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Polymer-Derived SiOC Anode Materials
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ABSTRACT: Capacity and structural stability are often
mutually exclusive properties of electrodes in Li-ion batteries
(LIBs): a gain in capacity is usually accompanied by the
undesired large volumetric change of the host material upon
lithiation. Polymer-derived ceramics, such as silicon oxycarbide
(SiOC) of hybrid Si—O—C bonds, show an exceptional
combination of high capacity and superior structural stability.
We investigate the atomistic origins of the unique chemo-
mechanical performance of carbon-rich SiOC using the first-
principles theoretical approach. The atomic model of SiOC is
composed of continuous Si—O—C units caged by a graphene-

like cellular network and percolated nanovoids. The segregated sp® carbon network serves as the backbone to maintain the
structural stability of the lattice. Li insertion is first absorbed at the nanovoid sites, and then it is accommodated by the SiOC
tetrahedral units, excess C atoms, and topological defects at the edge of or within the segregated carbon network. SiOC expands
up to 22% in volumetric strain at the fully lithiated capacity of 1230 mA h/g. We examine in great detail the evolution of the
microscopic features of the SiOC molecule in the course of Li reactions. The first-principles modeling provides a fundamental
understanding of the physicochemical properties of Si-based glass ceramics for their application in LIBs.
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B INTRODUCTION

Li-ion batteries (LIBs) are the current choice for powering
portable electronics and electric vehicles. The capacity of a LIB is
theoretically limited by the electrode materials. The most
commonly used anode in LIBs is graphite because of its stable
cycle ability, high Coulombic efficiency, and structural stability."
However, the key drawback of low reversible capacity limits its
application in high-energy-density batteries.” A variety of Si-
based composites are currently being explored to replace the
conventional graphite anodes. One Si atom can alloy with 3.75 Li
atoms, whereas six C atoms can only host 1 Li atom, which results
in the specific capacity of Si that is 10 times higher than that of
graphite. However, the limiting factor with Si is the drastic
volumetric change (up to 400%) associated with Li insertion and
extraction, which causes tremendous mechanical issues in the
practical implementation of Si anodes.”* In fact, capacity and
structural stability are mutually exclusive properties of most
electrodes: a gain in capacity is often associated with the large
volumetric change and sacrifice of the structural stability of the
host material upon lithiation. To mitigate the mechanical failure
of high-capacity electrodes, many novel hybrid chemistries and
architectures have been proposed.”™” Nevertheless, a composite
made of separate phases such as Si and C does not resolve the
issue of intrinsic volumetric expansion and subsequent
degradation of Si—the continuous shedding of Si upon lithiation
cycles remains a major challenge in spite of many clever designs
of composite structures.
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Therefore, a natural question is that, is there a compound,
likely with hybrid Si—C atomic bonds, which can combine the
strength of C (superior structural stability in lithiation cycles)
and Si (high capacity) to overcome the trade-off between
capacity and mechanical stability? Polymer-derived ceramics
[such as silicon oxycarbide (SiOC)] present a viable solution.”
Si-based glass ceramics react with Li at a potential ranging from 0
t0 2.5V (vs Li/Li*) and deliver a charge capacity of ~600 mA h/g
with a robust mechanical stability over a thousand cycles.”
Moreover, these ceramics can be conveniently molded into any
desired shape, size, structure, or morphology as demanded by the
application, and the final properties of the ceramics can be
tailored by the type of the polymeric precursor and processing
conditions. ™"

The electrochemical capacity of SiOC is attributed to its
amorphous nanodomain structure, which is composed of a
segregated C network, SiO,C,_, tetrahedral units, and nano-
voids.” This paper aims to explore the thermodynamics of Li
reactions and microstructural evolutions in SiOC and to
investigate the atomistic origins of the high capacity and high
structural stability of the Si-based glass ceramic during Li
insertion. We adopt a carbon-rich Si,304,Css model to capture
the salient features of Si—O—C composites: continuous
SiO,C,_, tetrahedral units are caged by a graphene-like sp> C

Received: July 24, 2017
Accepted: September 20, 2017
Published: September 20, 2017

