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Abstract. 2D materials have a wide surface and unique electronic properties as compared to bulk
materials. Due to the high stability, high abundance, and the existence of an excellent compatible oxide,
Si and Si-based layered materials are the leading ones for microelectronic devices and may be the most
promising materials for realistic applications. Lithium-ion batteries (LIBs) have become the most
successful type of energy-storage device for applications ranging from portable electronic devices to
modes of transport such as electric vehicles, due to their lightweight, environmental friendliness, and
high energy density. Si-based 2D materials, unlike metals, do not have a good screening. Therefore, it
is expected that their intrinsic capacitance has a prominent influence on the performance of devices
when these materials are used in electrodes. We performed DFT calculations of Li¢ adsorption (q = -1,
0 or +1) on a silicene single layer. Pristine and defective silicene configurations with and without Li
doping were studied: single vacancy (SV), double vacancy (DV) and Stone-Wales (STW). Quantum
capacity (QC) and charge density studies were performed on Li adsorbed in various sites of the substrate.
Moreover, structural studies, adsorption energies, electronic structure and charge density difference
analysis were performed before and after adsorption at the most stables sites, which showed the presence
of a magnetic moment in the undoped SV system, the displacement of the Fermi level produced by Li
doping and a charge transfer from Li to the surface. The QC analysis showed that the generation of
defects and doping improves the QC of silicene in positive bias, because of the existence of 3p orbital
in the zone of the defect. Consequently, the innovative calculations performed in this work of charged
lithium doping on silicene can be used for future comparison with experimental studies of this Li-ion
battery anode material candidate.
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1 INTRODUCTION

Currently, 2D materials with high surface area, high power density, high stability and high
conductivity are highly demanded as electrode materials in metal-ion batteries (Wang et al.,
2012). The demand for portable energy sources is currently increasing and improvements in Li-
ion batteries (LIBs) have become an important quest. The conventional material used as the
anode is graphite, but a new alternative are the 2D graphene-like forms such as silicene and
others (Ayodhya y Veerabhadram, 2020). Therefore, understanding the formation and
migration of defects as well as their influences on the electronic/magnetic properties of these
novel 2D materials not only is meaningful for fundamental research, but also provides a
powerful route to customize their physical properties and to control their functional applications
in future devices.

Due to the high stability, high abundance, and the existence of an excellent compatible oxide,
Si and Si-based layered materials are the leading ones for microelectronic devices and may be
the most promising materials for realistic applications (Luo et al, 2014; Yu, 2018). In the large
family of 2D materials, silicene deserves a special consideration because of its compatibility
and expected integration with current nanotechnology. Silicene is a silicon counterpart of
graphene with a tiny band gap of 1.55 meV (Chowdhury y Jana, 2016). This 2D material has
the distinctive property of a buckled honeycomb structure, allowing better interactions of this
surface with Li atoms, and therefore is advantageous for application in Li-ion batteries.
Hawever, lower energy density of silicene-based materials severely limits its implementation.
Many attempts are being made to increase materials capacitance performance (Chavan et al,
2018), and enhancing quantum capacitance is one of the most effective techniques to generate
materials with high energy density (Zhang et al., 2012). To that end, we analyze the effect, to
the quantum capacity, of adsorbing a Li atom with different initial charge states to a pristine
and a defective silicene layer.

2 METHODOLOGY

We used Density Functional Theory based calculations, implemented with the VASP code
(https://www.vasp.at/). We computed the optimized geometrical structures and electronic
properties of pristine and defective silicene, with the projector augmented wave potentials
methods applied. Periodic plane waves and Bloch’s projector augmented wave (PAW) are used
in order to obtain the description of the valence electronic states and the core-valence
interaction, respectively (Blochl, 1994). The Perdew-Burke-Ernzerhof (GGA-PBE)
parameterization is utilized in order to obtain the exchange-correlation energy of interacting
electrons (Perdew, 1996). The valence electron configurations are 1s? 2s!, [Ne] 3s? ?)p2 for Li
and Si, respectively. A kinetic energy cutoff of 700 eV, and a 7x7x1 k-point mesh within the
Monkhorst-Pack method are used (Monkhorst y Pack, 1976). A smearing parameter of 0.05 eV
is used within the Methfessel-Paxton method. The convergence criteria for optimizations are
0.02 eV/A for forces and 1x10™ eV for total energy change. Stress tensors elements reached
down to 1.0 kbar for the optimization of cell parameters. The possible magnetism of the
defective system is considered with the implementation of spin polarized calculations. Based
on lattice parameters of the primitive cell, we construct a supercell of 5x5 units with hexagonal
structure. A vacuum of 11 A along the z direction is considered, in order to prevent the artificial
interaction between layers. All structural models are fully relaxed. We considered three possible
charge states (q = +1, 0 and —1) for the Li adsorption on the systems. The adsorption energy is
calculated using the following equation:

