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Tight Binding) calculation. The supercell of 40 x 40 x 1 configured from the
4x4x1 unit cell of graphene was optimized. The calculation shows that the
Fermi level of graphene shifted from -4.67 eV to -3.57 eV after S doping. In

addition, the S presence caused the formation of the gap within the Dirac K
©Yuniawan Hidayat etal. Thisis — of the valence band and conduction band. Meanwhile, K* charge
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Introduction

Charge density and charge distribution within
a Carbon, C, the atom in a graphene compound
will be changed, because of the presence of
dopant which induces the ‘activation zone’ of
the graphene surfacell. Doping of the Sulphur
atom can increase the number of free-valence
electrons and then allow the electronic
conductivity and chemical reactivity to
increasel?. The reactivity zone may shift the
Fermi level to above the Dirac point, and the
Density of State, DOS near the Fermi level can
be reducedPl allowing the opening gap
between the conduction band and valence
band. Such kind of an active zone can be
increased by submitting a dopant such as a
Sulphur atom/3l,

Graphene consists of sp2 carbon, in which every
C atom has s, px and py orbitals developing
three ¢ bonding with the nearest atoms. The
overlap of p- orbital within each C atom and

the nearest C atom causes n orbitals (valence
band) to be filled with electrons and the w*
orbitals (the conduction band) to be empty. The
valence and conduction band are located in
corner of the Brillouin zone which leads the
band gap to become narrower and close to
zerol’l. The S doped-graphene is known to have
a graphitic bonding, in which the S atom that
replaces the C atom of the graphene forms a
graphitic bonding with the three- nearest C
atoms by the ¢ bondinglsl.

Meanwhile, the interaction between alkali ion
and graphene is influenced by the active
surface of graphene found from doping with a
non-carbon element, such as Sulphur. The
physical adsorption of the metal element to
graphene, and the charge-transfer to metal or
charge-transfer from metal to graphene cause
the Fermi level to shift. The work function, W
of the metal element on the graphene surface is
determined by the Fermi level position (Wt = -
Er)PH121,
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It is known that DFTB can calculate a large
electronic system which hard to is conducted
by a conventional ab initio method!"3l. Previous
research has successfully calculated the
electronic properties of molecules to predict
chemical activity in solid, supramolecular, and
carbon™-7l. A calculation of adsorption
modeling of Ni-pyridine on a graphene surface
found the calculated adsorption energy by
DFTB and DFT were distinguished by only 1
kcal/mol. It proves the precise calculation of
DFTB with a faster calculation compared to
DFTU8l. For example, the electronic structure
and stretching effect of porous graphene and
nanotube graphenylene were also can be
studied by DFTB. The result shows a large band
gap with an energy of 3.3 eV. Meanwhile, a
nanotube graphenylene has a band gap energy
of 0.7 eV,

This article discusses the relation between S
doping into graphene with the DOS change, the
Fermi level shift, and the structure of the
conduction band. Those three parameters
inform the prediction of S-doped-graphene
performance to the K+* adsorption. The
performance was then compared with the
undoped graphene.

Experimental

Materials

The structure materials for computational
models are pristine graphene, S-doped
graphene, pristine graphene with K* ion, and S-
doped graphene with K+ ion. All the structures
are modified from the graphite unit cell of
Kristin Person’s material datal?l.

Instruments

The software consists of the DFTB+ package
programfi,  VESTA  (Visualization  for
Electronic and Structural Analysis) program!?,
and the AMS (Amsterdam Modeling Suite)2l.
Hardware is a standalone personal computer
with the main specification of core processor
Intel i7 @3600 MHz, 256 GB SSD, and 8 GB
RDRAMS3.

Method

The Kohn-Sham DFT equation may be
converted to the DFTB equation using the
Taylor series expansion. By expanding the
exchange-correlation energy functional to the
second order, the total energy may be
expressed as the following equation!?4.
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Notation Z. and Zs refer to the effective charge
of atoms a and b separate along the R distance.
The p(r) is the electron density as a function
with 7 (electron distance) which is fluctuated by
density fluctuation of the reference electron
density or p. The V¥ and Ex correspond to the
potential and energy of the exchange-
correlation function. The ni refers to the
occupancy number of Kohn-Sham orbital i and
the yi is a wavefunction of i.

The SCC-DFTB is a self-consistent-charge
method, regarding the second or three-order
expansion of the energy around a reference
density as appearing in the sixth and seventh
terms in equation 1. The second order denotes
the interaction of the system charges, while the
third order denotes the chemical hardness of
the atoms as a result of the charges' interaction.
The full set of equation 1 with the third order
included is called the DFTB3, while if the
equation ends with the second order term is
called DFTB2. SCC-DFTB is well suited to
studying the electrical properties of systems
due to the charge interactions incorporated in
the calculations.

