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Abstract

Quantum mechanical and machine learning models are used to analyze the prop-
erties of silicon composite materials and their impact on lithium-ion batteries’ anode
performance. The analysis focuses on addressing challenges related to significant volume
expansion during lithiation and provides valuable insights into the Gibbs free energy,
chemical potentials, and relative stability of Li® and Lit species. Furthermore, the
study explores how Li* ions behave in both the primary and secondary phases of the
anode, assessing the impact of their formation on ion diffusion. This work highlights
the fundamental significance of secondary phases in shaping micro-structural features

that impact anode properties, elucidating their contribution to the Li diffusion pathway

tortuosity, which is the primary cause for the fracture of Si anodes in Li—ion batteries.




Lithium-ion batteries (LIBs) are the most commonly used energy storage devices in
portable electronics, electric vehicles, and renewable energy systems due to their high en-
ergy density and lack of memory effect.' During charge and discharge cycles, the anode
plays a crucial role by storing and releasing lithium (Li") ions, facilitating energy storage in
LIBs.* Silicon composites have received considerable attention as potential anode materials
for LIBs due to their high theoretical capacity, low delithiation voltage, low cost, and abun-
dance.® However, rapid capacity decay and short life-cycle make the application of Si anodes
challenging.®” Large volume expansion of Si upon lithiation results in mechanical stress,
fragmentation, and loss of electrical contact, contributing to the degradation of the anode
itself and reducing the Solid Electrolyte Interphase (SEI) life cycles.® 19 The SEI life span
and the overall anode stability are also significantly affected by lithium-ion diffusion. Both
simulations and experiments indicate that the high stress induced by the Li concentration
gradient and the consequent anisotropic deformation is the primary cause of fracture in Si
particles, and a direct link between Li diffusion and crystal microstructure, exists, highlight-
ing the interplay between Li diffusion, internal microstructures, and fracture mechanics.>!*
Therefore, uneven lithium diffusion, along with unfavorable structural properties, can lead to
an unstable SEI layer and compromise the anode, accelerating battery degradation. 1112 13,14

In this context, secondary phases could serve as SEIs, and depending on their specific
structural properties, they can either intensify or mitigate the impact of volume changes. %16
Furthermore, lithium plating occurs when Li* ions are deposited onto the anode surface as
metallic lithium, instead of being inserted into the anode material. This usually arises from
rapid charging, which forces Li* ions to reach the anode faster than they can be inserted.!” *
Understanding lithium diffusion can help to prevent lithium plating by guiding the design of
anode materials and charging protocols that ensure the appropriate rate of Li* ion insertion.
Furthermore, identifying secondary phases that may unbalance the diffusion through the
7,20,21

anode is crucial for the design of high-performance LIBs.

Carbon-coated silicon (Si — C) composites have been suggested as a solution to these



problems. The carbon layer in these composites can alleviate volume changes, reducing
the stress on Si particles and preserving their structural integrity.?>? It also provides an
electrically conductive network that maintains electrical connectivity even if Si particles
fracture, and acts as a barrier between Si and the electrolyte, reducing the formation of an
unstable SEI layer. This, in turn, improves the battery capacity retention and coulombic
efficiency. 242> However, understanding the complex interplay between these mechanisms and
their effect on anode performance is still limited.?¢"2° Secondary phases also play a crucial
role as micro-structural features that significantly influence anode properties and contribute
to the tortuosity of the Li pathway, which is a primary factor behind anisotropic lithiation,
the major cause of Si anode fracture in LIBs.3? 32

Here, a comprehensive analysis of secondary phase exploration is presented, including
their relative stability, structural properties, and Li" ion diffusion. The mechanical and
thermodynamic properties of anodic materials are calculated by means of density functional
theory, where potentially stable secondary phases are selected using machine learning (ML)
models. Ab-initio molecular dynamics (AIMD) is carried out to investigate the Li diffusion
in selected Si, C, Li, and O secondary phases.