DOI: 10.1021/acsami.7b10906
ACS Appl. Mater. Interfaces 2017, 9, 35001-35009


www.acsami.org
http://dx.doi.org/10.1021/acsami.7b10906

ACS Applied Materials & Interfaces

Research Article

Figure 1. Atomic model of silicon oxycarbide (SiOC) consisting of the C phase, SiO,C,_, units, and nanovoids. (a) Overview of the supercell with an
applied periodic boundary condition. (b) Unit cell shows a series of vertex-sharing tetrahedra including SiO,, SiO;C, SiO,C,, and SiOC;. The gray atoms
represent the segregated C phase which forms the backbone of the network. Excess C atoms are randomly distributed, and topological defects of five and
seven C—C rings exist. The blue dotted circles mark the nanovoids percolated in the lattice which contribute to the low density of the SiOC molecule.
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Figure 2. Two-step lithiation of SiIOC shown in the (a) formation energy per Li in Li,SiOC and (b) volumetric strain as a function of Li concentration.
The solid lines represent the average values of the formation energy per Li or the volumetric strain from the five configurations at a given Li
concentration, and the error bars represent the standard deviation. The red lines indicate Li intercalation at the nanovoids. The formation energy per Li
in this stage shows a large variation at a given Li concentration because of the large difference in the local bonding environment. The lattice volume
decreases due to the structural relaxation mediated by Li insertion. The blue lines delineate Li reactions with the SiOC tetrahedral units and the C phase.
Both the formation energy and the volumetric strain reach a steady slope as Li is inserted in stage I

cellular network, whereas nanovoids are percolated in the lattice.
The nanodomain size in the model is well-consistent with the
experimental result.'* The high capacity originates from Li
absorption at the percolated nanovoid sites, followed by Li
reactions with the C phase and Si—O—C units. The segregated
sp> C interface remains nearly inactive in the lithiation process
and serves as the backbone to maintain the structural stability of
the host material. SIOC expands up to 22% in volumetric strain
after complete lithiation, which is several times smaller than the
typical conversion- or insertion-type anode materials.'> We
perform a detailed statistical analysis on the microstructural
features, including the evolution of the local bonding environ-
ment, tetrahedral units, geometry perturbation and relaxation,
and electron transfer, to provide a complete understanding of the
electrochemomechanical behavior of the SiOC anode material.

B MODEL GENERATION

A reliable atomic structure of the glass ceramic is the key for
small-scale quantum modeling. We generate the Si—O—-C
continuous network by randomly replacing O atoms in SiO,
tetrahedra by C. Different types of Si—O—C tetrahedral units
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including SiO,, Si0;C, SiO,C,, and SiOC; are distributed in the
network. The C-doped silica domain is caged by a graphene-like
cellular network. The segregated C phase and the interface
between the graphene-like C network and the Si—C—O units are
generated by exploring over 180 possible local configurations
using evolutionary algorithm implemented in the USPEX
program.'® The optimized cluster model containing a C network
and SiO,C,_, units is input as the seed structure. The successive
180 structures are developed by 10 evolutional generations, and
each generation is produced by the combined variation method
of heredity, random space group specificity, soft mutation, and
lattice mutation. The most favorable configuration of the least
enthalpy is taken as the best structure. The whole amorphous cell
is subject to annealing by ab initio molecular dynamics. NVT
ensemble is maintained by a Nosé thermostat. Temperature is
gradually increased from 300 to 1200 K and is maintained at a
constant temperature of 1200 K for 2 ps. Then, the structure is
slowly quenched from 1200 to 300 K with a quenching rate of
112 K/ps and is energetically relaxed at 0 K. After the annealing
and quenching process, the amorphous cell has a nanodomain
size of ~1.5 nm and a mass density of 1.8 g/ cm?® which are in
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Figure 3. The structural feature of lithiated SiOC represented by the (a) coordination number of Si—O, C—C, and Si—C; (b) coordination number of
O-Liand C—Li; (c) number of SiO,C,_, tetrahedral units; and (d) RDF of Si—O and C—C before and after lithiation. The coordination number in (a)
corroborates the two-step lithiation that little change of chemical bonding is involved when Li composition is below Liy,Si;g0,,Cgg, while further
lithiation is associated with the breaking of Si—O bonds. The increasing coordination number of O—Li and C—Li in (b) indicates that Li atoms are
attracted by the O and C atoms. The statistics of the SiO,C,_, tetrahedral units in (c) shows that the number of the interior units caged in the network
steadily decreases, whereas the units residing in the vicinity of the segregated C phase remain nearly unperturbed upon lithiation. The RDF of Si—O and
C—C in (d) again shows the local stable bonding of C—C and severe breaking of Si—O upon Li insertion.

