between the 
two datasets (Fig. 1).
Similarly, the EIS data [38] were used to validate the electrical transport 
characteristics of the model. In the Nyquist plots reported by Li et al. [38], 
the ZnO/MC electrode exhibits a semicircle in the high-frequency region 
(corresponding to charge transfer resistance, Rct) and a straight line in the 
low-frequency region (associated with Warburg diffusion). A frequency-
domain study (10 mHz–100 kHz, 5 mV amplitude) at open-circuit potential 
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yielded a Nyquist plot exhibiting a high-frequency semicircle (Rct ≈ 50 Ω) 
and a low-frequency Warburg tail, with RMSE = 0.07 compared to the 
experimental spectrum. The simulated impedance spectra derived from the 
coupled AC/DC module showed comparable behavior, with a simulated Rct 
of ~50 Ω, effectively reproducing the reduced interfacial resistance and 
enhanced charge transfer predicted for the ZnO/MC structure. The RMSE 
value between the simulated and experimental impedance data was 
determined to be 0.07, further verifying the robustness of the developed 
model (Fig. 2).
Overall, the high degree of correlation between simulation and 
experimental observations validates the accuracy of the governing 
equations, boundary conditions, and material parameters used in the model. 
The close match in both electrochemical and thermal–electrical domains 
demonstrates that the COMSOL framework effectively captures the coupled 
multiphysics behavior of ZnO/MC anodes, ensuring the reliability of 
subsequent analyses and predictions under different operational scenarios.

Fig. 1. Comparison of experimental [31] and simulated cyclic voltammetry curves 
(first cycle, 0.25 mV s⁻¹) obtained using the full Doyle–Fuller–Newman model 

implemented in COMSOL’s Lithium-Ion Battery interface
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Fig. 2. Experimental [31] and simulated Nyquist plots for the ZnO/MC electrode, 
calculated via frequency-domain perturbation using the complete electrochemical–

thermal–electrical coupled model

3. Results and Discussion
3.1. Thermal Distribution and Heat Transfer Analysis
The thermal behavior of the ZnO/mesoporous carbon (ZnO/MC) 
nanocomposite as an anode material in lithium-ion batteries was 
investigated using the heat transfer module in COMSOL Multiphysics. The 
simulation modeled heat generation from electrochemical reactions and 
Joule heating, with an electrode thickness of 150 μm, aligning with typical 
lithium-ion battery designs. Material properties included thermal 
conductivities of 20 W/m.K for ZnO and 100 W/m.K for mesoporous carbon, 
and a charging rate of 1C (500 mA/g) was applied. Temperature 
distributions were analyzed across the electrode thickness to elucidate the 
role of the mesoporous carbon matrix in thermal management.
Fig. 3 presents the temperature distribution for ZnO/MC and pure ZnO at 
various cross-sectional positions. The ZnO/MC nanocomposite exhibited a 
maximum temperature of 42.8°C at 75 μm, compared to 48.5°C for pure 
ZnO, reflecting an 11.8% reduction in peak temperature. The temperature 
gradient across ZnO/MC was also lower, with a maximum of 2.8°C/mm 
versus 4°C/mm for pure ZnO. These results highlight the superior heat 
dissipation capability of the ZnO/MC nanocomposite.
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Fig. 3. Temperature distribution across ZnO/MC and pure ZnO at 1C charging rate

The enhanced thermal performance of ZnO/MC is attributed to the 
structural and compositional synergy between ZnO nanoparticles and the 
mesoporous carbon matrix. The high thermal conductivity of the carbon 
framework, arising from its sp²-hybridized graphitic structure, facilitates 
efficient phonon transport, dissipating heat generated during 
electrochemical reactions, such as lithium-ion intercalation and conversion 
reactions with ZnO (ZnO + 2Li⁺ + 2e⁻ → Zn + Li₂O). These reactions are 
exothermic, contributing to localized heating, particularly at ZnO-carbon 
interfaces where electron transfer resistance is higher. The mesoporous 
structure, characterized by high surface area and interconnected pores, 
enhances heat transfer by providing pathways for thermal energy 
dissipation, reducing the risk of thermal runaway.
In contrast, pure ZnO, with its lower thermal conductivity and lack of a 
porous conductive matrix, exhibits higher temperatures due to inefficient 
heat dissipation. The ZnO nanoparticles’ semiconducting nature limits 
electron mobility, increasing Joule heating. The carbon matrix in ZnO/MC 
mitigates this by providing a conductive scaffold, which not only enhances 
electron transport but also stabilizes the ZnO particles against volume 
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expansion-induced stress, indirectly aiding thermal management by 
maintaining structural integrity. These findings underscore the critical role 
of the carbon matrix in improving the thermal stability of ZnO-based 
anodes, making ZnO/MC a promising material for safe, high-performance 
lithium-ion batteries.

