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ABSTRACT: A series of density functional theory calculations
were performed to understand the bonding and interaction of
hydrogen adsorption on two-dimensional silicon carbide obtained
from molecular dynamics simulation. The converged energy results
pointed out that the H atom can sufficiently bond to 2D SiC at the
top sites (atop Si and C), of which the most stable adsorption site
is Tg;. The vibrational properties along with the zero-point energy
were incorporated into the energy calculations to further
understand the phonon effect of the adsorbed H. Most of the
2D SiC structure deformations caused by the H atoms were found
at the adsorbent atom along the vertical axis. For the first time, five
SiC defect formations, including the quadrilateral-octagon linear
defect (8-4), the silicon interstitial defect, the divacancy (4-10-4) defect, the divacancy (8-4-4-8) defect, and the divacancy (4-8-8-4)
defect, were investigated and compared with previous 2D defect studies. The linear defect (8-4) has the lowest formation energy and
is most likely to be formed for SiC materials. Furthermore, hydrogen atoms adsorb more readily on the defect surface than on the
pristine SiC surface.

Article Recommendations

Five differentdefects
in2D SiC

1. INTRODUCTION

Since 2004, after the discovery of graphene, two-dimensional
(2D) thin hexagonal forms of materials have increasingly
attracted attention.' ® Research has been done on group IV
elements, not only on the special element C, but also on other
elements such as Si, Ge, Sn, and Pb. Khan et al. showed that,
for the silicon element, it is very complicated to construct a
stable structure of nanotubes or graphene-like sheets.”
However, the silicene (the mixture of Si) on the silver
substrates was synthesized by Aufray et al. and Vogt et al.*” In
addition, by using an experimental method such as high-

models. For example, Sun’s group found a SiC length of ~1.77
A while Susi’s group showed that the bond length between
the Si and C atoms in the model is ~1.89 A.° Moreover, with
the 2D silicon carbide models obtained from previous studies,
there are existing defects that have not been studied in
detail.>*°® Therefore, in this study, we study the 2D SiC model
in detail by combining MD and DFT methods. Furthermore,
based on the obtained accurate and convincing 2D SiC model,
we continued to conduct a series of DFT calculations to
determine the hydrogen adsorption properties of 2D SiC in
this study. The convergence control and the zero-point

temperature thermochemical Si powder reactions, the quasi-
2D SiC flake was created.'”

Previous theoretical studies have shown that the 2D SiC has
a planar structure like graphene but with a longer bond length
(1.77-1.85 A) and a larger bandgap (2.5-2.6 eV).o'2 As a
large bandgap semiconductor, SiC materials are predicted to
have large applications for nanodevices operating under high
temperature, and high-frequency conditions."’ Recently, many
theoretical research groups have continued to focus on
studying the configurations and characteristics of 2D SiC
models by using molecular dynamics (MD) and density
functional theory (DFT) simulation methods.>*'*™'¢ How-
ever, these theoretical studies give SiC models with different
bond length values, leading to varying properties of 2D SiC
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vibrational effect have been carefully calculated in the study.

In Section 3.1, the adsorption sites and the adsorption
energies were precisely investigated by considering the zero-
point vibrational effect. Several hydrogenated 2D SiC
configurations have been simulated to understand the most
favorable adsorption site for hydrogen atoms. The possible
structure deformations of 2D SiC caused by the adsorbed
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hydrogen atoms are also noted and investigated. For the first
time, five different defect types of the 2D SiC model were
explored and discussed in Section 3.2. These defects are the
quadrilateral-octagon linear defect (8-4), the silicon interstitial
defect, the divacancy (4-10-4) defect, the divacancy (8-4-4-8)
defect, and the divacancy (4-8-8-4) defect.

2. CALCULATION

2.1. Large-Scale Atomic/Molecular Massively Parallel
Simulator Simulation. To construct the 2D SiC model, the
software package LAMMPS (large-scale atomic/molecular
massively parallel simulator) was used. LAMMPS is a classical
molecular dynamics code with a focus on materials modeling.'”
The crystalline 2D SiC model of the honeycomb structure with
6240 atoms was created. The Si—C bond length of 1.787 A was
set up.” First, the model was relaxed at 300 K for 3 X 10° MD
steps using the NPT ensemble. The periodic boundary
conditions with Vashishta potential were used.'® Then, the
model applied the elastic reflection boundary along the y-axis
and retained the periodic boundary condition along the x-axis
to get the armchair SiC nanoribbon. After that, the obtained
SiC nanoribbon was relaxed at a temperature of 300 K for 2 X
10° MD steps. In the next step, the relaxed SiC nanoribbon
was heated up to 8000 K at the heating rate of 10" K/s to get
a complete liquid state. Then, the obtained model was relaxed
at a temperature of 8000 K for 3 X 10° MD steps. To obtain
the crystal structure, the liquid SiC model was rapidly cooled
down to 300 K at a cooling rate of 10" K/s. After relaxing at
300 K for 3 X 10°> MD steps, the relaxed structure of the solid
SiC model has bond lengths between the Si and C of ~1.85 A.
This bond len%th is much larger than that in other studies of
1.77-1.79 A,*" but it is closer to 1.89 A as reported.””° The
modgllglas no buckling, as expected from the sp2 hybridization
type.”

