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H I G H L I G H T S

Adhesion of co-binders to new active material surfaces.
Influence of lithiation on the optimal polymer/active material interface geometry.
Atomistic knowledge of binding to optimize the properties of Si/binder interfaces.
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A B S T R A C T

We explore, through a first principle approach based on density functional theory, lithiated-silicon (Li-Si)
surfaces and their intricate interactions with binders in lithium-ion batteries. A meticulous analysis of Li
insertion in the Si-subsurface layer unveils crucial dynamics, including surface reconstructions, and structural
changes in different Si facets (Si-110 and Si-111). The impact of lithium content and Si facet orientation on the
binder adhesion strength demonstrates that increasing the number of subsurface Li atoms weakens adhesion.
However, a strategic co-binding approach, in which polyvinyl alcohol (PVA) is associated with polyaniline
(PANI), polyaniline functionalized PANI with boronic acid groups (B-OH_PANI) or polyvinylidene fluoride (𝛽-
PVDF), is revealed to be a decisive factor in stabilizing monomers on the surface. Advanced electronic structure
analyses portray changes in the charge density distribution and electronic states due to Li insertion into the
Si surfaces. Molecular dynamics simulations of bulk co-binder models provide a concrete visualization of the
structural relaxations and bonding interactions at the Li-Si/co-binder interface. The insights derived from this
study serve as a foundation for the design and development of cutting-edge lithium-ion battery materials.
1. Introduction

Efficient lithium-ion batteries with silicon anodes represent a major
goal in battery technology. Silicon (Si) is an attractive material for
battery anodes because of its high theoretical capacity, and faster
charging, which makes Si-based Li-Ion Batteries (LiBs) very promis-
ing for electric vehicles and other applications where high energy
density is required [1–3]. However, there are several key challenges
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and considerations when using silicon anodes in lithium-ion batteries:
volume expansion that leads to cracks, degradation of cyclability, and
most importantly, safety concerns as silicon is more reactive than
graphite [4,5].

Researchers have been actively working to address the practical
challenges of developing Si-based LiBs in recent years. New Si-based
electrode materials, such as nanostructured Si, Si nanoparticles, and
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Si-graphene composites are being explored since these materials aim to
mitigate the issues related to volume expansion and contraction during
charge and discharge cycles [2,3,5,6]. Additionally, to accommodate
the volume expansion of Si, polymeric binders are added in the manu-
facture of the battery’s electrodes. Binders are polymeric materials that
hold together the active electrode particles, improving the adhesion to
the current collectors, typically made of aluminum for the cathode and
copper for the anode. The key functions of binders in LiBs are driving
the choice of the optimized binder for the specific requirements and the
intended application: the proper formulation of suitable compositional
varieties is an active area of research. Another key feature, essential for
battery performance and safety, is maintaining a stable Solid Electrolyte
Interphase layer (SEI) [7,8]. The SEI forms when the lithium ions in
the electrolyte react with the surface of the electrode. This reaction is
irreversible, so the SEI will continue to grow over time.

The major components of the SEI on a lithium-ion battery are a
mixture of lithium compounds, such as lithium oxide (Li2O), lithium
carbonate (Li2CO3), and lithium fluoride (LiF). These compounds are
ormed when the lithium ions in the commonly used electrolytes react
ith the surface of the anode during the first charge cycle. The SEI
lso contains organic compounds, such as lithium ethylene dicarbonate
LEDC) and lithium dibutyl phosphate (LiDBP) [9–11]. These com-
ounds are formed from the decomposition of the electrolyte solvent
nd other additives. In conclusion, the thickness and composition of
he SEI can vary depending on the type of electrode material, the
omposition of the electrolyte, and the charging conditions [12,13].
s SEI is a critical component of lithium-ion batteries, researchers
re actively working to develop new methods for engineering the SEI.
oreover, the modeling of SEI is related to the multi-component effect,
here the interaction of Li with the battery components plays an

mportant role [14,15].
Mostly, recent efforts are devoted to developing new silicon-based

lectrode materials that have the potential to deliver a much higher
nergy density than traditional graphite-based electrode materials and
o design safer electrolytes with new solid-state electrolytes that are
ess flammable and more resistant to thermal runaway than traditional
iquid electrolytes [9,14,16–18]. Here a common issue is the interaction
f Li with the other battery components. Moreover, the impact of
he lithiation/de-lithiation processes on structural degradation is one
mportant focus of recent studies, as they are related to mechanical sta-
ility. Therefore, by understanding the interaction of Li with the battery
omponents, researchers can develop new battery architectures that can
itigate the current challenges. In this aspect, atomistic simulations can

acilitate such understanding, which is relatively limited [19,20].
Generally, self-healing binders utilize intrinsic or extrinsic mecha-

isms to restore functionality. In this paper, we focus on recently pro-
osed functionalized molecules where boronic acid (–B(OH)2) groups
re bonded to aniline units in the polymer backbone (B–OH_PANI) [21–
3]; such binders were considered by themselves or in a co-polymer
odel with poly[vinyl alcohol] (PVA) [23]. The primary reason for the
se of PANI-based polymers is to increase the electrical conductivity
f the electrode in addition to its binding property. Boronic acid-
unctionalized PANI deploys a self-healing ability to the structure. We
lso explored a co-polymer model of PVA with Polyaniline (PANI)
r Polyvinylidene fluoride (PVDF), two most commonly used polymer
inders that lack inherent self-healing functionality [24,25]. The adhe-
ion properties of a Si anode are related to the combined effect of the
urface morphology and the type of polymeric binders. Moreover, for its
otential application on next-generation LiBs, the impact of introducing
i in Si, on the surface adhesion properties needs to be explored.
irst-principles calculations can provide insight into the atomic scale
tructure with related electronic properties, the binding mechanism,
nd its correlation with the optimal anode-binder interface geometry.
he interface structure is influenced by several factors and its detailed
2

haracterization is necessary: moreover, an atomistic knowledge of the
binding mechanisms can help to tailor and optimize the properties of
the interfaces.

