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ABSTRACT: High energy capacity silicon (Si) anodes in Li-ion batteries incorporate
polymeric binders to improve cycle life, which is otherwise limited by large volume and
stress fluctuations during charging/discharging cycles. Several properties of the polymeric
binder play a role in achieving optimal battery performance, including interfacial adhesion
strength, mechanical elasticity, and lithium-ion conduction rate. In this work, we utilize
atomistic simulations with the ReaxFF force field and complementary experiments to
investigate how these properties dictate the performance of Si/binder anodes. We study
three C/N/H-based polymer binders with varying structures (pyrolyzed polyacrylonitrile
(PPAN), polyacrylonitrile (PAN), and polyaniline (PANI)) to determine how the structure−property characteristics of the binder
affect performance. The Si/binder adhesion analysis reveals some counter-intuitive results: although an individual PANI chain has a
stronger affinity to Si compared to PPAN, the PANI bulk binds weaker to the Si surface. Interfacial structural analyses from
simulations of the bulk phase show that PANI chains have poor stacking at the interface, while PPAN chains exhibit dense and
highly ordered stacking behavior, leading to stronger adhesion. PPAN also has a lower Young’s modulus compared to PANI and
PAN owing to its ordered and less entangled bulk structure. This added elasticity better accommodates volume changes associated
with cycling, making it a more suitable candidate for Si anodes. Finally, both simulations and experimental measurements of Li-ion
diffusion rates show higher Li mobility through PPAN than PAN and PANI because the ordered stacking of PPAN chains creates
channels that are favorable for Li diffusion to the Si surface. Galvanostatic charge−discharge cycling experiments show that PPAN is
indeed a highly promising binder for Si anodes in Li-ion batteries, retaining a capacity of ∼1400 mAh g−1 for 150 cycles. This work
demonstrates that the orientation and structure of the polymer at and near the interface are essential for optimizing binder
performance as well as showcases the initial steps for binder evaluation, selection, and application for electrodes in Li-ion batteries.

KEYWORDS: lithium-ion batteries, silicon−binder interaction, reactive force field simulations, structure−property relationship,
interfacial adhesion, mechanical elasticity, ion-diffusion channel

1. INTRODUCTION

The high theoretical lithium (Li) storage capacity of silicon
(Si) in a Li-ion battery (3579 mAh g−1)1 gives it an advantage
as an anode over its competitors, especially commercial
graphite anodes (372 mAh g−1).2 However, poor cycling
performance and short cycle life resulting from large lithiation-
induced volume fluctuations in Si anodes (∼300%)3 prevent
their commercial adoption. Among several strategies that have
been implemented,4−15 the one that seems promising from the
perspective of economy and scalability is that of embedding Si
particles in a binder or an elastic organic polymer matrix.16−21

A binder needs to meet several multifunctional design
constraints to be suitable for application in high-capacity Si
anodes, and it is challenging to engineer binders that
simultaneously meet all selection criteria.22−26 In this work,
we analyze multifunctional structure−property relations of
binders using a combination of atomistic simulations and
experiments with the goal of identifying the key binder
characteristics responsible for improved performance in Si
anodes. We compare pyrolyzed polyacrylonitrile (PPAN),

chosen because it is a binder for Si with known good
performance,10,16,27−29 to two other C/N/H-based polymers,
polyacrylonitrile30,31 (PAN) and polyaniline21,32 (PANI), that
do not perform as well with Si. The underlying reason for this
performance difference is not well understood, as the binders
have similar composition. This motivates the atomistic-level
study reported here so that we can understand how polymer
properties are related to performance. This then will guide
effort to engineering binders with optimal structural properties
to enhance anode performance.
As laid out in various literature reviews,22−26 important

properties required in a battery binder are (1) strong interfacial
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adhesion, (2) high mechanical elasticity, (3) fast ion
conduction, (4) fast electron conduction, and (5) prolonged
chemical stability, as summarized in Figure 1. First, a strong

interfacial adhesion between Si and the binder is necessary to
maintain the uniformity, continuity, and conductivity of the
composite anode. A weakly adhering binder results in Si
particles losing contact with the conductive matrix or
agglomerating with other Si particles, forming large clusters,
which leads to reduced active material and Li capacity. Second,
the mechanical elasticity alleviates compressive stress on the
binder during the expansion of Si upon lithiation.33 An elastic
binder allows for more lithiation, whereas a stiffer binder
constrains Si expansion and causes self-delithiation or lithium
retardation.34,35 Third, binders with high Li-ion conduction are
essential, especially for high-power applications, to achieve fast
kinetics and improved energy efficiencies. Appropriate ion-
diffusion channels in binders play a crucial role in improving
ion-conduction.36 Similarly, an ideal binder matrix also needs
to have the capacity to conduct electrons, facilitating charge
transport between the Si particles and the current collector.
This usually requires the addition of carbon black into the
binder matrix in the case of nonconductive polymers, but the
use of electronically conductive binders can obviate the need
for such an additive, potentially increasing the active material
content and creating more efficient pathways for electron
transport within the electrode matrix.23 Finally, any functional
binder must be chemically stable in the electrolyte solution
(i.e., mostly a mixture of carbonate solvents) as well as
resistant to deleterious electrochemical reactions at the
electrode (i.e., resistant to reduction and decomposition at
the Si anode).23

