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three Si surfaces and various ion pathways were carefully analyzed by P g& ﬂe:%:‘

using density functional theory and ab initio molecular dynamic %588 é&: '8. Soe, ! ‘e
(AIMD) simulations. Both Si/C and Si/C;N, interfaces and three Si ?‘2“ ‘é(f 3£ A

surfaces of (100), (110), and (111) were investigated. The formation ¢

of nitrogen holes and monatomic carbon binders in the composite increases ion diffusivity and limits volume expansion.
Furthermore, the Bader analysis shows that the type and orientation of the surfaces have important effects on ion distribution. The
results indicated that the C;N, composite increases Li* diffusion in Si (100) from 7.82 X 10~° to 3.17 X 10~* cm?®/s. The presented

Average Atomic

results provide a guide for the appropriate design of stable and safe high-energy-density batteries.

1. INTRODUCTION

Developments of portable electronic devices and electric
vehicles require high-energy-density rechargeable batteries."”
Rechargeable lithium-based batteries have been used for
several decades in various portable electronic devices.
Currently, the anode material of commercial lithium-ion
batteries is mainly based on graphite with a theoretical specific
capacity of (372 mAhg™"),” which limits the energy density of
lithium-based batteries.” Silicon (Si) with a high specific
capacity of (3590 mAhg™")* is being considered as an
alternative to graphite. Si has the potential to advance
sustainable energy solutions by offering environmentally
friendly and cost-effective technologies that can contribute to
the low-carbon economy.” However, it suffers from high
volume variation® and poor ion conductivity.” The massive
volume change (nearly ~300%)° of Si during the charging/
discharging process causes mechanical fracture and destruction
of the crystal,” which in turn lead to safety issues, capacity loss,
and limited life cycles.'” By the appropriate engineering of Li'-
ion diffusion, these problems can be suppressed. The pathway
and the incident angle between the barrier and Li" diffusion
direction can significantly affect the Li" diffusion characteristics
in Si anodes.'' The geometry of the host structure is effective
in the distribution of guest ions in such a way that smaller
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incident angles result in effectively reduced scattering of Li ions
in Si structures."”

Improving the efficiency of the Si anode requires increasing
the ion diffusivity and conductivity, which can arise from a
softer and more polarizable anionic framework.'”> The
diftusivity of Si can be considered an important factor and
when becomes as fast as Li, the stress generated during Li"
diffusion can be partially reduced.'> Moreover, a higher ion
conductivity can accelerate the lithiation reactions and avoid
uneven deposition of lithium at high current densities,"*
thereby preventing the formation of lithium dendrites.'

To improve the interaction of the anode materials with Li
ions, nanostructuring of the anode material can be used as an
effective approach.'® The addition of carbon and nitrogen
nanostructures to the silicon anode can increase the lithium-
ion diffusion rate in silicon.'” This enhancement is due to the
formation of a single layer of g-C;N,, which shows a high ion
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Figure 1. Initial unit cell of (a) Li, (b) amorphous carbon (a-C), (c) graphitic carbon nitride (g-C;N,), (d) Si (100), (e) Si (110), (f) Si (111), and
composite structures of (g) Si/a-C and Si/C;N,. The unit cell of the composite structure with Si (100) and (110) share the same length, width, and
height of 10.86 A X 7.68 A X 24.79 A, while that for Si (111) are 13.30 A X 7.68 X 27.62 A. The unit cell of Si in the composite material consists of
56 Si atoms for (111) and 48 atoms for (100) and (110) that were relaxed from the corresponding surfaces of the 2 X 2 X 2 Si supercell. a-C-layer
and g-C;N, have thicknesses of 2.06 and 2.12 A, respectively, with 24 carbon atoms for Si (100) and (110) and 26 carbon atoms for Si (111). g-
C;N, includes 9 nitrogen atoms and 15 carbon atoms for Si (100) and (110) and 10 nitrogen atoms and 16 carbon atoms for Si (111). Gray, blue,
brown, and green spheres represent N, Si, and C atoms and Li", respectively. The bottom bonds of silicon atoms were passivated with hydrogen

atoms.