In this article, we discuss the impact of different contents of Li
atoms, inserted in the Si anode, on the binding mechanisms of
B–OH_PANI, PVA, PANI, and 𝛽-PVDF co-polymers considering two
differently oriented Si surfaces. The calculation details, the lithiated
Si-slab, and co-binder structures are described in Section 2. The results
obtained for different Li sub-surface content and structurally optimized
binding geometries with consequent monomer/surface modifications
are discussed in Sections 3.1 and 3.2. In Section 3.3 we analyze
the electronic properties and charge transfers relevant to the binding
mechanisms to the lithiated Si surfaces. We shed some light on the role
of the different surface orientations and the co-binding properties at
different Li content. As a more realistic model of the anode-binder in-
terface, we modeled the bulk structure of the co-polymers PVA+PANI,
PVA+B–OH_PANI, and PVA+𝛽-PVDF in a Li–Si bilayer periodic model
discussed in Section 3.4. Finally, in Section 4 our conclusions and future
perspectives are reported.

2. Methodology

To investigate the impact of the inclusion of Li on the adhesion
properties of different polymeric binders [SM: Figure 1S] to Si-based
anodes, we modeled the surfaces using Si-slabs. To better extract the
role of Li on the interface properties we restricted the Li insertion
to the interstitial layer just below the outmost Si atomic layer. Two
different surface terminations, Si-110 and Si-111, were considered.
We have chosen for the two orientations clean and unreconstructed
surfaces that have dangling bonds differently oriented. The optimized
cell dimensions of Si-110 and Si-111 are 19.319 Å × 21.72 Å × 26.39 Å
and 19.19 Å × 19.95 Å × 30.81 Å, respectively. To model the lithiated
surfaces, we consider different numbers of Li atoms inserted between
the first two subsurface Si layers of the slab as depicted in Fig. 1. For
each number of Li atoms, three different initial configurations of Li in-
sertion have been checked to optimize the Li positions in the Si matrix.
Next, the lowest energy configurations have been optimized further for
the final analysis as explained below. The binder unit adsorption and
interface formation are examined on the lithiated surface side of the
slab whereas the other side (bottom layer) is fully passivated using H
atoms.

First-principles calculations were performed using the Quantum
Espresso [26] package, with a plane wave-based implementation of
density functional theory (DFT). The screened ionic potentials are
approximated by norm conserving pseudopotentials [27]. The exchange–
correlation contribution to the total energy is estimated using a
gradient-corrected Perdew–Burke–Ernzerhof (PBE) [28] functional.
Minimum energy configurations for different numbers of Li on sub-
surface Si-layers were obtained using a variable cell relaxation scheme
[SM: Figure 2S]. Next, starting from the optimized lithiated surfaces,
minimum energy structures with monomers were obtained in the super-
cell using the BFGS [29] minimization scheme of total energies. We
used a 800 eV plane wave energy cutoff and a 3 × 3 × 1 k-mesh.
The geometry optimization was iterated until the forces were less than
10−3 Rydberg/Bohr for all atoms. During the structural optimization,
the bottom layers of the slabs were kept fixed. For the calculation of
the density of states of the optimized geometries, we used a 8 × 8 × 1
k-mesh. For all configurations, the Van der Waals interaction was
included through the vdW-DFT module [30]. We also checked different
possible orientations of the binders on the lithiated surface following
the same approach as our recent work [23].

Classical molecular dynamics (MD) calculations as implemented in
the Gromacs software [31] were used to generate equilibrated struc-
tures combining different polymer units. From these equilibrated struc-
tures, we cut a small portion to be used as input for the quantum DFT
calculations. The size and the properties of the bulk systems obtained

from MD, and the characteristics of the portion used in DFT will be



Journal of Power Sources 610 (2024) 234705R. Maji et al.

a

𝐸

w
s
c
c
c
f

i
t
e
t
i
i
m
d
b
w
f
c
i
F

described in the results Section 3.4. This strategy was used to start
from a reasonably stable configuration for the polymeric ensemble
instead of a random aggregate which would have been far away from an
equilibrium structure. To perform the MD calculations, each molecule
(PANI, B–OH_PANI, PVA, and 𝛽-PVDF) was previously optimized in the
gas phase, using localized-base DFT calculations as implemented in the
Orca software [32,33] at the B3LYP/6-311g [34,35] level of theory,
including D3BJ empirical dispersion correction [36,37]. The vibrational
frequency calculations ensured that the obtained structures correspond
to minima in the potential energy surface, and partial charges were
calculated with the ChelpG scheme [38]. For the MD simulations,
cubic boxes were created with the molecules placed randomly using
Gromacs pre-processing tools. Except for the parameters which include
the boronic acid group in PANI, we used OPLS-AA force field parame-
ters [39] available in Gromacs software. For the boronic acid group, we
used the parameters obtained by Kurt and co-workers [40], converted
from AMBER to OPLS-AA force field.

We performed a minimization step using the steepest descent algo-
rithm, followed by an initial equilibration step using a leapfrog [41]
algorithm in an NPT ensemble at temperature (T) 300 K and pressure
(P) 1 bar. In this first step, the temperature was kept constant using
a velocity-rescaling thermostat [42], and pressure was controlled by
Berendsen barostat [43]. The system was heated up to 600 K and
then cooled down to 300 K in a NPT ensemble, followed by a second
equilibration cycle, consisting of one NPT and one NVT run, at the same
temperature. In this second NPT run, we used the Parrinello-Rahman
barostat [44], and the velocity-rescaling thermostat was used both in
the NPT and NVT steps. This equilibration protocol was followed by the
production phase, where we collected and analyzed properties such as
density and pair correlation functions (g(r)).