Atomistic simulations can help not only in evaluating these
binder properties but also in elucidating the microscopic
structural features that are responsible for modulating these
properties.37,38 Such insights are necessary for design efforts
seeking to tune each characteristic by engineering the binder’s
physicochemical features.37,38,22 Toward this end, reactive
molecular dynamics (MD) simulations are most suitable for
investigating interfaces separating dissimilar phases, such as the
organic binder and inorganic Si, as they allow bonds to form
and break during the simulation. Several studies based on

reactive MD simulations have previously used ReaxFF force
fields to investigate battery materials,39−41 polymers,42−44 and
interfaces in composite materials.45−47 We have previously
developed a ReaxFF Si/C/N/H force field to understand the
interfacial interactions of C/N/H-based polymers with Si
surfaces.48

In this work, we use ReaxFF simulations and experiments to
compare the performance of three widely used C/N/H-based
polymer binders in Si composite anodes: PPAN, PAN, and
PANI. In terms of chemical stability, all three polymers have
demonstrated good compatibility with Si-based battery
applications in the literature.23,25 The electronic conductivity
of PAN must be enhanced either by the addition of carbon
black or by conversion into its conjugated form (i.e., PPAN)
that is highly conductive owing to the presence of sp2 π-
bonding in the structure after heat treatment under an inert
atmosphere.27−29 According to the literature, the pyrolysis of
PAN can increase its electronic conductivity by several orders
of magnitude, from 10−6 to 10−1 S cm−1.49−51 Although the
effect of PPAN’s 3D conducting network cannot be easily
augmented by the addition of carbon black into PAN, we have
found that, at 10% carbon additive, Si/PAN electrodes
demonstrate a lower resistivity than of Si/PPAN electrodes.
Further discussion on this topic can be found in the
Supporting Information. As for polyaniline (PANI), its
emeraldine form is also electronically conductive upon doping
with acid.52 PANI’s electronic conductivity can sharply
increase from 10−9−10−8 S cm−1 for emeraldine base to
100−101 S cm−1 for emeraldine salt after acid protonation.53−57

Thus, differences in the conductivity of the polymers are not
the performance-limiting factor in this case. With PPAN, PAN,
and PANI already satisfying two properties mentioned in
Figure 1, we therefore investigate the three polymers with
respect to the three remaining criteria, namely, interfacial
adhesion, mechanical elasticity, and ionic conductivity. We
have found that, although PAN exhibits high interfacial
adhesion with Si and PANI demonstrates good mechanical
elasticity, only PPAN displays superior properties with respect
to all three metrics. We then evaluate the electrochemical
performance of these three composite anodes with Si through
galvanostatic charge−discharge cycling experiments. The
results confirm that PPAN outperforms PAN and PANI by
achieving a higher capacity retention during electrochemical
cycling experiments, thereby demonstrating that the interfacial,
mechanical, and ionic conduction properties of the binder play
key roles in determining the battery performance. The ordered
stacking of individual PPAN chains near the Si surface is
essential to achieving high performance, suggesting that
performance could be further improved if the stacked
orientation can be maximized during anode synthesis.

2. METHODS
2.1. Computational Methods. We use a ReaxFF force field

developed in our previous work48 to study interactions in Si/C/N/H
systems to evaluate the interfacial and mechanical properties of the
three battery binders. Here, we extend this parameter set to also
describe the interactions of Li with C/N/H polymers, which allows us
to evaluate the ionic conduction through the binders. All MD
simulations in this work are performed using the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS, 12 Dec 2018
version).58 A Nose−Hoover59 thermostat and barostat with damping
parameters of 100 and 1000 fs, respectively, are applied to control the
temperature and pressure in all simulations. A timestep of 0.25 fs is
used for the time integration of the equations of motion. The

Figure 1. Schematic of key properties of binders for application in
battery anodes.
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chemical structures of the binders used in the simulations are shown
in Figure 2. Each polymer chain has 20 monomers (or 20 N atoms),

which we determined in our previous work48 to be appropriate for
describing key binder properties. For PPAN, we use a cyclized
aromatic structure that has been adopted in several studies as an
adequate representation of the polymer’s pyrolyzed structure.42,27,60,61

PANI is represented by its common emeraldine form.62 Test
simulations with the pernigraniline form of PANI (PANIp), included
in Figure S2 of the Supporting Information, yield similar results to
those conducted with the emeraldine form. For all MD simulation
results presented in this work, we perform five runs with different
initial arrangement of the polymers to sample various configurations.
2.1.1. Simulations for Interfacial Adhesion Properties. The

interfacial adhesion energy between the Si surface and the binder is
evaluated using eq 1:

= − −E E E Eadhesion Si/binder binder Si (1)

where ESi/binder, Ebinder, and ESi are the energies of the Si/binder
composite, the binder, and the Si surface, respectively. These energies
are calculated from single-point snapshots of the Si/binder
configuration sampled from the MD simulations described below.
For PPAN and PAN we use adhesion data reported in our previous
study,48 and here we follow the same procedure to obtain the
corresponding data for PANI.
We determine the adhesion energies for the adhesion of both single

chains and the bulk polymer to the Si surface. For the single-chain
adhesion, a chain of the polymer is placed at a random position and
orientation with respect to a (20 × 20) Si (100) surface slab,
containing 24 layers of Si atoms (i.e., 9600 Si atoms). MD is
performed at 300 K in an NVT ensemble, and periodic boundary
conditions are applied in all three directions. The unit cell has a
dimension of 76.46 Å × 76.46 Å × 150.0 Å. A sufficient vacuum of
150.0 Å is chosen between the periodic Si slabs to ensure that the
single chain of the polymer interacts only with one side of the Si slab,
and additionally, reflective boundary conditions are applied in the
direction perpendicular to the Si surface. The interfacial energies are
determined using system snapshots taken at 25 ps intervals from a 500
ps simulation that followed a ∼500 ps equilibration period.
For bulk polymer adhesion simulations, we use an (8 × 8) mirrored

