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Sodium-ion batteries are being researched as a low-cost and sustainable alternative to lithium-ion batteries. However, as cell
design is being developed, there are questions about efficient electrode and electrolyte materials. Currently, carbon-based
compounds are the leading anode material, but silicon’s high specific capacity makes it efficient and its abundance in the crust
makes it economically and environmentally ideal. This study employed atomistic simulations to research the use of silicon as
sodium-ion battery anode material. Using the Atomic Simulation Environment (ASE) a carbon coated silicon nanoparticle,
layered silicon-graphene composites, and boron-substituted silicon were modeled. Molecular Dynamics was performed at 300 K
with a 1fs timestep to simulate 50 sodium insertion and removal cycles, assessing structural stability and volumetric changes. It
was found that the spherical silicon-carbon nanoparticle showed the greatest stability among the structures tested, with almost no
degradation and deformation within the tested 50 insertion/removal cycles. Doping with boron also showed improved stability
relative to the layered composite, but there were still large cycle-to-cycle fluctuations and degradation. These findings suggest
that spherical nanoparticle composites exhibit favorable structural stability under simulated sodium insertion and removal,
and there should be further investigation into their electrochemical performance and optimal carbon-to-silicon ratio and structure.
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Introduction

Lithium-ion batteries are at the forefront of energy storage
technologies today. Their flexibility of use lends to their
many different applications such as EVs, grid-connected stor-
age, and electronic devices!=>. They have a high round-trip
efficiency between 85% and 95% and a suitable balance of
power density and energy density 1*. They also have long life-
cycles and are lightweight and safe>°. But as demand grows,
sodium-ion batteries are a sustainable alternative. Sodium is
more than 1000 times more abundant in the Earth’s crust at
~2.36% compared to lithium at ~0.002% . The material cost
for sodium is also an order of magnitude (10-20x) cheaper
than lithium carbonate®.

The main components of a sodium-ion battery are a cath-
ode, anode, and electrolyte. As cell design is being devel-
oped, material choice is crucial for improving efficiency. The
leading class of materials for sodium-ion battery anodes is
carbon-based compounds !, Materials such as hard carbon
are widely studied due to high capacity, cycling stability, and
conductivity '''>. However, hard carbon has a lower spe-
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cific capacity compared to other high-capacity materials such
as silicon. Specific capacities measured for hard carbon an-
odes are ~350 mAh/g while for silicon anodes are up to ~950
mAh/g 113 Tt is important to note that this value is idealized
as practical capacities are typically much lower due to weak
Na-Si alloying behavior 3.

But there are also problems with silicon-based materials in
sodium-ion batteries. Sodium’s larger ion size leads to poor
insertion kinetics'4. Silicon is also prone to large volume
changes due to sodiation, which leads to mechanical insta-
bility and degradation'>!'6. These issues can make it diffi-
cult to characterize silicon performance through experiments
alone. Atomistic simulations can help fill this gap. Despite
these challenges, silicon is still an attractive candidate due to
its high theoretical capacity and abundance. Carbon coating,
nanostructuring, and boron doping have each shown to miti-
gate volume expansion and improve structural stability in sili-
con anodes !7-18,

This study used Molecular Dynamics simulations to assess
the stability of boron-substituted silicon and silicon-carbon
composites as anode material in sodium-ion batteries. It
looked at silicon with varying concentrations of boron atoms
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inserted, layered composites with different spacing between
silicon and carbon layers, and a nanoparticle with a silicon
shell and carbon coating. This work compares the perfor-
mances of these silicon materials with each other as well as
to other materials being used. These findings contribute to the
broader effort of identifying and optimizing silicon-based an-
odes as well as informing future experimental and modeling
work in sodium-ion battery development.