From the experimental point of view, the feasibility of the Boronic
acid doped PANI-PVA binders has been demonstrated and samples have
been indeed synthesized as explained in the SM; the performance of the
final cells was also analyzed, as shown in SM [SM: Figure 3S].

3. Results and discussions

3.1. Li on Si-subsurface layer

The insertion of Li atoms below the outmost Si surface layer forms
different local coordination for the Si atoms in the Si-110 and Si-111
facets. The formation energy [45] (𝐸f) of different Li inserted structures
re calculated as

f = 𝐸slab+Li − 𝐸slab − 𝑛Li𝐸Li (1)

here 𝐸slab+Li and 𝐸slab are the total energies of the optimized Si-
labs with and without lithium ions inserted into the silicon slab. We
onsidered 8, 16, and 24 Li atoms in Si-110, corresponding to a cell
ontaining 320 Si atoms, and 10, 20, and 30 Li atoms for Si-111, the
ell containing 360 Si atoms. 𝐸Li is the energy of a Li atom calculated
rom Li-bulk, and 𝑛Li is the number of Li atoms.

Fig. 1(g) describes how the formation energy changes during lithium
nsertion into the silicon slabs. The negative formation energy indicates
hat lithium insertion is energetically favorable. A lower formation
nergy suggests a more stable configuration. The formation energy
ypically decreases (becomes more negative) as more Li atoms are
ntroduced, indicating that the system becomes more stable with an
ncreasing lithium content. It depends on Si facet orientation in agree-
ent with the lithiation anisotropy explored in Ref. [45]. However here
ue to the low Li content, the overall difference in formation energy
etween the two orientations is relatively small. The behavior of Li
ithin a Si matrix depends on several factors, including the crystal

acet, defects, and the specific conditions of the battery system. In our
ase, since the surfaces are clean, Li insertion on the Si-facet is mainly
nfluenced by the structural reconstruction and local environment.
3

or Si-110 [Fig. 1(a–c)], with 8 Li, the optimized geometry leads to
Table 1
Adsorption energy (EA) of PVA, PANI, 𝛽-PVDF, B–OH_PANI, and co-binder combinations
on the Lithiated Si-110 slabs. The values are reported only for the lowest energy
structures.

X EA (eV): 8 Li : 16 Li : 24 Li

PVA −1.611 −1.705 −1.681
PANI −1.332 −1.297 −1.205
𝛽-PVDF −1.055 −0.994 −0.980
B–OH_PANI −1.806 −1.160 −2.840
One PVA + One PANI −4.375 −4.002 −2.354
One PVA + One 𝛽-PVDF −3.950 −3.557 −2.947
One PVA + One B–OH_PANI −3.390 −3.249 −2.470

elongated Si–Si bonds (2.43 Å) nearest to the Li sites, without impacting
much all other surface Si atoms. Whereas, for 24 Li, the need to
accommodate them requires more Si–Si bonds closest to the Li atoms
getting elongated (2.40–2.44 Å) [SM: Figure 4S]. In all cases, most of
the Li is positioned such that it is surrounded by six Si atoms with Li–Si
distances of approximately 2.48–2.68 Å. These bond lengths are similar
to those found for interstitial Li in layered Si [46] but differ from those
found for the inclusion of Li in crystalline Si [47].

For Si-111, even with a small number of inserted Li atoms (10 Li
atoms) [Fig. 1(d)], the Si–Si bonds at the surface are mostly elongated
(2.39–2.42 Å) and Li is situated within six neighbor Si atoms alike Si-
110, with Li–Si distances ∼2.48–2.78 Å Moreover, with the increasing
number of Li (20 and 30 Li atoms), the (111) facet [Fig. 1(e, f)] under-
goes a surface reconstruction, that impacts the stability and reactivity,
as is also evident from the formation energy variation [Fig. 1(g)].
For 30 Li atoms, there are Li atoms in proximity (Li–Li distance =
2.46 Å). The inserted Li exhibits a varying coordination number, dif-
ferent from that of the configurations with less Li content, resulting
in Li–Si distances ∼3 Å [SM: Figure 5S]. This supports the distortion
of the Si network upon lithiation and formation of different Si–Li
alloys found in previous works [48]. Understanding the nature of these
reconstructions is important for predicting the behavior towards the
binding mechanism, which will be explored in detail from electronic
structure analysis in Section 3.3. Although our supercell model includes
a vacuum, to identify the volume expansion as a function of lithium
content a relative volume is calculated as the volume of the lithiated
configurations divided by the volume of pristine Si. For all the Li
content considered in this analysis, relative volume expansion is of the
order of 1.002–1.01, as expected for the low level of Li insertion.

3.2. Binders at lithiated Si-surfaces

The adsorption of binders on lithiated silicon (Li–Si) surfaces is an
important aspect, especially when dealing with high-capacity materials
like silicon, which undergo significant volume changes during cycling.
The interaction between binders and the electrode’s surface, especially
in the presence of lithium ions, is a critical consideration.