Eqqa = Epja + Esystem - Esystem+Liq (D
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where q represents the Li atoms charge, E;q is the energy of a single charged Li atom, Egystem
is the pristine or defective silicene total energy and E sy stem 14 1S the total energy of the system
after the adsorption. The defect formation energy is calculated according to:
N-1
Edf = Edsystem - TEsystem ()
where, E; ¢ represents the formation energy of the system with the defect, Eqgystem 1S the energy
of the defective silicene, and N represents the number of Si atoms in the configuration. When

both the volume and entropy effects are neglected, the open circuit voltage (OCV) can be
obtained using the following equation (Wang y Li, 2020):

~Egystem+1id~(Epia+Esystem)

oCV =

3)

where, Egystemaria and Egygrem represent the adsorption energy of lithiated and nonlithiated
systems, respectively. E;;q is the Li atom cohesion energy in bulk BCC crystal and e is the
electron charge.

The quantum capacity is calculated according to the work of Paek (Peak et al., 2013) by:

Co = e [7 D(B) = H{E22 2l g (4)

e

where D(E) is the density of states, ¢ is the local potential, E is the relative energy with
reference to the Fermi level, e is the elementary electric charge and kg is the Boltzmann
constant. In all calculations the T was set to 300 K.

In silicene, the Si atom has a hexagonal crystalline arrangement in a P3m1 space group,
with a unit cell formed by two Si atoms. Our calculated values for the lattice parameter, bond
length, buckling height and angles were a = 3.87 A, Si-Si =228 A, Az=0.44 A, a =90°, f =
90° and y = 60°, which are in good agreement with those reported in the literature (Huang et al.,
2013). To simulate the charged Li atom adsorption with a concentration of x(Li) = 0.02, a
supercell of 5 x 5 surface of 50 atoms was constructed. In all the calculations, the lateral
displacement of the Li atom is restricted. The van der Waals calculation is tested in the pristine
case for Li atom adsorption, finding an energy difference of 0.03 eV in comparison with the
case without considering the long-range interaction. Therefore, the van der Waals interactions
are not considered in the calculations.

3 RESULTS AND DISCUSSION

3.1 Geometry and systems energetic stability after Li adsorption

In this work, pristine and defective silicene is studied, where the defective systems are
silicene with a single vacancy (SV), a double vacancy (DV) and a Stone-Thrower-Wales (STW)
defect. The obtained Eqr values are 3.40 eV, 3.73 eV and 2.09 eV for SV, DV and STW
configurations, respectively. These formation energies are in good agreement with those
reported by Setiadi et al., 2013.

For charged Li%(q =-1, 0, +1) adsorption, the high symmetry adsorption sites are considered:
top, bridge and hollow (see inserts on Figure 1 a-d). In these figures, H is a 6-fold hollow site
in the perfect zone (PZ), while H1 and H2 are a 6-fold hollow and a 5-fold pentagonal hollow
site in the defect zone (DZ). The T, V, B, T1, V1 and B1 represent a top on a superior silicon
atom, a valley (top an inferior Si atom) and 2-fold bridge sites in the perfect and defect zone,
respectively. The defect sites are labeled SV (single vacancy), DV (double vacancy) and STW
(Stone-Thrower-Wales), depending on the defective system.
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Table 1 summarizes the calculated adsorption energies, Li-Si bonds and OCV at the most
favorable sites for all the doped configurations of the LixSi sheet. The adsorbed configurations
are presented in the inserts-on Figs. 2 and 3. It can be seen that Li"! ion for the most stable
configurations has smaller adsorption energy values for all systems, therefore we decide only
to consider the Li® and Li*! for the further analysis. In all adsorbed systems, the hollow sites
present higher energy values. Except in the case of silicene with a single vacancy, where the Li
prefers to be located in the defect site SV, which is, overall, the most stable one for the Li
adsorption on the surface. This is in good agreement with the results reported by Setiadi et al.,
2013. Also, it is important to remark that in the defective system the most stable hollows are
those closest to the DZ. The energy trend is SV (SV configuration) > H2 (STW configuration)
> H2 (DV configuration) > H (pristine configuration), which is related to the electrostatic
interaction between the adsorbate ion and the defective substrate. This is in good agreement
with the results reported by Pattarapongdilok and Parasuk, who considered the same charged
states of lithium on graphene quantum dots (Pattarapongdilok y Parasuk, 2020). The results
show that positive charged Li adsorption energy is the highest in all cases, which is consistent
with a more realistic experimental situation.