Si (100) surface with 24 layers (i.e., 1536 Si atoms). The Si surface
has dimensions of 30.57 Å × 30.57 Å. First, the bulk polymer slab is
constructed with the same surface dimensions as Si and then it is
placed next to the Si surface slab. The calculated bulk polymer
densities from the Si/C/N/H force field48 are reported in Table S2 of
the Supporting Information, and they are within ∼10% of the values
reported in the literature. Periodic conditions are applied to the Si/
binder composite unit cell in all three directions. An initial separation
of 2.2 Å between the binder and Si surfaces is applied to avoid
bonding artifacts that can occur if atoms are initially placed too close
to one another. The composite Si/binder system is first equilibrated at
300 K in an NVT ensemble. Then, a high pressure of 5000 atm is
applied in all three directions under an NPT ensemble to gradually
eliminate the initial 2.2 Å separation between the binder and the Si
surface. Equilibration is determined by tracking the convergence of
interfacial adhesion energies calculated every 25 ps using eq 1. More

details regarding the simulation procedure are available in our
previous work.48

2.1.2. Simulations for Mechanical Properties. We follow a similar
procedure as described in our previous work to calculate the Young’s
modulus of the three binders.48 First, a periodic bulk binder system is
constructed from 25 polymer chains placed in a large simulation box
such that the initial density of the polymer is 0.01 g cm−3. After an
initial energy minimization is performed using the conjugate gradient
method, a high temperature (500 K) and high pressure (5000 atm)
annealing procedure is followed to obtain the bulk phase of the
polymer. The bulk polymer structure is finally equilibrated at a
temperature of 300 K and a pressure of 1 atm. The Young’s modulus
is calculated by applying a uniaxial tensile strain on the equilibrated
bulk binder in x, y, and z directions at a constant strain rate of 109 s−1.
The polymer is stretched in one dimension at a time and the other
two dimensions are allowed to deform in the NPT ensemble at 1 atm
pressure. For each strained dimension, the respective stress is
measured for five different samples. The average stress is then plotted
as a function of the strain in the binder. The slope of the stress−strain
curve in the linear elastic regime yields the Young’s modulus of a
binder.

To gauge the deformability of binders, we perform another set of
simulations by linearly increasing the uniaxial compressive stress from
1 atm to 5000 atm over 50 ps and then equilibrating the system at
5000 atm for 250 ps. The other two dimensions are constrained to
model the limiting case of a highly stressed polymer system. These
simulations are performed for five different geometries for each binder
and for each binder geometry, and the uniaxial stresses are applied in
each of the three x, y, and z directions.

2.1.3. Simulations for Ionic Conduction Properties. To evaluate
Li-ion conduction through the polymers, we extend our Si/C/N/H
force field to include interactions between Li ions and C/N/H-based
binders. To train the new Si/C/N/H/Li force field, we use the
previous Li/C/H force field39 training data in conjunction with our
newly developed training data that include the binding energies and
migration barriers of Li within C/N/H-based polymers as well as
bond dissociation energies of Li−N bonds in several C/N/H/Li
molecules. Full details of the training procedure are provided in the
Supporting Information.

For each binder, the Si/binder composite are constructed following
a procedure similar to the one used for the bulk interfacial adhesion
simulations described above. Nonperiodic reflective boundary
conditions are applied in the direction perpendicular to the Si/binder
interface (z direction), and a vacuum region of 150 Å is added while
equilibrating the composite structures. After equilibration, 1240 Li
atoms are randomly placed in the vacuum region within 30 Å from the
top of the binder atoms, corresponding to the bulk density of Li. This
construction leads to a nonperiodic Si/binder/Li composite structure
where a vacuum region of ∼120 Å is present to avoid interaction
between Li and the underside of the Si slab, thus allowing Li atoms to
migrate through the binder toward the Si surface. A sample structure
for each binder composite is shown in Figure S5 in the Supporting
Information. An initial energy minimization using the conjugate
gradient method is performed to allow local relaxation of the
constructed composite structure. This is followed by an MD
simulation in NVT ensemble at 300 K for 200 ps, where the
positions of Li atoms are tracked and analyzed.

2.2. Experimental Methods. 2.2.1. Work of Adhesion of Si/
Polymer Interfaces from Contact Angle Measurements. The work
of adhesion between Si and the polymer surfaces (PPAN, PAN, and
PANI) is determined using contact angle measurements.63 Thin films
of polymers on glass slides are prepared as follows: PAN (Mw ≈
150,000, Sigma-Aldrich) is dissolved in N,N-dimethylformamide
(DMF, ≥99.9%, Sigma-Aldrich) and spin-coated onto glass slides.
The PPAN samples are obtained by further heating the PAN-coated
glass slides under an inert argon atmosphere at 280 °C for 30 min and
550 °C for 30 min. On the other hand, PANI is synthesized from
aniline monomers (≥99.5%, Sigma-Aldrich) using ammonium
persulfate (≥98%, Sigma-Aldrich) as the oxidizer and phytic acid
(50% w/w in H2O, Sigma-Aldrich) as both the dopant and cross-

