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First-principles calculations are undertaken to analyze the properties of carbon-silicon hybrid materials
consisting of silicon modified graphene and defective graphene to evaluate the stability of the structure
and their interactions with lithium. Underpotential shifts are determined for the different structures on
defective surfaces, showing that decoration of graphene defects with a small number of silicon atoms
should occur at underpotentials. Nucleation overpotentials are also determined using a thermodynamic
formalism, showing that the formation of nuclei should be hindered with respect to free standing Si
clusters. These results analyzes the possibility of using underpotential deposition of silicon on graphene
to obtain high capacity and cycling stable material for anodes of lithium batteries.
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1. Introduction

In terms of sustainable development and environmental issues,
the use of efficient storage systems is an increasingly critical point.
The world has undergone a great technological revolution in the
past 20 years led by lithium ion batteries, due to their relatively
high energy density. However, in order to meet the energy demand
of our modern life, a new generation of lithium batteries, more
powerful, efficient and cheaper, is desirable. The challenge lays in
choosing electrochemically active, light, abundant and environ-
mentally friendly materials that achieve high density energy [1-4],
long life cycle and when possible, a high power density. Silicon has
shown to be a very promising anode material to fulfill the needs of
a lithium-ion battery. It has a high theoretical capacity, of around
3579 mAh/g [5], low cost and natural abundance. However this
material runs with the great disadvantage that during the
formation of a Si-Li alloy corresponding to the insertion of Li in
the anode for the charging process, it suffers a change of volume
that can reach 380% [6-8]. This expansion, followed by contraction
of the material upon battery discharge, quickly leads to irreversible
damage of the electrode, causing a rapid decrease in capacity
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during cycling [9-11]. Furthermore, Si usually has a low electrical
conductivity. In this regard, some current studies propose the
combination of Si with graphene sheets to improve conductivity
[12-15]. Even more, the combination of Si-based materials with
carbonaceous materials as graphene can substantially relieve the
mechanical stress suffered by the electrode [16]. Graphene has
been proposed as one of the best candidate matrices for anodes
due to its mechanical strength, high surface area, porous structure,
and the capacity to provide a high flexibility to tolerate volume
changes [17-19]. On the basis of these considerations, an appealing
option appears to be the generation of graphene/Si multilayer
structures at the nanometer scale, as proposed in the article of Ji
et al. [15]. These authors have used a repeated process of filtering
liquid-phase exfoliated graphene film and a subsequent coating of
amorphous Si film via plasma-enhanced chemical vapor deposi-
tion method to get graphene/Si multilayer structures. However, the
cycling performance did not fill the expectations that this material
awaked. The SEM pictures of these compounds show that while the
desired structures have been successfully obtained, the adhesion
between the Si and C materials is relatively weak. These features
can be understood in terms of the weak interaction between Si
nanostructures and graphitic structures, as shown by first
principles calculations. While the minimum binding energy of a

single Si atom to a (0001) graphite surface is Ej, =—1.768 eV, the
binding energy of Si clusters to the surface denotes a dramatically
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weaker interaction of Si with the graphite surface as cluster size
increases. For example, the binding energy is —0.13 eV/atom for Sis

and —0.055eV/atom for Si; If we compare the Eg"r value given

above with the experimental bulk cohesive energy of Si, ES, =

—4.97 eV, we can understand the progressively weaker Si-graphite
interaction in bond-order terms: as a Si atom finds more and more
Si neighbors, its bond with the graphite surface becomes
progressively weaker. This weak interaction between silicon
nanostructures and graphite has been also confirmed by STM
experiments [20]. A possible remedy to this weakened interaction
could be sought by functionalizing the carbonaceous surface.
Kulish et al. [21] have shown that functionalization with carboxyl
groups of carbon nanotubes improved considerably the bonding of
the Si clusters to the carbonaceous nanostructure. In fact, the
presence of the —COOH groups was found to be able to strengthen
the Sig-(5,5) nanotube interaction in —0.6eV. Another way to
improve the adhesivity between silicon and carbon could be the
generation of silicon carbide at this interface through intermixing
induced by Ar-ion beam [22]. We analyze here a different
alternative to improve the stability the Si adsorbed structures:
the introduction of surface defects.

In the present work we perform first-principle studies of
carbon-Silicon hybrid materials consisting of silicon modified
graphene and defective graphene to evaluate the stability of the
structures and their interactions with lithium. We evaluate the
effect of the presence of simple and double vacancy defects in the
interaction with silicon and the interaction of these hybrids
structures with lithium. We discuss this information in the context
of underpotential deposition, which could be relevant to seek an
electrochemical alternative for the controlled decoration of
graphenic surfaces.