conductivity, during the interaction of Li* with C and N atoms.
The advanced forms of the Si anode and various carbonaceous
materials, including graphite, graphene, and amorphous
carbon, have been adopted as buffer matrices for Si composites
to alleviate volume changes, block direct exposure of the Si
surface to the electrolyte, and provide ionic conductive
channels.'® Shih et al. investigated the improvement of volume
changes of Si/graphite composite by applying a spray-dried 3D
spherical-like anode for the high rate and cycles Li*-ion
batteries.'” Huo et al. showed that carbon in powder-pressed Si
anodes does not only improve the ionic and electronic
transport during cycling but also changes the electro-
chemomechanical performance.” In these composites, the
interfaces between Si and carbon (C) reduce interfacial charge-
transfer resistance, which enhances lithiation/delithiation
reactions and improves the guest-ion penetration rate.”’

The atomistic underpinnings of this nonequilibrium electro-
chemical amorphization process are of interest and have been
experimentally studied.'””'™** Cao et al. suggested that the
mechanism of lithiation in the layer-by-layer method proceeds
quite differently along the (100), (110), and (111)
directions,” but a deep understanding of this process is
missing. Due to the low Z-value of lithium, experimental
methods to identify the diffusion behavior of Li* and the
interaction with the atoms of the host structure were not
sufficient and theoretical studies are required.”* Ab initio
molecular dynamic (AIMD) calculations are the most widely
used approach for investigating various properties of materials
and structures at an atomistic level.”> AIMD calculations have
been extensively applied to study lithium insertion in the
anode of batteries,” showing that the lithiation phases for
different orientations affect the amorphization process,””**
which leads to the formation of a structurally and composi-
tionally different solid electrolyte interface (SEI).”” In the
present study, a comprehensive analysis of Li* diffusion
properties of two representative phases of representative
phases Si/C and ternary Si/C/N composites for three Si
surfaces (100), (110), and (111) is presented by employing
AIMD.

2. COMPUTATIONAL METHODS

The diffusion of Li" in Si/C and Si/C;N, ternary composite in
three surfaces of (100), (110), and (111) was investigated by

utilizing the density functional theory (DFT) calculations as
implemented in the Vienna ab initio simulation package
(VASP).” The projector-augmented wave method was used to
describe the interaction between core and valence electrons,
and the generalized gradient approximation (GGA) based on
the Perdew—Burke—Ernzerhof (PBE)*° function was applied
for the electron exchange—correlation. An energy cutoff of 300
eV was used for the expansion of the plane waves. All of the
studied structures based on ab initio molecular dynamic
(AIMD) simulations were optimized based on the conjugate
gradient method with convergence criteria of a residual force
smaller than 0.01 eV/A and an energy change per atom smaller
than 10™* eV. k-point meshes of 3 X 2 X 1 for Si (111) and 2 X
3 X 1 for (100) and (110) surfaces in the Monkhorst—Pack
scheme for sampling of the Brillouin zone were used. To
analyze Li* diffusion and chemical lithiation processes, AIMD
simulations with the canonical ensemble (NVT) were
performed at a temperature of 1200 K. A time step of 1 fs
and a Nosé—Hoover thermostat were used to control the
temperature.

The initial unit cell of each component and the resulting
composite structure are depicted in Figure 1. The initial C-
layer structure was generated based on an amorphous carbon
(a-C) material from Materials Project’’ and relaxed before
being placed at the surface of Si atoms. The structure of g-
C;N, was obtained by the substitution of carbon atoms with
nitrogen. The initial Si/C-layer and Si/C;N, composite
interfacial gap was set at 1.5 A, which is optimized for the
slab model with a 14 A vacuum space to ensure minimal
interfacial energy after the relaxation process. The vacuum
space above the carbon layer was then filled with 48
amorphous Li* for Si (100) and Si (110) and 56 amorphous
Li* for Si (111).

3. RESULTS AND DISCUSSION

The induced stress in the Si anode during the lithiation can be
reduced if Si atoms diffuse similarly or faster than Li* and form
reversible phases.” A deep understanding of the interactions
between Li* and Si lattice and the diffusion kinetics of both
species in the electrode allows us to design Si-based anodes for
LiBs."> Although Si and graphite electrodes reduce the
potential of electrolytes by the same value, they show different
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passivation behaviors,”* and combining two materials during
lithiation creates new opportunities.

