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Abstract:

Given their great surface-to-volume ratio, bidimensional monolayers are ideal for
hydrogen storage in fuel cell systems. It has been demonstrated that the silicon carbide
(SiC) monolayer has a sp® hybridization which makes it an alternative to graphene. In
this work, the hydrogen adsorption properties of a silicon carbide monolayer decorated
with alkali and alkaline earth metal atoms are analysed by means of first-principles
calculations. The results suggest that the adatoms cause little distortion to the
monolayer, and they tend to be adsorbed on sites above Si atoms. The adatoms act as
adsorption sites for H, molecules: up to seven molecules can be adsorbed by K, Mg and
Ca. The adsorption energies suggest that H, molecules are physisorbed over the
decorated SiC monolayer, which means that no chemical bonds are created between H,
and the adatoms. This is beneficial because the breaking of chemical bonds, which
would be needed to make use of the stored Hy, is energetically expensive. These results
add to a continuing effort to develop efficient means of reversible hydrogen storage.
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1. Introduction

Silicon carbide has attracted much interest due to its useful properties: resistance to corrosion, large
band gap (3.2 eV), high mechanical strength, low density, high hardness, high thermal conductivity
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and low thermal expansion coefficient (1-3). Several theoretical studies have investigated the
atomic structure and electronic properties of nanostructured SiC as a promising material for the next
generation of nanoelectronics and energy applications (4); for example, nanoporous SiC (5-7),
nanotubes for energy storage (8) or nanowires for optoelectronics (9—11). Nanostructured SiC has
also been synthesized as nanohole arrays (12), nanowires for piezoelectronics (13) or thin films for
thermal sensors (14).

Among the different nanoscale structures that can be investigated, 2D materials have been given
extensive attention in recent years since the rise of graphene. A number of applications have been
found for this type of materials, including p—n junctions and transistors (15,16), gas sensors (17,18),
spintronics (19), components for Li—ion and Na—ion batteries (20), and so on. Similar to graphene
in its honeycomb structure, sp® bonding and flatness (21), a SiC monolayer could exhibit a large
band gap and benefit from the advantageous properties of SiC, while having the potential
applications in which 2D materials excel. At the time of writing, ultrathin SiC nanoflakes and
nanosheets have been successfully synthesized (15,22,23).

The study of the adsorption mechanisms of H, on solid-state materials is essential for the
widespread adoption of hydrogen as an energy carrier, which has been demonstrated to be cleaner
and more available than fossil fuels (24,25). Storage by solid state materials provides advantages
over compressed gas or liquefaction, which would require great quantities of energy to produce the
appropriate temperatures and pressures (25). The nanostructuring of materials greatly extends their
usable surface area per volume unit, and this improves their adsorption properties (26,27). This
application relies on the ability of the host material to adsorb H, molecules, although a strong
bonding is not favourable since it would make difficult the cleaning and reuse of the host material.

H, adsorption can be achieved using functionalizing atoms deposited on a substrate (28-30).
Transition metals have been used in several materials, however, clustering of these atoms tends to
happen, which hinders the adsorption of H, molecules (31-33).

Given the potential advantages of a SiC monolayer, we propose it as a possible substrate for the
storage and detection of molecular hydrogen. To avoid the use of transition metals, we explore the
potential use of alkali and alkaline-earth metal atoms decorating the monolayer as H, adsorption
sites. Besides preventing the formation of metal clusters, the use of alkali and alkaline-earth metals
would reduce the weight of the storage system and increase its gravimetric capacity. A recent work
(34) reported the adsorption of alkali and alkaline metals on a SiC monolayer by means of DFT.
The work described the possibility of hydrogen and oxygen evolution reactions using free energy
calculations. Another paper (35) explored the cases of Li- and Ca-decorated SiC monolayers.
However, a systematic study of the capacity of metal-decorated SiC monolayers to adsorb a number
of H, molecules, as has been carried out for graphene (36) or silicene (29), is still absent from the
literature.