Figure 2. Chemical structures of polymer binders: (a) PPAN, (b)
PAN, and (c) PANI.
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linker.21,32,52 The reacting mixture is drop-casted onto glass slides and
allowed to fully polymerize overnight. The PANI-coated glass slides
are then thoroughly rinsed with DI water to remove excess reactants
(Figure S6). Contact angles of different probe liquids on the various
polymer-coated surfaces (PAN, PPAN, and PANI) as well as on a
reference Si surface are individually measured (Table S4). A Si wafer
(Silicon Sense, Inc.) is used for the reference Si surface. Surface free
energy values and components of these probe liquids are provided in
Table S5. Surface free energy components of the solid surfaces are
then calculated from these measurements by either applying the
Owens, Wendt, Rabel, and Kaelble (OWRK) method (using a
combination of two probe liquids, eq 4) or the Oss and Good acid−
base method (using a combination of three probe liquids, eq 6). Work
of adhesion between the Si and polymer surfaces (Si/PPAN, Si/PAN,
and Si/PANI) is then derived from the calculated solid surface free
energies using either eq 5 or eq 7. Since the surface free energy
components of the solids and the resulting work of adhesion are
highly dependent on the choice of probe liquid combinations, the
different values of work of adhesion are summarized in Table S6.

γ γ γ= +d p (2)

γ γ γ= + −2p
(3)

γ θ γ γ γ γ+ = +(1 cos ) 2( )l l
d

s
d

l
p

s
p

(4)

γ γ γ γ= +W 2( )a 1
d

2
d

1
p

2
p

(5)

γ θ γ γ γ γ γ γ+ = + ++ − − +(1 cos ) 2( )l l
d

s
d

l s l s (6)

γ γ γ γ γ γ= + ++ − − +W 2( )a 1
d

2
d

1 2 1 2 (7)

where γl and γs are the surface free energies of liquid and solid,
respectively; γd, γp, γ+, and γ− are the dispersive, polar, acid, and base
components of surface free energy, respectively; θ is the contact angle
between probe liquid and solid; γ1 and γ2 are the surface components
corresponding to materials 1 and 2; and Wa is the work of adhesion
between materials 1 and 2.
2.2.2. Electrochemical Characterization. 2.2.2.1. Electrode Fab-

rication. The Si/PAN anode is fabricated by mixing Si nanoparticles
(<100 nm particle size, Sigma-Aldrich), PAN, and conductive carbon
additive (Super C65, TIMCAL) at a mass ratio of 70:20:10 using
DMF as the solvent. The well-sonicated and well-mixed slurry is
spray-coated onto copper foil (MTI Corp.) with an airbrush (Model
G22, Master Airbrush) and dried under vacuum. The Si/PPAN anode
is prepared in a similar fashion, except with a Si:PAN ratio of 70:30
and without the addition of conductive carbon. The electrode sheet is
subsequently heated under an inert argon atmosphere at 280 °C for
30 min and 550 °C for 30 min. As reported earlier, this pyrolysis step
converts the PAN into its conjugated form, increasing the electrical
conductivity of the final Si/PPAN electrode.16,27−29 The fabrication of
the Si/PANI anode21 involves mixing the Si nanoparticles with a
solution containing aniline monomers and phytic acid (serving as
both the dopant and cross-linker). Ammonium persulfate solution is
then added into the mixture to initiate polymerization. After ∼1 min
sonication, the viscous dark green mixture is cast onto copper foil
through doctor blading (Automatic Film Coater, AFA-III, MTI
Corp.). The final Si/PANI electrode is then thoroughly rinsed with
DI water to remove excess reactants, calendered (Roller Press, HRP-
MR100B, MTI Corp.), and dried under vacuum. The wt % of Si in Si/
PANI is calculated to be 70%. All three Si/PAN, Si/PPAN, and Si/
PANI electrode sheets are punched into disks 12.7 mm in diameter
for use in coin-cell testing. The total mass loading for each tested
sample is ∼1.0 mg cm−2.
2.2.2.2. Coin Cell Assembly and Electrochemical Testing. Half-

cell tests are performed using coin cells (CR2032, MTI Corp.) with
Celgard 2325 PP/PE separators and Li foil counterelectrodes. The
electrolyte consists of 1 M LiPF6 (Strem Chemicals, Inc.) dissolved in
ethylene carbonate/diethylene carbonate (EC/DEC):dimethyl car-

bonate (DMC):fluoroethylene carbonate (FEC) at a 2:1:1 w/w ratio
(Novolyte Technologies Inc.). All cells are assembled in an argon
glove box (Innovative Technologies Inc.) with O2 and H2O levels
below 0.2 ppm. All battery tests are performed on an Arbin
Instruments BT-2143 tester at room temperature. For the calculation
of Li-ion diffusion coefficients, coin cells undergo one formation cycle
at 0.1 A g−1 and subsequent cyclic voltammetry experiments between
0.01 and 1.2 V at various scan rates from 0.025 to 0.4 mV s−1. The
Randles−Sevcik equation is applied:64,65

= ×i n AD Cv2.69 10p
5 3/2 1/2 1/2

(8)

where ip is the peak current in A, n = 1 is the number of electrons
transferred per one Li+, A is the electrode area in cm2, D is the
diffusion coefficient in cm2 s−1, C is the concentration of Li+ in mol
cm−3, and v is the scan rate in V s−1. The diffusion coefficient is
obtained from the slope of the linear relationship between the peak
current and the square root of the voltage scan rate. For the
galvanostatic charge−discharge study, coin cells are cycled at 0.1 A
g−1 between 0.01 and 1.0 V for five formation cycles before the
current rate is increased to 0.5 A g−1 for later cycles.