The Crystal parameters of graphene were taken
from Kristin Person, 201412, The properties of

DOI: https://doi.org/10.25077/jrk.v13i2.485

131


https://doi.org/10.25077/jrk.v13i2.485

J. Ris. Kim.

Vol. 13, No. 2, September 2022

the original unit cell have parameters as
follows: The lattice of a, b, and c correspond to
2.468 A, 2.468 A and 8.685 A with o, B, and y
are correspond to 90°, 90°and 120°. The lattice
coordinate of a, b, and ¢ of four C atoms are 0,
0, %; 0, 0, ¥a; Y5, %5, ¥; and %, Y5, V4. The crystal
system follows the hexagonal with a point
group of 6/mmm. The unit cell then modifies to
4x4x1 by VESTA as a new unit cell. For
sampling, the supercell of 40 x 40 x1 was
optimized. The optimization used SCC (self-
consistent charges)- DFTB method with the p-
orbital defined as the maximum angular
momentum for each atom. The Slater-Koster
parameter of mio-1-1 was implemented except
for the S atom treated by 3ob-3-1. The orbitals
were a threat with the fermi occupation method
at around 0 K. The K-points of Brillouin zone
was setting up as I (0.0 0.0 0.0), M (0.5 0.0 0.0)
and K (0.3333 0.333 0.0). Similar steps of
optimization were then conducted for graphene
and S-graphene in interaction with K*. The
calculation was conducted by calculating the
engine of DFTB+. The optimized structure was
then recalculated using AMS to generate the IR
spectra.

The density of state (DOS), atomic charges, and
the band energy structure of each model were
taken from the calculation. The band structures
and Fermi level was extracted from the
optimized-state calculation. The DOS graphic
and the structure of the band were then set up
into Fermi level = 0 which was found from Eo —

Er. The Eo is the Fermi level of 0 eV and Er is the
calculated-Fermi level. The work of electronic
function (W¢) of the graphene was calculated
based on the Fermi level shifting and it was
formulated as (equation 2)F-12],

Wre = -E¢ (2)

Results and Discussion

The crystal lattice of Graphene and S-graphene
were firstly optimized along the 2 and b vector
directions. The results for both graphene and S-
graphene are described in Figure 1. The
optimum calculation of graphene crystal lattice
found the closest C-C distance as 1.428 A. The
distance is in
computational modeling of the previous
research on graphene and graphite using ab
initio and DFT®1251-271,

agreement  with  the

The presence of S in the graphene structure
changes the C-C distance to be between 1.402 A
— 1.467 A. The change of distance was caused
by the reduction of the symmetry level of
graphene due to S doping. The SSC-DFIB
calculation found that the distance of C-S is 1.69
A which is below the result of the DFT
calculation i.e., 1.76 — 1.78 A1, The optimum
distance of K* from the surface of graphene is
2.77 A, and it is 294 A from the S-graphene
surface. A DFT calculation also finds a distance

between K* ions to the surface of graphene as
2.6 —2.7 Aoy,

Figure 1. The 4x4x1 unit cell of (a) pure graphene and K/graphene, and (b) S-graphene and K/S-
graphene. Brown, yellow, and magenta correspond to carbon, sulfur, and potassium ion, respectively
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Figure 2. The wavenumber vibration of (a) Pure graphene and (b) S-graphene

The vibration of the pristine graphene and S-
graphene is depicted in Figure 2. The
wavenumber between 1200 and 1300 cm-1 is
specific for D band vibration, while around
1500 cm-1 indicating for G band vibration!32/33],
The DFTB results are less accurate
determining the G band vibration, as shown in
Figure 2a, the G bands show a lower
wavenumber. The band shift of both bands to
the higher wavenumber is well predicted by the
method, corresponding to the change of the
symmetrical degree around the S-doped of
graphene (Figure 2b).

in

The Fermi level of the pure graphene was
found to be 4.6672 eV, which is in agreement
with the other experiment on the Fermi level
calculation which lies between 4.2 - 4.8
eVPLB2B4, Sulfur doping shifted the Fermi level
energy at -1.0903 eV to become 3.5679 eV. Fig.
3(a) shows the DOS shifting after the Fermi
level for both structures which was set to zero
point. The presence of sulfur is responsible for
the left shift of the DOS graphene and the rise
of the intensity at around Fermi. It indicates the
presence of an electronic state because of the
injection of sulfur electrons into the graphene
structure.

