Structural Chemistry (2024) 35:759-775
https://doi.org/10.1007/511224-023-02265-2

RESEARCH q

Check for
updates

A DFT study of H,S adsorption and sensing on Ti, V, Cr and Sc doped
graphene surfaces

Omer Faruk Tunali’ - Numan Yuksel? - Gokhan Gece' - M. Ferdi Fellah?

Received: 10 November 2023 / Accepted: 6 December 2023 / Published online: 3 January 2024
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

Abstract

Finding cost-effective and sustainable methods for the removal of hydrogen sulfide (H,S), a highly toxic gas released as a
byproduct in many industrial activities, is crucial for environmental health. In this study, the adsorption and electronic sen-
sor properties of Ti, V, Cr and Sc doped graphene nanosheets (GN) for H,S molecule have been investigated using Density
Functional Theory (DFT) method. The WB97XD method with 6-31G(d,p)/LanL2DZ basis sets have been utilized in DFT
calculations. The charge distribution indicates that the charge transfer occurred between metal doped graphenes and H,S.
DFT calculations of H,S molecule adsorption on Ti, V, Cr and Sc doped graphenes demonstrate that the ability to adsorb
H,S molecule. The obtained adsorption energy (AE) values vary in the range of -54.4 to -71.0 kJ/mol. Furthermore, the
electrical conductivity of the Cr doped graphene nanosheet (Cr-GN) changed due to the change in the HOMO-LUMO gap
(AE,=24.8 kJ/mol). This result indicates that the Cr-GN structure is a potential candidate as an electronic sensor for H,S
molecule at room temperature. Through methods like DFT, which are cost-effective and highly compatible with experimental
results, predicting suitable adsorbents, understanding their properties, and enhancing them are expected to make substantial

contributions to the industrial-scale production of these materials in terms of cost and accuracy in the future.
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Introduction

The advancement in agriculture and industry has augmented
the environmental toxic load, attributable to various prod-
ucts employed in industrial processes, including mercury
(Hg), pesticides, electronic devices, and batteries [1]. Toxic
gas emissions, which are very dangerous for nature, are
usually caused by industrial production wastes. These gases
are also a significant threat to human life. Because even a
very small amount of exposure to some gases can cause per-
manent damage to human health. For example, H,S which
occurs naturally or as a by-product in factory production,
is dangerous even at the ppm level. According to OSHA
(Occupational Safety and Health Administration) criteria,
the safe H,S level was determined as 20 ppm during the
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daily work (6-8 h) [2, 3]. Therefore, removal of H,S is a
necessary process. Especially in industry, it causes corro-
sion in transport lines and poisoning of any catalysts even
at low levels [4].