good agreement with the experimental measurements.'*'” The
generated supercell contains the salient features of SiOC
including the continuous Si—O—C network, segregated C
interface, and nanovoids. We have ignored the presence of H
in SiOC which is determined to be around 5% in atomic
percentage by prior experiments.9 The presence of H may affect
the tendency of carbon clustering in the initial SiOC structure;'®
however, such an effect may become less significant as lithiation
proceeds because the large fraction of Li plays a dominant role in
the chemistry of SiOC.

B COMPUTATIONAL METHODS

We employ first-principles modeling within the framework of density
functional theory (DFT) to investigate the microscopic mechanism of
lithiation in SiOC. Projector-augmented-wave potentials in a Vienna Ab
initio Simulation Package are used to mimic the ionic cores, and the
generalized gradient approximation in the Perdew—Burke—Ernzerhof
(PBE) flavor is employed for the exchange and correlation func-
tional.'”*® The atomic structures and system energy are calculated with
an energy cutoff of 400 eV. For Brillouin zone sampling, a 2 X 2 X 2
mesh of k points in the Monkhorst—Pack scheme is sufficient in the
energetic relaxation of Li, SiOC. The energy optimization is considered
complete when the magnitude of the force on each atom is smaller than
0.04 eV-A~".

Energetic calculations are employed to examine the thermodynamics
of Li insertion. We incrementally increase Li concentration to model the
lithiation process. We consider five possible configurations of Li,SiOC at
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a given Li concentration with different Li distributions in each, to
eliminate the large variations inherent to the small model size. At each Li
concentration, we perform the Delaunay triangulation analysis to
identify the possible favorite sites for Li insertion.”"** Formation energy
per Li at various Li concentrations is calculated to represent the
thermodynamic driving force of Li insertion into SiOC. We take the
energy of SIOC and the energy of a Li atom in its bulk form (Ey;) as the
reference energies, with E,j;_gioc being the total energy of the system
containing n number of Li atoms in the cell. The formation energy per Li
atom Eg(n) is calculated as Ef(n) = [E,1;_sioc — Esioc — nEpl/n.

The geometries of isolated Si—C—C—Si clusters before and after
lithiation are studied by the molecular orbital (MO) analyses. The
single-point energy calculation of two configurations is performed to
obtain the wave function of the particular arrangement of nuclei using
the Gaussian 09 package.”> The hybrid functional B3LYP with the 3-
21+G* basis set is employed for the DFT calculations. The selected
MOs of the centered C atoms are plotted by Multiwfn software.**

B RESULTS AND DISCUSSION

The polymer-derived SiOC has a heterogeneous molecular
structure of amorphous nature, which contains silica domains,
Si—O—C hybrid bonds, a graphene-like carbon network, and
nanovoids.” Figure 1a gives an overview of the carbon-rich SiOC
supercell model with an applied periodic boundary condition.
Figure 1b shows the unit cell containing 28 Si atoms, 42 O atoms,
and 68 C atoms. The lattice parameters of the amorphous unit
cell are a = 1.4 nm, b = 1.1 nm, and ¢ = 1.5 nm, corresponding to
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Figure 4. (a) Evolution of atomic configurations of SiOC during lithiation. The backbone of segregated C phase stabilizes the structure. The cell volume
changes up to 22% after full lithiation. (b) Local structural rearrangement in the atomic configurations in (a) includes stretching and breaking of Si—O
bonds, geometry perturbation of Si—C—C—Si clusters, and bond switching in C rings. The purple, red, gray, and green spheres represent the Si, O, C,

and Li atoms, respectively.
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Figure 5. Bond angle distribution of C—C—C, Si—C—C, and Si—C-Si
clusters in five representative Li SiOC compositions. The salient
features are that the probability of bond angles larger than 145° steadily
decreases, whereas the distribution of bond angles between 115° and
130° increases significantly upon lithiation. This demonstrates the
geometry optimization of C atoms toward the sp” type coordinated by Li
insertion.