2. Calculations Methods and Modeling
2.1. Calculation details

The ab initio calculations were performed with the Quantum
Espresso package [23], which is based on plane waves bases,
setting up a kinetic energy cutoff of 680 eV. For the calculations we
used ultrasoft pseudopotentials within the Perdew-Wang approx-
imation for the exchange correlation functional in the PW91
functional [24,25]. The simulation box consisted in a 4x4
graphene supercell containing 32C atoms with periodic boundary
conditions in all directions. The cell size was kept constant during
optimization. In the z direction we leave a 10 A vacuum to avoid
interaction among the graphene layers. In the case of larger
clusters of silicon we used as a control a graphene supercell
containing 60C atoms observing no significant differences with the
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results obtained for the one with 32C atoms. We evaluated pristine
and defective graphene considering simple and double vacancy
defects. The Brillouin zone was sampled in a 4 x 4 x 1 irreducible
Monkhorst-Pack k point grid [26]. The convergence threshold for
the total energy at each electronic calculation was set to
1 x107° eV, taking into account Van der Waals interactions using
the DFT-D method, since results for similar systems [27] have
shown that is important to consider dispersion interactions to get a
good accuracy in the energy values. Geometry optimizations were
performed employing the Broyden-Fletcher-Goldfarb-Shanno
(BFGS) algorithm (for stress minimization).

2.2. Model for defective graphene and its decoration with Si atoms.
Thermodynamic analysis

The interaction of a silicon atom and silicon clusters with a
pristine and a defective graphene surface was analyzed by the
calculation of different energy-related quantities that are relevant
to the present problem.

In order to analyze the stability of adsorbed Si atoms with
respect to isolated Si atoms in the gas phase, it is useful to define a
cluster formation energy referred to the atomic state as:

AEf;, = Esiyor — Eer — NEs; 1)

where Eg ¢ is the energy of the optimized hybrid structure
(pristine or defective graphene, modified with N silicon atoms), E¢;,
is the energy of pristine or defective graphene and Eg; is the energy
of a silicon atom in vacuum. Thus, a negative value of AE.
indicates that the Si adatoms are more stable in the nanostructure
than in the gas phase.

Alternatively, in order to determine the relative stability of the
surface Si nanostructures with respect to the bulk Si material it is
useful to define the following cluster formation energy from the
bulk material, denoted with:

AEbngk = Esiyor — Ecr — NEsigyik 2)

where Eg;,, is the cohesive energy of Si in diamond structure and
N the number of silicon atoms in the nanostructure. In this case, a

negative value of the formation energy AE2¥ indicates a favorable

formation of the hybrid structure from the bulk materials. As found

below, the quantity AE2¥ is particularly useful in the case of
electrochemistry, since it is closely related to the free energy of
formation of the corresponding nanostructure, which can be used
to predict its electrochemical stability. With this purpose, we
shortly revisit the modeling developed by some of us with the
purpose of analyzing the stability of metallic nanostructures

deposited in a cavity of a foreign substrate[28]. Similar modeling

B
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Fig. 1. A) Scheme of the excess of free energy as function of the number of deposited atoms for the case of metal growth in a nanocavity of a foreign substrate, for the case
where the interaction of the deposited atoms with the concave substrate is stronger than the interaction of the adsorbate atoms among themselves. It is also assumed that
further wetting of the flat substrate is less favourable than the interaction between adatoms, so that cluster growth occurs. B) Scheme of the excess of free energy of an isolated

metal cluster as function of the number of atoms at two different overpotentials.
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was developed for metal deposition on a nanoparticle made of a
different metal [29,30]. Fig. 1 (a) shows the qualitative shape of the
excess of free energy for cluster formation as a function of the
number of atoms N, expected for the growth of a nanostructure
where the interaction with the substrate within the nanocavity is
stronger than the interaction with itself, while the interaction with
the substrate becomes unfavorable outside de cavity. It can be seen
that negative excess free energy values are obtained for the
decoration of the nanocavity, while then the free energy starts to
increase as a consequence of the growth over the surface level. The
excess of free energy for the formation of the nanostructure at the
overpotential n was defined in reference [28] as:

AG(N) = [(G’V’/s - Gg) - N/LM} + Nzen 3)

where GM/S is the free energy of the nanostructure and it closest
environment, Gs is the free energy of this environment previous to
the formation of the nanostructure, (,,is the chemical potential of
the atoms being deposited in the corresponding bulk material and
z is the valence of the ions being deposited. Thus, it must be
emphasized that the terms inside brackets of Eq. (3) are equivalent
to those in Eq. (2), with the difference that the former include also
entropic contributions. We will come back to this point below in
the discussion.