3.1. Li* Diffusion Behavior in c-Si, a-C, and g-C;N,. Li*
diffusion in three pure crystalline Si surfaces and a-C and g-
C;N, were analyzed. The Li*-ion diffusion (lithiation process)
was modeled by AIMD for S ps with 1 fs time steps at a
temperature of 1200 K. The dynamics of the amorphization
during the lithiation process were analyzed by the radial
distribution function (RDF). Various stages of amorphization
for different crystalline silicon surfaces as well as the evolution
of Li—Si and Li—Li pair correlations are shown in Figure 2a—c.
The increase in the number of Li/Si pairs during the lithiation
process indicates that both Si—Si bonds and Li/Li pairs were
broken and Si—Li bonds were formed. After the lithiation
process, the amorphization phenomenon, which leads to the
formation of different a-LiSi phases, was observed in all three
studied surfaces (Figure 2c). Chan et al.* have also shown that
the RDF graphs of Si/Li and Li/Li pairs for different surfaces
of crystalline Si were very similar to amorphous Si after ~$ ps.

The RDF analysis reveals that the numbers of both Si/Si and
Li/Li pairs decrease during the lithiation; however, this
behavior is not the same for different Si surfaces. The nearest
neighbors’ Si/Si pairs were observed at interparticle distances
of 2.27, 2.32, and 2.29 A for the (100), (110), and (111) Si
surfaces, respectively, see Figure 2a—c. The smooth RDF peak
of the (110) surface compared with those of other surfaces is
an indication that the effect of lithiation is more pronounced
for this Si surface.

Figure 2d indicates that the layered structure of a-C bulk is
only weakly affected after lithiation, whereas the initial
structure of the g-C;N, composite was completely distorted
during the lithiation process. This behavior can be explained by
the fact that Li* diffusion in carbon material usually requires an
ion channel that is formed by the carbon matrix, similar to
multilayer graphene and graphite.”

In the a-C structure, the bonds between carbon and carbon
are stronger than carbon and nitrogen bonds in the g-C;N,
composite. After lithiation, the C/N pairs were observed at a
closer distance than that of the initial structure (Figure 2e),
which indicates the contraction of the structure. During
lithiation, the a-C-layer disperses at a speed much lower than
that of g-C;N,, which effectively creates a buffer layer at the
beginning of the process. However, in g-C;N,, the bonds
between carbon and nitrogen atoms were broken at the
beginning of lithiation and the Li—C3;N, phase was formed, see
Figure 2d,e. The structural changes of the a-C-layer during
lithiation are much smaller than that of g-C;N,, which results
in a longer lifespan.

3.2. Li* Diffusion Behavior in Composites. Amorphiza-
tion of the Si/C-layer and Si/C;N, composite was analyzed
during the lithiation process for the three Si surfaces. Figure 3
shows that Li* gradually diffused into the Si material by
breaking and expanding the Si—Si bonds. The C-layer also
suffered from severe fluctuations during the lithiation process,
such that some of the C—C bonds were broken. Li, C, and Si
atoms were completely mixed after 15 ps, which indicates that
25 ps of AIMD simulation is sufficient for completing the
lithiation process. Figure 3 shows that Li* ions diffuse into the
Si lattice. Although the Si surfaces were covered by the C-layer,
Li* could pass through the C-layer via the ion channels formed
during the relaxation process. These ion channels in Si/C
(110) are parallel to the Li* diffusion direction, whereas in Si/
C (111) they are perpendicular to the Li* diffusion direction.