The K* ion shifted the Fermi level of graphene
and S-graphene into 2.0866 eV and -2.0312 eV,
respectively. Fig 3(b) describes the DOS of
graphene and S-graphene that interact with K+

ions and cause the Fermi level to undergo left
shifting. The negative shifting indicates the
presence of charge transfer of K* ion into
graphene The K-
increases DOS intensity around the Fermi level
of graphene, indicating the increase of the
electronic state on the Fermi level. A similar
electronic state appears on the S-graphene;
the increase was distributed
averagely to the DOS, leading to a
homogeneous intensity of fluctuation within
the Fermi area.

structurel®l. presence

however,

Charge transfer phenomena were confirmed by
the change of atomic charge at around dopant
and K* before and after the interaction. Table 1
shows in detail the result of the gross-charge
calculation of each atom. The C atom that was
investigated before and after interaction with
K* is the same whether for graphene or S-
graphene. The C atom in graphene structure is
signed by Cgrapheney having neutral or zero
charge. Meanwhile, after S doping the C(s-graphene)
became negatively charged. The charge is -
0.0000986e,
because the charge which is transferred from
sulfur distributed averagely on the
graphene surface. After the interaction with K¢,
the charge of the C atom whether in the
graphene structure or S-graphene became more

which seems to be too small

was

negative, indicating for accepting electron
charge from K*. The positive charge of K*
decreases after interaction because
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Figure 3. DOS after the Fermi level was set up into zero from (a) graphene and S-graphene, and b)

K/graphene and K/S-graphene

Table 1. The gross charges (¢) of corresponding atoms

Atom Before interaction with K+ After interaction with K*
C(Graphene) 0.0000 -0.0319

C(s-Graphene) -0.000986 -0.0182

S(s-Graphene) 0.5130 0.3590

K(Graphene) 1.0000 0.7840

K(s-Graphene) 1.0000 0.7120

the charge was transferred to the graphene.
After interaction with K*, the charge of the C
atom is more negative i.e., -0.0319, than the C
charge on the S-graphene, which is -0.0182e. It
seems that the graphene structure is easier to
receive charge transfer from K*. However, this
is not correct because the K+* charge was
reduced by 0.228e during interaction with S-
graphene, and it was reduced by 0.216e during
interaction with graphene.

The charge transfer from K* ion to S-graphene
was more occurred than to graphene. With the
S dopant, the C graphene around the doping
area can accommodate more charge. Table 1
shows the S charge was significantly reduced
by accepting electron charge from K* It
confirms that the charge transfer of the K* ion is
dominant with the presence of sulphur in the
graphene.

The structure of band energy for graphene, S-
graphene, K/Graphene, and K/S-graphene are
described in Fig.4. Index I', M and K are the
high symmetry points on the Brillouin zone of
the crystal system, especially of the graphene
which has a hexagonal lattice. The energy band
of graphene as depicted in Fig. 4(a), shows a
stacking point of K as the ‘direct cone’ of
graphene. The presence of S dopant which
replaced a C atom significantly changes the
energy band by decreasing the Fermi level
position and opening a band gap at the Direct K
point (Fig. 4b). The formation of a bad gap due
to S doping is exactly in agreement with a
prediction by DFT calculation®37l. The band
gap energy of 0.38 eV was lower than the DTF
result (0.57 eV)3l.,

The presence of K+ ion on the surface with the
position above the graphene ring would not
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Figure 4. Structure of the band energy of (a) graphene, (b) S-Graphene, (c) K/Graphene, and (d) K/S-

Graphene

produce gap energy, but decreased the DOS of
graphene below Fermi Level (Fig. 4c), in line
with the
Meanwhile, in an S doped-graphene, the
interaction with the K* ion on the surface
caused the formation of larger gap energy (0.67
eV). Fig. 4d depicts the larger gap energy
appearing due to the presence of K* ions on the
S-graphene surface. By exposing the ‘direct
cone’ through gap energy, therefore graphene
will have a better electronic conductivity(*.

experimental predictionl,

The performance of electronic conductivity
correlates with the electrostatic potential of a
system. The electronic performance of graphene
which is formulated as Wt = Et can be defined as
the energy needed to move the electrons from
the Fermi level to the vacuum levell. The
functional energy of graphene, S-graphene,
K/graphene, and K/S graphene is 4.67 eV, 3.57
eV, 2.09 eV, and 2.03 eV, respectively. The
values show that electron movement within the
graphene structure is easier to occur by the
presence of S dopant and the interaction with
the K+ ion.

Conclusions

The DFTB method can be used to investigate
the electronic properties of graphene, in which
the calculation results are close to the

calculation made by the DFT method. The
electron movements in graphene structure
increase by the presence of S dopant and the
interaction with K* ion. It is proven by the
Fermi level shifting to a lower state, the higher
charge transfer occurs, and the presence of gap
energy on the structure of band energy. The
values of functional electronic works confirm
well the conclusion
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