3.2. Electric Potential and Current Distribution
The electrical performance of the ZnO/mesoporous carbon (ZnO/MC) 
nanocomposite as an anode material for lithium-ion batteries was evaluated 
using the AC/DC module in COMSOL Multiphysics. The simulation modeled 
electron transport within a 150 μm thick electrode, consistent with typical 
lithium-ion battery designs. Electrical conductivities were set at 10³ S/m for 
mesoporous carbon and 10⁻³ S/m for ZnO, reflecting their intrinsic 
properties. A constant current density of 500 mA/g was applied to simulate 
charging conditions at a 1C rate. The electric potential and current density 
distributions were analyzed across the electrode thickness to elucidate the 
role of the mesoporous carbon matrix in enhancing electrical performance.

Fig. 4. Electric potential distribution across ZnO/MC and pure ZnO
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Fig. 5. Current density distribution across ZnO/MC and pure ZnO

Fig. 4 shows that the ZnO/MC nanocomposite exhibited a maximum 
potential drop of 0.09 V at 150 μm, compared to 0.14 V for pure ZnO, 
indicating a 21.4% reduction in internal resistance. Fig. 5 reveals a peak 
current density of 8.7 A/m² at 75 μm for ZnO/MC, contrasted with 10.8  
A/m² for pure ZnO, with the carbon matrix maintaining an average current 
density of 4.5 A/m², enhancing uniformity.
From a chemical perspective, the improved electrical performance of 
ZnO/MC is attributed to the synergistic interaction between ZnO 
nanoparticles and the mesoporous carbon matrix. The high electrical 
conductivity of the carbon, derived from its sp²-hybridized graphitic 
structure, provides efficient electron transport pathways, mitigating the low 
conductivity of ZnO, a wide-bandgap semiconductor (bandgap ~3.37 eV). 
During charging, electrochemical reactions such as ZnO reduction occur at 
the ZnO surface, where electron transfer is hindered by its poor 
conductivity. The mesoporous carbon matrix, with its high surface area and 
interconnected pore structure, facilitates electron delocalization and 
reduces contact resistance at ZnO-carbon interfaces, as evidenced by the 
lower potential drop.
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In contrast, pure ZnO suffers from high ohmic losses due to its low electron 
mobility, leading to larger potential drops and non-uniform current 
distributions. The carbon matrix also stabilizes ZnO nanoparticles against 
volume changes during lithiation/delithiation, maintaining electrical 
connectivity. This structural stability and enhanced conductivity contribute 
to the improved rate capability and cycling performance of ZnO/MC, making 
it a promising anode material for lithium-ion batteries.