Methods

Crystalline silicon was modeled as a cubic structure with a dia-
mond lattice. A lattice constant of 5.43 A for silicon was used,
consistent with reported values %2, The crystalline structure
consisted of 216 silicon atoms. Boron-substituted silicon was
created by replacing silicon atoms with boron atoms. The ad-
dition of boron, which has one less valence electron, leads
to electron holes, usually creating a p-type structure. How-
ever, this study used an MD calculator trained to reproduce
atomic energies and forces. It does not explicitly model elec-
tronic structure, carrier density, Fermi level, or dopant charge
state. These structures are therefore treated here as structural
compositional analogs, and the term “p-type” is not used to
describe simulation outcomes. This study used 3 concentra-
tions: 1, 8, and 27 boron atoms, corresponding to around
0.463%, 3.705%, and 12.5% (Figure 1). The lowest con-
centration falls within the equilibrium solid solubility limit of
boron in crystalline silicon?'. The second concentration cor-
responds to boron concentration levels of ~3-9% achieved ex-
perimentally via non-equilibrium techniques such as gas im-
mersion laser doping and pulsed laser induced epitaxy which
have been verified by atom probe tomography to form ran-
domly distributed, non-clustered substitutional boron-silicon
alloys well above the solubility limit?>. The highest concen-
tration exceeds boron levels demonstrated experimentally in
literature and was chosen to more clearly resolve trends in the
structural stability within the constraints of the 216-atom sim-
ulation cell. The layered composite was created by replacing
crystalline silicon layers with graphene nano-ribbons. Struc-
tures with graphene replacing silicon every 3, 4, and 5 layers
were tested (Figure 2) to sample a range of interlayer spacings
spanning from tightly to loosely distributed graphene. This
allowed the study to test the effect of graphene density on
structure stability without the need for an exhaustive parame-
ter sweep. Lastly, the nanoparticle composite was first created
by carving the crystalline silicon into a sphere. Carbon atoms
were then placed onto the silicon surface and relaxed to create
a uniform coating (Figure 3).

Molecular Dynamics was then run to simulate repeated
sodium insertion and removal using the Atomic Simulation
Environment?*. Sodium ions were repeatedly introduced and
removed from the surface of the silicon structures and to sim-

Figure. 1 Boron-substituted silicon created by substituting 1, 8, and
27 boron atoms into the silicon lattice, respectively. These corre-
spond approximately to boron concentrations of 0.463%, 3.705%,
and 12.5%. Images visualized using 3Dmol js 2.

Figure. 2 Silicon-graphene layered composite with graphene nano-
ribbons replacing silicon every 3, 4, and 5 layers, respectively.
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Figure. 3 Silicon-carbon nanoparticle with a crystalline silicon core
and relaxed, uniform carbon shell.

ulate their interactions during cycling. In this context, one
insertion/removal cycle was defined as the insertion of 10
sodium ions onto the silicon surface, equilibration for 1 ps,
removal of the 10 sodium ions, and another 1 ps equilibra-
tion. Each cycle was a total of 2 ps with 1 fs timesteps. The
sodium ions were initially randomly spaced onto one face of
the boron-substituted silicon and layered composite structures
(Figure 4). For the spherical composite, they were randomly
spaced throughout the entire surface (Figure 5). In the sim-
ulation, the ions were free to migrate. Across the simulated
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cycles, sodium ions partially diffused into the surface regions
of the silicon structures rather than remain fixed. However,
full penetration into the bulk of the structure was not observed
within the simulated timescale. For each structure, 5 indepen-
dent MD trials were run, with initial atomic velocities sam-
pled from the Maxwell-Boltzmann distribution independently
for each trial, and sodium ion placement randomized indepen-
dently for each trial.

Figure. 4 Initial configuration of 10 sodium ions placed onto one
face of a boron-substituted silicon structure prior to equilibration.
This represents the starting point of a simulated cycle.

Figure. 5 Initial configuration of 10 sodium ions placed distributed
across the surface of a silicon-carbon nanoparticle prior to equilibra-
tion.

After each cycle, the volume of each of the structures was
estimated using an alpha-shape algorithm from the Open Visu-
alization Tool (OVITO)?. This method tessellates space into
tetrahedral simplices via Delaunay tessellation, approximat-
ing the outer boundary of a molecular structure by wrapping a
surface around the atoms. This separates filled and void space
to define the surface. The resulting mesh provides a repre-

sentation of the structure’s surface, which can then be used to
calculate the volume (Figure 6).
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Figure. 6 Alpha-shape mesh used to estimate volume for the layered

composite (first) and spherical composite (second), generated via De-
launay tessellation. Images visualized in OVITO.