Eud (V) Li-Si (A) OCV (V)
. q q q
Structure/Site 1 0 l 1 0 ol 1 0 +1
Pristine
H -1.20  -2.16 -4.29 2.67 269 272 120 216 4.29
Defected - SV
SV 296 -331 4381 2.51 254 249 | 296 3.31 4.81
H1 -2.82 322 479 2.62 265 268 | -2.82 322 4.79
Defected - DV
DV 2,67 -2.88 -4.30 2.69 269 268 | 267 288 4.30
H2 210 -2.58 432 2.66 268 268 | 210 258 4.32
Defected - STW
STW -1.83 -246 -441 2.60 2.61 271 1.83 246 441
H2 -1.88 -2.47 -448 2.61 263 269 | 1.88 247 448

Table 1: Adsorption energies (eV), Li-Si bond lengths (A) and OCV (V) calculated values for charged Li atom
adsorbed at the most stable sites in pristine and defected silicene.

After adsorption, the shorter and larger Li-Si bond distance corresponds to an H site for Li*!
on pristine silicene, and SV site for the Li*! on silicene with a single vacancy, respectively. The
OCYV for Li*'-doped systems in all considered cases are higher than pristine silicene. For the
defected silicene, the average OCV for all q follows the trend SV > DV > STW (> pristine),
except for q = +1 in the DV system, which has a lower value than the STW one. The highest
OCYV in all systems is that for q = +1, suggesting that doping silicene with Li*! could be a
suitable strategy for Li dispersing in LIBs electrodes.

The obtained OCV values for defected silicene are higher than the corresponding values for
N-doped (Yu, 2013a) graphene and graphenylene (Yu, 2013b), which makes silicene an
excellent material for enhancing battery performance.
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3.2 Electronic structure, Bader analysis and quantum capacity

Regarding the electronic structure, the projected DOS, Quantum capacity and Charge density
vs local electrode potential for pristine and defective silicene are shown in Figure 1. Except for
the case of silicene with an SV, which presents asymmetric spin up and spin down contributions
to the DOS with a magnetic moment of 1.85 ug, all the other cases present symmetric
contributions (see the upper insert on the left in Fig. 1b). Only the spin up contribution is plotted.
These results are in good agreement with those reported by Ali et al., 2017. It can be seen from
Figure 1a on the left, that the pristine silicene shows a semiconductor behavior, with intersecting
conduction and valence bands at the Fermi level (Er). In the cases of SV and DV systems, the
defect states give rise to localized states around the Fermi Level, shifting the Er down into the
VB and giving a metallic character to this defective silicene (see Figs. 1b and c, left). This is
consistent with a p-doping behavior. For silicene with the STW defect, no changes can be
observed in the PDOS curves when it is compared with the pristine case (compare Figs. 1a and
d, left side).
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Figure 1: Projected DOS curves for pristine (a) and defective (b-c) silicene (left). Inserts present schematic
views of systems with the possible adsorption sites. The upper insert on the right on Figure b is the spin
polarized PDOS around the Fermi level (0 eV) for the SV system. The orange spheres represent Si atoms on the
perfect zone (PZ), while the light blue and violet are those in the defective zone (DZ). Quantum capacity vs local
electrode potential (a) and Charge density vs local electrode potential (b) for the pristine and defective systems

(right).

In the right side of Figure 1 the calculated QC and charge densities vs local electrode
potential of the pristine and the defective configurations are shown. The QC for the pristine
case presents a maximum at approximately -0.6 V (orange area in Fig. 1a, right side). Also, it
shows the lowest curve in the positive charge zone (see orange curve in Fig. 1b, right), which
is consistent with the few states around the Er on the PDOS curves (Fig. 1a, left). These results
are in good agreement with those reported by Momeni et al., 2020; Yang et al., 2018; Xu et al.,
2019. The Dirac point is shifted to the left, near -0.5 V and the charge density shows a
predominance in the positive charge zone while it is less predominant in the negative zone for
the SV configuration (see red curve in Fig. 1b, right). This is a consequence of the important
number of defect states around the Er (see Fig. 1b. left), which improved the QC in comparison
to the pristine case. For the DV system the minimum in QC curve remains closest to 0 V, while
the charge density curve is the second most predominant in the positive zone (see blue line in
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Fig. 1b, right). This behavior is due to the defect states below the Fermi level, which come
mainly from the atoms in the DZ1 (see Fig. 1c, left). These results agree with those reported by
Yang et al., 2018. The PDOS curves of STW systems have the same behavior that the pristine
case, then the QC curve of both systems are very similar. Also, the charge density vs ® plot
shows that the curve for STW configurations is the predominant one in the negative zone (see
Figs. 1a, d left and the dark pink line in Figs. 1a and b, right). Similar results are reported by
Momeni et al., 2020. In summary, these results show that the 3p orbitals of Si atoms in defective
zones produce an improvement on charge density in the positive voltage zone and an
enhancement of QC of silicene in positive bias, which is necessary for better supercapacitors.