The adsorption energy (𝐸A) of the binder is calculated as

𝐸A = 𝐸Li-Si+X+Y − 𝐸Li-Si − 𝑛X𝐸X − 𝑛Y𝐸Y. (2)

𝑋, 𝑌 are the adsorbed monomers, in our case X: PVA, PANI, 𝛽-PVDF,
B–OH_PANI, and co-polymer X+Y: PVA + PANI, PVA + B–OH_PANI,
and PVA + 𝛽-PVDF structures. 𝐸Li-Si+X+Y and 𝐸Li-Si are the total energies
of the optimized Li inserted Si-slabs with the monomer or co-binder and
the bare Li inserted Si-110/111, respectively. 𝐸X/𝐸Y is the total energy
of the isolated binder calculated within the same supercell, and 𝑛X, 𝑛Y
is the number of monomers. In the case of co-binding the energies of
both the isolated monomers X and Y are considered in the equation,
otherwise 𝑛 = 0.
Y
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Fig. 1. Optimized Si surfaces (x–y plane) with a different number of Li atoms: upper panel for Si-110 (a) 8 Li, (b) 16 Li, and (c) 24 Li. Lower panel for Si-111 with (d) 10 Li,
(e) 20 Li, and (f) 30 Li atoms. (g) Formation energy plot for different numbers of Li atoms inserted in Si-110 and Si-111 surfaces. Si and Li atoms are presented with blue and
gray color balls respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Fig. 2. Optimized Li–Si-110 surface with binders for different Li content (a) 8 Li, (b) 16 Li, and (c) 24 Li. Binders are marked accordingly. Si and Li atoms are presented with
blue and gray balls respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
3.2.1. Lithiated Si-110 surface
Starting from the Si-110 surface 8, 16, and 24 Li atoms were inserted

and the surfaces were optimized following the procedure discussed in
the method section and flowchart in SM: Figure 2S. The optimized con-
figuration with one monomer of PVA, PANI, B–OH_PANI, and 𝛽-PVDF
at different lithiated surfaces adsorb differently as evident from Fig. 2.
All the corresponding adsorption energy values [using Eq. (2)] are
listed in Table 1. The optimized configuration with one PVA monomer
shows an elongated Si–O bond (1.82 Å) with the nearest unsaturated
Si atom. However, with increasing the number of Li atoms (such as
24 Li), the availability of Si sites and the chemical environment of
unsaturated Si atoms changes. In this case one of the strong Si–O bonds
forms (1.68 Å) and the H of the –OH group is attached to another –OH
of PVA, due to the unavailability of Si sites at neighboring positions.
Therefore, the adsorption energy varies depending on the nature of
anchoring and orientation of the monomer. In the case of PANI and
𝛽-PVDF [Fig. 2(a–c)], where both show physisorption on the surface,
we observe that increasing Li at the Si surfaces reduces the reactivity
4

of the Si - binder long-range interactions as evident from lowering of
adsorption energy values (Table 1). B–OH_PANI mostly orients parallel
to the surface, although depending on the –B(OH)2 orientation, at low
Li insertion, it forms one of the stretched Si–O bonds (1.89 Å), whereas
for highest Li content one strong Si–O bond (1.68 Å) forms and the
detached H from –OH of –B(OH)2 saturates one of the closest Si (Si–H
= 1.49 Å) site [Fig. 2(c)].

For all the co-binders [Fig. 3] the overall trend of the adsorption
energy [Table 1] leads to a weakening of adhesion with increasing Li
content. This can be explained by the reduction of unsaturated Si at
the surface due to Li insertion at the subsurface layer, evident from
respective Löwdin charges of Si atoms [SM: Table 1S]. For co-binding,
combinations of each monomer with PVA help to stabilize the monomer
on the surface. This can be further validated by the adsorption energy
values and reduction of overall distortion of the same monomers with
co-binding adsorption.

The intermolecular interaction between PVA and PANI/𝛽-PVDF/
B–OH_PANI also causes the adsorption energy to be lower than the
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Fig. 3. Optimized Li–Si-110 surface with co-binders for different Li content (a) 8 Li, (b) 16 Li, and (c) 24 Li. Binder combination actions are marked accordingly. Si and Li atoms
are presented with blue and gray balls respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Table 2
Adsorption energy (EA) of PVA, PANI, 𝛽-PVDF, B–OH_PANI, and co-binder combinations
to the Si-111 slabs. The values are reported only for the lowest energy structures.

X EA (eV): 10 Li : 20 Li : 30 Li

PVA −2.343 −2.109 −0.560
PANI −1.619 −0.877 −0.765
𝛽-PVDF −1.266 −1.147 −0.964
B–OH_PANI −2.032 −1.801 −1.106
One PVA + One PANI −4.191 −1.968 −2.194
One PVA + One 𝛽-PVDF −4.488 −3.813 −2.558
One PVA + One B–OH_PANI −5.351 −2.797 −1.973

sum of the adsorption energies of the two single monomers [Table 1].
The interaction between PVA and 𝛽-PVDFs involves hydrogen bonding
between the hydroxyl groups/C–H of PVA and the fluorine atoms of 𝛽-
PVDF, as evident from the optimized configurations with the minimum
F–H distance 2.4 Å for F⋅ ⋅ ⋅H–O and 2.3–2.8 Å for F⋅ ⋅ ⋅H–C respectively
for different Li–Si-110 configurations. Moreover, for B–OH_PANI, the
adsorption configuration for the co-binder case is different than the one
with a single monomer, as we started with the optimized geometry with
PVA and the final optimized structure of the co-binder finds a lower
number of available Si sites.