The behavior of Fig. 1(A) may be contrasted with the growth of a
free-standing, pure metal cluster Fig. 1B), where the free energy
increases monotonically with the number of atoms as a conse-
quence of the increasing surface exposed. The application of a
negative overpotential (accounted for by the second term in
Eq. (3)) also acts differently in both cases. In the case of the
homoatomic system, the negative overpotentials generate insta-
bility in the growing clusters: clusters larger than that corre-
sponding to the maximum in AG will growth towards the bulk
phase, smaller ones will dissolve. On the other hand, in the
heteroatomic system, the local minimum may persist, due to the
occurrence of a free energy barrier for cluster growth. This
situation will persist until the barrier may be overcome due to
thermal fluctuations.

The two different behaviors shown in Fig. 1 will be useful to
interpret the results found in the calculations of Si deposition on
graphene defects.

A third definition that will be used here is what we will call

cluster adsorption energy AEN,, which we define as:

AEQ, = Esi.6r — Egr — EY; 4)

where E’S\’i now denotes the energy of a Si cluster in vacuum, made
of N Si atoms. This quantity will be used to make an estimation of
the adhesivity of the cluster to the graphenic surface.

Table 1

In the case of a single Si atom adsorption on pristine graphene,
we considered three different adsorption sites of high symmetry:
on top of a carbon atom (top), at the midpoint of a carbon-carbon
bond (bridge), and at the center of the hexagon defined by the
carbon atoms (hollow). In the case of defective surfaces, the Si
atom was placed at a simple (SV) and at a double vacancy (DV). The
Si atoms either bonds with three other atoms in a single vacancy
site or with four atoms in a double-vacancy site. These kinds of
structures are the most common structures seen in the silicon
modified graphene structures [31]. For the case of cluster
adsorption the free energy per silicon atom is calculated as follows:

AE
AEforn = 1\{0r = (Esiyor — Ecr — NEsipui) /N (5)

2.3. Li binding energy and lithiation potential

On the charging process lithium ion are inserted in the anode,
and the electrochemical lithiation can be ideally represented as,

YLi* + SixGr + ye~ «Li,SiyGr

In this respect, it is useful to refer the potential to the bulk
lithium deposition potential. This reaction can be written as

Lit + e —Li

So, the lithiation potential V, for the previous reaction can be
calculated with the following equation

AG
Vie=-27 ®)

where AG is the change in the Gibb’s free energy per mol for
Li,SixGr formation from bulk lithium and SixGr, z is the number of
electrons involved in the electrochemical reaction, in this case one,
and F the Faraday constant. Neglecting entropy and pressure terms,
we can approximate the change in formation Gibb’s energy by the
internal energy change, AG;= AE;, as obtained from DFT
calculations [32]. This internal energy change for the formation
of the lithiated structure is:

AEy = Esicrii, — Esior — YELibuik 7

where Eg; c1,is the energy of the lithiated structure Eg; g, is the
energy of the graphene layer modified with silicon, and Ejp, is the
energy of a Li atom in the elemental body centered cubic Li
structure. Negative values indicate thermodynamic preference for
Li insertion while positive values indicate preference for bulk
lithium formation. The AEgvalue in eV can be related to the
experimentally measured potential in volts for the occurrence of

Formation energies calculated for the introduction of a silicon atom in/on a graphene layer and the optimized different structures.

System Graphene-Si SV-Graphene-Si DV-Graphene-Si
Top bridge hollow
AEf, [eV] -109 -115 -0.55 -8.86 -8.81
AE}?}#k [eV] 3.89 3.82 4.43 —3.88 -3.84
Structure
[ ] [} @ e
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LiGraphene-Si structure versus Li*/Li® by the following equation
[33]:
AE
'
Vie = e ®)
where ey is the elementary charge, and x is the number of Li atoms
involved in the electrochemical reaction.

3. Results and Discussion

3.1. Formation energy of a single silicon atom on pristine and defective
graphene

In order to study the energetically most favored places to
adsorb a silicon atom on a pristine graphene sheet, we placed the
former on top, bridge, and hollow sites of the latter and compared
these structures with defective graphene. Table 1 show the
adsorption and formation energy of the different silicon modified
structures together with the optimized geometries found in each
case.