the well-accepted nanodomain size of SIOC (1—5 nm) in the
experimental measurement.'* This size of the unit cell is
consciously relatively small for the exploration of a large number
of possible configurations of the glass ceramics with various Li

o

Figure 6. Evolution of two MOs contributed by two centered C atoms in
a Si—C—C—Si cluster. (a) Before lithiation, the p, orbitals of the two C
atoms overlap to form one 7-type MO, 7. (b) Similarly, two p, atomic
orbitals overlap to form the 7, orbital. (c) After lithiation, the original I,
orbital is perturbed by the virtual orbital of the nearby Li atoms (not
shown in the diagram) and is split into two atomic orbitals in different
orientations, which promotes the formation of the hybrid sp? orbital. (d)
In comparison, there is no obvious difference in 7, which remains

perpendicular to the sp” hybrid planar orbital before and after lithiation.

concentrations. The choice of the model size affords our
explorations at a reasonable computational cost without
sacrificing the accuracy of the microscopic features of the
heterogeneous structure. The gray atoms in Figure 1b represent
the segregated C phase which forms the stable backbone of the
molecule structure. In the graphene-like C regime, topological
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Figure 7. Map of charge-density difference in different regions of LigSiysO4,Cgg. From left to right, it shows the charge-density difference of the
segregated C interface, the Si—O—C mixed regime, and the amorphous silica domain before and after Li insertion, respectively. In the graphene-like C
phase, charge transfer takes place at the imperfection sites such as the five or seven C rings or the edge of C atoms. The saturated sp> C atoms remain
inactive and serve as the stable backbone to maintain the structure. In the mixed Si—O—C regime, charge transfer mainly occurs around the O atoms and
unsaturated C atoms. For the SiO, tetrahedral units in the silica domain, positive charge is accumulated around the O atoms.

defects such as five- or seven-membered C rings exist. The
vertex-sharing tetrahedra represent the randomly distributed Si—
O—C units. After annealing, the excess C atoms are distorted to
form short C—C chains.'® Many of the C atoms are unsaturated
with dangling bonds. Different types of SiO,C,_, tetrahedral
units including SiO,, SiO;C, SiO,C,, and SiOC; are included in
the network,” which are highlighted in Figure 1b. The blue
dotted circles mark the nanovoid regimes percolated in the unit
cell, which contribute to the low density of the SiOC molecule
(~1.8 g/cm®)."”

Figure 2a shows the formation energy per Li in lithiated SiOC.
The solid line represents the average values from five different
configurations for each Li composition, and the error bars (the
height of the shaded area at a given Li concentration) represent
the standard deviation. The negative formation energy indicates
that the Li reaction is thermodynamically favorable. The
lithiation process can be roughly divided into two stages: Li
absorption at the nanovoids in stage I and Li alloying with SiOC
units, excess C atoms, and the defect sites within the C network
in stage II. The two-step lithiation is reflected in the variation of
the slope of the formation energy with a transient composition of
Li ySi,504,Ces. The first stage is marked with a red line. The
initial open structure provides a variety of spots and a large
driving force for Li insertion. The formation energy per Li in a
given composition shows a relatively large variation because of
the different local bonding environment in the nanovoid regimes
where Li gradually fills in. In the second stage (blue line) where
Li composition is higher than Liy,Si,304,Cgg, the nanovoids are
nearly saturated. The thermodynamic driving force for Li
insertion decreases. The variation of formation energy per Li in
the five different configurations with the same Li concentration
becomes small, which implies that the local chemical environ-
ments for Li reactions are roughly the same. Figure 2b plots the

volumetric strain of SiOC as a function of Li concentration which
again delineates the two-step lithiation. When Li concentration is
below Li,Si;g04,Cgg, the volume of SiOC decreases because of
the structural relaxation mediated by Li. Li fills the nanovoids and
tightens the structure through the electrostatic interaction with
the surrounding anionic O atoms and unsaturated C atoms. This
behavior is consistent with a previous study on Li, ,SiC, ,,0, /426
as well as the experimental observation of Li intercalation in
microporous Si—O—C composite materials."* When the
transient composition of Liy,Si,50,4,Cgg is passed, the volumetric
strain increases linearly with a partial molar volume of Li, that is,
Q =10.0 A’ which is close to the partial molar volume of Li in
pure silica.”” SiOC expands by 22% in the volumetric strain upon
the full lithiation capacity of 1230 mA h/g. It is worth noting that
the volumetric strain of SiOC is much smaller than that of
conversion- or insertion-type high-capacity anodes which are
typically on the order of magnitude of 100%."> The small
volumetric change retains the mechanical stability of SiOC in the
course of lithiation and grants the glass ceramic an exceptional
combination of high capacity and high structural stability. The
two-step lithiation is accompanied by a continuous structural
rearrangement of SiOC which will be closely examined as
follows.