2.2. Spanish Initiative for Electronic Simulations with
Thousands of Atoms Simulation. We used the DFT
method implemented in the SIESTA (Spanish Initiative for
Electronic Simulations with Thousands of Atoms) package,
which is the combination of self-consistent field loop, norm-
conserving pseudopotential, and plane-wave basis set, to
calculate the ground-state energies and the optimized
structures of all the simulation models.”' >’ For the exchange
and correlation energy functional, we applied the generalized
gradient approximation, in the form of a revised Perdew—
Burke—Ernzerhof functional.”**> We also employed the
double-zeta polarized basis sets, while using the energy cutoff
of 200 Ry for all the simulations. The structural relaxations
were performed under the two-dimensional periodic boundary
condition while using the vacuum gap of 40 A in the z-axis to
neglect most of the interaction between the periodic lateral
layers. The geometry optimization loop is stopped when the
maximum stress component is less than 0.02 eV A™% In the
previous DFT calculations, those selected parameters have
provided reasonable accuracy.”*™*

For long-range interactions of adsorbed hydrogen atoms, it
is important to calculate the bond lengths and energies of the
hydrogen molecules correctly. Hence, the extended basic set
was added to calculate the adsorbed hydrogen atoms in this
study. The energy shift of 60 meV and the split norm of 0.53
for the second zeta were used for H atoms. The obtained H,
bond length is 0.75 A, which is in good agreement with the
experiment of 0.74 A.** The binding energy and the zero-point
energy (ZPE) are calculated as 4.52 and 0.27 eV, respectively.

Those values are in good agreement with the experimental
results of Landau and Lifshitz in 1958 (4.53 and 0.27 eV,
respectively).”’ The calculated values of the rotational free
energy and the translational free energy of the H, molecule are
—0.04 and —0.30 eV, respectively. The total energy of one
hydrogen atom obtained from the simulation is —13.54 €V,
whisclh is in good agreement with Landau’s experiment of —13.6
eV.

At first, a periodic (7 X 7) supercell SiC monolayer,
consisting of 49 silicon atoms and 49 carbon atoms (see Figure
1), was cut out from the obtained MD simulated structure. We

Figure 1. Top view (a) and nonbuckling side view (b) of the two-
dimensional silicon carbide model include a total of 98 atoms, where
Tc and Tg; sites are atop C (gray ball) and Si (blue ball) atoms,
respectively.

decided to choose a (7 X 7) supercell because the size effect is
negligible when the size is larger than a (4 X 4) supercell.** To
test on the adsorption site, a hydrogen atom was put atop the
SiC sheet at the possible sites. After that, we check the
converged data regarding the increasing k-point grid from the
(1 x1x1)to (13 x 13 X 1) Monkhorst—Pack scheme (MP).
Zero-point vibrational energy is also considered for better
results.

2.3. ZPE and Defect Calculations. Due to the hydrogen
vibrations around the equilibrium position significantly
affecting the interaction energy of the adsorption system, the
vibrational effect is taken into account for the calculation of
hydrogen adsorption energy.””** In this work, the vibrational
energy of adsorbed H atoms on the SiC surface, which is called
the hydrogen ZPE, was calculated using the following
equation:

7pp = | Kyt my)
4r mm,

where m, is the hydrogen mass, m, is the Si/C mass, h is
Planck’s constant, and k is the force constant. Force constant k
can be calculated by using the least squares calculation method
when the H atoms are displaced around the obtained
equilibrium sites in both the normal and parallel directions.
To study the 2D SiC defects, the model of 98 atoms (49 Si
atoms and 49 C atoms) is taken into account. Five defects are
found, namely, the quadrilateral-octagon linear defect (8-4),
the silicon interstitial defect, the divacancy (4-8-8-4) defect,
the divacancy (8-4-4-8) defect, and the divacancy (4-10-4)
defect. The defect formation energy (Eg,,) is calculated by
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subtracting the total energy of the defective model (Ejsq)
from the total energy of the nondefective model (E, oy gefect):