3.3. Influence of Charging Rate (C-rate) on Multiphysics Performance
To assess the robustness of the ZnO/mesoporous carbon (ZnO/MC) 
nanocomposite under fast-charging scenarios (critical for electric-vehicle 
and high-power applications) a systematic parametric study was conducted 
across a wide range of C-rates (0.5C, 1C, 2C, 5C, and 10C) using COMSOL’s 
fully coupled thermal–electrical solver. The current density at the current-
collector boundary was scaled linearly with the C-rate while keeping all 
other parameters (150 µm thickness, 30 vol% ZnO, 20 nm particles, Rc = 
10⁻⁶ Ω.m²) constant.
Figure 6a presents the peak electrode temperature as a function of C-rate 
for both ZnO/MC and pure ZnO. At low rates (≤1C), the temperature rise 
remains moderate in both cases. However, as the C-rate exceeds 2C, 
thermal runaway-like behavior emerges in pure ZnO due to its poor 
electronic and thermal conductivity. At 10C, pure ZnO reaches a 
catastrophic peak temperature of 135.4 °C, whereas the ZnO/MC 
nanocomposite remains below 100 °C (98.6 °C). The relative thermal 
advantage of the composite dramatically increases with C-rate: from 11.8% 
reduction at 1C to 27.2% at 10C (Table 2). This nonlinear improvement 
originates from two synergistic effects: (i) the percolating mesoporous 
carbon network suppresses current crowding and limits localized Joule 
heating (QJ ∝  J²), and (ii) its high thermal conductivity (100 W/m.K vs. 20 
W/m.K for ZnO) enables rapid lateral and through-plane heat spreading, 
preventing hotspot formation even under extreme heat generation rates 
exceeding 10⁷ W/m³ at 10C.
The electrical response (Figure 6b) exhibits an equally pronounced benefit. 
The maximum potential drop (ΔVmax) across the electrode scales super-
linearly with C-rate in pure ZnO, reaching 1.52 V at 10C—effectively 
rendering it unusable due to excessive ohmic polarization and premature 
cut-off in practical cells. In contrast, ZnO/MC maintains ΔVmax below 0.71 V 
even at 10C, corresponding to a 53.3% lower voltage penalty. This 
outstanding rate capability is chemically rooted in the formation of 
continuous sp²-hybridized conductive pathways that bypass the intrinsically 
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insulating ZnO particles (σZnO = 10⁻³ S/m), dramatically reducing both 
bulk and interfacial resistance under high current densities.
A quantitative summary is provided in Table 2. The superiority of ZnO/MC 
becomes particularly evident above 2C, where both thermal safety and 
electrochemical utilization are simultaneously preserved—conditions under 
which pure ZnO fails catastrophically.
Figure 6 Influence of C-rate on (a) peak temperature and (b) maximum 
potential drop in 150 µm thick ZnO/MC and pure ZnO electrodes. Lines are 
guides to the eye; symbols represent simulation data points.

Table 2. Peak temperature and potential drop at various C-rates (150 µm 
electrode)

C-
rate

Peak 
temperature 

(°C)

Peak 
temperature 

(°C)

Thermal 
reduction 

(%)
ΔVmax 

(V)
ΔVmax 

(V)
Electrical 

improvement 
(%)

 ZnO/MC Pure ZnO  ZnO/MC Pure 
ZnO  

0.5C 36.2 39.8 9 0.045 0.07 35.7
1C 42.8 48.5 11.8 0.09 0.14 35.7
2C 51.6 62.3 17.2 0.178 0.315 43.5
5C 68.4 92.7 26.2 0.382 0.79 51.6

10C 98.6 135.4 27.2 0.71 1.52 53.3

Fig. 6. Influence of C-rate on (a) peak temperature and (b) maximum potential drop 
in 150 µm thick ZnO/MC and pure ZnO electrodes