The properties of pristine and lithiated Si cells were calculated for a (2x2x2) cubic crys-
talline Si (c—Si) containing 64 Si atoms, followed by insertion of Li atoms in interstitial
vacuum regions of the crystal structure in their minimum energy configuration. The Li con-
centration was varied from 0% to ~12.5% of the maximum reported capacity (Si/Li ~ 1/4),
corresponding to 32 interstitial Li atoms, ensuring that our model reproduces lithiation in the
linear regime.3? The formation energy of neutral lithium (Li°) in relation to its concentration
(~1% to 50%) falls within 0.35-1.22 €V, indicating that Li® formation is less favourable at

3435 The formation energy of positively

lower concentration, consistently with the literature.
charged lithium (Li") is determined by: Ep;+ = Epj + g0 + que. >3 The silicon super-cell
volume was optimized by evaluating the energy change in response to volume alterations

(Table 1 and Figure 1la), using the Murnaghan equation (see SI Eq. 1). The results confirm



strong dependence of the volume energy on the concentration of Li atoms.3®

Table 1: Supercell volume and its change upon lithiation (neutral and positively
charged). Data is reported in absolute values and as percentage calculated with
respect to the pristine Si cell. The compositions include Si with 0, 1, 2, 16 or 32
interstitial Li’ and Li™.

Comp  Cell Vol (A%) Vol Change (%)

Sigs 1286.8284 0.00
Sigs-Li®  1294.9273 0.62
Sig-LiY  1303.1305 1.28
Sigs-Lid  1416.9113 10.10
Sigs-Lid,  1530.9512 18.97
Sig-Lif  1274.2081 -0.98
Sigs-Lif  1261.8059 1.94
Sig-Lify  1123.7325 -12.66
Sigs-Lid,  1016.5804 -21.00

A higher amount of Li interstitials causes significant distortion of the Si lattice and a
subsequent increase in volume. The inclusion of a single Li’ interstitial atom triggers a
0.62% expansion of the Si supercell, which can be attributed to the spatial rearrangement
induced by the Li atom occupying the interstitial site in the lattice. The volume expansion
increases almost linearly up to 50% occupation of the total available interstitial sites, sug-
gesting no phase transition within this concentration range. In contrast, introduction of Li*
ions induces volume decrease, which is proportional to lithium concentration. This trend
likely reflects an electrostatic attraction between the positively charged interstitial sites and
the electrons within the Si lattice, reducing the interatomic distances, and leading to anode
structural degradation, which is a crucial issue in the design of LIBs.?® The electrostatic po-
tential difference between the lithiated and delithiated cells, used as reference in the chemical
potential formulation, was estimated by calculating the charge density averaged across the
three spatial dimensions (see SI Eq. 7 for details), as shown in Table 2 and Figure 1b.

The electrostatic potential in Li—Si cells decreases with increasing Li* ion concentration,
while AV increases. This increasing AV can significantly affect the mobility of charged

species within the cell, affecting the cell’s capacity and energy efficiency. To investigate the
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Figure 1: a) Sigy supercell volume change upon lithiation. The number of Li® (blue) and
Lit (red) has been added to the interstitial sites to reach a Li/Si ratio of 1/2. In the figure,
i., ii. and iii. Show the pristine and lithiated cubic Sig, cells, using neutral and positive Li,
respectively. Li and Si atoms are depicted in green and blue, respectively. b) Electrostatic
potential in Sigy — LiT cells calculated per Lit concentration with respect to the Si cell.



Table 2: Electrostatic potential in Sig-Li" cells calculated per Lit concentration
with respect to the Sig, cell. All the quantities are normalized per atom.

Cell  Potential (V) AV (V) AV (V/A3)

Sigs-Li; 1.5501 0.0223 1.7546 x 1077
Sigs-Li; -1.5384 0.0431  3.4135 x 1075
Sigs-Lif;  -1.2970 0.2845 2.5317 x 104
Sig-Li,  -1.1076 0.4739  4.6613 x 10~

relative thermodynamic stability of the Si and Li—Si systems, with respect to the secondary
phases, the Gibbs free energy is calculated as a function of Li concentration, charge, and
temperature (see Thermodynamics section of the SI). Figure 2a shows the Gibbs free energy
with the volume change, revealing that the positively charged, lithiated cells are the most
stable and the delithiated cell is the least stable, with energies equal to -5.38, -9.01 and -5.62
eV /atom for the Sigy, Sigg—LiT3s and Sigy—Li’s,, respectively. Li charge state change leads to
a 9.3x1072 eV Gibbs free energy decrease per Li atom, indicating a more stable configuration
in its positive charge state. The Sigs—Li’s5 cell exhibits moderate thermodynamic stability,
suggesting that the incorporation of Li’ atoms enhances system stability compared to the
pure silicon configuration. However, this enhancement is not as significant as that observed
with Li*, confirming the inherent propensity of the cell to discharge as it naturally evolves
towards a higher stability state.