Eform = Enon—defect - Edefect

3. RESULTS AND DISCUSSIONS

3.1. Hydrogen Possible Adsorption Sites. To test the
possible adsorption site, the hydrogen atoms were put on the
relaxed SiC sheet on the high symmetry possible adsorption
sites: Top C (T¢), Top Si (Tg), Center (C), and Bridge (B).
After the conjugate gradient steps between the self-consistent
field cycles, the H atoms will be relaxed to nearby stable
positions. The optimized system with the (3 X 3 X 1) k-point
shows that only the top sites (T, Tg;) are stable (see Figure
2). Similar results on the stable adsorption sites of hydrogen on

Seas
e

Figure 2. H atoms (red ball) on the bridge (a) and the center (b)
sites are not stable and shift to the Tj; site after optimization, while the
Tg (c) and T (d) sites are stable adsorption sites.

the surface of 2D materials have also been reported.”* Because
Si and C have an sp” hybridization proven by the planar 2D-
SiC sheet, this leaves a half-occupied P, orbital for both Si and
C atoms (the P, orbital is perpendicular to the 2D-SiC sheet).
Hydrogen should be naturally attracted to this site to share the
electron. Looking at Mulliken charge analysis results when
comparing the charge transfer of the adsorbent atom before
and after hydrogen adsorption, the most differences are at the s
and P, orbitals (see Table 1). The hydrogen adsorbed on 2D-
SiC interacted mostly with the P, orbital leading to the
preferred adsorption sites being the Top sites.

Next, to determine the model’s convergence results via
increasing the k-point value, the adsorption energies of T and
T systems are calculated with different MP grids. It shows
that the adsorption energy does not change when using the (3
X 3 X 1) MP grid. Therefore, the k-point of (3 X 3 X 1) MP
grids was used for all the following systems. This is a rather low
number of k-points but has been used before in larger cell 2D
SiC DFT calculations.®

To calculate the hydrogen adsorption energy, the following
equation was used:

Table 1. Mulliken Electron Charge Transfers of the
Adsorbent Atoms before and after Hydrogen Adsorption

Top Si Top C
Si charge C charge
Si with H transfer C with H transfer
s 1.036 0.920 0.116 1.013 0911 0.102
P, 0.729 0.720 0.009 0.981 1.046 0.065
P, 0.727 0.718 0.009 0.987 1.054 0.067
P, 0.691 0.769 0.078 1.063 0.928 0.135

n
E,y = E(ny) — E(0) — THEHZ

where E_4 is the hydrogen adsorption energy, E(ny) is the
total energy of the H/SiC system with ny hydrogen atoms,
E(0) is the total energy of bare 2D SiC, and Ey is the total

energy of the isolated H, molecule. The adsorption energies of
hydrogen on Tg and T sites with the optimized Si/C—H
bond lengths are shown in Table 2.

The distortion around the adsorption position is displayed in
Figure 3. The distortion is not observed from the top view,
which shows that there are small displacements in the in-plane
axes. At the absorption site, the carbon atom is attracted up
along the vertical axis more strongly than the Si atoms (z¢ =
0.460 A, zg; = 0.369 A), and the first neighboring Si atoms are
also attracted upward of about 0.06 A, forming local
deformations around the adsorbent C atom at the H
adsorption site (Figure 3a). Those local hill—forming properties
were also noted in the previous study of graphene.’ > However,
the displacements of the first neighbor C atoms around the
adsorbent Si atom were not clearly observed (Figure 3b). It
means that the Si atoms are more stable than the C atoms in
the 2D SiC system, and this is well-agreed with the adsorption
energies shown in Table 2.

The hydrogen vibrational effect, the ZPE, is shown in Table
3. Similar to the previous study on hydrogen adsorption,*®
strong fluctuation of hydrogen is observed along the z-axis,
while the fluctuations along the x and y axes are very weak
(Figure 4). Comparing the ZPE of H on the 3D Pt surface
(~160 meV),”® the vibrational effect of the hydrogen atom on
the 2D surface is not significant. The finding of the vibrational
ZPE’s effect on the 2D silicon carbide system, which has not
been reported to date, can provide the necessary information
for further research on the interaction of hydrogen on the 2D
SiC surface.