EN

To run Molecular Dynamics, Velocity Verlet, an ASE li-
brary, was used. Velocity Verlet was chosen because of its sta-
bility during long simulations. In setting up the environment
for the simulation, the Maxwell-Boltzmann distribution was
needed as it describes initial velocities of particles based on a
given temperature. MACE (Message Passing Atomic Cluster
Expansion) was used as the Molecular Dynamics calculator?’.
MACE is a machine learning interatomic potential that pre-
dicts many-body atomic interactions using higher order equiv-
ariant message passing. It was selected for its near-DFT accu-
racy at a fraction of the computational cost, making it practi-
cal to run the repeated MD simulations (50 insertion/removal
cycles across multiple structures). It captures the interac-
tions relevant to Na-Si and Si-C that simpler force fields are
not fitted to reproduce. Unlike conventional empirical force
fields that rely on predefined functions and fitted parameters,
MACE learns atomic interactions from quantum-mechanical
reference data. This enables accurate predictions of energies
and forces across a wide range of atomic configurations. This
research used the MACE-MH-1 model with the OMAT PBE
head?®. Geometry relaxations used double-precision (float64)
calculations to maximize accuracy. Molecular Dynamics used
single-precision (float32) calculations. This improved compu-
tational efficiency while maintaining sufficient accuracy.

For more details regarding the example algorithms and vi-
sualization techniques employed, see the code in the data
availability section.

Results

The analysis began by first finding the volume changes that oc-
cur during charge cycles. Sodium ions were repeatedly added
and removed from the silicon surface a total of 50 times in
order to simulate 50 different charge cycles. In between each
cycle, an alpha-shape algorithm was used to calculate the vol-
ume of the structure. Sodium ions were observed to migrate
into the surface region of each structure during equilibration,
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Figure. 7 Percent volume over 50 simulated cycles of boron-substituted silicon with 1, 8, and 27 boron atoms, respectively (n=5 independent
trials per structure; shaded regions indicate +1 standard deviation). The structures with 1 and 8 boron atoms show a final-cycle volume of
103.1% + 4.5% and 101.5% + 4.5%, respectively, with pronounced cycle-to-cycle fluctuations. The structure with 27 boron atoms shows an

initial volume drop before stabilizing to a final-cycle volume of 91.4% + 1.7%. Graphs made using Matplotlib2°.
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Figure. 8 Percent volume over 50 simulated cycles of layered composite with graphene every 3, 4, and 5 layers, respectively (n=5 independent
trials per structure; shaded regions indicate +1 standard deviation). All structures show an initial spike in volume from graphene-silicon layer
separation. Final-cycle volumes were 100.2% =+ 6.7%, 131.6% * 5.8%, and 124.6% + 2.8%, respectively.

indicating partial subsurface intercalation. However, ions did
not diffuse fully into the bulk of the structures within the simu-

lated timescale, consistent with the short (2 ps) cycle duration
discussed.

Boron-Substituted Silicon

For boron-substituted silicon, the structures with 1 and 8
boron atoms show a final-cycle volume of 103.1% + 4.5% and
101.5% £ 4.5%, respectively (n=5), with pronounced cycle-to-
cycle fluctuations of up to 5% of their original volume every
cycle. The structure with 27 boron atoms behaved differently,
showing an initial rapid volume drop before stabilizing to a
final-cycle volume of 91.4% + 1.7%, with similar cycle-to-
cycle changes (Figure 7).