To analyse the stability of Li® and Li*, we calculated the chemical potentials as a func-
tion of the electrostatic potential and Li concentration (Figure 2b), as described by Eq. 9 in
the SI. At low Li concentrations, the chemical potential up;+ stabilizes at positive electro-
static potential, suggesting that a non-zero driving force is required to extract Lit ions, and
indicating a non-linear relationship between Li concentration and charge/discharge rate.

This observation aligns with the lower chemical potential of Li*, which indicates stability
versus the neutral state for a larger elecrrochemical potential range. Therefore, the formation
of Li" is less probable during the linear expansion /contraction range. Our results support the
conclusion of Prener et al. that, in their experimental paper report how “a possible nonlinear

region in volume expansion can be due to the precipitation of lithium metal”, and suggest
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Figure 2: a) Gibbs free energy calculated for the Sigy supercell that include interstitial Li
atoms in their neutral and charge state (Li® and Li*). All the quantities are normalized per
atom. b) The contour plot is a 2D representation of up and up+ relative stability at each
point in the concentration-electrostatic potential plane. The areas corresponding to Li’ and
Li* relative stability is depicted in blue and red, respectively. Colors indicate whether, in a
3D space plot, Li® or Li* energy surfaces have the lowest value.



how to reduce precipitation by controlling the electrostatic potential .3°

To estimate Li mobility, the diffusion coefficient has been calculated from the AIMD-
obtained autocorrelation function (see Eq. 10 in the SI), as shown in Table 3.0 The dif-
fusion coefficients are in line with those measured using cyclic voltammetry, electrochemi-
cal impedance spectroscopy and galvanostatic intermittent titration measurements (ranging
from ~107! to ~107'? ¢cm?/s), calculated by kinetic Monte Carlo calculations (1.38x107'3
cm?/s), and within the values calculated by AIMD 4.92x 107! ¢cm?/s and 1.05x 107! cm? /5. 41743
The diffusion coefficient of Lit decreases with increasing lithium concentration, indicating
that diffusion becomes increasingly hindered as the electrode becomes more lithiated, due
to the scarcity of available interstitial sites upon near full capacity.

This result could assist the development of more accurate mathematical modelling of the
LIB state of charge by providing reliable chemical potential and diffusivity values as well as
boundary conditions. This information can be incorporated into differential equations that
describe electrochemical processes within the battery that are used for estimating the state
of charge of LIBs, which is crucial for battery management systems. 446

Interestingly, Li* shows significantly reduced mobility due to the formation of Lit—Li*
bonding states confirmed by Crystal Orbital Overlapping Population analysis (see Fig. S3).
which could lead to local structural changes in the silicon lattice, potentially contributing
to the mechanical stress and strain observed during lithiation. The exothermic nature of
lithiation, coupled with the reduced mobility of Li* ions, suggests that thermal management
could be a critical aspect of battery design. The heat generated during lithiation needs to
be effectively dissipated to prevent thermal runaway and ensure the safety and longevity of
the battery. Furthermore, the analysis of the chemical potentials confirms the preferential
flow of Li* ions during charge/discharge and suggests possible lithium plating at low lithium
concentrations.

To explore the formation and influence of secondary phases we examine the possible

crystals in the presence of Li, Si, C, and O, which are present in the Si—C anodes (e.g.,



Table 3: Lithium diffusion Coefficient (Dy;) in 64 atoms cell c—Si, calculated at
different Li concentration and charge states.