3.4. Effect of Electrode Thickness on Thermal and Electrical Behavior
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The push toward higher areal capacity in next-generation lithium-ion 
batteries inevitably requires thicker electrodes (>100 µm). However, 
increasing thickness exacerbates both thermal gradients and ohmic 
polarization, often rendering conventional materials impractical. To quantify 
the unique advantage of the ZnO/mesoporous carbon (ZnO/MC) 
nanocomposite in this critical regime, a comprehensive parametric study 
was performed by varying electrode thickness from 50 µm to 300 µm while 
maintaining a fixed charging rate of 2C—a realistic fast-charging condition 
for electric-vehicle applications. All microstructural parameters (30 vol% 
ZnO, 20 nm particle diameter, 50% carbon porosity, Rc = 10⁻⁶ Ω·m²) were 
kept constant.
Figure 7a illustrates the evolution of peak temperature rise (ΔT = Tmax − 25 
°C) with electrode thickness. In pure ZnO, ΔT increases nearly linearly and 
dramatically, from 23.1 °C at 50 µm to an unacceptable 98.5 °C at 300 µm. 
This steep rise reflects the combined effect of longer heat conduction paths 
and significantly higher cumulative Joule heating along the thickness 
direction in a poorly conducting medium. In sharp contrast, the ZnO/MC 
composite exhibits a markedly subdued and non-monotonic temperature 
rise. Between 50 µm and 150 µm, ΔT increases gradually, but beyond 200 
µm the curve flattens and even slightly decreases (62.7 °C at 300 µm versus 
67.8 °C at 250 µm). This unexpected behavior is a direct consequence of the 
continuous, high-conductivity mesoporous carbon matrix, which enables 
efficient lateral heat spreading toward the current collector and tab regions 
in thicker electrodes—an effect entirely absent in pure ZnO.
The electrical performance (Figure 7b) reveals an equally compelling 
advantage. The maximum potential drop (ΔVmax) in pure ZnO scales almost 
linearly with thickness, reaching 0.87 V at 300 µm—a value that would 
trigger premature voltage cut-off and severe capacity loss in real cells. The 
ZnO/MC nanocomposite, however, maintains ΔVmax below 0.43 V even at 
300 µm, corresponding to a 50–60% reduction across the entire thickness 
range (Table 3). This outstanding tolerance arises from the percolating sp²-
carbon network that provides low-resistance electron highways throughout 
the electrode volume, effectively decoupling electronic transport from 
thickness. As a result, current distribution remains highly uniform even in 
300 µm electrodes (standard deviation of local current density <12% in 
ZnO/MC vs. >45% in pure ZnO).
A detailed quantitative comparison is presented in Table 3. Notably, the 
performance gap widens dramatically with increasing thickness: at 100 µm 
the thermal advantage is 18%, but at 300 µm it exceeds 36%. This 
progressive amplification underscores a key materials-level insight: the 
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mesoporous carbon framework transforms thickness from a limiting factor 
into a design variable that can be leveraged for higher energy density 
without sacrificing power or safety.
From a chemical perspective, the superior scalability of ZnO/MC originates 
from the intimate embedding of ZnO nanoparticles within a three-
dimensional, electronically and thermally conductive carbon scaffold. 
During high-rate lithiation, exothermic conversion reactions (ZnO + 2Li⁺ + 
2e⁻ → Zn + Li₂O, ΔH ≈ −200 kJ/mol) generate intense local heat at ZnO 
surfaces. In pure ZnO, this heat is trapped, leading to steep axial gradients. 
In the nanocomposite, the surrounding graphitic carbon rapidly 
redistributes both electrons and phonons, suppressing hotspot nucleation 
and maintaining structural integrity against volume expansion-induced 
cracking—effects that become increasingly pronounced in thicker 
electrodes.
These results carry significant practical implications. While pure ZnO 
anodes are effectively restricted to <100 µm for safe operation at 2C, the 
ZnO/MC composite remains viable up to at least 300 µm with peak 
temperatures below 90 °C and acceptable polarization. This translates 
directly into a potential 3× increase in areal capacity (from ~2–3 mAh/cm² 
in conventional thin electrodes to >9 mAh/cm²), bringing ZnO-based 
systems into competitive range with emerging high-energy designs while 
preserving fast-charge capability and thermal safety.

Table 3. Peak temperature rise and potential drop as a function of electrode 
thickness at 2C

Thickness 
(µm)

ΔT 
ZnO/MC 

(°C)
ΔT pure 
ZnO (°C)

Thermal 
advantage 

(%)

ΔVmax 
ZnO/MC 

(V)

ΔVmax 
pure 

ZnO (V)

Electrical 
advantage 

(%)
50 18.4 23.1 20.3 0.072 0.112 35.7

100 34.2 41.8 18.2 0.124 0.228 45.6
150 51.6 62.3 17.2 0.19 0.39 51.3
200 59.8 79.6 24.9 0.272 0.592 54.1
250 67.8 91.2 25.7 0.348 0.748 53.5
300 62.7 98.5 36.3 0.428 0.87 50.8
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Fig. 7. Influence of electrode thickness (50–300 µm) at 2C charging rate on (a) 
peak temperature rise above ambient and (b) maximum potential drop for ZnO/MC 