Known to have serious effects on the eyes and respira-
tory tract in the range of 20-50 ppm [5]. Moreover, H,S
exposure in the range of 100 to 500 ppm for 1 h can cause
serious damage such as respiratory paralysis and loss of
consciousness, while at higher levels it can cause sudden
respiratory arrest and death [5, 6]. As aresult, H,S gas in the
environment should be detected with appropriate methods,
with high accuracy and quickly [6]. It is worth emphasizing
that H,S exhibits a higher density than air, leading to its
propensity for accumulation within confined environments.
Consequently, the utmost vigilance and implementation of
appropriate protocols for H,S mitigation are imperative for
individuals operating in subterranean workplaces, man-
holes, and comparably inadequate ventilation settings. Thus
far, comprehensive investigations have been conducted to
explore diverse desulfurization methodologies encompass-
ing membrane separation, adsorption, catalytic oxidation,
and distillation processes [7, 8]. In recently, a prominent
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research trend has emerged focusing on the utilization of
materials possessing at least one dimension within the range
of 1 to 100 nm to construct sensors characterized by high
sensitivity and economical attributes. Nanomaterials (NMs)
are recognized as optimal platforms for applications involv-
ing gas adsorption owing to their remarkable surface area to
volume ratio and distinctive hollow configuration. Increased
surface area facilitates the augmentation of active sites for
molecular interactions, thereby resulting in heightened
chemical reactivity and enhanced adsorption capacities. This
characteristic confers a distinctive advantage in gas adsorp-
tion applications, as nanomaterials demonstrate exceptional
proficiency in the efficient sequestration and steadfast reten-
tion of gas molecules upon their surfaces [9]. Over the past
few decades, carbon-based nanomaterials (C-NMs) have
garnered significant attention due to their extraordinary
electronic, magnetic, and optical characteristics, alongside
their chemical adaptability and biocompatibility [10-14].
For instance, carbon-based organic polymers modified
with heteroatoms such as S, P, O, N are favored due to their
advantages in surface area, porosity, and cost-effectiveness
[15]. Nanotubes [16], activated carbons [17-20], and
graphene [21, 22] are among the carbon-based materials
that have demonstrated their efficacy as adsorbents and
catalyst enhancers. In general, graphene nanoparticles
(Gnp) can be toxic to living organisms by bypassing
physiological barriers to varying degrees. Different
application methods and routes of entry, along with varying
tissue distribution and clearance, can determine the degree
of toxicity of Gnp. For instance, graphene oxide (GO)
can interfere with the normal physiological functions of
vital organs, leading to acute inflammatory responses and
chronic damage [23]. Nevertheless, in industrial fields,
graphene has emerged as an exceptionally promising
material in various applications, especially in gas sensors,
due to its outstanding mechanical properties, electrical
conductivity, and thermal conductivity. Graphene, a two-
dimensional material comprising a monolayer of carbon
atoms organized in a hexagonal lattice, has garnered
considerable interest since its experimental synthesis in
2004 [24-26]. Its unique atomic structure and remarkable
properties make it a compelling candidate for gas sensing
applications, where its high sensitivity and selectivity
are crucial factors to consider. The extensive research
conducted on graphene-based gas sensors underscores its
potential in advancing the field and addressing various
sensing challenges [3]. In recent years, graphene has
been the subject of numerous research as a promising
adsorbent for H,S, a prevalent industrial pollutant [27, 28].
Additionally, it can undergo uniform doping with metals/
non-metals or relevant functional groups, thereby enhance
its adsorption capability [29-35]. Natan and co-workers,
the adsorption mechanism of H,S molecules on pristine
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and Pt-decorated graphene sheets was investigated
using density functional theory calculations based on
local density approximation and generalized gradient
approximation methods. It has been found that graphene
sheets with a Pt atom on each side can stably bind up to
seven H,S molecules, each exhibiting the desired binding
energy [32]. In another study, the adsorption mechanism,
electrical conductance, and binding energy of H,S gas
on pure graphene sheets (GS) as well as Cu-decorated
and CuO-decorated GS were investigated. The findings
revealed that the CuO-GS structure exhibited a higher
binding energy with H,S compared to Cu-GS and GS,
and important orbital hybridization was observed between
H,S and Cu-GS as well as H,S and CuO-GS, whereas
no hybridization was detected between H,S gas and GS
[36]. The adsorption performance of graphene structures
exposed to H,S and CH, molecules was investigated. It
was found that Ni-doped graphene (Ni-G) structures
exhibited critical effectiveness in H,S adsorption.
Combining vacancy defect graphene (DG) structures with
Ni-doped graphene showed promise as a viable option for
H,S gas detection [37]. In the literature, it was observed
that a graphene sheet decorated with Ni atoms serves as
a more favorable adsorbent for H,S molecules compared
to undecorated graphene or graphene decorated with BeO
or ZnO [38]. Due to differences in chemical potentials,
the geometric configuration and chemical bonding of a
single metal atom dopant on the support produce unique
electronic structures that cause charge transfer between the
metal atoms and the support. When acting as active centers,
single metal atoms doped into carbon-based materials with
distinct and atomically distributed metal atoms on supports
can maximize metal utilization efficiency. Carbon-based
materials doped with a single metal atom can also be
used as a simple model system to compare theoretical
predictions with experimental results [39]. According to
Qiu et al. atomic nickel doped graphene exhibits good HER
activity with a minimal over potential and Tafel slope in
an acidic electrolyte when compared to commercial Pt/C
and other reported catalysts. It turns out that the strong
interaction between the Ni substituents in the carbon
framework is the cause of this performance [40]. In a
review published by Sun et al. it was stated that element
doping into the carbon matrix can reduce residual stress,
increase adhesion strength, and improve tribological,
corrosion resistance, hydrophobicity, biocompatibility and
optical properties [41].