2.2.3. Morphology Characterization. The morphologies of the Si/
PPAN, Si/PAN, and Si/PANI electrodes before and after electro-
chemical cycling are analyzed with scanning electron microscopy
(SEM) using an FEI Helios NanoLab 660 DualBeam system. The
electron beam is configured with a low voltage of 1 kV and a beam
current of 25 pA to minimize sample damage. To further reduce the
charging effect, all samples are coated with a thin layer of Au using a
Denton Desk V sputter system before SEM imaging.

3. RESULTS
3.1. Interfacial Adhesion Properties of Polymer

Binders. Interfacial adhesion properties of single chains of
polymer binders are evaluated first to determine their affinity
for the Si surface. The interfacial adhesion energy between a
single polymer chain and the Si surface is calculated using eq 1.
For each of the three polymers, five independent initial
geometries are created with the random placement of the
single polymer chain over the Si surface. The average
interfacial adhesion energy of polymer chains from the five
independent simulations is shown in Figure 3a for the three
polymer binders. These results show that among the three
binders, PANI chains have the highest affinity to the Si surface.
This is also evident from the geometry of the PANI chain
when it is adhered to the Si surface (Figure 3c). The mixed
parallel/perpendicular orientation of the PANI chain allows
more bonds to form at the interface compared to PPAN and
PAN, where the perpendicular orientation of the chain allows
fewer bonds to form.
Work of adhesion from contact angle experiments is

calculated for each binder to validate the observations from
the single chain/Si MD simulations. In these experiments, the
interaction between Si and a binder is determined through
measured contact angles with probe liquids. A higher work of
adhesion indicates that more force is required to separate Si
and the binder. Although these experiments do not measure
the direct interfacial adhesion between Si and the binder, they
can still predict the affinity of binders for the Si surface and
have been used widely for similar analyses.63 We perform these
experiments with eight different combinations of probe liquids
for each of the binders (Table S6) and report the average work
of adhesion in Figure 3b. We plot the negative of the work of
adhesion in Figure 3b to qualitatively compare these results
with the interfacial adhesion energies computed from
simulation. The agreement between simulation and experiment
reaffirms the stronger affinity of PANI chains to the Si surface
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and also validates our simulation methods and the Si/C/N/H
force field.48

Having determined the affinity of polymer chains to the Si
surface, we next determine the direct interfacial interaction of
the bulk polymer with the Si surface, taking inspiration from
our previous work.48 Using the simulation workflow described
in the Methods section, we determine the bulk interfacial
adhesion energies for all three polymers by eq 1. Biases
resulting from the initial orientation of bulk polymers with the
Si surface are minimized by sampling five independent polymer
geometries with random placement of the polymer chains. The

average interfacial adhesion energies from the five samples for
each of the three polymer binders are shown in Figure 4a along

with the final geometries of one of the samples for each Si/
binder composite (Figure 4b). A trend emerges that is
opposite to what is expected from the results of the single-
chain adhesion simulations and work of adhesion experiments
(Figure 3a,b). The trend reversal shows that PANI bulk does
not adhere strongly to the Si surface compared to PPAN and
PAN. Thus, the behavior of a single chain is not necessarily
indicative of the bulk polymer.
The cause for the adhesion energy trend reversal is examined

by analyzing the structural features of Si/polymer interfaces
obtained from MD simulations of bulk Si/PPAN and Si/PANI
composites. We perform a similar analysis to our previous
work48 to explain this trend reversal in Si/PPAN and Si/PPy
composites. Details of the analysis are provided in the
Supporting Information. We investigate the orientation of
bulk polymer chains with the Si surface (Figure 5a,b) and the
distribution of these chains in the direction normal to the Si
surface (Figure 5c,d) over the course of simulation. Since PAN
does not have aromatic rings like PPAN and PANI, the
orientation of PAN chains cannot be defined, and therefore, we
do not consider PAN in this analysis. As shown in Figure 5a,
the PPAN chains at the interface reorient themselves during
the simulation to align perpendicular to the surface, similar to
the orientation of a single PPAN chain over Si (Figure 3c).

Figure 3. (a) Interfacial adhesion energies of a single chain of
polymers on the silicon surface obtained from MD simulations. The
error bars represent standard error from five simulations. The data for
PPAN and PAN is from our previous work.48 (b) Negative of the
work of adhesion of polymers on the silicon surface obtained from
experiments. The error bars represent standard error from eight
experiments. (c) Geometries of single chains of polymers adhered to
the silicon surface obtained from MD simulations. Brown: Si,
turquoise: C, blue: N, white: H.

Figure 4. (a) Interfacial adhesion energies of bulk polymer binders
with the silicon surface obtained from MD simulations. The error bars
represent standard error from five simulations. The data for PPAN
and PAN is from our previous work.48 (b) Geometries of bulk
polymers adhered to the silicon surface obtained from MD
simulations. Brown: Si, turquoise: C, blue: N, white: H. Reprinted
with permission from ref 48. Copyright 2019 American Chemical
Society
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This perpendicular orientation leads to ordered stacking of
PPAN chains, which results in a higher number of chains being
able to bind to the Si surface, as evident in Figure 5c. On the
other hand, PANI chains at the interface have a random and
mixed orientation with poor ordering (Figure 5b), similar to
the orientation of a single PANI chain over Si (Figure 3c). The
mixed orientation features more bound chains that are parallel
to the surface and occupy more interfacial area, which allows
fewer chains to bind to the surface, as reflected in Figure 5d.
These results clearly explain the trend reversal, where the
stronger affinity of individual PANI chains is not translated to
the bulk Si/PANI composites because of a poorer ordering of
those chains at the interface. PPAN chains, although having a
weaker individual affinity to Si, bind perpendicularly to the
surface, resulting in better stacking and higher overall adhesion
in bulk Si/PPAN composites. These simulation results suggest
that the weakly bound Si particles in Si/PANI composites
would agglomerate more than in the other two composites,
thus degrading the anode faster.
To confirm this prediction about particle agglomeration, we