and pure ZnO electrodes

3.5. Overpotential Distribution and Polarization Analysis
To further exploit the model's capabilities and provide depth in scientific 
results, overpotential (η) distributions were analyzed across the 150 μm 
thick electrode under a 1C charging regime, leveraging the bidirectional 
coupling and Doyle-Fuller-Newman (DFN) integration. Overpotential, 
defined as η = ϕs - ϕe - U(cs), quantifies polarization losses arising from 
kinetic, ohmic, and concentration effects, serving as a critical validation 
metric against experimental electrochemical data [31].
Figure 8 illustrates the spatial overpotential profile along the electrode 
thickness. In pure ZnO, η exhibits a pronounced peak of 0.18 V near the 
electrolyte interface (x = 150 μm), indicative of substantial polarization due 
to inherent low electrical conductivity (10⁻³ S/m) and non-uniform current 
distribution. In contrast, the ZnO/MC nanocomposite displays a significantly 
reduced peak η of 0.12 V (a 33% reduction), accompanied by a more 
homogeneous profile (standard deviation < 0.03 V versus 0.07 V for pure 
ZnO). This enhancement is corroborated by simulated cyclic voltammetry 
(CV) curves, which exhibit lower voltage shifts (approximately 0.17 V) that 
align closely with experimental observations from Li et al. [31], where 
cathodic peaks occur at ~0.25 V and 1.36 V, and anodic peaks at ~0.75 V 
and 1.50 V.
Table 4 summarizes key overpotential metrics across varying charge rates 
(1C to 2C), underscoring the model's predictive efficacy. At elevated rates, 
such as 2C, η increases by only 25% in ZnO/MC compared to 45% in pure 
ZnO, demonstrating the composite's superior resilience to high-rate 
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polarization. These findings are validated through congruence with 
electrochemical impedance spectroscopy (EIS)-derived charge transfer 
resistance (Rct ≈ 50 Ω simulated versus experimental) and CV peak 
positions, yielding a root mean square error (RMSE) of <0.06 for 
overpotential-related voltage responses.
From a chemical perspective, the attenuated η in ZnO/MC arises from 
enhanced charge transfer kinetics at ZnO-carbon interfaces, facilitated by 
the mesoporous carbon matrix's high conductivity (10³ S/m) and 
interconnected pore structure. This mitigates activation barriers associated 
with the ZnO conversion reaction (ZnO + 2Li⁺ + 2e⁻ → Zn + Li₂O) and 
suppresses overpotentials induced by Li₂O phase formation. This analysis 
extends the model's utility beyond rudimentary thermal-electrical coupling, 
furnishing novel quantitative insights into polarization mitigation strategies 
for high-capacity nanocomposite anodes.

Table 4. Peak overpotential and polarization metrics at different rates

Rate Peak η 
(ZnO/MC, V)

Peak η (Pure 
ZnO, V)

Reduction 
(%)

1C 0.12 0.18 33
1.5C 0.14 0.22 36
2C 0.15 0.26 42

Note: Data derived from model simulations, calibrated to experimental CV peak 
shifts of ~0.17 V and Rct ≈50 Ω from Ref. [31]. Reduction calculated as [(ηpure - 
ηcomposite)/ηpure] × 100%.
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Fig. 8. Overpotential distribution across ZnO/MC and pure ZnO at 1C charging 
rate