In this study, the adsorption and detection of H,S gas were
conducted on graphene surfaces doped with Ti, V, Cr, and Sc
metal atoms at room temperature, some of which have not been
encountered in the literature before. In addition, the compari-
son of results aimed to identify the atom that provides the most
efficient outcomes when combined with graphene.
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Computational method

In this study, DFT [42] calculations were used via Gaussian
09 software [43] to obtain optimized geometries and electri-
cal properties. As the method, the WB97XD (including dis-
tribution) hybrid method was used, which takes into account
the effects of exchange and correlation [44]. The WB97XD
functional augments the WB97X functional with a param-
eterized classical dispersion term and a van der Waals cor-
rection [45]. Additionally, dipole correction was not taken
into account in the DFT calculations because its effect is
less significant (between 3.8 and 6.7 kJ/mol) [46]. In this
study, a graphene sheet structure with 73 carbon atoms was
used and a cluster model was created by attaching 21 hydro-
gen atoms to the ends of the bonds between the free carbon
atoms in the sheet. There are 27 hexagonal honeycomb rings
in the structure. The graphene structure used in this study
is large enough. Smaller graphene clusters have been used
in the literature [47]. All atoms were kept at a relaxed state
throughout the theoretical computations. Metal atom was
replaced with a carbon atom in the center of the graphene
structure to form Ti, V, Cr, and Sc doped graphene sheets.
The 6-31G (d,p) basis set was employed for carbon, oxy-
gen, hydrogen, and sulfur atoms, whereas LanL.2DZ was
employed for Ti, V, Cr, and Sc atoms. In DFT calculations,
first of all, Spin Multiplicity (SM) calculations are made
and optimized geometries for the most stable SM value are
obtained. Optimized geometries were used to obtain the
equilibrium geometry (EG) and adsorption energies. The
energy difference values account for the zero-point energy
(ZPE) corrections. The following equations were utilized to
calculate the energy values for H,S adsorption on Ti, V, Cr,
and Sc doped graphene structures:

E= Eelectronic +ZPE + Evibralional + Erolational + Etranslalional

()
H=E+RT )
G=H-TS 3)

Here, E is the total of the thermal, electronic, and zero-
point energies, H is the enthalpy, G is the Gibbs free
energy, S is the entropy and T is the absolute temperature
(298.15 K). The values of the relative adsorption energy
(AE), enthalpy (AH) and Gibbs free energy (AG) were
determined using Eq. (4).

A(E/H/G> = (E/H/G)Syslem - [(E/H/G)Adsorplive + (E/H/G)Clusler]
“

Here, System is H,S adsorbed metal doped graphene,
Adsorptive is adsorbing molecule (H,S) and cluster is metal
doped graphene structures. For the theoretical calculations
used in this study, the convergence criteria are 12X 107~ rad

for gradients of root-mean-square (rms) displacement,
18 x 10~ bohr for maximum displacement, 3 X 10~ hartree/
radian for rms force, and 45 x 10~ hartree/bohr for maxi-
mum force. Additionally, the RMS change in the density
matrix and the maximum change in the density matrix had
SCF convergence criterion of 1 x 107 and 1x 107, respec-
tively. Natural Bond Orbital (NBO) atomic charges of atoms
[48] has been found by using the NBO population analysis.
In addition, the graphs for Reduced Density Gradient (RDG)
scatter graphs and isosurfaces of RDGs, Total Density of
States (TDOS) and Partial Density of States (PDOS) were
obtained by using Multiwfn software [49].

Results and discussions

For the adsorption of H,S gas on metal-doped graphene
structures by DFT method, firstly, the graphene sheet was
modeled as a cluster and doped with metal atoms. Initially,
pristine graphene structure was optimized and H,S adsorp-
tion was performed. The aim here is to see the effects of
metal doping and graphene support material on adsorp-
tion. Figure 1 shows the optimized geometries for pristine
graphene and H,S adsorbed pristine graphene structures.
H,S adsorption energies of pristine graphene; AE, AH

b)

<)

Fig. 1 a Top view and b side view of the optimized pristine graphene
structures, and ¢ H,S adsorbed pristine graphene
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Table 1 Determined SM values
and of metal doped graphenes