(a) 8 ——DFT

——5 ps AIMD

g(r)si-si
o N H D

0 2 4 6
b r(Angstrom)
( ) 8 ——DFT
——5 ps AIMD

o

o

g(r)si.si
o N H
N
N
o

~
o

e’

«©

——DFT
——5 ps AIMD

[

g(r)sisi
(=] N H

N

0 4 6
(d) 8 ——DFT

——5 ps AIMD

g(r)cc
o N H »

( ) 0 2 4 6
€ ° o 40
©
8 ——DFT % (_c:c(g C"(P‘f 0g0d
—~—5psAIMD| ¢ , % "c:', ¢ P
6 ©
4
[$)
34
o0
2
0
0 2 4 6 *

Figure 2. Atomic positions and RDF (g(r)) of the relaxed structure
(initial state) and that after S ps of lithiation at 1200 K for (a) Si
(100), (b) Si (110), (c) Si (111), (d) a-C, and (e) g-C3N,. The RDFs
shown in (a)—(c) are for Si/Si pairs, (d) C/C pairs, and (e) C/N.
The corresponding structural changes during the lithiation are
specified for each case. Gray, blue, brown, and green spheres
represent N, Si, and C atoms, and Li*, respectively. All calculations
were performed at 1200 K.

Thus, in Si (111), the diffusion of Li* is more difficult than that
on other surfaces.

In the Si/C;N, composite (Figure 4), C—N bonds were
broken and the Li—C;N, phase was formed during the
lithiation process, which resulted in the complete disintegra-
tion of g-C;N, in the initial stage (2.5—5 ps). It should be
noted that Li* forces Li, C, and N atoms of the C—N phase to
move toward the silicon anode, which, in turn, facilitates the
replacement of the N holes in the anode. The electrochemical
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Si-100/C

Si-110/C

Si-111/C

10 ps

Figure 3. Structural snapshots of Li* diffusion in Si/C composites in three surfaces of Si at 1200 K at various simulation times during the lithiation
process. Blue, brown, and green spheres represent Si, C, and Li", respectively.

Si-100/C;N,

Si-110/C,N,

Si-111/G;N,

Figure 4. Structural snapshots of Li* diffusion in the Si/C;N, composite (phases of Li—C;N, for each Si surface) at 1200 K at some simulation
times during the lithiation process. Gray, blue, brown, and green spheres represent N, Si, C, and Li*, respectively.

insertion of Li* in interstitial crystalline Si prompts a
crystalline-to-amorphous phase transition. Figure 4 shows the
amorphous progression of crystalline boundaries as the Li
content increases. The ratio of elements in the final phase is
consistent with the very low dilute solubility of Li on Si
surfaces. For the (100) and (110) surfaces, the amorphization
involves the crystal breakdown into zigzag chains, with the

chains being more ordered (aligned) for (110) than for (100).
The zigzag chains appear as dumbbells for all surfaces and five-
atom Si star nodes are observed for the (110) surface. In
addition to ion transfer, components of the g-C;N, phase also
diffuse into Si lattice and act as single atom C binder and N
hole. As shown in Figure 5, N-hole sites can be observed in the
Li* diffusion pathway to the amorphous Si structure. Figures 3
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Figure S. In situ of formation N hole and single-molecule C binder in the lithiation process of Si crystalline surface of (a) (100), (b) (110), and (c)
(111) for Si/C;N,. The panels (d, f) are the same as (a, b), except for Si/C. In the case of Si/C, the C-layer acts as a barrier and results in the
trapping of Li* for all three Si surfaces. Gray, blue, brown, and green spheres represent N, Si, C, and Li*, respectively.
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Figure 6. Atomic volume versus Bader populations of Li in (a) (100), (b) (110), and (c) (111) Si surface composites with C;N,. The panels (d, f)
are the same as (a—c), except for atomic volume versus Bader populations of Si.

and 4 show the lithiation progress of the Si/C-layer and the Si/
C;N, composite, respectively. In the case of Si/C, the carbon
layer does not suffer from significant distortion, whereas in the
Si/C3N, composite, the C;N, layer disintegrates at the
beginning of the lithiation. The guest lithium-ion diffusion is
not the same along different orientations. During the lithiation
in both studied compositions, different phases with three, four,
and five Si nodes are formed.