In this paper, the properties of the pristine SiC monolayer are first obtained. Subsequently, an alkali
or alkaline-earth metal atom is placed on different possible adsorption sites on a SiC monolayer
supercell, and the most favourable site is chosen. On this site, from 1 to 7 hydrogen molecules are
placed, to evaluate the adsorption on the monolayer and how it is affected by the number of H;
molecules in the proximity. For comparison, the possible case of a H, molecule adsorbed on the
pristine SiC monolayer is also calculated.

2. Computational details

Density Functional Theory (37,38) was used to calculate the total energy of all systems, by means
of the SIESTA method (39). Exchange and correlation potentials were calculated through the PBE
functional (40), within the GGA approximation. A double-{ polarized basis set was used (41,42), as
well as Troullier-Martin’s norm-conserving pseudopotentials (43) in a fully non-local form (44).
The real space grid for numerical integrations was defined by a cut-off energy of 460 Ry. A
reciprocal-space grid of 24x24x1 was generated by the Monkhorst-Pack technique (45). Atomic
structures were optimized using a conjugate gradient algorithm, as implemented in the SIESTA
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code, until the force between any pair of atoms was less than 0.001 eV/A. To calculate the resulting
electronic charge correspondent to each atom, and evaluate their gain or loss of electrons, Voronoi
electronic population analysis was employed (46).

The decorated monolayers with a variating number of H, molecules were all modelled in a 5x5 SiC-
monolayer supercell. Periodic boundary conditions are used, and to avoid unwanted interactions, a
distance of 10 A separates the monolayer from its artificial image along its z direction.

3. Results and discussion

As the first step, the pristine SiC monolayer is geometrically optimized. Its structural characteristics
are shown in Fig. 1. The Si—C bond length is 1.8 A, while the lattice parameter is 3.11 A. As with
graphene, sp” hybridization allows the structure to be flat, unlike silicene and other 2D materials.
This structure is a semiconductor with a band gap of 2.04 eV, the corresponding density of states is
shown in Fig. 2. These values are close to those reported in the literature with more expensive
calculation techniques (34).

: (b) 3114
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Figure 1. (a) Top view of a fragment of the SiC monolayer. T, D, H and B are adsorption sites. The
primitive cell is marked by dashed lines. (b) Side view of the fragment.

There are various adsorption sites for the metal atoms (see Fig. 1). On the optimized pristine SiC
monolayer, a metal atom is placed in each of the sites and the system is geometrically optimized, to
evaluate the most energetically favourable site for metal adsorption. Table 1 summarizes the results
for each metal. The adsorption energy is calculated according to the next formula:

E, = Em + Esic — Esicoms (1)

where E\y is the total energy of an isolated metal atom, Efsic is the total energy of the pristine SiC
monolayer supercell, and Esicim 1s the total energy of the optimized system of the monolayer
supercell with the decorating metal atom. The adsorption energies fall in the range of chemisorption
(47), that is, all metal atoms are bonded to the SiC monolayer, except for the Mg atom, which has
an adsorption energy under 0.5 eV, and a very low charge transfer to the monolayer. The most
favourable site for all metals was the T site, over a Si atom, which concurs with the site found by
Baierle et al. (34) and Song et al. (35). The reason for this preference may arise from the known fact
that, in the Si—C bonds, C tends to strongly attract the electronic cloud from the Si, given its larger
electronegativity. The Si is thus ionized and creates a positively charged region which
electrostatically attracts the electronic cloud from the metals. Moreover, the Si atoms on the SiC
monolayer have an open p-shell, which can readily accommodate one electron to complete the
octet.
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Table 1. Results for adsorption of metal atoms on each site of the monolayer: adsorption energies
(E.), metal-monolayer distance (h) and charge transfer from the metal atom (Qy).