The results show that in the case of pristine graphene, the most
stable structure is the one where the Si atom is placed on bridge of
a C—C bond, since this place presents the most negative
adsorption energy, in agreement with literature results [34-36].
Nevertheless, the energy difference between the bridge and top
structures is comparable with the room thermal energy (KT ~ 0.03
eV), indicating that the diffusion of Si atoms is possible along the
surface. It is interesting to notice that although all the adsorption
energies are negative, the interaction between pristine graphene
and the silicon atom is relatively weak as compared with the strong
sp? interaction among C atoms in the graphene lattice, producing
no distortion of the graphene layer [37]. In this regard, we remind
that the binding energy of C atoms in the graphene and related
curved structures is between 7.35 and 7.70 eV/atom [38]. For Si
adsorption on pristine graphene, it can be noticed that the bulk

formation energies AE";‘;" are positive, indicating than the further
addition of more silicon atoms on the surface would lead to their
diffusion on the surface to join together and form silicon clusters,
which as discussed in the introduction, show a poor adhesion to
the graphenic surface. In all the cases the distance between Si—C s
2.13A.

For the defective graphene structures, the single adatom values
of AEPY¥ are favorable. These results demonstrate that the two
structures shown on the right of Table 1 should form at potentials
more positive than the bulk Si deposition potential (underpotential
region). In these cases, the silicon modification produces changes
in the geometry of the defective graphene layer due to the stronger
interaction. This is in agreement with experimental results, which
show [39] that in the case of a simple vacancy defect, the atomic
orbital of silicon atom displaces outwards from the graphene
plane, exhibiting a sp> hybridization corresponding to a tetrahe-
dral geometry. On the other hand, in the double-vacancy defect the
silicon atomic orbital shows an sp? d hybridization, allowing the
silicon atom to remain in the graphene plane, as can be seen in the
Figures of Table 1, in agreement with other theoretical reports [40].

In accordance with experimental results obtained for graphene
single-vacancy and double-vacancy defects, using scanning
transmission electron microscope with simultaneous annular
dark-field imaging by Zhou et al. [31], the Si atoms either bond
with three other atoms in a single-vacancy site or four atoms in a
double-vacancy site in the graphene lattice, as can be directly
observed from the images reported there.

3.2. Structure of the Density of States

It is well known that pure bulk Si is a semiconductor, with a
relatively large resistivity [41]. On the other hand, the density of
states of graphene presents a minimum at the Fermi level [42].
Since the conductivity of composites in Li-ion batteries electrodes
is an important issue, we analyze here the electronic properties of
the hybrid systems presented in the previous section. With this
purpose, we performed DOS calculations of the different graphene
structures without and with silicon.

As it can be seen in Fig. 2A, the presence of a single C atom
vacancy breaks the symmetry of the system and creates states at
the Fermi level (due to the dangling sp? orbitals), which are not
present in the pristine graphene DOS. When these structures are
modified with a silicon atom the electronic states are strongly
altered. When graphene is in the presence of one Si atom, the DOS
shows new states at the Fermi level that are mainly due to the 3p
orbitals of Si atoms. In the case of SV-graphene, the Si states
overlap with the DOS of the system at the Fermi level due to the
strong interaction among silicon atom and its adjacent C atoms in
the graphene layer. The Si atom replaces the C atom yielding three
Si-C covalent bonds, resulting in a DOS similar to that of graphene,
with a minimum at the Fermi Level. These results are in accordance
with the experimental studies performed by Zhou et al. [31], where
it was shown that Si atom adopts a sp> hybridization in the case of
single vacancy, being above the carbon atoms of the graphene
layer, inducing a local curvature.

In the case of DV graphene, while the DOS without silicon is
similar to pristine graphene, new states appear at the Fermi level
when a silicon atom is present in this structure. These states, are
dominated by the 3p atomic orbitals of Si. This feature should make
this structure conductive, once again due to the strong interaction
between C and Si atoms. In all cases, the presence of Si alters the
states mostly near the Fermi level, producing changes in the band
gap of pristine and defective graphene.

When a Si atom is bonded to four atoms at a DV site in graphene,
the Si 3d orbitals contribute significantly to the bonding, resulting
in a planar sp2d-like hybridization, whereas threefold coordinated
Si in graphene adopts the preferred sp® hybridization. These
features are also in agreement with the findings in the work of
Zhou et al. [31].

