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Abstract

Nanoporous single-layers surfaces derived from silicene, named porous silicene (PS) and silicenylene (SC) have been stud-
ied via periodic density functional theory with a modified B3LYP functional combined with an all-electron Gaussian basis
set. The structural, elastic, electronic and vibrational properties of these nanoporous surfaces were simulated and analyzed.
The results show that both PS and SC structures had a non-null band gap and a buckled structure such as pristine silicene,
besides that they are more susceptible to longitudinal and transversal deformation than silicene. The large and well-defined
porous diameter of PS and SC can bring new applications, such as gas separation, filtering and as anode material for lithium-
ion batteries. These results are a challenge for the experimentalists to synthetize these new nanomaterials, comparing their

properties with those described in this work.
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1 Introduction

This paper belongs to a collaborative project with Profes-
sor Claudio Zicovich-Wilson, initialized during one of his
visit to Brazil. During his stay, our particular interest was
devoted to the computational modeling of organic and inor-
ganic nanoporous surfaces as described below.

The improvement and the level of chemical synthesis
have reached a high sophistication and can bring new and
interesting discovery in the nanotechnology field.

Materials with similar structures of graphene, called
graphene-like (honeycomb network), have been studied
and applied in several areas of science, but specially in
the case of zero band gap materials their applications in
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semiconductor devices are still problematic. Consequently,
there is an increment in the search of chemical [1-4] and
physical [5—7] methods with the aim of modifying the band
gap on this class of materials.

For this reason, plausible alternatives, such as inorganic
graphene-like structures, can bring new possibilities. In
IV-group elements, such as silicon and germanium, there
is some chemical similarity to carbon; therefore, they can
form graphene-like structures, named as silicene [8, 9] and
germanene [10], both with zero band gap.

The main difference between the last two structures and
the graphene is that Si and Ge have larger ionic radius,
which promotes sp® hybridization, differently from C since
sp* hybridization is more energetically favorable; this ena-
bles the silicene bonding to be formed by a mixed sp? and
sp> hybridization. The silicene has one of the two sublattices
being displaced vertically with respect to the other, which is
called buckling. The planar version of the silicene (where all
atoms lie on the same level) is metastable [11] and it is not
found in this form of deposition.

In the graphene-like structures each hexagon can be con-
sidered as nanoporous with well-defined characteristics.
Classically, porous materials are organic materials with
cavities, channels or interstices such as zeolites [12], metal
organic frameworks (MOFs) [13], silicates [14] and based
carbon materials [15]. The pore morphology of these materi-
als can bring different characteristics, with special attention
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to the ratio of the total volume (area) of the pore and the
apparent volume (area) of material.

In case of nanoporous structures derived from graphene
and with well-defined porous network, the porous graphene
(PG) [16-20] and graphenylene (GP) can be cited [20-23].
Unlike the graphene, both PG and GP have a non-null band
gap, ~ 3 and ~ 0.8 eV, respectively, as shown in recent work
[20]. The non-null band gap could bring new possibilities
of its applications in electronics.

A few years ago, Yu [24] showed that GP has a great
potential as anode material for lithium-ion batteries and
exhibits high storage capabilities; in addition, Song et al.
[25] reported that GP can be used as molecular sieve for gas
separation, since it has larger pore diameter than graphene,
5.47 and 2.83 A, respectively.

Nowadays, silicon porous materials have also attracted
attention from researchers, especially the silicene-based
ones. The designed nanopores in silicene membranes with
Stone Walles defects were presented by Hu et al. [26, 27].
These authors show that such nanopores have a high capa-
bility as helium gas separator and as hydrogen purification
membrane, suggesting that these nanoporous materials
might have great potential in gas separation and filtering
applications.

Recently, Zhuang et al. [28] showed that the recent pro-
gress on the features of silicene makes it a promising anode
for lithium-ion batteries. In another work, Zhang et al. [29]
showed that a 3D interconnected porous structure of silicene,
called silicene flowers, exhibits extraordinary combined per-
formance for lithium battery anodes, including high gravi-
metric capability, high volumetric capacity, remarkable rate
capability, and excellent cycling stability.