Metal Site E, (eV) h(A) Ov (le])
Li B 1.23 2.74 0.41
T 1.23 2.74 0.41
D 0.86 2.67 0.38
H 1.23 2.54 0.41
Na B 0.88 2.75 0.48
T 0.88 2.76 0.48
D 0.63 2.95 0.36
H 0.72 2.78 0.39
K B 1.01 3.15 0.51
T 1.01 3.15 0.51
D 0.84 3.03 0.51
H 1.01 3.15 0.51
Be B 0.25 2.84 0.10
T 0.68 2.18 0.30
D 0.15 3.58 0.03
H 0.29 3.05 0.04
Mg B 0.31 3.19 0.10
T 0.31 3.18 0.10
D 0.30 3.68 0.04
H 0.31 3.29 0.05
Ca B 0.60 3.01 0.47
T 0.60 3.01 0.47
D 0.36 3.81 0.15
H 0.36 3.56 0.08

The adsorption of the metal causes a small displacement out of the plane of the Si atom below, but
otherwise the monolayer has no important distortion. The calculation of the partial density of states
(see Fig. 2) for each of the metal-decorated shows that in all cases there are occupied states with
contribution from the metal and Si, which suggests a hybridization of atomic orbitals and the
possible formation of a chemical bond. This is favourable because this atom will serve as adsorption
centre for H, molecules. All the structures are semiconductors.
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Figure 2. Partial densities of states of the alkali and alkaline-earth metals-decorated monolayer.
The Fermi level is set to zero.

The possibility of the metal atoms clustering, which would be detrimental to the hydrogen storage
capacity of the monolayer, is evaluated by comparing the adsorption energy of each metal to the
SiC with the cohesive energy of each metal in its stable bulk form (48) (see Fig. 3). If the bulk
cohesive energy is larger, the metal atoms prefer to bond together than disperse evenly on the
monolayer, which may cause the creation of metal clusters. In the opposite case, the single metal
atoms tend to be dispersed through the monolayer. Our results are compared with those obtained
theoretically for silicene and graphene (29), showing that the only case in which the cohesive bulk
energy is smaller is that of K. The monolayer-metal binding energies lie between graphene and
silicene, but in all cases, values for silicene are more than 100% larger.
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Figure 3. Comparison of calculated metal binding energies on SiC monolayer (BE SiC), with the
cases of graphene (BE Graphene), silicene (BE Silicene), and the experimental cohesive energies
(CE) of the bulk alkali and alkaline-earth metals.
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Now we turn to the analysis of the interaction between H, and the pristine SiC monolayer. We
carried out the tests for the most stable adsorption site for H,, and for the most favourable position:
a case where the molecular axis is perpendicular to the monolayer plane, and a case where it is
parallel. This is evaluated using the next equation for the adsorption energy:

E, = Eq + Esic — Esic+n, (2)

where Ey is the total energy of a hydrogen molecule, Esic is the total energy of the pristine SiC
monolayer supercell, and Esicin 1S the total energy of the optimized system of the monolayer
supercell with a hydrogen molecule. The results are shown on Table 2. The preferred site is the H,
and the preferred orientation is perpendicular. The partial densities of states of the pristine and the
Hj-adsorbed monolayers is shown in Fig. 4. The states from H are concentrated around 6 and -6 eV
and cause only a small change in the curves of Si and C, which means that a chemical bond between
the molecule and the monolayer is unlikely. Although the adsorption energy is in the range of
physisorption, only one H, molecule can be adsorbed in the H site on the pristine monolayer.

Table 2. Results for adsorption of one H, molecule on the pristine monolayer: adsorption energies
(Eo), molecule-monolayer distance (h) and charge transfer from the molecule (Qy).

H, orientation Site E, (eV) h(A) Oy (le])
Perpendicular B 0.11 2.78 0.05

T 0.10 2.83 0.05

D 0.11 2.76 0.05

H 0.13 2.50 0.05
Parallel B 0.11 2.79 0.04

T 0.10 2.94 0.07

D 0.12 2.61 0.06

H 0.12 2.60 0.05
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Figure 4. Partial densities of states of the pristine and H,-adsorbed on pristine SiC monolayer.

Once the preferred site was found, more H, molecules were added to see the maximum number of
molecules each decorated monolayer can adsorb before the adsorption strength is too weak, or the
molecules are too far away from the metal. For this analysis, the adsorption energy was calculated
with the following formula:
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E, = NEy + Esicim — Esicomsns (3)

where Ey is the total energy of a hydrogen molecule, N is the number of hydrogen molecules on the
model, Esicyv 1s the total energy of the pristine SiC monolayer supercell with a decorating atom,
and Esjc+m+n 1s the total energy of the optimized system of the decorated monolayer supercell with
N hydrogen molecules. Table 3 summarizes the results for the calculation with several hydrogen
atoms, showing only the results before the hydrogen molecules are too far away or are adsorbed to
other H sites with no metal atom.