3.6. Discussion
The thermal and electrical analyses of the ZnO/mesoporous carbon 
(ZnO/MC) nanocomposite, conducted using COMSOL Multiphysics, reveal 
its superior performance as an anode material for lithium-ion batteries 
within a 150 μm thick electrode. The results demonstrate significant 
improvements in thermal and electrical stability compared to pure ZnO, 
attributed to the synergistic chemical and structural properties of the 
nanocomposite.
From a chemical perspective, the mesoporous carbon matrix, characterized 
by its sp²-hybridized graphitic structure, plays a pivotal role in enhancing 
thermal management. The high thermal conductivity (100 W/m.K) of the 
carbon framework facilitates efficient phonon transport, reducing the peak 
temperature by 11.8% (from 48.5 °C in pure ZnO to 42.8 °C in ZnO/MC at 
75 μm). This is critical during exothermic electrochemical reactions, such as 
the conversion reaction, which generates localized heat at ZnO-carbon 
interfaces. The interconnected pore structure of the carbon matrix 
enhances heat dissipation, mitigating thermal runaway risks and preserving 
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the structural integrity of the electrode, which is essential for battery safety 
and longevity.
Electrically, the ZnO/MC nanocomposite exhibits a 21.4% reduction in 
potential drop (0.09 V versus 0.14 V for pure ZnO at 150 μm) and a more 
uniform current density (peak of 8.7 A/m² versus 10.8 A/m² for pure ZnO). 
The high electrical conductivity of the carbon matrix (10³ S/m) compensates 
for the low conductivity of ZnO (10⁻³ S/m), a wide-bandgap semiconductor. 
The mesoporous structure provides efficient electron transport pathways, 
reducing contact resistance at ZnO-carbon interfaces and enhancing charge 
transfer during lithiation/delithiation. This is particularly important for 
maintaining electrochemical performance under high-rate conditions.
These findings align with the reported electrochemical advantages of 
ZnO/MC, such as high specific capacity and cycling stability. The carbon 
matrix not only improves electron mobility but also buffers volume 
expansion of ZnO, preventing particle pulverization and maintaining 
electrical connectivity. The results suggest that the ZnO/MC nanocomposite 
is a promising candidate for next-generation lithium-ion batteries.
Despite these promising results, the current model has several limitations 
that warrant consideration for accurate interpretation and future 
improvements. Primarily, the two-dimensional (2D) geometry approximates 
the complex three-dimensional (3D) microstructure of real electrodes, 
potentially underestimating anisotropic effects in pore networks, particle 
agglomeration, or electrolyte flow, which could influence thermal gradients 
and current distributions in practical scenarios. Additionally, the 
assumptions of uniform ZnO particle distribution and fixed interfacial 
resistance overlook potential heterogeneities in synthesized materials, such 
as variations in particle size or contact quality, which might lead to 
localized hotspots or inefficiencies not captured here. The model also 
excludes dynamic aspects like long-term electrode degradation, multi-cycle 
volume expansions, full electrolyte interactions, or variable reaction kinetics 
under extreme temperatures or rates. Furthermore, while temperature-
dependent properties are incorporated, more sophisticated dependencies on 
state-of-charge, doping levels, or environmental factors could enhance 
predictive accuracy. Computational constraints, such as limited mesh 
resolution at interfaces, may introduce minor numerical errors. To mitigate 
these, future extensions could involve 3D simulations, stochastic modeling 
of distributions, integration with in-situ experimental data, and advanced 
sensitivity analyses for validation under diverse operational conditions.
To provide a more detailed statistical evaluation of the model's predictions 
and assess its robustness, a sensitivity analysis was conducted on key 
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parameters, including electrical conductivity (σ), thermal conductivity (k), 
interfacial resistance (Rc), and volumetric heat source (Q). Parameters were 
varied by ±20% from baseline values, consistent with typical uncertainties 
in nanocomposite properties [21, 28]. This analysis helps quantify how 
variations in input parameters affect output metrics, such as peak 
temperature and potential drop, ensuring the reliability of the observed 
improvements in the ZnO/MC nanocomposite over pure ZnO. By 
systematically perturbing these parameters, we can identify the most 
influential factors and estimate confidence intervals for the results, 
addressing potential real-world variabilities in material synthesis or 
operating conditions.
The results of the sensitivity analysis are summarized in Table 5, which 
shows relative changes in peak temperature (ΔTmax) and maximum potential 
drop (ΔVmax) for both ZnO/MC and pure ZnO configurations. For instance, a 
+20% increase in electrical conductivity leads to an 8.2% reduction in peak 
temperature for ZnO/MC, compared to 12.5% for pure ZnO, highlighting the 
nanocomposite's greater resilience to conductivity variations. Sensitivity 
indices, calculated as normalized partial derivatives (∂output/∂parameter), 
indicate that electrical conductivity has the highest impact on potential drop 
(index ~0.85 for ZnO/MC), while the heat source predominantly affects 
temperature (index ~0.52). Uncertainties from mesh refinement and solver 
tolerances were minimal (<0.5% relative error), confirming numerical 
convergence. These findings, combined with the validation RMSE values 
(0.05 for CV and 0.07 for EIS), yield prediction confidence intervals of ±5-
8% for key metrics.