analyze the SEM images of the composite Si/binder anode
materials in Figure 6. While all three Si/PPAN, Si/PAN, and
Si/PANI anodes have small particles in their pristine condition,
suggesting good initial dispersion and confinement of Si
nanoparticles within their respective polymer matrices right
after synthesis, only the Si/PPAN and Si/PAN anodes are able
to retain the small particle size after electrochemical cycling,
compared to the large particles visible in the Si/PANI anode
after cycling. The change in particle size after cycling is an
indicator of the strength of the interaction between the bulk
polymer and the Si surface. A stronger interfacial interaction
maintains Si/binder interfaces throughout the cycling and
limits the mobility and agglomeration of Si particles. Weaker
Si/binder interaction facilitates the agglomeration of Si
particles during cycling and results in a loss of active Si
material, ultimately hampering the battery performance.
Clearly, the retention of smaller particle sizes and uniformly

dispersed particles in Si/PPAN and Si/PAN anodes through-
out cycling is the result of stronger adhesion energies caused
by ordered interfacial stacking, while the opposite happens to
Si/PANI where cycling leads to agglomeration because of
weaker adhesion between Si and the binder. This validates the
prediction from our simulations and shows that the configura-
tional characterization of interfacial structures is essential for
selecting binders with strong interfacial adhesion properties.

3.2. Mechanical Properties of Polymer Binders. The
mechanical properties of the binder play an important role in
reducing lithiation-induced stress in Si to maximize lithium

Figure 5. (a, b) Orientation of monomers of (a) PPAN and (b) PANI with respect to the Si surface at the start (green) and end (violet) of the MD
simulation. (c, d) Distribution of the monomers of polymers (c) PPAN and (d) PANI in the direction perpendicular to the Si surface at the start
(green) and end (violet) of the MD simulation. The data for PPAN is from our previous work.48 (Panels (a,c) are reprinted with permission from
ref 48. Copyright 2019 American Chemical Society)

Figure 6. SEM images of Si/binder composite anodes before and after
electrochemical cycling (all scale bars represent 500 nm).
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uptake and active material utilization. We evaluate the
mechanical properties of the binders by first calculating their
Young’s modulus, which is a measure of the stiffness of the
binder. The standard MD procedure, as applied in our
previous work,48 is utilized here to measure stress as a function
of applied tensile strain. The Young’s moduli of the three
binders obtained from the stress−strain curves are reported in
Table 1. Similar experimental evaluation was not necessary, as

experimental data for these three binders are already
available.66−68 The values calculated from MD compare well
with the values reported in the literature. These results show
that PPAN is the most elastic and PAN is the stiffest binder.
The PPAN chain has aromatic rings attached through
conjugated π bonds (Figure 2), restricting the rotation and
bending of the chain. In PANI, the aromatic rings are attached
through σ bonds, allowing more rotation and bending of the
chain. In PAN, most atoms are bonded through σ bonds,
allowing the highest degree of rotation and bending in the
chain. More rotation and bending within the individual
polymer chains result in coiling and entanglements of chains,
which lead to less elastic bulk polymer structures. A
comparison of the structures of bulk PPAN, PANI, and PAN
in Figure 7 demonstrates this phenomenon, where the bending
and coiling of individual chains increase from bulk PPAN to
bulk PAN. These structural differences explain the differences
in the stiffness of binders, where more ordered and less coiled
PPAN chains would slide over one another to relieve stress
upon deformation.
Another mechanical property of interest is the ability of the

binders to deform under the application of compressive stress.
To assess this, we apply uniaxial compressive stress to the bulk
polymer and measure the resulting strain. This procedure
mimics the lithiation-induced deformation in Si/binder
composites, where Si applies compressive stress to the binder
upon lithiation and the deformability of the binder controls the
ease of lithiation. In principle, a deformable binder would allow
for a higher degree of lithiation in Si. Uniaxial deformation MD
simulations are performed following the procedure described
in the Methods section on five samples for each of the binders.
The average strains in the binders measured from these
simulations are shown in Figure 8. PAN undergoes a smaller
amount of deformation as compared to the other two binders.
This trend is similar to the one that we obtain from the
Young’s modulus calculations. These results demonstrate that,
among the three binders, PPAN is the most deformable binder,
and thus is a suitable candidate for Si anodes based on
mechanical properties.
3.3. Ionic Conductivity of Polymer Binders. Facile

conduction of Li ions through polymer binders is desirable to
minimize the resistive losses and maximize energy efficiencies
in battery electrodes. MD simulations are performed to

evaluate the Li-ion migration through binders. The positions
of all the Li atoms are tracked during the simulation, and the z-
coordinate of the lowest single Li atom and the z-coordinate of
the center of mass (COM) of all the Li atoms at each timestep
are determined (Figure 9). The z-coordinate of the lowest Li
atom and that of the COM continuously decrease for all the
Si/binder systems, indicative of Li migration to the Si/binder
interface driven by the Li concentration gradient. The rate of
Li-ion migration is different depending on the polymer, where
PPAN conducts Li more rapidly than the other two polymers.
As shown in Figure 9a, the Li atoms reach the Si interface
more quickly for PPAN compared to PAN and PANI. This is
also evident from the snapshots of the three systems at the end
of the MD simulation (Figure 10). Since the position of the
single lowest Li atom does not represent the mobility of the
entire group of atoms, we also look at the collective dynamics
of all the Li atoms by calculating the z-coordinate of the COM