The projected DOS (left), Quantum capacity and Charge density vs local electrode potential
(right) for pristine and defective silicene after charged Li adsorption in the most stables site are
shown in Figures 2 and 3 (only spin up contributions are presented due to symmetry). When
Li% atom adsorbed at an H site on pristine silicene, the hybridization between Li s and Si p
orbital produces a shift to the right in the Dirac cone, which is consistent with an n-type doping
character (see Fig. 2a, right). While in the case of the Li*! adsorption at the H site, it can be
seen in Figure 2b (left) that the PDOS curves behavior is similar to the curves in the undoped
system. For the Li atom adsorbed at the STW site of STW configurations, the DOS curves show
a metallic behavior due to a strong hybridization of s-p orbitals of Li-Si interaction, while there
are almost no changes on the projected DOS around Er when Li*! is adsorbed. At the H2 site
on this system, the Li® atom introduces changes in the end of valence band due to Li s orbitals
and Si p orbitals hybridization between -0.5 eV and the Er, while in the case of Li*! ion, the Er
is at the beginning of the conduction band (see Figs. 2c-f, left).
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Figure 2: Projected DOS curves for Li atom and Si nearest neighbor atoms to the adsorbed site on pristine (a, b)
and STW (c-f) systems after charged Li atom adsorption at the most stable sites (left). The Li PDOS curves are
magnified for a better view. Inserts present a schematic view of the adsorbed systems. The orange, light green
and dark green spheres indicate the Si atom, the Li® atom and the Li*' ion, respectively. Quantum capacity and
Charge density vs local electrode potential for pristine (a, b) and STW (c-f) defective silicene with and without

Li adsorption at the most stable sites (right). The Fermi level corresponds to zero energy.

In Figure 2a (right) it can be seen a displacement of the quantum capacity to positive values
(which is consistent with the shifts of the Er presented in the PDOS in Fig. 2a, left) and also an
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enhancement of QC in negative biases when the Li® adsorbed at the H site, while the Li*! ion
does not produce an increase in the QC and is similar to the pristine case, which agrees with
behavior of the PDOS after the adsorption (see Figs. 2a on the right and 2b on the left side).
The charge density curves in Figure 2b (left) are identical to that in the pristine system for the
Li*! case, while for the Li® doped system a predominance in the negative charge density zone
is shown. For Li adsorbed at the STW site of the STW system, the QC shows a small
enhancement in the Li° case in the positive voltages, which is consistent with some presence of
states below the Erin PDOS curves. The Li curves show a positive displacement for Li’, while
no displacement is present in the case of Li*! (see Figs. 2c on the right and 2c-d on the left side).
In Figure 2d (right), the charge densities curves are almost all superimposed, being the most
positive the one corresponding to the Li’. In the case of Li adsorbed at the H2 site on the STW
system, Figures 2e and f (right) show a general shape similar to Figures 2¢ and d (right) and
there is no noticeable enhancement and displacement of the curves.

For the Li’ and Li*! adsorption at the most stable sites on SV system, the Fermi level is
shifted to lower energies showing a p-type doping character as consequence of the s-p
hybridization in the Li-Si interaction. The main difference is the shift, which is consistent with
a different amount of charge transfer in both cases (see Figs. 3a-d, left). In the case of the DV
system after Li® is adsorbed, for both adsorption sites, the strong hybridization of Li s and Si p
orbitals of the states around the Fermi level generate a metallic behavior in the DOS curves.
The same behavior, with a different shift, is present in DOS curves when Li*! is adsorbed at the
DV site. For Li*! adsorbed at the H2 site, the EF is shifted to the end of the VB due to the s-p
orbitals hybridization of Li and Si atoms near the Fermi level (see Figs. 3e-h, left).
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Figure 3: Projected DOS curves for Li atom and Si nearest neighbor atoms to the adsorbed site on SV (a-d) and
DV (e-h) systems after charged Li atom adsorption at the most stable sites (left). The Li PDOS curves are
magnified for a better view. Inserts present a schematic view of the adsorbed systems. The orange, light blue and
violet spheres indicate the Si atom in the PZ and in the DZ, respectively. While the light green and dark green
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spheres represented the Li® atom and Li*! ion. Quantum capacity and Charge density vs local electrode potential
for SV (a-d) and DV (e-h) defective systems with and without Li adsorption at the most stable sites (right). The
Fermi level corresponds to zero energy.