The DOS of the graphenic system with a three atoms silicon
cluster (not shown) results similar to that obtained with the single
silicon atom (Fig. 2-B) adhered to the graphenic structure. Thus, it
appears that the inclusion of more silicon atoms to the structure
does not affect notably the electronic configuration. Similar kinds
of structures have been obtained experimentally by producing
vacancies in the graphene structure by chemical oxidation

A — Graphene
—— 8V-Graphene
—— DV-Graphene

DOS [a.u]

T T T T
B — Graphene-Si

— 8V-Graphene-Si
— DV-Graphene-Si

DOS [a.u]

-6 -4 -2 0
E-E[eV]

Fig. 2. Density of states of pristine and defective graphitic structures before (A) and
after (B) modification with a silicon atom. Graphene (blue), SV-graphene (Green)
and DV-graphene (red).



96 M.L. Urquiza et al./Electrochimica Acta 208 (2016) 92-101

methods and subsequent modification with silicon nanoparticles
[43,44].

3.3. Difference charge analysis of the binding

To understand the nature of the interaction between a
deposited Si atom and the carbon atoms on the graphene layer,
we study here the electronic density difference Ap between the
electron density of the pristine or defective graphene layer with
silicon (psic) and those of the separated pristine or defective
graphene (p.,) and Si atom (pg;), at the optimized positions. Thus,
Ap is given by:

Ap = Psicr — Per — Psi (6)

The electron density differences obtained are depicted in Fig. 3
for the three systems considered here: Si on pristine graphene (A),
Si on a single vacancy (B) and Si on a double vacancy (C)

In the case of pristine graphene, a pi-like interaction can be
identified in Fig. 3A between the silicon atom and the graphene
layer. In fact, accumulation of electronic charge between the silicon
atoms and the nearest C-C atoms is found, with a nodal plane
containing the interatomic bonds. The interaction is rather local,
affecting only the two carbon atoms closer to the Si adsorbate.

For SV-graphene modified with one silicon atom, Fig. 3B, the
different electron affinities of Si and C produce a change in the
electron distribution of a wide region of the system, since the
electrons are mainly localized within the bonds rather than mainly
located on the C atoms. The whole graphene structure remains
covalent in nature, that is, there is an accumulation of charge
between the three carbon atoms surrounding the silicon atom and
the silicon atom. The electrons are mainly located on the carbon
atoms rather than on the Si atom, this means that the electrons
move from Si to neighboring carbon atoms, since Si is less
electronegative than carbon. This results shows, in accordance
with results from Tanga et al. [35], that Si can modify the electronic
and chemical reactivity (see also DOS) of the graphene sheet,
inducing a local charge redistribution. In the case of DV-graphene,
Fig. 3C, there is a depletion of electrons from the silicon atom,
which gives its electron to the dangling bonds of the carbon atoms
forming covalent bonds with them, resulting in an accumulation of
electrons between the C atoms and silicon. In the last two cases it
can be seen that the interaction of Si with the carbon atoms of the
defective graphene layer is a long ranged interaction, since C atoms
that are not directly attached to silicon suffer changes in their
electronic structure. On the contrary, in the case of pristine
graphene, the interaction among C atoms of the layer and the
silicon atom is only local.

3.4. Stability of small Si clusters on defective graphene

To emulate the Si deposition process, we also studied the effect
of the incorporation of more silicon atoms in the surface
structures. In the case of pristine graphene, concomitant with
the incorporation of more silicon atoms, there is an increment in
the C-Si distance up to 4.36 A for the cluster with three silicon
atoms, larger than the one observed for two and one silicon atoms
(3.04 and 2.13 A, respectively), in accordance with previous studies
of Wu et al. [45] and M. Li et al. [27]. In the case of graphene, the Sis
cluster presents a shape of an isosceles triangle with Si-Si bond
length of 2.3 A in accordance with previous studies [27]. In the
optimized structure, the Siz cluster adsorbs in a parallel
configuration to the graphene sheet, where two silicon atoms
arrange in a bridge of a C—C bond, which is the place where they
present the highest energy adsorption.

According to the results shown in Table 2 the formation energy
per Si atom diminishes (in absolute value) for the cluster with
respect to the silicon atom (Table 1). This is in agreement with the
results found by Wu et al. [45], who found that the adsorption
energy decreases when the amount of silicon atom increases.
Nevertheless for the defective graphene, this formation energy is
still favorable; demonstrating that these structures of silicon
clusters in a simple and double vacancy will form at potentials
more positive than bulk silicon deposition. These results demon-
strate the importance of the presence of defects for the formation
of the hybrid silicon-carbon structures. As observed in the case of a
single Si atom, the strong interaction between Si and C atoms
produces a large distortion in the layers for single and double
vacancy defects. In the case of defective layers, one Si atom strongly
interacts with the carbon atoms of the graphene layer while the
other two remain above the layer at a distance typical of a Si-Si
bond, that is 2.3 A.