Two ion-diffusion mechanisms, interstitial-mediated and
vacancy-mediated, can be observed in Figure Sa—c.'’
Investigations of McBrayer et al.”> and Zhou et al.’** have
shown that structural changes can lead to Li* site disorder,
which in turn reduces the potential energy barrier for mobile
Li* in fast-ion conductors. In other words, the insertion of Li*
to high-energy sites reduces the energy barrier and induces ion
migration in Li-rich phases.”>**

3.3. Quantitative Description of Lithiation Samples.
For a more quantitative description of the lithiation process,
Bader charge analyses were carried out. Figures 6 and 7 show
atomic volume and partial charge distributions in various Si

44702

surfaces and composites that are caused by lithiation. It should
be noted that a concentrated distribution indicates a more
uniform Li-ion distribution. The obtained results show that ion
permeation pathways induce fundamental changes to the
structure of the Si electrode after the first lithiation. The
formation of different phases in Si/Li/C and Si/Li/C;N,
anodes was investigated by using a radial distribution function
(RDF). Li*-diffusion coefficients were quantified by utilizing
mean square displacement (MSD) calculations.

3.3.1. Bader Charge and Atomic Volume Analyses. Bader
charge analysis provides the electron density contributions of

3536 ywhich can be used to evaluate the volume

various atoms,
changes and their distributions.””~’ Figures 6 and 7 reveal
that the atomic volume increase for Si (111) was the largest
among other surfaces, whereas the lowest volume expansion
was observed in Si (100). Bader charge plots demonstrate that
after lithiation a wider variation was observed for Si (111),
which was caused by the uneven distribution of Li* in the Sj,
while the Li* distribution is most concentrated in Si (100).
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Table 1. Bader Charge Analysis Results on Si (100), (110), and (111) Surfaces and Interfaces with Two Composites (C-Layer

and C;N,)
interface N N N N average charge Si  average charge Li  average charge C  average charge N  average atomic volume Si
model sy (@) () @) e e e e (A)

C3N,-100 48 48 15 9 4.49747 0.163645 3.536109 6.602125 28.11758
C;N,-110 48 48 15 9 4.50648 0.18583 3.367581 6.497625 29. 55175
C3N,-111 56 56 16 10 4.55746 0.183538 3.440599 6.418601 29.60694

C-100 48 48 24 4.65461 0.171496 4.360517 31.96457

C-110 48 48 24 4.62314 0.171258 4.455354 32.35513

C-111 56 56 26 4.45978 0.193392 4.537921 33.29199

The Si (111) surface is denser than other surfaces and the
number of composite atoms in the interface is larger; therefore,
the charge and atomic volume evaluation criteria were
averaged for all samples for a fair comparison. Si/C;N,
composites present a smaller atomic volume in all three Si
surfaces and offer a significant difference in partial charge for C
atoms, see Table 1. In addition to Si surface orientation, N-
holes and monatomic C binders enhanced the diffusion rate in
the composite of Si/C;N, during the lithiation process.

The average atomic volumes of Si listed in Table 1, which
result in the total volume expansion,”” depend on the charge
state of the Si and Li*. Figures 6 and 7 show that the atomic
volume changes depend on the density of Si along the
respective orientation. The total volume of samples can be
obtained from the sum of the individual volume changes of Li"
and Si. As a result, the total volume expansions of Si/C and Si/
C;N, composites originate from the distribution of charge
states of Li" and Si as well as the Li" content in each Si
crystalline orientation.

3.3.2. Pair Formation During Lithiation. Various amorph-
ization stages for different crystalline orientations, as well as the
evolution of the Li—Si and Li—Li correlations, are analyzed in
this section. To distinguish the phases formed after lithiation
and to further analyze the structural change during the
lithiation process, RDF calculations for each compound were
performed. The RDF is defined as the number of neighbor
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species as a function of distance per unit volume, which can
provide important information regarding the diffusion and
bond characteristics for both amorphous and crystalline
solids.”® For the composite with the C-layer, the RDF plots
of Si/Si pairs of the initial structures (Figure 8a) exhibited
different values for the studied Si surfaces, while the peaks
almost overlapped because they depend on the material
elements rather than the crystal orientation. After the
completion of the lithiation process, the RDF plots show a
transformation from the crystalline to the amorphous phase
(Figure 8b).