In order to better understand, the electronic character-
istics of new nanoporous materials whose results can give
an indication for possible applications, two nanoporous sin-
gle-layer structures derived from silicene, named as porous
silicene (PS) and silicenylene (SC) are here presented for
the first time. These proposed structures are computationally
studied under density functional theory framework, and an
accurate investigation on their structural, elastic, electronic,
and vibrational properties is reported.

2 Computational methods

The simulations were performed under periodic Density
Functional Theory (DFT) in the CRYSTAL14 [30] pro-
gram. In order to reach a reasonable accuracy on struc-
tural and electronic results, eight different functional
have been considered and their results suitably com-
pared: BLYP, B3LYP, B3LYP* (12% hybrid), B3LYP**
(6% hybrid), PBE, PBEO, PBESOLO and HSE06. The
hybrid percentage means that the mixing of the exact
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Hartree—Fock and DFT exchange are modified. The
equation that describes the modified B3LYP functional
is: E,=(1—A)- (EXP" +0.9EPECKE) + A EMF 4+ 0.19:
ELPA +0.81 - E94, where A is the hybrid percent-
age (A = 0.12 or A = 0.06 for B3LYP* and B3LYP**,
respectively).

The atom centers were described by; 86-311G** [31] and
5-11G* [32] all-electron basis sets for silicon and hydrogen
atoms, respectively.

The accuracy of the convergence criteria for bi-electronic
integrals was controlled by a set of five thresholds (10717,
10_10, 10_10, 10_20, 10_40). These parameters represent the
overlap and penetration for Coulomb integrals, the overlap
for HF exchange integrals, and the pseudo-overlap, respec-
tively, and the shrinking factor (Pack—Monkhorst and Gilat
net) were set to 20.

All stationary points were characterized as minimum
diagonalizing the Hessian matrix regarding atomic coordi-
nates and unit cell parameters and analyzing the vibrational
modes at the I" point using the numerical second derivatives
of the total energies estimated with the coupled perturbed
Hartree—Fock/Kohn—Sham algorithm [33-35]. The conver-
gence was checked on gradient components and nuclear dis-
placements with tolerances on their root-mean-square set to
0.0001 and 0.0004 a.u., respectively.

The band structure and density of states (DOS) were
analyzed using the Properties 14 routine implemented in the
CRYSTAL code, using the same k point sampling employed
for the diagonalization of the Fock matrix in the optimiza-
tion process.

The elastic properties were also studied, and the elements
of the elastic constant tensor (C,,) were calculated using the
following equation with Voigt’s notation:

1 0’E

"= Vo) (1)

where V is the equilibrium unit cell volume, 7 is the sym-
metric second-rank pure strain tensor. Second derivatives
were computed as numerical derivatives of analytical energy
gradients. In a surface (2D systems), due to the symmetry,
there are only two elastic constants, labeled C,; and C,5,,
which represent the longitudinal compression and transverse
expansion, respectively.

It is important to note that in the case of 2D systems, the
equation above needs to be modified and adapted to when
the area replaces the volume. For this reason, the conven-
tional units of 2D elastic constants (Ha.bohr?) are different
than units of the 3D elastic constants (Pa).

Due to the 2D structure of the present systems and in
order to enable the comparison of the used units, the con-
stants were converted to gigapascal. Thus, the volume can
be approximated using van der Waals radii and the unit cell
area.
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3 Model systems

The silicon bulk has a cubic structure described by the
Fd-3 m symmetry group with a diamond form and unit cell
parameter @ = 5.431 A [36] with a band gap of 1.17 eV
[37]. Silicene is formed by a single flat layer of silicon
atoms linked in a hexagonal shape described by the P-3m1
symmetry group and unit cell parameter a = 3.830 A [38]
with zero band gap and differently from graphene, presents
a small buckling A = 0.44 A [38].