The free energy of the adsorbed hydrogen state in reference
to hydrogen in the gas phase was calculated using the equation
below

AGy = E 4 + AE,p; — TASy

where E,4 is the hydrogen adsorption energy. While AE,pg
and ASy are the ZPE difference and the entropy difference
between the adsorbed state and the gas phase hydrogen,
respectively. The E and AEp; are obtained from the
adsorption energy and vibrational energy calculation above.
For the entropy term, we observed that the adsorbed hydrogen
on the 2D-SiC vibrates less than the hydrogen on the 3D Pt
surface,”””” thus the vibrational entropy of hydrogen in the
adsorbed state is small and neglectexble.39_41 The ASy can be

estimated as approximately %SI(_)IZ, with the S being hydrogen
molecule entropy taken from the thermochemical tables at
298.15 K of temperature and 1 bar of pressure.”
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Table 2. Bond Length of the Adsorbent Atom (Si and C Atoms) with the H Atom on Top of Itself (d,.;;, A), the Distance of the
Adsorbent Atom with Their Neighbors (dg_c, A), the Vertical Displacement of the Adsorbent Atom Compared with Their
Relaxed Positions (h, A), and the Hydrogen Adsorption Energies (E,g, €V)

fixed 2D SiC nonfixed 2D SiC
site don dsi_c h E.4 don dsi_c h E.4
Tc 1.149 1.865 0 —0.374 1.117 1.975 0.460 —1.073
Ty 1.580 1.865 0 —-0.712 1.525 1.929 0.369 —1.244

Figure 3. Out-of-plane distortion at the neighbors of the adsorbent atom (highlighted atoms) in T¢ (a) and Tg; (b) adsorption configurations.
Displacements of the Si and C atoms along the z-axis (A) are shown by the red numbers.

Table 3. Force Constants (k, eV/A?), Vibrational Frequencies (f, cm™'), ZPE (meV), and Free Energy of the Absorbed H

(AGy, eV)
Top C Top Si
x-axis y-axis z-axis x-axis y-axis z-axis
k (eV/A?) 0.0357 0.135 1.454 0.0771 0.0756 0.681
f(em™) 8.483 16.526 54.165 12.474 12.353 37.063
ZPE (meV) 0.526 1.02 3.36 0.773 0.766 2.30
total ZPE (meV) 491 3.84
AGy (eV) —0.1669 —0.5059
- 12 -
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Figure 4. Vibrational energies of the adsorbed hydrogen on Tg; (a) and T (b) sites have good correspondence with the harmonic approximation.

The negative AGy suggests the hydrogen-adsorbed reaction
on 2D-SiC at the standard condition is a spontaneous and
exothermic process. Although AGy shows 2D-SiC to be not
better than Pt as a hydrogen evolution reaction electrocatalyst,
which usually requires IAGyl < 0.1 eV,* hydrogen can be
stably adsorbed on the 2D-SiC surface at standard conditions,
and the values of free energy in Table 3 again indicate that the
adsorbed hydrogen at the Si site is much more stable than the
hydrogen at the C site.

3.2. Structural Defects of 2D Silicon Carbide. Five
defects were found from the 2D SiC model obtained by the

47645

MD simulation: the quadrilateral-octagon linear defect (8-4
defect), the silicon interstitial defect, and three other defects
that appear in conjunction with the linear 8-4 defect, including
the divacancy (4-8-8-4) defect, the divacancy (8-4-4-8) defect,
and the divacancy (4-10-4) defect (see Figure ).

Previous studies have shown that the nonmagnetic ground
state is commonly observed, and the dangling bonds are rare to
find in the system.”® Similar results are also obtained in our
study. Table 4 shows that the lowest formation energy is found
for the quadrilateral-octagon linear defect. It means that, in the
2D SiC system, the 8-4 defect is the most stable and the most
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Figure 5. Structural defects (yellow highlight) in two-dimensional silicon carbide: (a) the linear (8-4) defect; (b) the divacancy (4-8-8-4) defect;
(c) the divacancy (8-4-4-8) defect; (d) the divacancy (4-10-4) defect, and (e) the silicon interstitial defect.

Table 4. Formation Energy of the Defects in 2D SiC (eV)

structural defect formation energy

linear (8-4) defect 7.60537
silicon interstitial defect 10.0246
divacancy (4-10-4) 12.7898
divacancy (8-4-4-8) 8.46357
divacancy (4-8-8-4) 9.51503

well-formed. Our result is contrary to the previous studies of
Padilha,®® who observed that the single vacancy defect is the
most stable. The difference between our formation defects and
Padilha’s defects may be due to the buckled structure of
germanene, which is not observed in silicon carbide. In
addition, the larger value of the lattice constant and the smaller
value of the in-plane nearest-neighbor distance also affect the
formation of the defects.