Table 1. Comparison of Young’s Modulus of the Three
Binders Calculated from Simulations Using the Si/C/N/H
Force Field48 and Respective Values from the Literaturea

Young’s modulus (GPa)

binder Si/C/N/H force field48 literature

PPAN 1.2 1.366

PAN 6.0 6.367

PANI 2.6 1.368

aThe data for PPAN and PAN is from our previous work.48

Figure 7. Structures of bulk binders: (a) PPAN, (b) PANI, and (c)
PAN. The yellow boxes show examples of individual chains with
increasing bending and coiling from PPAN to PAN. For better
visualization of chains, the radius of nitrogen atoms has been
increased. Turquoise: C, blue: N, white: H.
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of Li atoms in Figure 9b. Here, we find that the overall Li-ion
conduction is much faster in PPAN followed by PAN and then
PANI. There are structural channels present in PPAN
(represented by the white arrow in Figure 10) that form
because of its ordered stacking near the Si/polymer interface
(Figure 5), which promotes faster Li-ion transport. These
channels do not form as readily in PAN and PANI, and thus
these polymers exhibit slower Li-ion transport.

To test our predictions from simulation, Li-ion diffusion
coefficients for Si/PPAN, Si/PAN, and Si/PAN are exper-
imentally obtained from cyclic voltammetry measurements of
the respective half-cells with Li foil at various scan rates
(Figure S7). The first cathodic peak current versus the square
root of the voltage sweeping rate shows a linear relationship for
each composite (Figure S8). Through the application of the
Randles−Sevcik equation (eq 8), Li-ion diffusion coefficients
are calculated for the three Si/polymer composite electrodes,
summarized in Table 2. The Si/PPAN composite demon-

strates a significantly higher Li-ion diffusion coefficient
compared to those of Si/PAN and Si/PANI, while Si/PANI
has the lowest coefficient among the three samples. These
experimental results align well with the previous MD
simulation results shown in Figure 9b, in which Li-ion
conduction is the fastest in PPAN followed by PAN and
then PANI. A key feature explaining Si/PPAN’s superior Li-ion
conductivity is the ordered stacking of the polymer chains at
the interface with Si, which provides structural channels
favorable for fast Li-ion migration.

3.4. Galvanostatic Charge−Discharge Study of Si/
Polymer Composite Anodes. For comparing the cycling
performance of Si/PPAN, Si/PAN, and Si/PANI electrodes,
half-cells with Li foil are cycled at 0.1 A g−1 between 0.01 and
1.0 V for five formation cycles before the current rate was
increased to 0.5 A g−1 (Figure 11). For the first cycle, Si/
PPAN demonstrates the highest discharge and charge
capacities of 2223.8 and 1751.9 mAh g−1, respectively,
resulting in the highest Coulombic efficiency of 78.8%. In
comparison, Si/PAN shows the first-cycle discharge and charge
capacities of 1104.0 and 656.9 mAh g−1, respectively, resulting
in a significantly lower Coulombic efficiency of 59.5%. Finally,

Figure 8. Uniaxial compressive strain in bulk polymer binders as a
function of uniaxial compressive pressure. The shaded regions
represent the actual data, and the solid lines are the moving average
of the actual data. For each binder, the results represent an average
over five geometries and for each geometry an average over three
directions.

Figure 9. z-coordinate of (a) lowest Li atom and (b) center of mass
(COM) of all Li atoms during the MD simulation of the Si/binder/Li
composite. The red dashed line represents the Si/binder interface at
37 Å. The dark solid lines and the shaded regions in these plots
represent the average and standard error from five simulations for
each binder, respectively.

Figure 10. Snapshots of Si/binder/Li systems for PPAN, PAN, and
PANI polymers at the end of MD simulations after 200 ps. The white
arrow in the PPAN structure highlights one of the Li-ion conduction
channels that form in PPAN. Brown: Si, turquoise: C, blue: N, white:
H, yellow: Li.

Table 2. Li-Ion Diffusion Coefficients for Si/PPAN, Si/
PAN, and Si/PANI Obtained from Cyclic Voltammetry
Tests

sample Li-ion diffusion coefficients in cm2 s−1

Si/PPAN 444.9 × 10−9

Si/PAN 36.5 × 10−9

Si/PANI 7.1 × 10−9
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Si/PANI obtains a high first-cycle discharge capacity of 2177.6
mAh g−1, closely matching that of Si/PPAN, but has a
considerably lower first-cycle charge capacity of only 745.3
mAh g−1, resulting in the lowest Coulombic efficiency of
34.2%. While both Si/PPAN and Si/PAN can roughly
maintain their charge capacities for the first five formation
cycles, Si/PANI has its charge capacity reduced rapidly to
352.7 mAh g−1 at cycle 5. As the current rate is increased to 0.5
A g−1 for cycle 6 and later, the capacities of all three
composites fade, with Si/PPAN and Si/PAN stabilizing at
∼1450 and ∼250 mAh g−1, respectively. Notably, the capacity
of Si/PANI at this higher current rate becomes negligible,
averaging only ∼5 mAh g−1. Overall, Si/PPAN demonstrates
substantially superior capacity retention, which can be
attributed to its favorable properties across all three criteria
under investigation: strong interfacial adhesion, high mechan-
ical elasticity, and fast ionic conduction.