In order to construct the nanoporous silicene single-
layer surface, the optimization of the lattice parameters and
internal coordinates was firstly done to minimize the total
energy of both diamond silicon and silicene single-layer. It is
important to notice that the silicene is not obtained directly
from the bulk structure, but rather obtained by deposition on
metallic substrate, such as Ag [39, 40] and ZrB, [41].

The porous silicene (PS) is achieved by the replacement
of each atom of the silicene unit cell by a benzene-like
ring with three atoms of hydrogen alternated between two
non-consecutive silicon atoms. In another way, the silice-
nylene (SC) is obtained by the replacement of each atom
of the silicene unit cell by a dimer of benzene-like ring of
silicon atoms.

Also, the SC could be a spontaneous interconversion of
the PS structure without the hydrogen atoms, leading the
rings to rotate with a simultaneous contraction of its lattice
parameter, forming a cyclobutadiene-like ring between the
dimer of benzene-like ring of silicon atoms [21]. Figure 1
shows the structures of silicene, PS and SC.

4 Results and discussion
4.1 Structural properties

The full optimization of structural parameters of the dia-
mond silicon and silicene single-layer was done using the
eight different functional mentioned above, whose results
with the respective non-null band gap and buckling are
described in Table 1.

As it is possible to see in Table 1, the description of the
a silicon lattice parameter was done with relative accuracy
for all selected functional and almost without errors for
PBEO and HSEO6.

However, the band gap energy is poorly described (over-
estimated) for most of functional, except for B3LYP** and
HSEO06 that do the best description. For the silicene, all the
functional gives a good description of the a lattice param-
eter, although only the buckling B3LYP* and B3LYP**
gives an accurate result.

The motivation to modify the B3LYP functional urges
from the need to have a better balance between the descrip-
tion of the structural parameters and the band gap. This
modification can often improve the results giving a higher
reliability, since an accurate description of these parameters
is important to simulate and determine the possible applica-
tions of the material.

The need to accurately describe the lattice parameters
and the band gap can be achieved by different methodolo-
gies, such as functional tests, basis set, optimization of basis
set and/or functional change (as in the hybrid functional).
All these tests bring with them a great computational cost,
especially in the case of the simultaneous optimization of
the basis set for each functional tested. For this reason, the
methodology of fixing the basis set and the hybrid func-
tional was successfully adopted, searching the best param-
eter adjustment for the mixing of the exact Hartree—Fock
and DFT exchange. The last methodology was also success-
fully applied to study the phonons of NiWO, [43] and other
porous materials [20].

Moreover, it should be highlighted that the HSE06 func-
tional produces a good approximation to structural param-
eters and also to the band gap. This functional takes into
account the combination of short-range fragment of Fock
exchange with a semilocal model of long-range exchange
and can be considered as a reparametrization of the HSE
functional [44, 45]. Besides, this functional would be impor-
tant if applied to van der Waals surfaces, where the interac-
tion between the layers are important, although this is not
the aim of the present study, since only single-layer systems
were considered. Moreover, the buckling is not accurately
described for this functional.

Based in the above discussion, the B3LYP** functional
shows the best description for the lattice parameters and
band gap energy of both diamond silicon and silicene single-
layer surface.

In order to maintain the simulation consistency, it was
decided that the computational setup previously selected
should be maintained. As the selected functional B3LYP**
produces a good description of the support structures, it can
also predict the properties of PS and SC with good accuracy,
giving us plausible results with consistency and reliability.

The full structural optimization procedure shows that the
PS and SC keep the hexagonal structure, with lattice param-
eters a = b (see Table 2). The calculated lattice parameters
of PS are 11.71 A, whereas the parameters of the SC struc-
ture are 10.59 A. Consequently, the SC structure presents
a 9.5% lattice contraction if compared with PS. The cell
parameters and buckling, bond lengths and bond angles for
PS and SC structures are summarized in Table 2.