The different formation energies defined in Section 2.2 were
analyzed for clusters of different sizes adsorbed on defective
graphene with a double vacancy, as shown in Table 3 where two
more columns have been added. The sixth column corresponds to
the formation of a free-standing Si cluster from isolated atoms.
That is, the energy is calculated according to Eq. (1), but in the
absence of the graphene layer. Similarly, the seventh column
considers the formation of a free standing cluster from bulk Si
atoms, using Eq. (2) without the graphene layer.

A number of interesting conclusions may be drawn from this
table, as follows:
¢ Within the cluster size considered, the formation energy AE¥, of
the cluster on defective graphene starting from free Si atoms
continuously decreases as a function of the number of atoms

Fig. 3. Electronic density difference plots due to the incorporation of a Si atom on (A) pristine graphene, (B) SV-graphene, (C) DV-graphene. The isosurfaces shown correspond
to a value of 0.0028 e/A>. Red and blue colors indicate electronic charge accumulation and depletion respectively. Black: C-lattice; Blue spheres: Si atom.
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Table 2

97

Formation energies calculated and optimized configurations for the introduction of silicon clusters Sis in the different structures.

System Graphene-Sis SV-Graphene-Sis DV-Graphene-Sis
AEf,, [eV] 5.85 —0.65 -0.74
AEgorn [eV] 1.95 -0.22 -0.25
Structure E E % % E E E E
(= 4 ®
P TY U@

Table 3

Values of the different formation energies of cluster as defined in the text. The calculated bulk cohesive energy of Si is —4.97 eV.
# Silicon atoms in cluster A fé, (eV) AE}’;‘:" AEfor/n AEN, AEf, e AEszl;:g:/ac
1 -8.81 -3.84 -3.84 —-8.81 0 497
2 —12.53 -2.59 -130 -8.43 -4.1 5.84
3 —15.66 —0.65 -0.25 -713 —8.53 6.38
4 —19.886 0.00 —0.001 -6.55 -13.34 6.54
5 —24.35 0.50 0.10 —6.46 —-17.85 7
6 —28.77 1.05 0.18 —5.64 —22.56 7.26
7 -32.7 2.09 0.30 -6.07 —27.23 7.56

(second column), with an energy increment of —4.4 to —4.8eV
per added atom.

The largest difference between columns 2 and 6 is found for N=1,
corresponding to the adsorption of a single atom on the defective
graphene with an energy difference of —8.81 eV, decreasing this
difference down to —6.07 eV for N=7. This means that as the
cluster becomes larger, it is stabilized to a smaller extent by the
presence of the defect.

In fact, the differences between columns 2 and 6 correspond to
the adsorption energy of the cluster, as defined in Eq. (4),
reported on column (5) of Table 3 and plotted in Fig. 4. From this
figure, it appears that as the cluster becomes larger, its binding
energy to the defect approaches a limiting value around —6.0eV.
Assuming a binding energy in this range, we can estimate the

number of defects that would be required to have a good
adhesion of the Si structures to graphene. If we consider the
adhesion between graphene layers in graphite as satisfactory, we
can make this estimation. Both experiment [46] and theory [47]
indicate that the adhesion between graphite layers is about
0.31]/m?(0.019 eV/A?). Using the present figures, it appears that
the occurrence of a double vacancy defect (filled by Si) every
300 A2 would be enough to provide a good adhesion between
graphite and Si, equivalent to that existing between graphite
layers.

The values of AE2¥ in column 3 indicate that the formation of up

to 3 atoms Si clusters will be, from an energetic viewpoint,
favorable at underpotentials. This is illustrated more clearly in

..5 T
-5.5-
>
o k
> 67
2 k
QC) =
£ -6.5
c 3
S 1
=5 k
o 4
B -7.5]
© 7
o o
[ R
» -8+
2 ]
&) k
-8.5
-9 3 T

—————
1 2 3

4

5 6 7

Number of silicon atoms in the cluster

Fig. 4. Binding energies of Si clusters of different sizes, calculated according to Eq. (4) on a double vacancy defect on graphene, as a function of the number of Si atoms. The
error bars correspond to an uncertainty of 0.05 eV/atom, which is typically found in simulated annealing procedures for related structures with local distortions and some

bond switching [49].
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Formation energy [eV]

-5+

e e e e LA s s s s s s S B LA s s e e s s e e s

0 1 2 3 4 5 6 7
Number of silicon atoms in the cluster

Fig. 5. (@) Formation energy of a Si cluster with different number of atoms on a
double vacancy defect, defined according to Eq. (2). (M) Formation energy of a free-
standing Si cluster in vacuum with different number of atoms. (dotted blue curve)
Formation energy of clusters calculated using the surface energy of the Si(100)
surface(broken red curve) Formation energy of clusters calculated using the surface
energy of Si(111) surface.