Li Dy (cm?/s)
LU 215x10 7
Liy 178 x 10712
Lid, 1.10 x 107
Lif  3.82x 1012
Lif 6.32x 10713
Lif, 7.53x 10713

C—coated Si).*4"*® Ideally, secondary phases should exhibit good elasticity and Li mobility
comparable to Si, to achieve enhanced overall anode elasticity and prevent unbalanced dif-
fusion. This would help mitigate the SEI degradation caused by the volumetric expansion
of Si, preserving Li mobility, and preventing imbalanced Li diffusion through the anode that
could lead to lithium plating. The bulk modulus and shear modulus are key quantities for
quantifying the mechanical properties, reflecting the material resistance to volume change
under compression, and characterizing ductility, brittleness, and hardness at micro-scale.
Hardness and brittleness are correlated due to strong atomic bonds and rigid crystal struc-
ture in hard materials, making them prone to fracture rather than plastic deformation. %52
While these correlations are not strict rules, in the analysis of micro-structural properties of
crystals, bulk and shear moduli can serve as indicators of elasticity, hardness, and brittleness
within the crystal micro-structures of anodic phases.

Accounting for Si, Li, C and O elements near the Si—C anode interface, a total of 625
crystal structures were generated by exploring all possible combinations and arrangements
within each space group and crystal lattice. Statistical information regarding these structures
is reported in Figure 3. Interestingly, the Cmcm space group is the most prevalent among
these structures, and the dominant lattice constant is comparable to that of c—Si.

Utilizing Magpie feature engineering and Random Forest models, we predicted the elastic
properties of the secondary phases, characterized by the bulk modulus (Kygryg) and shear

modulus (Gygru). The model robustness and predictive power are confirmed by the metrics
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Figure 3: Statistical distributions of secondary phases structural parameters. a), b) and c)
panels show the Lattice constants, whereas panel d) shows the Space Group distribution of

the Si-Li-C-O secondary phases.
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values reported in the SI. The predicted bulk modulus ranges from ~16 to ~300 GPa, while
the shear modulus ranges from ~72 to ~350 GPa. For comparison, the bulk and shear moduli
of c—Si are ~92 GPa and ~60 GPa, respectively. Figure 4c displays the distribution of these
values, with a comprehensive list provided in the SI. The calculated Pearson coefficient is P
= (0.916, indicating a strong linear correlation between the bulk and shear moduli in Si-Li-
C-O crystals, which has repercussions on the micro-structural brittleness and hardness, as
mentioned earlier.

The strong linear correlation between shear and bulk moduli allows the analysis of
element-fraction/crystal-symmetry-elasticity correlations by using only bulk modulus val-
ues (see Figs. 4a and 4b). Random Forest models are used to estimate these correlations,
with carbon marked as vital for predicting elastic properties. Carbon’s predominance over
other elements (C=0.79, Si=0.18, 0O=0.03 and Li=0.02) and a Pearson coefficient of 0.68
suggest a moderate correlation between carbon fraction and micro-hardness.

From the complete database, stable phases were isolated, and their Gibbs free energy
was computed (see SI Eq. 2). The Gibbs energy trend as a function of the volume is shown
in Figure 4d and the minima are reported in Table 4. Interestingly, the volume per atom for
the secondary phases spans approximately 18 to 26 A3/atom, which is close to the volume
of the lithiated Si cell. Additionally, the diffusion coefficients of interstitial Li® and Li* were
computed employing AIMD at 300 K. For these calculations, each cell was expanded to
ensure a Li dilution of approximately 1/40 host-cell-atoms to avoid Lit—Li" interactions,
described previously in a Sig4 cell. Consequently, the Li diffusion data in secondary phases
can be compared with data in the Si cell under diluted conditions (i.e., a single atom per Si
cell). The coefficients are reported in Table 4, which summarizes all the relevant calculated
properties of possible secondary phases.