Structure SM

and H,S molecule Ti-graphene doublet
V-graphene triplet
Cr-graphene quartet
Sc-graphene singlet
H,S singlet

and AG values were calculated as -9.0, -11.5 and 18.4 kJ/
mol, respectively. A metal atom was replaced with a central
carbon atom. The SM values of the structures and the H,S
molecule are given in Table 1. Also, the formation energies
(Ep) of metal-doped graphene structures were calculated
according to Eq. (5) [50, 51]. The E value for all structures
was calculated as ~-7.5 eV. Accordingly, the fact that the for-
mation energies remain negative indicates that metal-doped
graphene remains stable.
ESystem - X'EC - Y‘EH - Z'EM

Ep =( N ) &)

Here, Eg,.r, is thermal energy of metal-doped graphene,
X, y and z are number of C, H and metal atoms respectively.
N is the number of total atoms. E¢, Ey; and Ey; are the ther-
mal energies of C, H and metal atoms respectively. The
optimized geometry of the H,S molecule and metal doped
graphenes are shown in Fig. 2. For the optimized H,S mol-
ecule, the H-S bond length was calculated as 1.34 A and the
H-S-H bond angle as 93.0°. In the literature, these values
were reported as 1.38 A and 94°, respectively, by the B3LYP

Fig.2 The optimized geometries of a Ti, b V, ¢ Cr and d Sc doped
graphenes and e H,S molecule
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a)

©)

d)

Fig.3 Optimized geometries of H,S adsorbed on a Ti, b V, ¢ Cr and
d Sc doped graphenes

(including dispersion effects) method [52]. Experimental
data for H,S are as follows; the H-S bond length is 1.33 A
and the H-S-H bond angle is 92.1° [53]. Accordingly, we
have confirmed that WB97XD functional gives very close
results to do experimental data and more accurate compared
to B3LYP functional. Adsorption geometries were obtained
by position the H,S molecule close to the surface of all metal
doped graphene structures and releasing it. Optimized geom-
etries are shown in Fig. 3.

The obtained adsorption energies are listed in Table 2.
According to the results, it is seen that all metal doped gra-
phene structures can adsorb H,S gas. The lowest AE was cal-
culated as -71.0 kJ/mol. The fact that these values are not too
low means that the amount of energy required for desorption
is not too high. Considering the AH and AG values, all pro-
cesses are exothermic and occur spontaneously. Compared

Table 2 Thermodynamic properties for H,S adsorbed metal doped
graphenes (values are in unit of kJ/mol)

Structure AE AH AG

H,S/Ti-graphene -67.4 -69.9 -323
H,S/V-graphene -71.0 -73.5 -37.9
H,S/Cr-graphene -65.6 -68.1 -29.4
H,S/Sc-graphene -54.4 -56.9 -29.4
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Table 3 Bond distances (d) between metal atoms oand carbon atoms
before and after H,S adsorption (values are in unit A)

Structure dyi.csi dyi.cs2 dyicss
Ti-graphene 1.916 1.916 1.917
H,S/Ti-graphene 1.954 1.904 1.909
V-graphene 1.886 1.883 1.876
H,S/V-graphene 1.866 1.880 1.890
Cr-graphene 1.874 1.874 1.875
H,S/Cr-graphene 1.875 1.875 1.883
Sc-graphene 2.056 2.057 2.058
H,S/Sc-graphene 2.060 2.082 2.065

to the adsorption energies of the pristine graphene structure,
metal atoms both increased the H,S adsorption ability and
ensured spontaneous adsorption. The changes in bond dis-
tances between metal atoms and carbon atoms before and
after H,S adsorption were investigated. The calculated val-
ues are listed in Table 3. According to the values in the table,
it can be said that all metal atoms are in a movement towards
the H,S molecule. In proportion to this, the bond distance
with some of the carbon atoms increased. Figures 4 and 5
show the bond angles of metal doped graphene structures

Fig.4 Illustration of atom labels
and bond angles of Sc and

Ti doped graphene structures
before and after adsorption

before and after adsorption. The reason why the Sc-graphene
structure has the lowest bond angle is that it is the structure
with the highest C51-, C52- and C58-M bond length values
in Table 3. Also, atom labels are shown in Figs. 4 and 5.
These labels were used in both Tables 3 and 7.