3.2.2. Lithiated Si-111 surface
For Si-111 surface with insertion of 10, 20, and 30 Li atoms three

optimized [Section 2 & SM: Figure 2S] Li–Si surfaces were generated
respectively. The optimized configurations with a single monomer of
PVA, PANI, 𝛽-PVDF, and B–OH_PANI at different Li–Si surfaces are
shown in Fig. 4. The adsorption energies [using Eq. (2)] for all config-
urations with different monomers on the Si-slab are listed in Table 2.
For Li content 10 and 20, the adsorption of one PVA monomer is
associated with the formation of strong Si–O bonds, 1.68 Å and 1.71 Å
respectively. The remaining H of the adsorbed –OH group [Fig. 4(a)]
saturate one of the nearest Si sites (Si–H = 1.48 Å) for low Li content,
whereas for 20 Li [Fig. 4(b)], due to the unavailability of unsaturated
5

Si at the nearest neighbor region, it leads to over coordination of
the closest –OH group in PVA. This fact leads to an enhancement of
adhesion in the former case (−2.34 eV) relative to the latter adsorption
configuration (−2.11 eV). For maximal Li content, one PVA monomer
shows physisorption with relatively weak adhesion as evident from the
structure [Fig. 4(c)] and the adsorption energy value. For PANI and
𝛽-PVDF, no such saturation or bond formation occurred irrespective
of Li content. However, the reorientation of the monomer happens
as a consequence of the larger exposition of the monomers to the
surface [Fig. 4(a–c)]. For one B–OH_PANI, it tends to orient itself facing
the –OH group to the surface, which leads to elongated Si–O bond
(1.92 Å) formation for 10 and 20 Li–Si surfaces. For 30 Li no such
Si–O bonds are formed, and the molecules tend to be parallel with
higher surface coverage. Notably, the two –B(OH)2 groups within the
monomer undergo a rotational adjustment to minimize steric repulsion,
a pattern consistently observed across all optimized configurations of
Li–Si 110/111 interfaces. Finally, we analyze the three cases of co-
binding [Fig. 5(a–c)] on the Si−111 slab. Like Li–Si-110, the overall
trend of the adsorption energy [Table 2] leads to a weakening of
adhesion with increasing Li content. However, for PVA + PANI the
main difference between 20 and 30 Li content could be due to the inter-
molecular interactions as two monomers arrange themselves differently
during optimizations.

For 10 Li atoms [Fig. 5(a)], the lowering in adsorption energy is
instead due to the Si–O bond formation and to one H-saturated Si site.
For PVA + 𝛽-PVDF in all Li–Si-111 surfaces, the overall lowering in
adsorption energy is a combined effect of Si–O bond formation (1.66–
1.71 Å), H saturated Si site (10 and 20 Li) and the intermolecular
interactions. The interaction between PVA and 𝛽-PVDF can involve
hydrogen bonding between the hydroxyl groups of PVA and the flu-
orine atoms of 𝛽-PVDF, as evident from optimized configurations and
they are nearby (F–H distance in F⋅ ⋅ ⋅H–O being 1.8–2.0 Å) compared
to Li–Si-110 configurations. In the case of PVA + B–OH_PANI the
two monomers arrange themselves by establishing hydrogen bond-

based interactions between them, that involve the –OH group of PVA
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Fig. 4. Optimized Li–Si-111 surface with binders for different Li content (a) 10 Li, (b) 20 Li, and (c) 30 Li. Binders are marked accordingly. Si and Li atoms are presented with
blue and gray balls respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Optimized Li–Si-111 surface with co-binders for different Li content (a) 10 Li, (b) 20 Li, and (c) 30 Li. Binder combination actions are marked accordingly. Si and Li atoms
are presented with blue and gray balls respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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and –B(OH)2 group of functionalized PANI, which is different than
Li–Si-110 surfaces.

From the adsorption energy values, [Tables 1, 2], it is evident that
the adhesion of these polymeric monomers is stronger for Li–Si-111
than for Li–Si-110, due to Si passivation/saturation effects, a combined
impact from inserted Li and adsorption of binder(s). Still, we must
notice that co-binding is preferred and this is reflected by the energy
gained by the addition of the second binder. However, we can still re-
mark that the increasing number of Li impacts the adsorbent reactivity
by weakening the adhesion irrespective of the Si facet orientation and
co-binder composition.

3.3. Electronic properties of Li–Si & co-binder interfaces

We find that the adhesion of the binders is enhanced by the co-
binding approach. The adsorption of PVA and another monomer is
more favorable than the adsorption of two monomers of a similar kind,
irrespective of the Si facet type [23].

Therefore for a detailed analysis of the electronic structure, we focus
on the charge densities and projected density of states of three of the
co-binder configurations PVA + PANI, PVA + 𝛽-PVDF, and, PVA +
B–OH_PANI for the medium Li content, that is 16 Li–Si-110 and 20
Li–Si-111.

For the chemical environment of the atoms at the Li–Si interface,
the charge distribution is calculated from the charge density difference
as:

𝛥𝜌 = 𝜌(𝐿𝑖 − 𝑆𝑖 + 𝑏) − 𝜌(𝐿𝑖 − 𝑆𝑖) − 𝜌(𝑏) (3)

where 𝜌(Li–Si+b), 𝜌(Li–Si), and 𝜌(b) correspond to the charge density
of the lithiated slab with co-binder, lithiated slab, and co-binder con-
figuration, respectively. We considered only the Local Density of States
(LDOS) obtained from the projection of atomic orbitals and the LDOS
(p orbitals only) on the Si sites bonded or close to any of the binder
elements at the Li–Si slab/binder interfaces are analyzed.