Considering the whole set of structures, a Pearson correlation coefficient has been cal-
culated between the diffusion coefficient and variables such as crystal density, as well as

Li, Si, O, and C concentrations corresponding to -0.048, 0.147, -0.028, 0.971, and 0.250,

12
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Figure 4: a) Bulk modulus relationship with crystals element fraction. Fach element is
represented by a scatterplot. b) Space group number vs bulk modulus distribution in sec-
ondary phases. Each box in the plot represents the distribution of bulk modulus values for
a specific space group. The box shows the interquartile range (IQR), which spans from the
25th percentile (lower edge of the box) to the 75th percentile (upper edge of the box). The
horizontal line inside the box represents the median value. The whiskers extend from the
edges of the box to show the range of the data excluding outliers. Any points outside the
whiskers are considered outliers and plotted individually as dots. Colours here are included
only to facilitate the identification of different lines. c¢) Distribution of bulk and shear mod-
uli of the secondary phases. The red star indicates the cubic silicon values location. Color
scale qualitatively indicates the micro-structural hardness, dividing the set into seven micro-
hardness groups. d) Gibbs free energy of the stable secondary phases. Energies and volumes
are normalized per number of atoms in each crystal cell.
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respectively, indicating a very strong linear correlation between the diffusion coefficient and

O concentration. Although the number of samples considered in this analysis might not be

statistically significant, they provide valuable insights for future research in this area.

Table 4: This table presents the diffusion coefficients of interstitial Li (D) and
Li* (Dy+) in cm?/s calculated by AIMD, along with their corresponding Space
Group (Hermann-Maguin notation), bulk modulus (Kvygrn) and shear modulus
(Gvru) given in GPa calculated using random forest models and Gibbs free
energies (normalized per atom number) calculated using Eq. 2 and 3 described

in the SI.
Crystal ~ Space Group Do (cm?/s) Dpi+ (cm?/s) Kyrm (GPa) Gyrm (GPa) Egibns (€V/atom)
Cy R3m 747 x 1071 9.36 x 10713 117.98 94.89 -8.06
C40s Pa3 1.77x 10712 7.25 x 1074 138.54 51.80 -9.81
Li; Og Cm 791 x 1072 1.23 x 1071 192.43 141.36 -6.32
LiyO, Fm3m 570 x 10712 1.83 x 10712 36.69 27.67 -3.50
Li,O4 P63/mmc 8.91 x 1071 556 x 10713 127.05 71.06 -3.33
Lis R3m 8.02x 1072 1.16 x 107! 68.24 57.88 -4.29
LijC;»  P6/mmm  191x 10" 7.20 x 101 75.61 62.19 -9.49
LisCy06  C2/c 7.98 x 10713 2.24 x 10712 42.65 29.77 -8.06
SiyeCro  P3ml 8.45x 1071 858 x 1013 73.32 68.34 -3.93
Si1Li1Cy P4y /mme 9.52 x 1071 6.43 x 10713 43.67 38.78 -7.41
LiggSig Pbam 3.85 x 1072 3.56 x 10712 111.77 61.09 -3.35
LizoSis 143d 1.03x 1072 9.11x 10713 19.36 9.53 -6.79
Li;Sig P3,12 9.64 x 10713 4.98 x 10712 129.44 75.90 -4.32
LinSiis €2 9.96 x 10713 213 x 1013 32.82 94.10 412
LisSisO¢  Cmc2; 561 x 10718  5.04 x 10713 75.37 52.17 -8.15
LiySi4Oq9  Cecy 4.08 x 10713 2.88 x 10712 130.50 73.13 -8.84
Lig4Sigg R3m 6.01 x 1071 2.68 x 10712 42.65 29.77 -7.80
LigSi,Og P11 4.67 x 1071 7.79 x 10713 33.34 25.14 -7.37
SipOy 142d 7.63 x 10713 257 x 10712 213.35 183.00 -9.95

From the table provided, we identified:

e Structures with Large Bulk or Shear Modulus: The Si,O, structure (142d sym-

metry) has the largest bulk (Kyry = 213.35 GPa) and shear modulus (Gyru = 183.00

GPa).

e Structures with Low Diffusion Coefficient: The C,Og (Pa3 symmetry) structure

exhibits the lowest Li™ diffusion coefficient (7.25 x107'* c¢m?/s). This, along with

the correlation between carbon fraction and micro-hardness, suggests that C,Og might

marginally counterbalance the beneficial contribution of the carbon layer to anode

14



degradation.

e Structures with low Gibbs free energy: C,Og (-9.81 eV /atom), Li;Cio (-9.49
eV /atom), and SizOy4 (19.95 eV /atom) phases are more stable than ¢c—Si (-9.01 eV /atom
in lithiated form), indicating the irreversible formation of secondary phases. The for-
mation of these secondary phases will contribute to anode degradation, by increasing
micro-hardness, and possibly brittleness, or causing unbalanced Li* mobility, facilitat-

ing anode fracture formation and Li plating.