To explore the structural evolution of SiOC upon lithiation,
the statistics of the local bonding environment, including the
coordination number, radial distribution function (RDF), and
the number of SiOC tetrahedral units, are analyzed and plotted in
Figure 3. Figure 3a shows the variation of the coordination
number of Si—O, C—C, and Si—C in different Li,SiOC
compositions, respectively. The three solid lines represent the
average values from five different configurations for each
composition, and error bars represent the standard deviation.
To have a physical measure of the atomic coordination, we define
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Figure 8. DOS of (a) pristine SiOC, (b) Li,Si,s04,Cgg (c) LiySipgO4,Ces and (d) LigSirgO,4,Cog, respectively. The DOS of pristine SiOC has an
insulator character with a band gap of 1.3 eV. During initial lithiation, the electron transfer from Li to O and defective C atoms induces electron states
near the Fermi level. The band gap is significantly reduced by the insertion of four Li atoms. Up to six Li, the band gap vanishes which indicates that the
electronic conductivity of the SiOC molecule can be enhanced by the dopant Li.

Si—0, C—C, Si—C, Li—C, and Li—O atoms to be bonded if their
distances are within 110% of their original bond length in bulk
lattice which are determined by X-ray and neutron diffrac-
tion,”” 3¢ corresponding to the values of 1.85, 1.65, 2.09, 2.35,
and 2.16 A, respectively. Overall, the coordination numbers of
Si—C and C—C remain nearly constant through the entire
lithiation process. In the first stage of lithiation (Li composition
below Liy,Siys04,Ces), the coordination number of Si—O
decreases slowly showing that little change in chemical bonding
is involved as Li gradually fills in the nanovoids. After saturation
of the nanovoids (Li composition above Liy,Si,gO4,Cqs), further
Li insertion is accommodated by the breaking of Si—O bonds
which results in the decrease of the coordination number of Si—
O at a constant rate. Figure 3b shows that Li is mainly attracted
by O and C atoms as seen in the monotonic increase of the
coordination number of Li—O and Li—C. The interaction of Li
with anionic O tends to break the Si—O bonds and forms new
bonds of Li—O during lithiation. Furthermore, the unsaturated C
atoms provide an additional site to accommodate Li insertion
through geometry optimization and bond switching, with more
details discussed in the following figure, instead of through the
C—C or Si—C bond-breaking mechanism.

The statistical evolution of the SiOC tetrahedral units provides
more information on the structural transformation of the
amorphous network. We plot the evolution of the number of
the tetrahedral units as a function of Li concentration in Figure
3¢, in which the red line represents the variation of the Si—O—C
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units close to the segregated C network, and the blue line shows
the number of tetrahedral units which are located inside the
lattice and are caged by the C cellular network. It should be noted
that there are no clear bounds between the two types of units.
The statistics rather offers a qualitative understanding on the Li
reaction pathway. The number of the tetrahedral units caged in
the network follows the same steady decreasing trend of the
coordination number of Si—O. On the contrary, the tetrahedral
units residing nearby the C network remain almost unperturbed
during lithiation. Li insertion mainly causes the structural
rearrangement within the Si—O—C network, whereas the
segregated C phase with the surrounding tetrahedral units is
mostly preserved. The sp® graphene-like carbon network
functions as the backbone to stabilize the entire molecule
structure during lithiation. A similar finding was reported in a
previous modeling of carbon-rich SiOC structures.”’ Figure 3d
shows the comparison of the RDF of Si—O and C—C bonds in
pristine and fully lithiated SiOC. For the Si—O bond, the peak of
the RDF significantly decreases after lithiation, which originates
from the Si—O bond breaking and dissociation of the tetrahedral
units. The difference between the RDFs of C—C before and after
lithiation is very small, thanks to the stable bonding of C—C.
In summary, the local bonding statistics reveals the following
facts: (1) little change of chemical bonding is involved when Li
fills in the nanovoids from the pristine SiOC. (2) When the
nanovoids are saturated, Li insertion is accommodated by the
Si—O bond breaking and unsaturated C atoms in the interior
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SiOC tetrahedral units as well as the topological defects at the
edge of or within the carbon network. (3) The segregated sp> C
interface remains inactive during lithiation and maintains the
mechanical stability of the molecule structure.