To quantify the charge transfer at the Li–Si-110 interface, the charge
density difference 𝛥𝜌 is shown in Fig. 6 1(a–c). For PVA + PANI [Fig. 6
1(a)], a large charge accumulation (green isosurface) occurs at the H-
saturated Si site and the Si close to C from the PANI (2.12 Å), whereas
a depletion-accumulation isosurface is present along the Si–O bond
meaning that some charge is transferred from Si to O in the bond
formation. Weak charge accumulation (lower than the isosurface values
plotted here) also occurs where H from the binder is heading towards
the Si site (2.38 Å). As a result of adsorption on Li–Si-110, LDOS of
the p bands [Fig. 6 1(d)] around the Fermi energy of fully/partially
saturated Si are almost suppressed. The evolution of Si1 from slab to
the presence of Li is due to local strain occurring as a fact of Li insertion
at the subsurface layer (2.65 Å). The suppression of unsaturated Si
2(p) states is stronger in the case of Si–O and Si–H, as expected. In
general, the absorption does not impact so much on the other orbitals
of the binder (C, N atoms), so they are not of much interest for the
interface analysis. In the case of PVA + 𝛽-PVDF [Fig. 6 1(b)], 𝛥𝜌 shows
a depletion-accumulation along the elongated Si–O–H–C bond (1.81 Å),
also evident from the suppression of Si-2p orbitals. Apart from this
charge accumulation occurs at surface Si atoms, where H from the PVA
is heading at a distance of 2.25 Å. The LDOS plot [Fig. 6 1(e)] of the
Si1 site shows an interesting feature, as it evolves from slab to lithiated
configurations. Here it indicates how the Li insertion at the subsurface
layer can partially saturate the surface Si atoms (Si1:Li–Si no available
states at Fermi energy). However, upon adsorption of the co-binder,
the reorganization of the local coordination can lead to such available
electronic states [Fig. 6 1(e): LDOS Si1-binder]. A similar trend of
charge density difference is observed for PVA + B–OH_PANI and LDOS
plots [Fig. 6 1(c, f)] shows a clear evolution of the same Si site
starting from slab to the presence of Li and upon co-binder adsorption.
7

Therefore, the same Li–Si surface responds differently for the three i
co-binder adsorptions and local coordination maximally impacts the
electronic structure of the Li–Si interface.

For Li–Si-111 with three co-binders [Fig. 6 2(a–c)], a similar charge
density analysis is performed. The physisorption nature of PVA + PANI,
[Fig. 6 2(a, d)] as discussed earlier, shows very weak charge accu-
mulations, hence impact on LDOS from bare Li–Si to binder adsorbed
surface is weak. However, Si sites from slab to lithiated surface are
distinguishable. In the case of PVA + 𝛽-PVDF [Fig. 6 2(b, e)], the charge
ccumulation and depletion based on the nature of bonds is evident
s discussed for the Li–Si-110 facet. From the LDOS plot, suppression
f the Si2 peak is due to the H-saturation of that site. However, Si1
hich was initially four-coordinated in the case of a bare Li–Si surface
ith three bond lengths equal to 2.39 Å and one compressed bond of
.29 Å becomes an active site for adsorption due to reorganization
n the presence of the binder, which is consistent with the LDOS
Fig. 6 2(e) red line]. For PVA + B–OH_PANI [Fig. 6 2(c)], it shows a
harge depletion-accumulation at Si–C (2.04 Å) interfaces and a weak
ccumulation (not visible due to the chosen range of isosurface value)
t Si2 (H–Si 2.61 Å). Si1 is still three-fold coordinated at the bare Li–Si
urface, however, Si2 is partially reorganized by the Li (2.61 Å) and
hey are finally in the process of better passivation upon adsorption, as
vident from the corresponding LDOS plot [Fig. 6 2(f) black line]. This
nalysis should hold for all other co-binder adsorbed configurations for
ifferent Li content in Si-110/111, which are not considered here [SM:
igure 6S & 7S]. This charge depletion-accumulation process can be
urther validated by comparing partial charges of any single Si site in
i-slab (3.83 𝑒), in bare lithiated Si-slab (3.96 𝑒) and upon co-binding
dsorption (3.54 𝑒). The reduction of unsaturated Si due to Li insertion
s discussed previously can also be quantified from Löwdin charges
f Si (e.g. 3.83/3.98 𝑒) without/with Li [SM: Table 2S]. Moreover,
ariability on Löwdin charges of Si atoms [SM: Table 2S] was observed
uring different co-binding adsorption, which is consistent with charge
ensity analysis.

.4. Bulk co-binder model

For practical applications, silicon anodes are often nanostructured
r used in composite materials to mitigate volume expansion issues and
nhance overall battery performance. Nanostructuring lithium-silicon
aterials is a key strategy to address challenges associated with the
se of silicon-based anode material in lithium-ion batteries. Here to
ddress one of the common approaches of the nanostructured anode
ith binders, we follow a combined modeling technique, MD and DFT

imulation.
We performed MD calculations of bulk models for each monomer

eparately to determine the equilibrium density and the g(r) and then
or the co-binders comparing their properties with those of the single
onomer model. The average density calculated for each bulk model,

he standard error, and also the number of monomers considered for
ingle binder and co-binder configurations are tabulated in Table 3.
he standard error is derived from the mean of a correlated fluctuating
uantity, which fluctuates in time around an average value throughout
he trajectory [49]. To gain insights into the spatial distribution of par-
icles in the simulated system, a pair correlation function is calculated
or all the binder models mentioned in Table 3.

Since we aimed to combine DFT and classical MD calculations, and
onsidering the DFT limitation to a relatively small number of atoms,
e chose a small-sized repeat unit for the polymer models. For this

eason, our results on average density are significantly different from
he results found in the literature. However, our values fall within the
ange of densities for commercially available forms of the polymer, as
hown in SM: Table 3S.