Before lithiation, the first and the second nearest neighbors
for Si/Si pairs in Si (100)/C;N, peak at approximately 2.3 and
3.9 A, respectively. It should be noted that the number of Si/Si
pairs in these two cases is nearly equal (15 Si atoms) for the
studied Si-surface orientation. After lithiation (Figure 8b), both
the location of the peaks and the number of Si—Si pairs were
slightly changed. Li/Si/C3N, for Si (100) and (111) surfaces
have a higher number of first nearest neighbors’ Si/Si pairs
than other samples. Moreover, a smoother peak for the second
nearest neighbors in the Si (100)/C sample was observed,
which can result in a nonhomogeneous ion diffusion.*’ The
peaks of Si/Si pairs for the first and second nearest neighbors
of the (110) surface in both composites were almost close to
each other, indicating similar diffusivity in these two cases.
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Figure 8. RDF of Si/C and Si/C/N composites for various Si
crystalline surface orientations at 1200 K for (a) Si/Si pairs in the
initial state, (b) Si/Si, (c) Li*/Li*, (d) C/Li*, and (e) N/Li* pairs
after lithiation.

The variations in the Li/Li pairs for different composites and
Si-surface orientations provide useful insights into the diffusion
process. Figure 8c shows that the pairs of Li/Li in the studied
samples have different peak values as well as different peak
locations. For the (110) surface in the Si/C;N, composite,
these differences are more pronounced than those on other
surfaces. In this case, the second peak is smoother and shows a
stronger Li diffusion for the (110) surface. For all Si surfaces
with a C-layer, the existence of many Li/Li pairs can be
attributed to the trapping and accumulation of Li*. As shown
in Figure 8d, the structure of the C-layer and the void at the
Si/C interface cause the accumulation of Li* and more storage
space than that of the C;N, composite, which leads to a
relatively large number of C/Li pairs.

The expansion of C-layers during lithiation can provide ideal
spaces for Li* storage. As a result, the Si (100)/C exhibits the
largest C/Li peaks as it possesses both the interfacial void and
layered space, while Si (110)/C and Si (111)/C have similar
C/Li peaks. On the other hand, the peaks of the Si/Li pairs
show an opposite trend compared to C/Li pairs because a

larger number of stored Li* in the C-layer leads to fewer Li*
diffusing into the Si lattice. The RDF plots (Figure 8d) reveal
that the interface atomic structure variation during the
lithiation is more pronounced in the C;N, composites than
in the C-layer. In the case of the C-layer in comparison with
the C;N, composite, the structural uniformity was maintained
during the lithiation process and acted as a barrier that resulted
in the accumulation of Li*.

In the Si/C-layer, all Li* must pass through the C-layer to
diftfuse into Si, affecting the atomic structure of the C-layer and
the Si/C interface during the lithiation process, while in the
C;N, composite, a fraction of the Li* can directly diffuse into
Si, partially reducing the primary barrier and energy for
penetration into the Si structure. As shown in Figure 8e, N/Li
pairs for various Si surfaces have different distributions of N
vacancy and C monatomic binder, where the (110) surface
shows a higher number of impurity pairs. Moreover, Li pairs
with N were more frequent than those with host Si atoms.
Therefore, the substitution of N with Si atoms can significantly
improve guest ions trapped and nonmonovalent—isomorph
intercalation.”' Volume expansion during the Si lithiation is
similar to the melting process, which transforms a solid to a
liquid containing transient covalent bonds between neighbor-
ing atoms where a unique amorphous phase is formed.™*

3.3.3. Li* Diffusivity. The MSD measures the deviation of
the particle position with respect to a reference point over time
and determines whether the ion is freely diffused or bonded.*
To quantitatively define the diffusivity of Li in the Si/C-layer
and Si/C;N, composites, the MSDs of Li" were calculated by
using

MSD = (Ir(t) — r(0)F*) = % D in(t) = n(0)P 0

where r,(t) represents the positions of the specific atom at
some time t, N is the total number of atoms, and the ()
denotes the average over all of the atoms, see Figure 9. The
diffusivity at a specific temperature is obtained from the MSD
based on the Einstein relation

80
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Figure 9. MSDs for Li" in the Si/C-layer, Si/C;N, composites, and
various Si surface orientations at 1200 K. The diffusivity is obtained
by linear fits to the MSD curves. The fitting was performed for a time
range between 1S5 and 22 ps to avoid initial transients.
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D = lim MSD g-C;N, with a van der Waals layered structure has many
t>o0 Nt (2) structural defects and surface terminations that are added to

where t is the total diffusion time and d is the number of
dimensions.”” The obtained diffusivities by linear fits to the
MSD curves (Figure 9) are reported in Table 2.