Silicon-Graphene Layered Composite

For the silicon-graphene layered composite, the volume ini-
tially spiked to 120-140%. This came from extreme expan-
sion as the graphene and silicon layers separated. However,
there were slight differences in behavior afterwards for each
of the structures. The overall trend was that as graphene lay-
ers became more spaced, the amount the volume dropped af-
ter the spike decreased. Final-cycle volumes were 100.2% +
6.7%, 131.6% + 5.8%, and 124.6% + 2.8% for graphene ev-
ery 3, 4, and 5 layers, respectively (n=5). For the structure
with graphene every 3 layers, the volume dropped closest to
its original value; however, this did not mean it reformed into
its original shape. Instead, the silicon between the graphene
layers clumped, decreasing the volume while the layers still
stayed separated. The structures with graphene every 4 and 5
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layers exhibited less clumping and remained further from their
original volume.

Silicon-Carbon Nanoparticle

The most stable structure by far was the spherical Si-C com-
posite. The final-cycle volume was 99.8% + 0.6% (n=5), with
no signs of mechanical degradation. Additionally, there were
no signs of mechanical degradation. There was very slight de-
formation as the nanoparticle warped slightly into an ellipsoid
from its original spherical shape, but the changes were mini-
mal. In almost every trial, the cycle-to-cycle fluctuation was
also less than 1%, demonstrating the stability of the composite
(Figure 9).

Nanoparticle Percent Volume vs Cycle
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Figure. 9 Percent volume over 50 simulated cycles of a silicon-
carbon nanoparticle (n=5 independent trials; shaded region indicates
+1 standard deviation). Final-cycle volume was 99.8% + 0.6%, with
no signs of mechanical degradation.

Discussion

The findings from this study’s simulations offer insights about
the use of silicon-carbon composites and boron-substituted sil-
icon as anode material in sodium-ion batteries. To better un-
derstand these results, it is important to consider the struc-
tural factors underlying the observed trends. The results sug-
gest a possible relationship between concentration and stabil-
ity, though this trend was not isolated from other factors. Low
concentrations lead to fluctuating volumes. Increasing dopant
concentration did have a slight correlation with stability, but it
also revealed that excessively high concentrations led to an ini-
tial period of instability. The layered Si-C composite revealed
the instability of its interlayer interactions. Although Si-C is
generally considered a stable compound, the layered structure
was not able to maintain structural integrity, causing the lay-
ers to separate. However, the nanoparticle structure was well
suited, undergoing minimal structural changes. The spherical
shape distributed stress more evenly throughout the structure,

nearly eliminating fluctuations in volume. This behaviour is
consistent with established models that show spherical parti-
cles distribute strain radially and symmetrically, avoiding the
stress concentrations that build at sharp edges and flat sur-
faces?°30, On the other hand, the layered composite’s fail-
ure at its planar silicon-graphene interfaces matches known
behavior in silicon electrodes as patterned or layered silicon
electrode structures are prone to interfacial delamination un-
der volumetric strain as stress concentrates at the boundary
between different materials3'. But, before drawing broader
conclusions about silicon in real-world sodium-ion battery ap-
plications, some limitations in the simulation setup must be
acknowledged.

A limitation present is that MACE-MH-1, the calculator
used, does not explicitly model ionic charges. While elec-
trostatic effects are implicitly taken into account as the model
was trained on Density Functional Theory (DFT) calculations,
the model does not treat sodium as an explicitly charged ion.
Electrostatic interactions can influence ion stability, diffusion
behavior, and insertion mechanisms, and the absence of an
explicit treatment may affect the accuracy of the predicted
sodium dynamics. Future studies could incorporate more ac-
curate electrostatic potentials such as machine-learning mod-
els that explicitly take into account charge interactions or val-
idate results against DFT calculations. This would provide a
more realistic and accurate representation of the interactions
between sodium ions and the silicon surface. In particular,
benchmarking sodium adsorption energies, migration barri-
ers, and Si-C/B-Si interfacial geometries against DFT, and
confirming that the sub-1% volume stability reported for the
nanoparticle is not an artifact of float32 numerical precision
used during the MD production runs, would strengthen con-
fidence in these results. Additionally, the 2 ps per simulated
charge cycle is short, and may limit how much the sodium
diffuses into the silicon structures or reaches equilibrium be-
tween insertion and removal steps. This timescale was cho-
sen due to the computational cost of running 50 cycles across
multiple structures. Longer simulation times per cycle would
better capture realistic diffusion and relaxation behavior.