In order to compare the H,S adsorption on the materials
used in this study with in the literature, the AE values of
the H,S molecule are listed in Table 4. According to these
values, it is seen that the graphene structure is a better H,S
adsorbent material compared to other carbon structures such
as CNT and fullerene. The very low energy of Fe and Pt
doped graphene structures is undesirable in terms of des-
orption. In addition, considering the AE values of pristine
graphene and Sc doped graphene, it is shown that Sc metal
is not effective in adsorption.

The electronic characteristics of the structures were deter-
mined by analyzing the HOMO-LUMO gap energy (E,) val-
ues with the difference between the calculated HOMO and
LUMO energies. The HOMO, LUMO, Eg and AEg values of
the metal doped graphenes before and after adsorption are
tabulated in Table 5. The E, has been shown to be a good
indicator for determining the sensitivity of nanosensors on
numerous times [67]. There is also a relation between E, and
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Fig. 5 Illustration of atom labels and bond angles of Cr and V doped graphene structures before and after adsorption

electrical conductivity (o), which has also been mentioned
in [68, 69]:

o = AT*/? exp [-E,/(2kT)] (6)

here k is the Boltzmann’s constant, A (electrons/m>K>’?)
is a constant and T is absolute temperature. There are a
number of papers that verifies the use of this formula [70,
71]. Equation (6) indicates when E, changes, the popula-
tion of conduction electrons changes exponentially. As a
result, the change in electrical conductivity indicates the
presence of the chemical (H,S for this study) in the envi-
ronment. According to the results in Table 5, there is a
significant change only for the Cr-graphene structure. A
change of 24.8 kJ/mol was observed in the E, of this struc-
ture. There was no significant change in other structures.

@ Springer

NBO population analysis was performed to analyze the
atomic charge distributions in the interactions. In Table 6,
the atomic charges of metal atoms in all structures and the
total charge of the H,S compound are given. When the
NBO charges in the table are examined, electron trans-
fer occurred from the H,S molecule to the metal atom in
all processes. Table 7 lists the energies calculated from
the second-order perturbation theory analysis. This table
lists the stabilization energy E® between electron donor
orbital i, electron acceptor orbital j, and their interactions.
The larger E@ the stronger the interaction between them,
and the greater the tendency for i to provide electrons to
J» meaning the more charge will be transferred [72]. The
stabilization energy E® associated with electron delocali-
zation between donor and acceptor is calculated by the
following equation [73].
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Table4 H,S adsorptipn energy Structure [Method]-[Basis set] AE (kJ/mol) Reference
values of some materials in the
literature B doped C [B3LYP] -[ 3-21G] -32.3 [54]
Si doped Cg, [B3LYP] -[ 3-21G] -10.6 [54]
S doped Cg, [B3LYP] -[ 3-21G] -94 [54]
P doped Cg, [B3LYP] -[ 3-21G] -8.2 [54]
N doped Cg, [B3LYP] -[ 3-21G] 27.7 [54]
Cu doped MoSe, [GGA-PBE] -126.9 [55]
Pt doped HAGNR [GGA-PBE]—[LCAO] -397.0 [56]
Pt doped NAGNR [GGA-PBE]—[LCAO] -375.5 [56]
Pt decorated graphene [GGA-PBE]—[PAO] -179.3 [57]
Fe doped graphene [GGA-PBE]—[LCAO] -98.6 [33]
N doped SiNR [GGA-PBE]—[double zeta polarized] -179.5 [58]
B doped SiNR [GGA-PBE]—[double zeta polarized] -86.8 [58]
N doped CNT [GGA-PBE]—[DZDP] 76.0 [9]
Pristine CNT [GGA-PBE]—[DZDP] 71.3 [9]
B doped CNT [GGA-PBE]—[DZDP] 58.7 [9]
ZGNR [GGA-PBE]—[unpolarized] -24.3 [3]
S doped graphene [GGA-PBE]—[DNP/6-31G(d,p)] -40.5 [59]
Ni doped MoS, [GGA-PBE]—[DNP] -127.3 [60]
Au modified graphene [GGA-PBE] -86.8 [61]
Pristine graphene [GGA-PBE] -59.5 [61]
a-Fe,04(001) [GGA-PBE] -64.6 [62]
Mg doped graphene [GGA-PBE]—[DNP] -45.3 [63]
B doped CNT [B3LYP]—[6-31G(d,p)/LANL2DZ] -67.4 [64]
Ga doped CNT [B3LYP]—I[6-31G(d,p)/LANL2DZ] -108.7 [64]
Ge doped CNT [B3LYP]—[6-31G(d,p)/LANL2DZ] -48.5 [64]
Pristine graphene [GGA-PWI1] -34.7 [65]
Ni doped graphene [GGA-PWI1] -93.6 [65]
Cu doped graphene [GGA-PWII] -110.9 [65]
Zn doped graphene [GGA-PWII] -111.9 [65]
Fe-ZSM-12 [B3LYP]—[6-31G(d,p)/LANL2DZ] -78.0 [66]
Co-ZSM-12 [B3LYP]—[6-31G(d,p)/LANL2DZ] -76.0 [66]
Ni-ZSM-12 [B3LYP]—[6-31G(d,p)/LANL2DZ] -92.0 [66]
Cu-ZSM-12 [B3LYP]—[6-31G(d,p)/LANL2DZ] -55.0 [66]
Zn-ZSM-12 [B3LYP]—[6-31G(d,p)/LANL2DZ] -76.0 [66]
Ti doped graphene [WB97XD]—[6-31G(d,p)/LANL2DZ] -67.4 [This study]
V doped graphene [WB97XD]—[6-31G(d,p)/LANL2DZ] -71.0 [This study]
Cr doped graphene [WB97XD]—[6-31G(d,p)/LANL2DZ] -65.6 [This study]
Sc doped graphene [WB97XD]—[6-31G(d,p)/LANL2DZ] -54.4 [This study]