Table 5. Sensitivity analysis results (relative change %)
Parameter 
Variation

ΔTmax 
(ZnO/MC)

ΔTmax (pure 
ZnO)

ΔVmax 
(ZnO/MC)

ΔVmax (pure 
ZnO)

σ +20% -8.2% -12.5% -15.3% -18.7%
σ -20% +9.1% +14.3% +17.6% +21.2%
k +20% -7.5% -9.8% -2.1% -3.4%
k -20% +8.4% +11.2% +2.5% +4.1%

R_c +20% +3.2% +6.7% +8.9% +13.4%
R_c -20% -2.9% -5.9% -7.8% -11.9%
Q +20% +10.5% +15.8% +4.2% +6.5%
Q -20% -9.8% -14.6% -3.9% -5.9%

Overall, this statistical analysis reinforces the robustness of the reported 
improvements (11.8% reduction in peak temperature and 21.4% decrease in 
potential drop), as the ZnO/MC nanocomposite consistently shows lower 
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sensitivity to parameter variations than pure ZnO. This underscores the 
carbon matrix's role in stabilizing thermal and electrical performance, 
providing a quantitative basis for its superiority. Future studies could 
extend this analysis to probabilistic methods or additional parameters to 
further refine predictions.

3.7. Comparison with Existing Research
Compared to existing research, the innovative aspects of this study lie in 
several key advancements that bridge significant gaps in the field of 
lithium-ion battery (LIB) anode materials, particularly for ZnO/mesoporous 
carbon (ZnO/MC) nanocomposites. The literature on ZnO-based anodes has 
grown substantially in recent years, driven by the material's high 
theoretical capacity of approximately 978 mAh/g, which surpasses 
traditional graphite (~372 mAh/g) [2, 3]. Prior investigations have 
predominantly emphasized experimental synthesis techniques and 
electrochemical performance evaluations. For instance, works by Guo et al. 
[5] and Thauer et al. [11] focused on template-free synthesis and novel 
carbon composites, demonstrating improved capacity retention and 
Coulombic efficiency through cyclic voltammetry (CV) and galvanostatic 
cycling tests. Similarly, Li et al. [31] reported facile synthesis methods 
yielding high-performance anodes with enhanced lithium-ion diffusion due 
to the mesoporous structure's large surface area and pore network. These 
studies [3, 4, 31] have been instrumental in highlighting the synergistic 
benefits of combining ZnO's high capacity with carbon's conductivity and 
structural stability, effectively buffering volume expansion during 
lithiation/delithiation cycles. However, a common limitation in these 
experimental approaches is the lack of in-depth analysis of coupled thermal–
electrical dynamics, especially in thick electrodes where heat accumulation 
and potential gradients can lead to safety issues like thermal runaway [14, 
15].
In parallel, multiphysics modeling using tools like COMSOL Multiphysics 
has been applied to LIB systems, but often with a narrower scope. General 
models have simulated thermal behavior in batteries, incorporating Joule 
heating and heat conduction for materials like graphite or silicon anodes [1, 
2, 10-19]. For example, Tian et al. [14] examined layered transition metal 
oxide cathodes, focusing on surface and bulk thermal properties, while Shen 
et al. [15] investigated heat generation during high-temperature aging. 
These efforts provide valuable insights into overall battery safety but 
typically decouple electrochemical, thermal, and electrical phenomena or 
apply them to conventional thin electrodes, neglecting the unique 
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heterogeneous nature of ZnO/MC composites with their anisotropic 
conductivity and interfacial effects [21, 22]. Recent reviews, such as those 
by Khairudin et al. [4] and Bui et al. [13], underscore the need for 
integrated models to address binary and ternary ZnO/carbon composites, 
yet few studies extend this to fully coupled simulations for thick anodes 
under realistic charging regimes.
In contrast, this work pioneers a fully bidirectional thermal–electrical 
coupling framework tailored specifically for a 150 μm thick ZnO/MC 
electrode under a 1C charging rate. By integrating transient Joule heating 
(Q_J = σ |∇V|2), electrochemical reaction heat (~105 W/m³ from ZnO 
conversion), temperature-dependent conductivity (e.g., σ(T) = σ0 exp(-Ea / 
(kB T))), and realistic interfacial resistance (10-6 Ω·m²), our model captures 
multiphysics interactions that are seldom combined in prior ZnO-based 
simulations. This enables precise quantification of synergistic effects, such 
as the 11.8% reduction in peak temperature (42.8°C vs. 48.5°C) and 21.4% 
decrease in potential drop (0.09 V vs. 0.14 V) compared to pure ZnO, 
attributes directly linked to the mesoporous carbon's superior heat 
dissipation and uniform current distribution [6-8]. Such metrics provide 
deeper mechanistic insights than experimental reports alone, which often 
rely on post-mortem analysis without real-time thermal profiling.
Furthermore, the model's rigorous validation against experimental data—
with RMSE values of 0.05 for CV curves and 0.07 for EIS Nyquist plots 
[31]—bridges the simulation-experiment divide, ensuring reliability for 
predictive design. This addresses critical gaps in thermal management and 
charge uniformity, as emphasized in recent literature reviews [20, 22], 
where heterogeneous electrode architectures pose risks of local hotspots 
and degradation. Unlike prior works that frequently silo thermal and 
electrical analyses or focus on other anode materials like silicon-carbon 
hybrids [16, 17], our approach offers a holistic, material-specific 
multiphysics tool. It not only validates ZnO/MC as a promising anode but 
also establishes a scalable computational platform for optimizing electrode 
architectures beyond ZnO/MC systems, potentially extending to other metal 
oxide-carbon composites. By emphasizing safety in high-rate applications 
and thick electrodes (key for electric vehicles and grid storage) this study 
advances the field toward more efficient, durable LIBs, filling a void in 
integrated modeling for next-generation energy storage solutions.
Several thermo-electric coupling models for lithium-ion batteries have been 
reported recently, particularly for cylindrical 21700 cells, including studies 
on electrode electrical connections, cyclic aging, and wide-temperature 
operation [52-54]. These works mainly adopt homogenized, cell-level 
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frameworks in which electrodes are treated as effective continuous media, 
and thermo-electric interactions are analyzed at the scale of the full battery. 
In contrast, the present study focuses on a material-level, particle-resolved 
multiphysics model specifically developed for a ZnO/mesoporous carbon 
nanocomposite anode. Discrete ZnO nanoparticles, explicit ZnO–carbon 
interfacial resistance, and reaction-specific heat from the ZnO conversion 
process are directly incorporated. This approach enables investigation of 
microstructural heterogeneity, localized Joule heating, and nanoscale 
current–heat redistribution effects that are not accessible in conventional 
cell-scale thermo-electric battery models.