We now focus on the second lithiation stage and examine the
complex and concurrent microscopic events associated with Li
reactions. Figure 4a shows four representative configurations in
the course of lithiation, Si;3O4,Cgg, LiysSing04,Ces,
Li;oSirgO04,Ces and LijuSirgO04,Ces respectively. It is clearly
seen that the segregated C interface remains intact in the
lithiation process. The overall structure retains the integrity with
little change in shape and a volumetric expansion of 22% after full
lithiation. Meanwhile, the Si—O—C tetrahedral units gradually
vanish, thus decreasing the connectivity of the glass network and
resulting in a possible open structure to accommodate further Li.
Figure 4b shows the evolution of three local configurations
representing the typical events in the respective configurations in
Figure 4a. The Si—O bond is stretched and is eventually broken
with more Li attracted by O. For the C phase, Li is attracted by
the unsaturated C atoms of dangling bonds in the Si—O—C
network as well as by the topological defects at the edge of or
within the graphene-like segregated network. The absorption of
Li by C is mediated by the geometric perturbation and bond
switching. In Figure 4b, we show that the Si—C—C—Si clusters
with unsaturated C atoms alter their geometry because of the
electrostatic interactions induced by the surrounding Li.
Specifically, the bond angles of Si—C—C—Si change from 99°,
161° to 126°, 129°, respectively, indicating that the centered
unsaturated C optimizes toward the sp” type which has a planar
symmetry of a characteristic angle of 120°. The MOs of the Si—
C—C-=Si cluster, to be discussed later, will provide a further
understanding on the geometry changes. The third case in Figure
4b shows the Si—C bond breaking and the C—C bond reforming
which result in the formation of the five-membered ring
including one Si and four C atoms.

In fact, the sp” optimization of C through geometry relaxation
is a common phenomenon facilitated by Li insertion. In pristine
SiOC, many C atoms are unsaturated with one or more dangling
bonds near the edge of the C network or in the Si—O-C
network. We calculate the bond angle of C—C—C, Si—C—C, and
Si—C—Si clusters in five different Li,SiOC compositions. All
clusters share the feature that the centered C atoms coordinated
to the neighboring Si or C have one dangling bond compared
with the stable sp® configuration. The evolution of the bond angle
distributions in the five representative configurations is shown in
Figure S. Two characteristics of the bond angle distribution are
that the bond angles larger than 145° steadily decrease, whereas
the probability of bond angles between 115° and 130°
significantly increases upon lithiation. This confirms the
geometry optimization of C toward the sp>type configuration
initiated by the imperfections of C atoms and coordinated by Li
insertion. We may understand such a behavior from the
hybridized MOs. At the ground state, a C atom containing six
electrons has the electron configuration of 1s*2s*2p Two
unpaired electrons occupy the outer shell, namely, p, and p. %
Figure 6 shows the evolution of two MOs mostly contributed by
two centered C atoms. The blue and red isosurfaces correspond
to the positive and negative values of the wave function. Before
lithiation, the p, orbital of two C atoms with the same orientation
overlaps with each other to form one z-type MO,** 7, as shown
in Figure 6a. Similarly, two p, orbitals overlap to form the 7, MO
(Figure 6b). For C, one electron can be readily excited from 2s
into the 2p state given a small energy difference between the two

states.” In the presence of an external perturbation, such as a
nearby hydrogen, the energy difference can be easily overcome
and can result in the hybrid state of an sp orbital.*® As shown in
Figure 6, the overlapped 7, is perturbed by the virtual orbital of
nearby Li atoms (not shown in the MO diagram) and is split into
two atomic orbitals of different orientations, which drives the
formation of a hybrid sp® orbital. The sp” hybridization has the
planar symmetry with a characteristic angle of 120° between each
hybrid orbital of C atoms which is consistent with the result in
the previous figure. This helps to understand the geometry
changes of the C-centered Si—C clusters upon Li insertion.
Figure 6b,d shows the 7, MO of C atoms before and after
lithiation. There is no clear difference between the MO shapes
for z, in the two figures. It shows that the p, orbital of C atoms is
unperturbed by the surrounding Li and remains perpendicular to
the sp? hybrid planar orbitals.