We analyzed g(r) for a system composed of one type of monomer
PVA/PANI/𝛽-PVDF/B–OH_PANI) and co-binders [SM: Figure 8S].
ANI is the system that has a smaller distance between chains and

s also the system with the first peak more well-defined, showing a
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Fig. 6. 1. 16 Li–Si 110 surface in the presence of co-binders. Upper panel: charge density difference (𝛥𝜌) (a) PVA + PANI, (b) PVA + 𝛽-PVDF (c) PVA + B–OH_PANI. Lower panel:
projected density of states (p-orbital) of Si sites with (d) PVA + PANI, (e) PVA + 𝛽-PVDF (f) PVA + B–OH_PANI. For all structures, the same Si sites in the absence of Li (slab),
in the presence of the 16 Li (Li–Si), and the Li–Si surface with co-binder (binder) are plotted for comparison. 2. 20 Li–Si 111 surface in the presence of co-binders. Upper panel:
charge density difference (𝛥𝜌) (a) PVA + PANI, (b) PVA + 𝛽-PVDF (c) PVA + B–OH_PANI. Lower panel: projected density of states (p-orbital) of Si sites with (d) PVA + PANI, (e)
PVA + 𝛽-PVDF (f) PVA + B–OH_PANI. For all structures, the same Si sites in the absence of Li (slab), in the presence of the 20 Li (Li–Si), and the Li–Si surface with co-binder
(binder) are plotted for comparison. In 1 & 2 (a–c), the green and yellow isosurfaces (isosurface value 0.008.) represent charge accumulation and depletion respectively. Si sites
are marked accordingly as used in both panels. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Table 3
Density and monomers considered for MD simulation of all the binders: PVA, PANI,
𝛽-PVDF, B–OH_PANI, and co-binders.

System Density (kg/m3) Estimated error Monomer numbers

PVA 1039.80 0.37 300
PANI 1074.78 0.19 300
𝛽-PVDF 1478.34 0.40 400
B–OH_PANI 1238.75 0.17 500
PVA + PANI 1064.23 0.37 250 + 250
PVA + 𝛽-PVDF 1301.24 0.35 250 + 250
PVA + B–OH_PANI 1168.43 0.47 200 + 200

better packing of the bulk. For B–OH_PANI, PVA, and 𝛽-PVDF, the g(r)
curves start increasing practically at the same point, indicating that
the distances between chains are similar, the peaks are in the same
position for PVA and 𝛽-PVDF, and a different position for B–OH_PANI.
PVA and 𝛽-PVDF have the first peak relatively well-defined too, but
both present a small shoulder in this peak. This shoulder is probably
related to the fact that both molecules are not symmetric concerning
the backbone, so the distances would be different depending on the
molecule-molecule relative position. B–OH_PANI has the peak more
8

shifted towards larger values of r since the lateral substituents are
bulkier (B(OH)2 instead of H). Different intensities are related to the
different number of molecules in the systems, so they are not relevant
to our analysis. In the case of a co-binder system, being PVA common in
each set, here pair correlation functions of the co-binder configurations
are compared with their isolated counterpart. It shows that in all
systems g(r) starts to increase at the same position, which is the same
position as for only the PVA system, and the peak is also in the same
position [SM: Figure 9S].

For studying the interactions between binders and electrode mate-
rial, three different nanostructured co-binder models, as discussed in
previous sections, are investigated. A supercell with two Li–Si nanos-
tructures (modeled with Si-110 slabs and inserting Li with a ratio 1:1)
of the size of 16 Å × 16 Å × 30 Å, was created. To generate an initial
configuration, Li atoms are inserted in the tetrahedral positions of the
Si matrix as we did with the lithiation of the sub-surface Si slab. The
initial structures for the three bulk binder structures corresponding to
the three co-binder combinations were obtained from a small portion
of the MD snapshot which is then included in the vacuum between
the two Li–Si surfaces. Finally, the simulation cell is optimized with
all the atomic positions using a single k-point. All the initial and final
optimized structures are shown in Fig. 7. As the lithiation process is
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Fig. 7. Li–Si nanostructures model with initial and optimized configurations: (a) PVA+ 𝛽-PVDF bulk co-binder with 5 PVA and 3 𝛽-PVDF molecules, (b) (a) PVA+PANI bulk
co-binder with 2 PVA and 4 PANI molecules and (c) (a) PVA+B–OH_PANI bulk co binder with 3 PVA and 2 B–OH_PANI molecules. Si and Li atoms are presented with blue and
gray balls respectively. (d) Schematic representation of a lithiated nanostructured Si anode-binder interface, which is correlated to the three models of our interest. MD simulated
bulk binder cell is also shown here. The dashed box of (a–c) marks the interface region. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
accompanied by the amorphization of Si [50,51], one expects that
the structural relaxations upon Li insertion destroy the Si crystalline
coordination introducing a volume expansion as obtained here. Around
the Li–Si/PVA+𝛽-PVDF, interface [dashed box of Fig. 7(a)] bonding
occurs through –OH of PVA or via strong Si–O bond formation. It
also shows F–C bond breaking, leading to the release of a fluorine
atom that tries to bond to Li [52–54]. This may occur due to the
different chemical environments at the lithiated interface, which is
not evident in our previous calculations with Li at crystalline Si sub-
surfaces. However, the orientations of the PVA and 𝛽-PVDF monomers
are similar to those observed in Section 3.2.1. In the case of PVA+PANI,
the bonding to the Li–Si system occurs through the –NH group of PANI
and –OH group of PVA. In the case of PVA+B–OH_PANI, there is a cross-
linking between –B(OH)2 group of B–OH_PANI and –OH of PVA and this
plays a strong role in the interfacial bonding. In this last case, a larger
number of bonds are formed. The orientation of the –B(OH)2 group
towards the lithiated surface, as discussed previously (Section 3.2.1) is
observed here as well.