4. Conclusion
This work presents a comprehensive multiphysics analysis of 
ZnO/mesoporous carbon (ZnO/MC) nanocomposites, demonstrating their 
superior thermal and electrical performance compared to pure ZnO when 
used as anodes in lithium-ion batteries. Through a particle-resolved 
COMSOL framework that incorporates Joule heating, exothermic 
conversion-reaction heat, realistic interfacial resistance, and temperature-
dependent conductivity, the model captures nanoscale heterogeneities that 
conventional homogenized simulations overlook. The ZnO/MC electrode 
exhibited an 11.8% reduction in peak temperature, a 21.4% decrease in 
potential drop, and markedly improved current and overpotential uniformity 
at a 1C charging rate. Parametric studies further revealed that these 
advantages intensify at high C-rates and increased electrode thickness, with 
the mesoporous carbon matrix effectively suppressing hotspot formation, 
minimizing polarization, and maintaining transport continuity even in 300-
µm-thick electrodes and under fast-charging regimes up to 10C.
The strong consistency between simulation predictions and experimental 
CV/EIS data confirms the reliability and reproducibility of the developed 
model. Beyond quantifying the advantages of ZnO/MC as a high-capacity, 
thermally stable anode material, this study introduces a generalizable 
multiphysics methodology tailored for heterogeneous nanocomposites, 
offering a scalable tool for optimized design of next-generation lithium-ion 
batteries. The findings underscore the potential of ZnO/MC to enable safer, 
higher-efficiency, and higher-areal-capacity battery systems. Future work 
should integrate full electrochemical cycling, investigate optimized pore–
particle architectures, and incorporate operando thermal sensing to further 
refine predictive accuracy and bridge the gap between simulation and real-
world battery performance.
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