e Structures with the Lowest Bulk and Shear Modulus and relatively large
Diffusion Coefficient: Among the analyzed structures, LizSig (I43d symmetry) ex-
hibits low bulk modulus (19.36 GPa) and shear modulus (9.53 GPa), indicating favor-
able accommodation of volume changes during lithiation. Its Li® diffusion coefficient is
1.03 x10712 cm?/s, comparable to that of c—Si. The formation of LizSig has the po-
tential to reduce anode degradation due to its low bulk and shear moduli and suitable

lithium mobility for efficient battery operation.

The diffusion coefficient of Lit is 7.25x107 cm?/s in C4Og and 1.16x107 cm?/s in
Liz, which can be regarded as the benchmark diffusion coefficient value. Ideally, diffusion
coefficients should be comparable to those of Li and Li™ in Si (~107'2-107! cm?/s) to
avoid unbalanced diffusion. Also, a bulk modulus lower than that of Si (~90 GPa) is desir-
able to counterbalance volume charges during charge/discharge. This data provides initial
insights and indications for further experimental validation and analysis to gain a deeper
understanding of the fundamental mechanisms underlying the degradation of silicon-based
anodes. These insights could be instrumental in guiding the design and selection of secondary
phases for enhanced performance in LIBs.

The interplay between elemental composition, elasticity, and Li mobility is presented for
a wide range of materials that may serve as secondary phases in Si anodes. DFT calculations

confirm a significant volume change of the Si cell upon lithiation/delithiation and highlight
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interstitial Lit as the dominant species. A non-linear transition between pr; and pup;+ at
low Li concentrations indicate distinct electron-ion dynamics at different anode capacities.
We propose a potential mechanism for interstitial Li* at high concentration, involving the
formation of Lit —Li* bonding states, which may reduce ion mobility at high concentration.
Through thermodynamic analysis, we identify several possible stable secondary phases, in-
cluding C4Og, Li;Cy5, and SioO4, which exhibit greater stability compared to c—Si. A strong
linear correlation is observed between bulk and shear moduli in Si-Li-C-O crystals and a mod-
erate linear correlation between carbon fraction and micro-hardness. Formation of SisOy4
and Li;Cys increases micro-hardness and induces unbalanced Li diffusion, contributing to
anode degradation. Conversely, the formation of LizySig enhances structural micro-elasticity
without creating unbalanced Li diffusion, mitigating fracture formation and reducing anode
degradation. Notably, C4Og exhibits the lowest Li diffusion coefficient and high micro-
hardness, suggesting that the predicted carbon-based stable secondary phases may have a
detrimental effect on anode performance, counterbalancing the commonly believed benefits

of carbon-based compounds in the overall silicon anode stability.

Methodology

Ab-initio calculations based on periodic DFT are used, as implemented in the Vienna Ab-
initio Simulation Package (VASP).5® The core and valence electron interactions were consid-
ered through the implementation of projector augmented-wave potentials, and the valence
electrons were represented by periodic plane waves with a cut-off energy of 550 eV.%45 The
pseudo-potentials of lithium were handled with a refined approach, integrating the s electron
into the valence electron configuration, which improves the accuracy and reliability of treat-
ing charged states in DFT.?® The reciprocal space was comprehensively covered by utilizing
a gamma-centered k-point mesh grid.®” The exchange-correlation functional was addressed

within the framework of the generalized gradient approximation, as in the Perdew, Burke,

16



and Ernzerhof (PBE) formulation.*® Molecular Dynamics (MD) simulations were carried out
in a canonical ensemble at 300 K.?® ML models were integrated with DFT calculations to
extrapolate the bulk and shear modulus of a large number of crystals resulting from the
combination of selected elements. The employed ML models that were selected are suitable
for handling high-dimensional data and capturing complex relationships between input fea-
tures and target properties. Materials Agnostic Platform for Informatics and Exploration
(magpie) featurization has been used to enable efficient comparison and analysis of materials

based on their elemental makeup.®
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