The space group and unit cell coordinates were deter-
mined for both PS and SC nanoporous structures. PS belongs
to the Pbmm symmetry group with three irreducible atoms
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Fig.1 Side and top view of
nanoporous single-layer unit
cell of a Silicene, b PS and
¢ SC, with atom labels also
indicated
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Table1 Cell parameter (A), band gap energy (eV) and buckling A
(A) of diamond silicon and silicene with their respective difference
(%) from the experimental/theoretical values (in parenthesis)

Silicon (A = 0) Silicene (E, = 0¢eV)
a E, a A
BLYP 5.523 (1.7%) 0.91 (21.8%) 3.890 (1.6%) 0.477 (8.5%)
B3LYP 5.475 (0.8%) 1.81(54.7%) 3.863 (0.9%) 0.415(5.7%)
B3LYP*  5.489(1.1%) 1.43(22.2%) 3.870 (1.0%) 0.439 (0.2%)
B3LYP** 5.499 (1.3%) 1.15(1.4%) 3.876 (1.2%) 0.457 (3.9%)
PBE 5.459 (0.5%) 0.65 (44.3%) 3.860 (0.8%) 0.463 (5.2%)
PBEO 5423 (0.1%) 1.78 (51.8%) 3.842 (0.3%) 0.387
(12.0%)
PBESOLO 5.401 (0.6%) 1.68 (43.5%) 3.828 (0.0%) 0.387
(12.1%)
HSEO06 5427 (0.1%) 1.17 (0.1%) 3.840 (0.3%) 0.398 (9.5%)
Exp. 5.431 [36] 1.17 [37] - -
Theo. 5.382-5.467 - 3.830 [38]  0.440 [38]
[42]

per unit cell, and the SC belongs to the P622 space group
with one irreducible atom per unit cell. All information
about the unit cell of PS and SC structures is listed in
Table S1 (Supplementary Material).

On the PS single-layer, the average length of intra-ring
Si,—Si, bond is 2.25 A and inter-ring Si;—Si, bonds are
2.32 A, and the buckling parameter is almost equal to the
silicene, with a 0.01 A contraction. The Si—H bond length is
1.49 A, and the average bond angle centered on Si, is ~ 116°
and centered in Si; is ~ 120°. On the SC, the cyclobutadiene-
like region is a quasi-perfect square with the Si,—Si; and
Si5—Si, being 2.33 and 2.35 A, respectively, with a bond
angle of ~ 87°; also the average intra-ring bond angles are
~ 115° and inter-ring bond angle are ~ 140°; and in this
structure the buckling is higher than the PS.

Upon the analysis of the overlap population, it can be
observed that for PS, the overlap population on the inter-ring
bonds (Si;—Si,) is higher than the overlap on the intra-ring
bonds (Si,—Si;). For the SC structure, there are two differ-
ent values of overlap for the inter-ring bonds, both higher
than the intra-ring bonds. For both PS and SC structures,

the inter-ring bond has a more covalent character than the
intra-ring bonds.

As expected, the Mulliken charges of Si atoms in silicene
and SC are uniformly distributed. In other way, on the PS
structure there is a charge transfer from Si to H atom, and
also a small charge dislocation from the Si adjacent to Si
bonded with the H.

Another important information to observe is that the PS
has a smaller pore diameter (6.62 A) compared with SC,
whose pore diameter is 8.63 A, and it can be compared with
the silicene pore which has a diameter of 4.5 A. These 2 A
of difference between the pores directly affect their applica-
tions, in particular, gas separation as a filtering membrane
and battery anode as showed by Hu et al. [26, 27].

4.2 Elastic properties

Determining the mechanical properties may provide impor-
tant information when external forces act on a material. The
knowledge of the elastic properties can also be crucial to
determinate the performance and the potential application
of materials.

At first, the elastic constants for silicene (which represent
the building block of nanoporous structures) were calculated
in order to verify the numerical accuracy of the modified
hybrid functional (B3LYP**) and of the adopted basis set.