The interface between the anode material and the binder is a critical
region that can affect the stability and performance of the battery. A
stable anode-binder interface ensures good electrical contact, mechan-
ical integrity, and efficient Li-ion transport. In general, the calculation
of diffusion barriers can be computationally intensive following the
complexity of the interfaces. Here, we consider Li diffusion at the
lowest level, looking only at the values of the formation energy of an
additional Li atom across the Li–Si -binder- Li–Si interfaces in the bulk-
binder model. The differences between subsequent formation energy
values provide lower bounds for the diffusion barriers. The initial
positions of the extra Li atom are chosen inside the voids available
within the structure. The formation energy (Eq. (1)) is obtained by
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optimizing the bulk-binder structures with the added Li atom located
in six different positions, as shown in Fig. 8. The formation energy is a
measure of how much energy is required to create that specific configu-
ration, so a higher formation energy implies a less stable configuration.
Hence, from such a configuration, it is easier, in principle, for the Li
atom to come out and diffuse. Conversely, a lower formation energy
suggests a more stable configuration, where the Li atom can fall inside
and sit longer. Therefore, the variation in formation energy in the three
bulk-binder models could be a useful indicator of different Li transport
properties. Looking at Fig. 8, we can see that apart from the value at
location 3 in the PVA+PVDF binder much lower than all the others,
the calculated formation energies are not tremendously different. In
location 3 inside PVA+PVDF, the added Li binds to closer F ions, this
suggests a strong electrostatic interaction between Li and F ions within
the binder matrix. Hence, the lowering in formation energy is related
to the increased stability at that particular location. The trapping of
Li-ion by F could be one of the reasons for the lower performance of
PVDF as a binder for Si electrodes than PVA + B–OH_PANI as shown in
SM [SM: Figure 10S], where the capacity retention over cycling of the
single cells using PVDF and PVA+B–OH_PANI is reported. Interestingly,
we can notice from Fig. 8(b) that the boronic acid functionalization
of PANI decreases the formation energy of all the sites of the Li–Si -
PVA+B–OH_PANI- Li–Si system compared to those of Li–Si -PVA+PANI-
Li–Si. The formation energy values, in this case, are very similar all
across the system, slightly higher in the binder than in the Li–Si region,
which may indicate a homogeneity between the bonding environments
for the Li. However, to advance any reliable conclusion on the diffusion
constants and trajectories of the Li-ion, a thorough calculation of the
formation energies of a three-dimensional network of sites and relative
energy barriers will be necessary.
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Fig. 8. (a) The initial position of Li along Li–Si -binder- Li–Si interfaces in a bulk-binder model that contains PVA + B–OH_PANI. The path is indicated by a brown dotted line. The
formation energy (eV) of the added Li (brown ball) is shown for six different initial positions, which are represented by brown balls with numbers 1 to 6. (b) Formation energy
values for all three bulk binder models. The black dotted line in the supercell structure (a) serves as a guide for identifying the interfaces. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
4. Conclusion

This article provides comprehensive insights into the interactions
between lithiated silicon and binders in various configurations, shed-
ding light on the stability, reactivity, and electronic properties of the
Li–Si interface in the context of battery materials.

Concerning the lithiation of Si surfaces, the formation energy (𝐸f) is
calculated to assess the stability of different Li-inserted structures. The
behavior of integrated Li within the silicon matrix depends on factors
such as crystal orientations, the presence of defects, and specific battery
conditions. Si-110 and Si-111 facets exhibit different behaviors during
lithium insertion, impacting the stability and reactivity of the system.
The system becomes more stable with increasing lithium content, but
the overall difference in formation energy is relatively small due to the
low Li content. For Si-110, the optimized geometry with 8 Li atoms
leads to elongated Si–Si bonds nearest to the Li sites, while with 24
Li, more Si–Si bonds get elongated. For Si-111, even with a small
number of Li atoms, the Si–Si bonds at the surface mostly elongate,
and with 20 and 30 Li atoms, surface reconstruction occurs, impacting
stability and reactivity. Distortion of the Si network upon lithiation
and the formation of different Si–Li alloys are evident, supporting
the importance of understanding these reconstructions for predicting
binding mechanisms.

Adsorption of binders on Li-inserted silicon surfaces is crucial,
especially for high-capacity materials like silicon with significant vol-
ume changes during cycling. Adsorption energy is calculated to assess
the strength of binder adhesion on lithiated Si surfaces. Co-binding
of polymers with PVA is explored for both the lithiated Si facets,
and the adsorption energy is compared with that of single binders.
Lithium insertion weakens adhesion, but co-binding helps in stabilizing
additional monomers on the surface. Actually, co-binding, compared
to single bindings, enhances the adsorption energy and contributes to
better adhesion properties. The stability and reactivity of the lithiated-
silicon interface with the binder are influenced by the nature of binder
adsorption, which varies with lithium content and silicon facet ori-
entation. Comprehensive insights into the electronic structure of the
interface are gained through charge density analysis and projected
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density of states performed on co-binder configurations. The interplay
of co-binder composition, silicon facet orientation, and lithium content
significantly influences charge distribution and electronic states at the
interface.

Charge transfer at the interface is observed impacting the local
coordination and electronic structure of the outmost Si atoms. Co-
binding leads to a reduction of unsaturated Si and in Löwdin charges
for different Li content. Finally, molecular dynamics simulations are
used to study nanostructured co-binder models between two Li–Si slabs.
Here we use the MD simulation to create a realistic polymer for a full
coverage of the surface. The pair correlation function (g(r)) is calcu-
lated for single binders and co-binder configurations, revealing spatial
distribution and interaction strengths. Co-binding does not significantly
influence the polymer-polymer distance, and the form of the g(r) curves
remains similar for most systems.

Finally, we have analyzed the formation energy of a Li atom along
an ideal path through the Si slab-binders-Si slab interface. The rela-
tionship between the formation energy and diffusion barrier is not
always straightforward. This is because diffusion is affected by a range
of factors, such as the thermodynamics, kinetics, and atomic motion
involved in finding the path of minimum energy and transition states.
Therefore, investigating the diffusion behavior of lithium-ion at the
anode-binder interface will be a future aspect of this work.
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