Fig. 5. The curve shown there in filled circles corresponds to the
quantity defined in Eq. (2), which as discussed above corre-
sponds to Eq. (3) for = 0 without accounting for entropic
contributions, which are usually small for the present systems
[48]. We can see that this curve resembles the qualitative
behavior of the full line in Fig. 1(a), in the sense that at =0
there are several nanostructures that present AG(N) <0,
indicating that they would survive in the underpotential (upd)
region. Using equation with N=1 and z=4, we see that the
decoration of DV defects with a single Si atom will be possible at
underpotentials of #P? = 0.96 V. Si upd decoration still remains
favorable for N=2 (n**? = 0.65V) and N=3 (n“P? = 0.16 V) but
the formation of Si clusters with N=4 or larger would involve
getting into the bulk Si deposition region. It is expected that in
the presence of graphene with larger defects, upd would be
favorable for clusters with more silicon atoms.

* Column 7 in Table 3 presents the formation energies AEPA  of

free standing clusters from the bulk Si materials, which are
plotted in Fig. 5 as filled squares. In this case, we see that the
behavior of AEfor vac Tesembles that of the full line of Fig. 1B,
presenting a monotonic growth with the number of particles. For
comparison, we present also in Fig. 5 the formation energy of
clusters calculated assuming a spherical shape for the cluster and
using the surface energy of the Si(100) [49] (dotted blue curve)
and Si(111) faces (broken red curve) [50]. It is found that the

Table 4

calculation assuming a smooth, spherical cluster, present a faster
change with the number of atoms than the atomistic calculation.

e The data in column 3 of Table 3 may be used along with Eq. (3) to
estimate the nucleation overpotential for different clusters sizes.
Taking the derivative of this equation and equaling it to 0, allows
to determine the critical potential 7. at which nuclei of
different sizes will become critical [51]:

(€ -6) N

- 1d AE}’“"‘JIN " 9)

where wRéod emphasizing that the second equality is
approximate since entropic contributions are neglected. Assuming
Z = 4we get values of n;; between 0.16V and 0.26 V of N* ranging
between 4 and 7.

Nerit (N*) =

e If an analysis similar to the previous item is made for free
standing clusters (using data in column 7 of table Table 3), it is
found that the 5 falls to about 0.08 V for N* ranging between 4
and 7. That is, although the presence of defects enhances Si
electrosorption, making it possible at underpotentials, it
demands larger overpotentials to make a given cluster size
critical.

3.5. Properties of lithiated structures

We now come to evaluate the interaction of small silicon
clusters on graphene with lithium to estimate whether this
structures may be good for their use as anodes for lithium-ion
batteries. To do so, we take in account the values of formation
energy of lithium in the silicon modified graphene structures. As
previously mentioned, it is experimentally observed that gra-
phene-silicon hybrid composites show great promise as anode
materials, since the presence of both of them can enhance the
ultimate material leading to better performances. We only focus on
one Si atom and on the Sis cluster, since according to Table 3 it is up
to this amount of silicon atoms that the formation energy is
favorable at underpotentials for double vacancy defects. Table 4
shows the lithiation potential obtained according to Eq. (8) for one
and three silicon clusters

It is interesting to note that the lithiation potential on graphene
in the absence of a Si atom delivers a negative value of —0.6 V (not
shown in the table), while in the presence of Si this potential
(Viie = —AE;/xeq) is more positive (—0.05V). In the presence of
more silicon atoms the situation becomes even more favorable (for
Si3V};; = 1.09 V). The latter value is also more favorable than the one
observed for the interaction of the Siz cluster with lithium on its

Values of lithiation potential and optimized configurations obtained for the interaction of lithium with graphenic structures modified with one (Si) and 3 atoms (Si3) of silicon.