The calculated elastic constants for silicene are
C,; = 173.51 GPa and C,, = 49.19 GPa. In order to com-
pare the accuracy of the magnitude of the elastic proper-
ties with previous related results, the Young’s modulus (Y)
and Poisson’s ratio (v) was calculated using the following
expressions: ¥ = (C3, — C3,)/C,, and v = C,,/C},. There-
fore, the Young’s modulus and Poisson’s ratio (v) for silicene
are 159.57 GPa and 0.283, respectively. These results are
in good agreement with the reported theoretical values of
the Young’s modulus (~ 148 GPa) [46] and Poisson’s ratio
(0.30) [46] of silicene.

The accuracy of the results for the mechanical properties
for silicene should certify an accurate description for PS and
SC structures, listed in Table 3.

Table 2 Cell parameters (A),

buckling A (A), bond length a b A Bond length (overlap) Angles

(A), overlap population (in PS

?gg;‘t:fls;;);r‘l‘;'es')ca"d angles 1171 1171 0.43 Si,—Si, 2.25 (399) Si~Si,Sis 117.41

Si,-H 1.49 (321) H-Si,-Si; 115.02

Si;—Siy 2.32 (318) Si,—Siz—Si, 119.88
SC

10.59 10.59 0.54 Si,—Si, 2.25 (354) Si;—-Si,—Sis 139.71

Si,—Sis 2.35 (267) Si;—Si,—Sis 114.62

Siy—Si, 2.33 (302) Si;—Si,-Sis 86.94
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Table 3 Elastic constants C;; and C;, (GPa), Young’s modulus (Y,
GPa) and Poisson’s ratio (v)

C Cp, Y v
Silicene 173.51 49.19 159.57 0.28
PS 72.97 23.36 65.49 0.32
SC 110.19 39.32 96.15 0.36
Graphene [20] 1025.92 163.01 1000.02 0.16
PG [20] 304.76 58.45 293.55 0.19
GP [20] 695.44 180.09 648.80 0.26

The results show that silicene is more rigid than both
nanoporous surfaces in both longitudinal and transver-
sal direction. On the other hand, PS single-layer is more
deformable than SC, due to the strong bonding in the square
ring of SC. Moreover, the Poisson’s ratio for PS and SC,
consequently, are higher than the silicene. Beyond that, in
our previous work [20] it was presented a study of the elastic
properties of graphene, porous graphene (PG) and graphe-
nylene (GP), which are inserted in Table 3. Comparing these
Young’s modulus results with those obtained in the present
work, it is possible to see that graphene is almost six times
stiffer than silicene, the porous graphene is approximately
~ 4.5 times stiffer than porous silicene and graphenylene
is approximately ~ 6.7 times stiffer than silicenylene. Fur-
thermore, the Poisson’s ratio of the silicene-based structures
indicate that these structures are more deformable in the
transversal direction, being more easy to break in a shear
stress; and the PG and GP Poisson’s ratio are similar to the
pristine silicene.

4.3 Electronic properties

Figure 2 depicts the band structure, total and projected den-
sity of states of the silicene and both nanoporous surfaces.

The silicene (Fig. 2a) has zero band gap, with a well-
defined Dirac cone, similar to the graphene, and located at
K point. PS (Fig. 2b) and SC (Fig. 2¢) nanoporous surfaces
have a direct band gap, 1.37 eV and 76 meV, respectively,
also located at K point.

It is evident that the pore leads a significant change in the
electronic properties. Firstly, the band gap is opened from
the silicene to PS. Second, occurs a sensible decrease in the
band gap from PS to SC due to removal of the hydrogen
atoms, leading to an structural rearrangements, which con-
sist in an alternated rotation (30 degrees) of the hexagonal
rings combined with the contraction of the lattice parameter
(~ 10%) that forms a new cyclobutadiene-like ring between
the rotated hexagonal rings and a increase in the buckling,
which modifies the dihedral angle in ~ 5°. New electronic
states are created around the valence band (VB) and conduc-
tion band (CB), mainly associated with the 3p, orbitals of
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the silicon atoms, as can observed in the density of states
(Fig. 2).