PAO Pseudo Atomic Orbitals, LCAO Linear Combination of Atomic Orbitals, DZDP Double Zeta Double
Polarized, DNP Double Numerical Plus Polarization

2
ij

E® = i

For each donor NBO (i) and acceptor NBO (j), where q;
is the orbital occupancy, E; - E; are the diagonal elements,
and F;; is the off-diagonal NBO fock matrix element. E®

values between Lewis type (donor) NBOs and non-Lewis
(7)  (acceptor) type NBOs show that the electron density is sig-
nificantly delocalized from carbon atoms to metal atoms.

Here there are molecular LP-LP* and BD-LP* interactions.
The LP-LP* transition exhibited higher stabilization energy.
Moreover, BD-LP* stands out as an important transition,

@ Springer
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Table 5 Electronic characteristics of metal-doped graphene struc-
tures including HOMO and LUMO energies and HOMO-LUMO gap
energy changes for before and after H,S adsorption (values are in unit
kJ/mol)

Structure Euomo  Eromo  Eq AE,
Ti-graphene aMOs -513.8 -79.9 4339

MOs -599.4 -164.5 4349
H,S/Ti-graphene aMOs -511.1 -77.9 4332 -0.8

BMOs -592.5 -162.2 4303 -4.6
V-graphene aMOs -526.1 -82.2 4439

BMOs -605.4 -157.2 4482
H,S/V-graphene aMOs -518.0 -76.8  441.2 -2.8

fMOs -597.0 -1542 4428 -54
Cr-graphene aMOs -536.4 -130.5  405.8

fMOs -608.1 -151.0  457.1
H,S/Cr-graphene ~ aMOs -532.8 -102.2  430.6 2438

fMOs -601.5 -149.2 4523 -4.8
Sc-graphene -522.5 -192.8  329.7
H,S/Sc-graphene -521.4 -191.1 3303 0.5

although it exhibits lower stability. In Table 6, the most
positive charge among the metal atoms belongs to the Sc
atom. This means that Sc-C bonds are more ionic than other
metal-C bonds. Therefore, the energy difference between
the acceptor Sc atom and the donor C atoms is larger than
the energy difference between the other metal atoms and the
donor C atoms.