We further examine in detail the charge transfer from Li to the
host Si—O—C molecule. We analyze the map of electron-density
difference in various local regions. In Figure 7, from left to right, it
shows the charge transfer in the segregated C interface, Si—O—C
mixed regime, and amorphous silica domain before and after Li
addition, respectively. The results are obtained by subtracting the
charge density of pristine SiOC and pure Li from that of lithiated
SiOC. All atomic positions are assumed to remain unchanged
upon lithiation. In the graphene-like C network, charge transfer
mainly takes place at the imperfection sites such as the five- or
seven-membered C rings or at the edge of C atoms, which agrees
with the previous experimental report.'* Little chemical bonding
of Li with the saturated sp>-type C atoms is formed in the interior
of the segregated C network. This again confirms the backbone
function of the C interface and the resulting small deformation of
the SiOC molecule in the lithiation process. In the mixed Si—O—
C regime, the bonding environment is rather complicated. From
the plot, we learn that the charge transfer mainly occurs around
the O atoms and the unsaturated C atoms. In the SiO, tetrahedral
units away from the C interface, a major fraction of the electron
density is accumulated at the O atoms possibly because of the
local screening effect of O.” The distribution map of the
electron-density difference confirms that the major interaction
occurs between Li with O and unsaturated C atoms in SiOC.
These chemical interactions induce the breaking of Si—O bonds
and the geometry perturbation of Si—C clusters.

The electron transfer also infers the electrical conductivity of
the Si-based glass ceramics. One drawback of certain SiOC
molecules is the electrically insulating nature which results in the
poor charge transfer and voltage hysteresis in batteries. Doping
and compositing with conductive agents are effective strategies to
enhance the electrical conductivity of SIOC.”*~*’ Here, we plot
the electron density of states (DOS) of Li ,SiOC to show the
remarkable improvement of electrical conductivity of SiOC
induced by the Li dopant. Figure 8a—d shows the DOS of
pristine SiOC, Li;Si,30,4,Cgs, LisSiz30,4,Ces and LigSingO4,Ces,
respectively. The Fermi energies have been shifted to zero on the
energy scale. The DOS of pristine SiOC has a clear insulator
character with a band gap of ca. 1.3 eV. However, the gap
between the valence and conduction bands is much smaller
compared with that of pure silica glass®* because of the electron
states around the Fermi level induced by the excess C in SiOC.*!
With the addition of Li, the electron states of Li are transferred to
the low-energy unoccupied valence regimes brought by the
chemical bonding of Li with unsaturated C atoms. The band gap
is dramatically reduced by the insertion of four Li atoms. Up to
six Li, LizSi;sO04,Cgg shows the conductor character without the
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band gap. This confirms that the electrical conductivity of SiOC
can be largely enhanced by the doping elements such as Li and
B***” partially because of the presence of the excess C atoms.

B CONCLUSIONS

We investigate the thermodynamics of Li reactions in a polymer-
derived glass ceramic SiOC with a focus of understanding of the
high capacity and structural stability of the host material upon
lithiation. We build the carbon-rich SiOC molecule featuring the
continuous Si—O—C tetrahedral units caged by the segregated C
cellular network and nanovoids percolated in the lattice. The
two-step lithiation proceeds by the absorption of Li at the
nanovoid sites, followed by the chemical interactions of Li with
the SiO,C,_, tetrahedral units and the C phase. The successive
microscopic events are mediated by the Li anchoring at the
nanovoids and the defect sites at the edge of or within the C
network, bond breaking of Si—O, geometry perturbation of
excess C atoms, and rearrangement of Si—C clusters. The
structural stability stems from the backbone of the segregated C
interface which remains intact during Li insertion. Furthermore,
the amorphous network decreases its size in the first lithiation
stage because of the local electrostatic interactions, whereas the
geometry perturbation of unsaturated C atoms in the second
lithiation step preserves Si—C and C—C bonds, both
contributing to the mechanical stability of the molecule structure.
We examine in detail the charge transfer in the local bonding
environment to fully understand the Li chemistry with the
constituents of the heterogeneous glassy lattice. The analysis of
DOS supports the enhancement of the electrical conduction of
SiOC by the doping elements.
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