Also is observed that the bands of PS are more flat than
silicene; therefore, the electrons have a lower mobility in this
region. On the other hand, SC shows only a small enlarge-
ment of the Dirac cone, creating non-flat bands, indicating
a good dispersion and a higher mobility of the electrons;
which could be interesting to electronic applications since
this brings a small restrain to the electron mobility.

The DOS of PS (Fig. 2b) indicates that the main contribu-
tion to the VB and CB around the band gap comes from the
3p, orbital of the silicon atoms, whereas there is no signifi-
cant contribution from the 1s orbital of the hydrogen atoms.
According to Fig. 2c, the main contributor to both VB and
CB of SC is also the 3p, orbital of the silicon atoms.

4.4 Raman spectra

The Raman vibrational spectra and their most intense modes
(without shifts) obtained for silicene, PS and SC are shown
in Fig. 3.

These vibrational spectra can provide chemical and struc-
tural useful information to understand the experimental
results, as well as a reference fingerprint for the structures.

The silicene shows a single Raman-active mode at
555.54 cm™! (E, silicon asymmetric stretching), in agree-
ment with the theoretical Raman G band at ~ 550 cm™!.
[47] SC has fifteen Raman-active modes, the most intense
are located at 357.60 cm™! (E,, silicon symmetric stretch-
ing) and 394.14 cm™' (E,, silicon asymmetric stretching).
The PS structure shows twenty-four Raman-active modes,
the most intense of which are located at 504.13 cm™" A,
silicon scissoring and hydrogen wagging), 549.00 cm™!
(E,, silicon asymmetric stretching and hydrogen rocking)
and 723.01 cm™! (E,, carbon asymmetric stretching and
hydrogen rocking). Also, for PS, there is only one active
vibrational mode at frequencies above 2000 cm™" which
has a small intensity and only the hydrogen atoms oscillate
with an asymmetric bond stretching. The theoretical vibra-
tional modes are in agreement with experimental results for
the Si—H [48, 49] and Si-Si [50] bonding. The vibrational
modes representation can be seen in the supplementary
material.

5 Conclusions

Periodic DFT calculations were performed using BLYP,
B3LYP, PBE, PBEO, PBESOLO, HSE06, modified
B3LYP* (12% hybrid) and modified B3LYP**(6% hybrid)
functional together with all-electron basis sets to simulate
the structural, electronic, elastic and vibrational proper-
ties of diamond silicon, silicene, PS and SC single-layers
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Fig.2 Band structure and total
and projected density of states
of a silicene, b PS and ¢ SC
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Fig.3 Vibrational Raman spectra of silicene, PS, and SC structures

r DOS (arb. unit.)

surfaces. From all tested functional, the B3LYP** pro-
duced the most reliable results, with respect to the struc-
tural and electronic properties of diamond silicon and
silicene single-layer surface; and thus it is expected that
the prediction of the properties of PS and SC would have
a good accuracy.

The analysis of the band structure shows that PS and SC
have a direct band gap located at K point. The pores signifi-
cantly changed the electronic properties of the silicene. The
band gap was opened from the silicene to PS, and the band
gap dropped from the PS to SC, because of the dehydrogena-
tion which leads to a structural rearrangements.

Besides, the SC shows non-flat band with an enlargement
of the Dirac cone which gives greater mobility to the elec-
trons with a small restrain to their movements, indicating a
possible application on electronics, overcoming the problem
with the high mobility of graphene and silicene.

@ Springer
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The analysis of the elastic properties indicates that PS
and SC structures are more deformable in both longitudi-
nal and transversal direction than silicene; consequently,
the Poisson’s ratio for both nanoporous structures is higher
than silicene.

The Raman spectra of silicene are in good agreement with
the other theoretical results, which allowed us to determine
with reliability the Raman spectra of the PS and SC struc-
tures and determine their most intense vibrational modes.

The PS and SC structures can play an important role in
improving the performance of nanosystems, applying this
knowledge to electronics, gas filtering, adsorption systems
and as an anode to lithium batteries. This could motivate fur-
ther experimental and theoretical investigation in this field.
Also it is expected that the generated geometric crystallo-
graphic information can be usefully applied to other studies.
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