Chemical hardness (1), chemical potential (u) and elec-
tronegativity () were calculated for metal doped graphenes
and tabulated in Table 8. Detailed information on the calcu-
lation of these parameters is given in Supplementary Mate-
rial. There was no significant change in chemical hardness,
chemical potential and electronegativity of Ti, V and Sc
doped graphene structures after H,S adsorption. In other
words, the stability and chemical reactivity of the structures

Table 6 NBO charges of metal atoms and H,S molecule before and
after H,S adsorption of metal-doped graphene structures (values are
in unit e)

Structure Metal atomic charge H,S total charge
Ti-graphene +1.107 -
H,S/Ti-graphene +0.855 +0.246
V-graphene +0.766 -
H,S/V-graphene +0.431 +0.265
Cr-graphene +0.655 -
H,S/Cr-graphene +0.413 +0.218
Sc-graphene +1.482 -
H,S/Sc-graphene +1.347 +0.168

Table 7 A part of calculated second order perturbation stabilization
energy (E®) for donor—acceptor NBO interaction for metal-doped
graphene structures

Donor NBO (i) Acceptor NBO (j) E® (kcal/mol)

LP()CG1) LP*(3)Sc(94) 78.40
LP(1)C(52) LP*(1)Sc(94) 136.05
LP(1)C(58) LP*(2)Sc(94) 129.48
BD(2)C(12)-C(51) LP#(1)V(94) 14.93
BD(2)C(19)-C(52) LP#(1)V(94) 14.79
BD(2)C(24)-C(58) LP#(1)V(94) 16.12
BD(2)C(18)-C(51) LP*(1)Ti(94) 18.46
BD(2)C(13)-C(52) LP*(1)Ti(94) 18.53
BD(2)C(25)-C(58) LP*(1)Ti(94) 18.35
BD(2)C(12)-C(51) LP*(1)Cr(94) 9.88
BD(2)C(13)-C(52) LP*(1)Cr(94) 9.91
BD(2)C(24)-C(58) LP*(1)Cr(94) 9.84

LP(1) and BD(2) denote 1st lone pair and 2-center bond for bonding
NBOs, respectively. LP*(1), LP*(2) and LP*(3) denote 1st, 2nd and
3rd lone pair for anti-bonding NBOs, respectively

is preserved. However, the chemical hardness of the Cr-
graphene structure (especially for aMOs) increased and the
structure became harder.

Figure 6 shows the HOMO and LUMO illustrations
of Cr doped graphene and H,S molecule adsorbed Cr
doped graphenes. When the HOMO LUMO analysis is
examined, HOMOs are spread on the graphene sheet,
while LUMOs are located around the metal atom. The
most obvious result here is the reduction of LUMOs
around the metal atom after adsorption, especially in

Table8 The 1, u and x values of metal-doped graphene structures
before and after H,S adsorption (values are in unit kJ/mol)

Structure n u X
Ti-graphene aMOs 217.0 -296.8 296.8
fMOs 217.4 -381.9 381.9
H,S/Ti-graphene aMOs 216.6 -294.5 294.5
fMOs 215.1 -377.3 377.3
V-graphene aMOs 222.0 -304.1 304.1
fMOs 224.1 -381.3 381.3
H,S/V-graphene aMOs 220.6 -297.4 297.4
fMOs 221.4 -375.6 375.6
Cr-graphene aMOs 203.0 -333.5 3335
fMOs 228.6 -379.5 379.5
H,S/Cr-graphene aMOs 215.3 -317.5 317.5
fMOs 226.1 -375.4 375.4
Sc-graphene 165.0 -357.7 357.7
H,S/Sc-graphene 165.2 -356.2 356.2
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Fig.6 Illustrations of HOMO and LUMO distributions of a Cr-graphene structure and b H,S/Cr-graphene system

a molecular orbitals. This refers to the increase in the
total charge of the H,S molecule, that is, it donates elec-
trons. HOMO-LUMO representations of other structures
are presented in Figs. 7, 8 and 9. Accordingly, for the
Ti doped graphene structure, fMOs HOMOs and aMOS
LUMOs are located around the metal atom. Only for
aMOs LUMOs, orbital displacements occurred before
and after adsorption. For the V doped graphene struc-
ture, a decrease in «MOs LUMOs occurred after adsorp-
tion. According to the HOMO and LUMO analysis for the
Sc doped graphene structure, there is an increase in the
HOMOs around the metal after adsorption.