Table 2. Calculated Diffusion Coefficients (cm?/s) at 1200
K for Different Surfaces

type (surface) pristine Si Si/C composite  Si/C3;N, composite
Si (100) 7.82 X 107° 1.57 x 107 3.17 x 1074
Si (110) 7.63 X 1073 1.32 x 107* 278 x 1074
Si (111) 7.45 x 107° 1.36 x 107 2.69 x 107*

The diffusivity of bulk c-Si is approximately 7.82 X 107°
cm?/s at 1200 K, which is very close to the values reported by
Gao et al.* For a more accurate understanding of the Li*
conductivity rate in the examined samples, the MSD is
reported in Table 2. The results show a significant difference
between the Li*-diffusion rates of various samples. Based on
Table 2, the results indicate that the addition of the C-layer
and C;N, composites as amorphous layers improves the Li*
diffusion in Si crystalline electrodes by a factor of 2 and ~4 for
the C-layer and C;N, composites, respectively. The Li'
diffusivity enhancement in the Si/C composite depends on
the orientation of the Si lattice. Li* diffusivity improvement for
Si (100) is more than 16% larger than that of Si (111). Si
surfaces with C3N, composites contain large concentrations of
surface C—N—C species that increase the Li* diffusivity. A
nearly 400% increase in the Li" diffusion rate observed for Si/
C;N, compared to pristine Si highlights the impact of added
species. The ion diffusivity enhancement in turn prevents void
formation and volume expansion during lithiation. Figure 10a
shows the Si (110)/C;N, composite after complete lithiation,
where Si with N hole replacement occurred, and Figure 10b
depicts the same after the amorphization process, where the
structural regularity shown in Figure 10a disappears.

each Si surface after lithiation disintegrates the Si lattice. N
holes and monatomic C binder act as active sites for the
enhancement of ion diffusion and create traps that improve
electron conductivity.** In other cases in which only a single
layer of carbon was added, electrons can pass through limited
physical interfaces between conductive agents (e.g., conductive
carbon) and other electrode components as a secondary
conductive network.*® Therefore, Si can tolerate large volume
expansion with modified surface and Li* pathway by ion-
diffusion improvement.*

4. CONCLUSIONS

In summary, the structural and interface changes for two C-
layer and C;N, composites as well as different Si host surface
orientations were investigated from qualitative and quantitative
approaches during lithiation by employing DFT and AIMD
calculations. The effects of ion distribution on volume
expansion and partial charge were analyzed. In the Si/C-layer
composite, Li* was forced to pass through the C-layer first;
thus, the diffusion rate is strongly dependent on the C-layer
and Si surface characteristics. The Si/C;N, composite exhibits
a larger Li" diffusivity than the C-layer. Bader calculations
provide useful insights into atomic volumes, partial charges,
and Li* distribution. The RDF results for all composites further
explained the structural evolution during the lithiation process
and confirmed that the initial structure of the C-layer and Si/
C;N, composites affect the Li*-diffusion process. It was
revealed that the Li* diffusion in the Si material was enhanced
by the addition of a C;N, composite in three Si surfaces, while
the enhancement was stronger in the Si (100) composite. For
C;N, composites, the atomic structures significantly affected
Li* diffusion. These results provide key insights into the
fundamental mechanism of Li* diffusion in Si/C and Si/C/N
ternary composite materials and pave the way for realizing safe
and fast-charging lithium-ion batteries.

(b)

Figure 10. (a) Atomic configurations after the lithiation of the Si (110)/C;N, composite and (b) after the amorphization process. Gray, blue,
brown, and green spheres N, Si, C, and Li*, respectively. For better observation of molecules, the studied cell in (b) was horizontally regenerated.
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