There are three other variants of the 8-4 defect, which are
the divacancy (4-8-8-4) defect, the divacancy (8-4-4-8) defect,
and the divacancy (4-10-4) defect. All of them have higher
formation energy than the original linear defect, while the
divacancy (4-10-4) defect has the highest formation energy
among all the defects, proving this defect is the most unlikely
to form. These divacancy defects are found to appear at the
end of the linear defect, but no single vacancy or triple vacancy
defects are found. Because in 2D materials, the divacancy
defects with an even number of absent atoms are usually more
energetically stable compared to the single vacancy or triple
vacancies. As the result of the optimized dangling bond,***” we

also noted that most of the Si—C bondings in all the defects
fluctuate between 1.8 and 2.0 A and there is no buckling
defects. The linear defect (8-4) in 2D SiC seems like the
single-crystalline grains of repeated 4 and 8 Si and C atoms,
that were created when two lattices have misorientation of
about 30° coincide. This pattern of the linear defect was also
found in other hexagonal structures including boronitrene and
phosphorene,* but it is not a common pattern of linear defect
found in most 2D hexagonal materials. The (5-7) pattern is a
more common type of grain boundary defect. It was found in
graphene, boronitrene, MoS,, germanene, and phosphor-
ene.”>® Other point-defect types, dislocations, and Stone—
Wales defects, which are intensively studied in the previous 2D
material,*'® are not found in this 2D SiC model. The
interstitial defect, often seen in the bulk material, surprisingly
appears in the 2D SiC material (Figure Se). The Si atom
appears in the middle of the hexagonal ring, causing the
honeycomb structure to be divided into six triangular
structures. The bondings of the Si interstitial atom with the
hexagonal ring are about ~2.2 A (Si—Si) and ~1.8 A (Si—C),
which are within the range of normal Si—Si bonds (2.358 A)*®
and Si—C bond in this paper (~1.865 A). This defect is due to
the bigger rings of the 2D SiC (Si—C ~ 1.865 A), letting more
space for the heavier Si atom to be occupied inside the
hexagonal ring. The interstitial defect could lead to the local
melting effect at the lower melting point. This defect formation
energy is higher than most of the linear defects, which has a
difference of 2.419 eV compared with the linear 8-4 defect
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case. Figure 6 depicts the SiC monolayer surface structure with
the strains highlighted in brown.

Figure 6. Overview of the 2D SiC model relaxed at 300 K using the
MD simulation with a system of 6240 Si and C atoms.

In order to understand the influence of defects on the
adsorption of hydrogen, an adsorbed hydrogen atom is
dropped onto the most easily formed linear defect form (8-4
defect). The obtained results are presented in Table S and

Table S. Adsorption Energy on the SiC Defect Sites (eV)

adsorption site adsorption energy

T, —0.942
T, —2.486
T, —1.051
T, -1.932
T, —0.712
T, —-0.374

Figure 7. The adsorption energy of hydrogen on top position
number T, gives the lowest value, then T,, T3, and finally T).
All of these adsorption values are more negative than the
adsorption values of the pristine lattice (T, T;). This indicates

Figure 7. Adsorption sites of hydrogen atoms on linear defect (8-4).

a prediction about the adsorption capacity, and hydrogen
atoms adsorb more readily on the defect surface than on the
pristine SiC surface.

4. CONCLUSIONS

We calculated the hydrogen adsorption energy on a pristine
two-dimensional silicon carbide using the DFT approach. Only
two stable adsorption sites have been found, both are on the
top of the adsorbent atom (C and Si atom). The most negative
hydrogen adsorption energy in consideration of ZPE was
found at the T configuration. We conclude that the most
favorable adsorption site is the Tyg; site. It agrees well with the
vibrational energy calculation, where the hydrogen atom in the
Tg; configuration has the lowest vibrational energy. Most of the
hydrogen vibrational energy comes from the z-axis vibration
for all the configurations. The local deformations of 2D SiC
caused by H adsorption are also observed. In the T,
configuration, the H atom has caused more distortion
compared with the T case. The distortion of the adsorbent
atom is the most significant along the z-axis for both
configurations. At last, we present five defects that could be
found in 2D silicon carbide and their formation energies.
Those defects are the linear (8-4) defect, the silicon interstitial
defect, the divacancy (4-8-8-4) defect, the divacancy (8-4-4-8)
defect, and the divacancy (4-10-4) defect. The linear (8-4)
defect is verified to have the lowest formation energy and is the
most expected defect to be formed. Furthermore, hydrogen
atoms adsorb more readily on the defect surface than on the
pristine SiC surface. From the results, this study can be an
important note in the future for any hydrogen energy
application, in which the possibly defects need to be
considered in the experiment.
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