4. DISCUSSION
PPAN outperforms PAN and PANI as a binder for Si-based
electrodes because it combines strong interfacial adhesion with
a high mechanical elasticity and high ionic conduction, as
summarized in Table 3. We also discover that better properties
and performance of the Si/PPAN composite are a result of its
morphology at the interface and in the bulk polymer phase,
thus equipping us with a tool to optimize other binders and
guide the experimental design of such composites. The
structural ordering of PPAN chains in the bulk polymer

phase allows individual chains to slide over one another during
deformation, thus improving the mechanical elasticity. The
perpendicular orientation of PPAN chains at the Si/binder
interface also strengthens the bonding of Si to PPAN due to
ordered and dense coverage of the polymer over the Si surface.
In addition, the ordering of PPAN chains enables ion-
conducting pathways that promote faster Li conduction
through PPAN.
Despite excelling in all property metrics, we believe that

PPAN can still be further optimized. The standard error in Li
conduction from the five independent simulations, represented
by the shaded region in Figure 9, is higher in the case of PPAN
compared to the other two polymers because some of the
independent bulk PPAN structures allow faster Li-ion
conduction compared to others. The differences in the
orientation of these channels in different PPAN samples, as
shown in Figure S9, result in differences in the Li-ion
conduction rates, leading to a higher standard error for
PPAN in Figure 9. The geometries of the fastest and slowest
Li-conducting samples of Si/PPAN, shown in Figure 12,
demonstrate that the channels that are oriented vertically to
the Si/binder interface offer shorter Li-ion migration pathways
and faster conduction (the geometries of the other Si/PPAN
samples are included in Figure S9 of the Supporting
Information). This implies that potential improvements in
performance can emerge from proper control of channel
orientation. Furthermore, we determine that the highly
conducting sample of Si/PPAN also has higher interfacial
adhesion (Figure 12c) due to a higher concentration of PPAN
chains near the Si/PPAN interface (Figure S10). The
interfacial adhesion is governed by the polymer chains closer
to the Si surface, while the ionic conduction is governed by the
polymer chains farther away from the Si surface. Therefore,
both properties can be tuned independently to optimize both
ion conduction and adhesion.
In summary, the prolonged cycling of Si/PPAN electrodes

serves as a proof of PPAN superior properties attributed to its
structural features, thus establishing it as a promising binder
that meets all important criteria for its application in next-
generation Si anode-based Li-ion batteries. Such strategies of
enhancing the interfacial and bulk ordering of polymers can be
applied in the experimental synthesis of Si/polymer
composites to achieve better electrochemical performance
from the battery electrodes.

5. CONCLUSIONS
Through combined simulations and experiments to analyze the
interfacial, mechanical, and ionic properties of binders (PPAN,
PAN, and PANI), we establish important structure−property
characteristics that are beneficial for engineering high-perform-
ing binders for Si anodes in Li-ion batteries. We analyze the
adhesion properties from the perspective of the affinity of a
single chain of a polymer and also as a bulk polymer near a Si
interface. The results show contrasting behaviors, where PANI,
having a higher affinity to Si as a single chain, fails to adhere
strongly to Si in the bulk case because of its poor interfacial
stacking over the Si surface compared to PPAN, which has a
densely ordered structure at the interface. These results are
supported well by experimental work of adhesion tests and
SEM images, with the latter showing a stronger binding
between Si/PPAN in the bulk case and less Si−Si particle
agglomeration. Mechanically, we find that PPAN and PANI are
more elastic binders than PAN based on the calculations of

Figure 11. Cycling performance of Si/PPAN, Si/PAN, and Si/PANI
half-cells.

Table 3. Summary of the Results Showing that PPAN is a
Suitable Binder for Si-Based Anodes in Li-Ion Batteries
owing to its Superior Interfacial Adhesion, Mechanical
Elasticity, and Ionic Conductivity
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Young’s modulus. We also test the ability of the binders to
undergo deformation upon the application of compressive
stress, mimicking the lithiation-induced deformation in
binders. These results corroborate with the calculated Young’s
modulus, suggesting that PPAN can undergo substantial
deformation, owing to its ordered and less coiled bulk
structure. Experimentally, we also find that the Si/PPAN
composite demonstrates the highest Li-ion diffusion coef-
ficient, and simulations support these results, revealing the
importance of ion-conducting channels formed in PPAN
because of better structural stacking. From the evaluation of
adhesion, mechanical, and ionic conduction properties, we
anticipate PPAN to be a better binder than the other two.
Upon performing the electrochemical cycling experiments, we
find that PPAN does perform the best, retaining a capacity of
∼1400 mAh g−1 for 150 cycles. We infer from these results that
the polymers that order well in the bulk phase and at the Si/
polymer interface would be better binder candidates for Si
anodes.
In conclusion, this work provides a synergistic approach for

binder evaluation, selection, and optimization by combining
modeling with experiments. Atomistic simulations allow us to
evaluate individual properties of binders in a decoupled
manner and also enable us to identify important structural
features that are relevant for those properties. Experiments
then utilize this knowledge to test the binders, enable us to
observe the direct role these properties play in battery
performance, and validate the predictions from simulation.
As a result, this combined approach highlights the importance
of structural features such as interfacial binding modes, bulk
ordering, and ion-diffusion channels that can be tuned based
on atomistic insights to optimize binder properties and develop
better battery electrodes. Our ongoing efforts are focused on
utilizing these insights to engineer novel binders with
enhanced properties by incorporating relevant functional
groups and structural features. This will also involve expansion

of the force field, which is currently sufficient for only C/N/H-

based functional groups.
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Figure 12. (a) z-coordinate of the center of mass (COM) of all Li atoms during the MD simulation of five samples of the Si/PPAN/Li composite.
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