System Graphene-Si-Li SV-Graphene-Si-Li DV-Graphene-Si-Li Graphene-Siz — Li SV-Graphene-Si3 — Li DV-Graphene-Si; — Li
Vie(V) -0.05 0.05 0.66 1.09 0.93 1.32
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own (Vj;, = 0.92V). These results indicate that the hybrid material
made of graphene and silicon enhances the interaction with
lithium, providing additional intercalation sites. From the figure on
the first column of Table 4 it is found that the adsorption of the
lithium atom occurs at the center of the carbon hexagon close to Si,
at a distance Si-Li of 2.65A. Although the values of lithiation
potential are favorable for this structure, it is important to note that
if we take a look at the values of formation energies of structures
made of pristine graphene modified with one Si atom (Table 1,
column 1) and Sis clusters (Table 2, column 1), we find that these
structures should not form from a thermodynamic viewpoint. On
the other hand, in the case of SV and DV-defective graphene sheets,
not only the lithiation potential shows positive values for Si; and
Sis indicating a favorable reaction (Table 4, columns 2 and 3 for Si;
and columns 5 and 6 for Sis), but it is found that the graphene-
modified silicon structures will also form, according to the
formation values shown in Tables 1 and 2. For these defective
structures, the lithium atom reaches the minimum energy when is
located at a distance of around 2.7 A from the silicon atom, in
accordance with the distance found in Li,Si alloys [52]. It is
important to notice here that the interaction of lithium found in
presence of silicon for these defective graphene structures is
stronger than in its absence. Even more, from the results presented
in Table 4, it can be concluded that the structures that present the
larger values of lithiation potential are the ones of the double
vacancy type. Thus, it can be stated that the presence of double
vacancy defects not only promotes the formation of stable hybrid
graphene-Si (with up to three atoms of Si) structures, but also
favors the lithiation process, which is more favorable in presence of
more Si atoms.

In order to understand the nature of the bonding between
lithium and the graphene sheet modified with silicon, we
performed electronic density difference Ap plots of the of the
lithiated pristine or defective graphene layer modified with silicon.
The latter quantity is defined as:

AP = Psigri — Psicr — Pli (10)

where pgi,;; is the electronic density of the pristine or defective
layer with silicon and lithium, pg;, is the electronic density of the
system without the Li atom and p; is the electronic density of the
isolated lithium atom. The results for A p can be found in Fig. 6 for
the case of pristine (Fig. 6A), simple vacancy (Fig. 6B), and double
vacancy graphene sheets (Fig. 6C).

An important change in the electronic density plot can be
observed in the presence of lithium. An accumulation of charge is
noticeable between the Li and the Si atoms, at the expenses of
charge depletion between the Si and C atoms. This feature suggests
that the insertion of lithium would produce a weakening on the Si-
C interaction. It is also remarkable that the lithium atoms have a
depletion of charge having a cationic nature with a covalent bond
to the silicon atom and an ionic bond with the graphene.

4. Conclusions

The application of first-principles calculations to study the
deposition of Si onto pristine and defective graphite layers leads to
a number of interesting conclusions, which are not only important
for the deposition of this element itself, but have consequences for
its application in systems related to lithium-ion batteries. The main
points that may be emphasized are:

e The binding of Si clusters to defective graphite surfaces shows to
be very strong, amounting several eVs/cluster. This binding
energy, of covalent type, could contribute to stabilize the
interaction between Si nanostructures and graphene layers,
thus being very benefitial to stabilize composites used to store
lithium-ions. A rough estimation shows that the occurrence of a
double vacancy defect on the graphene surface every 300 A2
would be enough to provide an adhesion between Si and
graphite as strong as the adhesion between graphite layers.

In the case of the incorporation of Si atoms into double vacancies
that is analyzed in detail here, it is found that the Si atoms
increase the density of states at the Fermi level, thus improving
the conductivity of the system, and probably its catalytic activity.
e Double vacancy defects could be decorated at underpotentials
with one, two and three Si atoms. While this could be envisaged
as an advantage to decorate the graphenic surface, it may be
represent a problem when side reactions (i.e. with the solvent)
make take place. This fact must be related to the increase of the
density of states at the Fermi level pointed out in the previous
item.

The overpotentials found for building the small clusters analyzed
here on the graphene defective surface are relatively large, of the
order of 200mV, as compared with the corresponding over-
potentials required to make free standing clusters of similar sizes
critical.

Fig. 6. Electronic density difference plots for to the incorporation of a Li atom on (A) pristine graphene, (B) SV-graphene, (C) DV-graphene; all surfaces modified with one
silicon atom. The isosurfaces shown correspond to a value of 0.0028 e/A>. Red and blue colors indicate electronic charge accumulation and depletion respectively. Black: C-

lattice; Blue spheres: Si atom; Green spheres: Li atom.
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e The lithiation potential is more favourable for the hybrid
material graphene-Si than for the separated materials, and
increases as the amount of silicon atoms rises. The hybrid
material privides additional intercalation sites for lithium and
would also, in principle, tolerate the volume changes suffered by
silicon materials.

e The presence of defects not only enhances the interaction with
silicon atoms but also favors the lithiation process, being this
more favorable for the double vacancy defects.
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