Table 3. Results for adsorption of N hydrogen molecules on the decorated monolayer: adsorption
energies (E,), average molecule-metal distance (h) and average charge transfer from the molecules
to the decorated SiC monolayer (Qy).

Metal N E, (V) ) Ov (le])
Li 1 0.26 2.42 0.20
2 0.29 2.46 0.28
3 0.29 2.47 0.38
Na 1 0.16 2.74 0.19
2 0.23 2.76 0.28
3 0.24 2.76 0.40
4 0.31 2.78 0.40
K 1 0.13 3.12 0.20
2 0.22 3.13 0.30
3 0.22 3.14 0.45
4 0.22 3.15 0.47
5 0.20 3.15 0.50
6 0.20 3.17 0.53
7 0.19 3.17 0.57
Be 1 0.17 2.19 0.17
Mg 1 0.01 3.11 0
2 0.12 3.11 0
3 0.12 3.10 0
4 0.13 3.10 0
5 0.13 3.08 0.01
6 0.13 3.08 0.02
7 0.13 3.08 0.02
Ca 1 0.02 3.02 0.03
2 0.13 3.02 0.10
3 0.13 3.02 0.18
4 0.15 2.96 0.48
5 0.16 2.99 0.58
6 0.16 3.01 0.64
7 0.16 3.01 0.67

Li- and Be-decorated monolayers have low adsorption capacity, owing probably to their small size.
These results agree with other reports on bidimensional SiC (35) and silicene (29). Adsorption on
the K-, Mg- and Ca-decorated monolayers is maximum, achieving up to 7 molecules. However, Mg
decoration is weak, as shown on Table 1. The results of the Ca-decorated monolayer agree with
Song et al. (35), although we found weaker adsorptions. The major capacity with strongest
adsorption was found in the case of K, which also showed low electronic charge transfer, which
may suggest that, although the molecules are strongly adsorbed on the decorated monolayer, there is
no chemical bonding, in other words, the molecules are only physisorbed on the monolayer, and it
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will be readily possible to desorb them in order to feed a fuel cell. The H—H bonds were not
broken for the H, concentrations reported, all of them being 0.79 A. On Fig. 5 the partial densities
of states of the K-decorated monolayer with an increasing number of molecules are plotted. The
contribution of H below the Fermi level is centered around -8.5 eV, and these contributions does not
modify the Si and C curves as the number of H grows. This evidences the absence of orbital
hybridization, and thus chemical bonds, between the H and the atoms of the monolayer.
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Figure 5. Partial densities of states of the K-decorated SiC monolayer, with an increasing number
of H, molecules (1 to 7).

4. Conclusions

In this work, the capacity of SiC honeycomb, graphene-like, monolayers decorated with alkali and
alkaline-earth metal atoms to physisorb H, molecules has been investigated using Density
Functional Theory. It was found that alkali and alkaline-earth metals can be chemisorbed on the SiC
monolayer, except for Mg, which is physisorbed. The preferred site for the adsorption of metals is
the Top (T) site, above a Si atom. While only one H, molecule can be adsorbed by the pristine SiC
monolayer, the metal-decorated SiC monolayer can adsorb up to 7 molecules (the case of K and Ca
adatoms) before the molecules start to be too far from the adatom and adsorb on adjacent H sites.
From the perspective of efficient hydrogen storage, the K-decorated SiC monolayer would be the
optimal option, as it is the lightest adatom that achieved the largest capacity with reasonably strong
adsorption energy. Moreover, it was estimated that only K would avoid clustering over the SiC
monolayer. [s important to note that Baierle et al. (34) have recently investigated the adsorption of
alkali and alkaline-earth atoms on SiC monolayers, and its possible reaction with a H and O atom.
Our results are in excellent agreement with theirs, which were calculated using the VASP code for
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DFT, with PAW pseudopotentials and a hybrid exchange-correlation functional. We hope that these
results contribute to the ongoing search for ways to engineer materials with desirable properties for
clean energy generation and storage.
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