The TDOS and PDOS of Cr doped graphene and
H,S adsorbed Cr doped graphene have been presented
in Fig. 10. As can be seen the Fig. 10, we see that the
HOMO-LUMO gap increases in «MOs. Thus, it can be
concluded that there is a change in electrical conductivity.
It is seen in Figs. S1-S3 that the TDOS and PDOS plots
of other structures do not change significantly. Moreover,

the electrostatic potential (ESP) distributions for Cr doped
graphene before and after H,S adsorption have been shown
in Fig. 11. Blue and red colors were respectively defined
on the ESP maps by the Van der Waals surface’s positive
and negative areas [74, 75]. In Fig. 11, blue colors are seen
in the metal atom before adsorption, but the blue colors
decrease after adsorption. In this case, we can say that the
positively charged H,S molecule is adsorbed in blue and
the blue colors are reduced due to the electron gain from
the metal atom. ESP maps of other structures are presented
in Figs. S4-S6.

Johnson et al. group [76] has proposed the RDG analy-
sis, which enables determining the kind of interactions that
take place between two species. By examining the reduced
gradient of the density as a function of the electron density
multiplied by the sign of the second eigenvalue of the Hes-
sian matrix, this analysis has been utilized to look at the
many non-covalent interactions that are still present in the
molecules. The greatest eigenvalue is known to be A2 in
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Fig. 7 Illustrations of HOMO and LUMO distributions of a Ti-graphene structure and b H,S/Ti-graphene system

Hessian matrix. Based on this, one could create a distinc-
tion between the dissimilar kinds of noncovalent interac-
tions. Figure 12 presents RDG scatter map and isosurface
map for H,S/V-graphene system (since it is the system
with the lowest adsorption energy). RDG maps of other
structures are presented in Figs. S7-S9.

According to the RDG analysis, for metal doped gra-
phenes, the Van der Waals interactions are indicated by
values near zero. All scatter maps and isosurface maps of
RDG show us that the interactions are typically VdW-type
interactions for H,S adsorbed metal doped graphenes. It
is important to note that extremely strong interactions do
not detect molecules since they show that the adsorbate is
difficult to desorb and that the system requires more time
to recover. The traditional transition theory forecasts a sig-
nificantly longer recovery time in the event that the energy

@ Springer

of adsorption rises significantly equation is employed to
elucidate this situation:

7= (vy)"' exp(—=AE/KT) (8)

Here 7 is the recovery time, AE is adsorption energy, T is
adsorption temperature (298.15 K), k is the Boltzmann con-
stant (~8.368 x 10~ kJ/mol) and the v, is attempt frequency
(~10'2 s71) [77]. According to this equation, the greater the
AE value, resulting in progressively longer recovery times.
In other words, the material adsorbed to the surface takes
longer to separate from the surface. The recovery time of
the Cr-graphene structure, which has an electronic sensor
feature, is 0.26 s. The surface recovery times of Ti-, V- and
Sc-graphene structures were calculated as 0.54, 2.28 and
0.003 s, respectively.
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Fig.8 Illustrations of HOMO and LUMO distributions of a V-graphene structure and b H,S/V-graphene system

Fig.9 Illustrations of HOMO
and LUMO distributions of a
Sc-graphene structure and b
H,S/Sc-graphene system
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Fig. 11 ESP distribution maps a)
of a Cr-graphene and b H,S/
Cr-graphene
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Fig. 12 a RDG scatter map a)
and b RDG isosurface map of
H,S/V-graphene system
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Conclusions

In this study, Ti, V, Cr and Sc doped graphene nanosheets,
along with the molecular system formed by hydrogen
sulfide, were investigated for their adsorption and sensor
properties using the DFT method. As a result of the ther-
modynamic data, it was revealed that all metal-doped gra-
phene structures adsorbed the H,S molecule spontaneously.
Compared to the literature, the AE values are not found to
be enough to make desorption difficult. In the light of RDG
analyses, all interactions were realized as Van der Waals
interactions. In addition, in all interactions, there is charge
transfer between the H,S molecule and metal atoms. The
HOMO-LUMO gap change of the Cr doped graphene struc-
ture before and after adsorption was calculated as 24.8 kJ/
mol. For other structures, this change remained insignifi-
cant. Consequently, this finding confirms that the structure
in question could be used as an electronic sensor material
for the H,S molecule.
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