For the QC in the case of the doped SV configurations, it can be seen that the adsorption of
charged Li at the most stable sites produces an increase in the maximum of the quantum
capacitance, which is consistent with more positive states below the Er of the PDOS, which
generate an increase of the positive QC. The displacement of the graphs shows that the Li*!
adsorbed configurations have its minimum near the SV case, while the Li° configurations are
displaced to the right. The charge density shows that the Li*' systems have the most positive
charge densities (see Figs. 3a-d on the right and a-d on the left side).

Comparing the DV system before and after adsorption of charged Li, an increase in QC in
positive voltage values is present (compare Fig. 1a with Figs. 3e and g, both on the right side),
which can be related to more states below the Erin the PDOS curves (see Figs. 3e-h, left side).
For Li® and Li*' adsorbed at the DV site, the minimum is shifted to negative values, while in
the case of Li adsorbed at the H2 site, the minimum is again almost at 0 V for Li*!' and moved
to positive values for Li’ (see Figs. 3e and g, right side). Again, an increase in the QC for the
different cases is observed. At the positive voltages, the Li*! curve shows an enhancement,
while the Li° curve shows an enhancement in the negative voltages. The charge densities show
that the Li*! case is the most positive one (see Figs. 3f and h, right side). These results are
consistent with the behavior of the PDOS around the Fermi level for the different DV
configurations (see Figs. 3e-h, left side).

Summarizing, the doping produces an enhancement in the quantum capacities and charge
densities. These results are useful to analyze these systems for future application. Also, it can
be noted that the Li doping with different charge values have an effect in the displacement for
these curves. A significant increase in the positive voltages in the QC is present, mostly for the
Li*! cases on SV and DV doped sites. The responsible for these changes are the 3p orbitals of
Si atoms in defective zones. The case of the H2 site on the STW doped system shows the small
enhancement in QC.

In all the considered systems, Bader charge analysis [23] at the most stable adsorption sites
show that Li*! ion has a final charge of about +0. 9¢’, indicating the existence of a small charge
transfer to the surface. In the case of Li® atom, the charge transfer to the surface is about 0.9¢".
This is due to the sp hybridization of the Li-Si bond and is consistent with a cationic behavior
of Li atom and anionic character of the surface. Charged and a neutral Li. Similar behavior is
reported for Li* ion adsorbed on pristine and defective graphene sheets (Shanmugam et al.,
2020; Sangavi et al., 2019)

4 CONCLUSIONS

The adsorption of Li% (q = -1, 0 or +1), in a low concentration, on different symmetry sites
of pristine and defective silicone were studied by DFT calculations. The most stable sites are
the H, the SV and the H2 site at the pristine, SV, DV and STW configurations, respectively.
The OCYV follows the same trend. In all systems, the most stable adsorption energies were found
to be when the Li*! ion is considered. Only the SV system presents asymmetric DOS curves
with an induced magnetic moment of 1.85 pug. The defective cases showed a p-doping behavior
as a consequence of the defect states around the Fermi level, which is more visible at the SV
system. After Li adsorption, the DOS curves present a shift of the Fermi level towards the
conduction band (CB) for the pristine system, while in the case of the SV configurations it is
shifted to the VB. In the DV case, for Li’ and Li*!, there is a shift towards the CB and VB,
respectively. The Bader analysis of the lithiated systems shows that there is a local charge
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transference from Li to the surface, and that although Li has +1, O or -1 charge as a starting
point, it always ends up being a Li*! ion on the surface as the most suitable scenario. The QC
and charge density analysis in all configurations with and without Li adsorbed show a good
agreement with the DOS curves. We found that the addition of defects in the silicene generates
an improvement in the positive voltages of the charge density and QC curves, due to the
presence of 3p orbitals of Si atoms around the defects. The QC and electron charge densities
showed an enhancement after the charged Li adsorption, mainly because of the hybridization
of s-p orbitals of the Li-Si bond. An increase in the QC in positive bias for the SV and DV sites
is present, being predominant in the Li*' cases. The QC and electron charge density
improvements are important parameters to be used in the design of battery anodes. The
promising role of charged Li/silicene is also an alternative to other 2D possibilities.
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