Another limitation of the simulations was that they did not
fully factor in all elements of a realistic environment. The
silicon and sodium ions were modeled without taking into
account other key parts of a battery. For example, an elec-
trolyte was not modeled, leaving out electrolyte nanoparti-
cle and electrolyte-sodium ion interactions which would in-
fluence the behaviour in a real battery. Additionally, for the
layered composite and boron-substituted silicon, the simula-
tion assumed that the sodium ions were introduced on a single
surface, enabling controlled assessment of structural changes
but not fully capturing realistic sodiation behavior.

Several structural comparisons in this study were not fully
isolated from other variables. The silicon-carbon nanoparti-
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cle combines both a carbon coating and a spherical geometry,
and their individual contributions to stability were not tested
separately, for example using an uncoated bare silicon sphere
or a carbon-only reference structure. Similarly, the boron-
substituted structures were not compared to an undoped crys-
talline silicon baseline under identical conditions, and a fixed
Na loading of 10 ions was used across all structures regardless
of differences in host-atom count and exposed surface area.
As a result, the boron doping and nanoparticle geometry ef-
fects reported here should be interpreted as observed trends
rather than isolated causal relationships. Disentangling these
effects would require additional control structures (a bare sili-
con sphere, a carbon-only shell, an undoped silicon baseline).
These additions were outside the scope and time constraints
of this study and are recommended for future work.

Conclusions

This study examined the structural stability of silicon-
carbon nanoparticles, silicon-graphene layered composites,
and boron-substituted silicon under simulated sodium inser-
tion and removal as a first step toward assessing their potential
as sodium-ion battery anode candidates. The stability of the
structure was tested over simulated sodium insertion/removal
cycles. It was found that the spherical nanoparticle was the
most stable, with a final-cycle volume of 99.8% + 0.6% across
5 independent trials. Boron-substituted silicon followed, with
the 1- and 8-boron structures ending near their original vol-
ume (103.1% £ 4.5% and 101.5% % 4.5%, respectively) de-
spite fluctuations of up to 10%, while the 27-boron structure
stabilized to a lower final-cycle volume of 91.4% + 1.7%. On
the other hand, the layered composite was not suitable as its
layers broke apart during sodiation.

Silicon-carbon spherical nanoparticles are already synthe-
sizable via established routes such as wet chemical synthesis,
chemical vapor deposition, and thermal plasma processing 32,
Prior mechanics-based modeling has shown that carbon shell
thickness involves a trade-off between stability and specific
capacity, suggesting that this study’s nanoparticle structure
should be further studied to optimize carbon-to-silicon ratio3.

While the silicon-carbon nanoparticle was extremely stable,
it is important to note that only 50 cycles were simulated. In
real-life applications, batteries are expected to run hundreds to
even thousands of cycles without significant volume changes.
Longer simulations would have to be run in order to determine
if this stability would persist over hundreds of cycles. Opti-
mized silicon anodes in lithium-ion systems typically achieve
structural retention of 80-85% after 100-200 cycles with sur-
face modification strategies3*. On the other hand, graphite
anodes in lithium-ion batteries lose only 2-5% volume after
500-1000 cycles, and hard carbon anodes in sodium-ion bat-
teries lose only 5-7% volume after 500 cycles333°.

The implications of this study are significant, especially
as sodium-ion batteries emerge as an alternative to lithium-
ion batteries. With sodium’s natural abundance and favorable
chemical properties, advances in this field could lead to more
sustainable energy storage solutions. This research serves as a
first look into the use of silicon-carbon composites and boron-
substituted silicon anodes in enhancing sodium-ion battery
performance. Further research should be done to optimize the
performance of silicon-carbon nanoparticles, including sim-
ulations across a broader range of temperatures and sodium
concentrations in order to better assess structural stability un-
der practical conditions.

Data and Code Availability Statement

The code used to generate this data may be found at: https:
//colab.research.google.com/drive/1x-3Ki
1ipNVGzihxj4AR_WOucPRISvxDkX
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