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Abstract

Context In this work, we explore the potential of 2D materials, particularly graphene and its derivatives, for eco-friendly
electricity generation and air pollution reduction. Leveraging the significant surface area of graphene nanomaterials, the
susceptibility of these graphene-based nanostructures to hazardous substances and their applicability in clean solar cell
(SSC) devices were systematically investigated using density functional theory (DFT), as implemented within Gaussian 5.0
code. Time-dependent DFT (TD-DFT) was employed to characterize the UV-visible spectrum of unstrained nanostructures.
Herein, we considered three potentially harmful gases—CO, NH3, and Br2. Adsorption calculations revealed a notable inter-
action between the pure graphene nanostructure and Br2 gas, while the S-doped counterpart exhibited reduced interaction.
Saturated S-doped nanostructures demonstrated an enhanced affinity for NH3 and CO gases compared to their pure S-doped
counterparts, attributed to the sulfur (S) atom facilitating gas molecule binding to the nanostructure’s surface. Furthermore,
simulations of the SSC device architecture indicated the superior performance of the pure graphene nanostructure in terms of
light-harvesting efficiency, injection energy, and electron injection into the lower conduction band of CBM titanium dioxide
(TiO,). These findings suggest a potential avenue for developing nanostructures tailored for SSC devices and gas sensors,
offering a dual solution to address air pollution concerns.

Methods Density function theory was used to compute the ground and excited state properties for pure and sulfur-doped
graphene nanostructures. The hybrid function B3LYP with a 6-31G* basis set was utilized to describe the exchange correla-
tion. Gauss Sum 2.2 software is used to estimate the density of state (DOS) for all structures under investigation.

Keywords Density function theory (DFT) - Solar sanitizer cell (SSC) - Graphene - Graphene-sulfide - Nanostructures

Introduction to this problem [1, 2]. Pollution has many sources, such as
gas emissions from cars, factories, and solid waste. Because
In recent decades, environmental pollution has been con- air pollution is harmful to human health and the environ-

sidered one of the most dangerous issues worldwide. As a  ment, researchers have developed many effective methods
result, researchers have been striving to find many solutions  to remove or decrease it [3]. They have developed devices
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with high selectivity for gas molecules in the environment,
as well as high response times and recovery rates. Over the
past two decades, low-dimensional materials have gained
significant interest for applications like effective gas sen-
sor devices due to their higher surface area [4]. Graphene
is considered one of the most well-known two-dimensional
materials, discovered by Geim and Novoselov at the Man-
chester Laboratory of Nanotechnology [5]. Following the
discovery of graphene, new types of materials have been
derived, such as germanene, silicene, zinc oxide, boron
nitride, transition metal dichalcogenides, and aluminum
nitride [5-9]. The honeycomb lattice of two-dimensional
materials endows them with remarkable electronic, opti-
cal, magnetic, and geometrical properties, primarily due to
quantum size effects [10, 11]. These materials have many
applications, including photocatalysis, energy conversion,
and the fabrication of nanoelectronic devices, attributed to
the planar surface properties of two-dimensional materials
[12—14]. However, graphene has several disadvantages, such
as high toxicity and an incomplete band gap energy. Due
to these issues, researchers have considered other types of
materials, such as graphene structures fabricated from group
4 atoms of the periodic table, especially tin (Sn) atoms [15,
16]. Despite the many advantages of graphene, the physi-
cal adsorption of gas molecules on its surface reduces its
importance for application in gas sensor nano-devices [17,
18]. Various strategies have been proposed to improve the
sensing properties of graphene-based gas sensors, either by
doping graphene with metal atoms or by creating defects in
the graphene lattice by removing some atoms from specific
positions [17, 19-21].

A monolayer of graphene consists of a single layer of
carbon atoms arranged in a 2D honeycomb lattice structure
[22-24]. The carbon atoms in monolayer graphene form a
2D plane by bonding with three neighboring atoms [25]. The
edges of monolayer graphene can exhibit either an armchair
or zigzag configuration [26]. The in-plane carbon-carbon
bonds in graphene are explained by sp? hybridization [27].
The fourth electron of each carbon atom forms a m-bond,
enabling the exchange of electrons over the surface of the
material [28]. This is because the carbon atom's valence
shell has four electrons but is only bonded to three surround-
ing carbon atoms.

The bonding of these electrons creates a unique valence
and conduction band structure, which is distinctive to gra-
phene. Interestingly, the valence and conduction bands of
graphene intersect at the Fermi level, thereby creating Dirac
points [29, 30]. Consequently, a pure monolayer of graphene
has a zero band gap between its energy levels. This unique
nature of graphene's electronic bands makes it useful for
multiple applications [31, 32]. However, it is possible to alter
the electronic structure and induce band gaps in graphene
through various techniques such as stacking multiple layers,
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applying strain, or introducing limited graphene layers [33]
or defects [34, 35].

Graphene has been extensively studied in both scientific
and industrial research as an effective sensing material for
a wide variety of molecules, ranging from gases to minus-
cule bioactive substances [36]. Even basic graphene-based
sensors can detect changes in conductivity caused by the
adsorption of analyte molecules [37]. The adsorbed gas
molecules can alter the concentration of charge carriers
in graphene, thereby affecting its conductivity. There is
a hypothesis that such devices may have the capability to
detect single molecules [38]. To fully harness the potential
of graphene sensors, it is crucial to understand the dynamics
between the graphene surface and the adsorbed molecules
[39]. The adsorption of small molecules on graphene has
been the focus of theoretical research [40].

Previous studies mainly investigated pristine graphene
and estimated relatively low adsorption energies, which were
insufficient for gas-sensing applications[41]. With the deple-
tion of fossil fuels and increasing environmental concerns,
there has been a growing interest in exploring renewable
and environmentally friendly energy sources [42]. Dye-
sensitized solar cells (DSSCs) have emerged as a promis-
ing clean and renewable energy solution due to their high
photoelectronic absorption efficiencies and cost-effective
manufacturing methods [43]. DSSCs have been considered
a viable alternative to conventional silicon-based solar cells,
thanks to their ease of fabrication and potential for large-
scale production [44]. However, to effectively harness solar
energy and transport electrons in DSSCs, highly efficient
sensitizers are required [45].

Tools and methods

The structure, electrical properties, and optical features of
pure graphene and sulfur-doped nanomaterials is investi-
gated using density functional theory (DFT) calculations.
Ground state computations were utilized to determine the
relative orientation of gas molecules on the surfaces of
the nanomaterials. The ground state calculations involved
energy gap, molecular orbital energy, and adsorption energy.
A density functional theory program was employed to esti-
mate all the relevant ground state properties. Additionally,
time-dependent density functional theory (TD-DFT) is
used to determine the UV-visible spectrum, which aided in
identifying the maximum absorption wavelength. B3LYP
hybrid function is used to describe the exchange-correlation
at the level of theory 6-31G*. Gaussian version 09 simu-
lation software was utilized for the implementation of all
relevant properties. The spin was treated by the closed shell
method and the systems were described by a single spin
state. Nanotube modular software is used to generate the
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graphene nanostructures, the input parameters of the gra-
phene nanostructure (n, m, and L) are (5, 5, 16), n, m, and
L refer to the charity and length of graphene nanostructure,
respectively. Gaussian View (5.0) is utilized to visualize the
nanostructures and generate the input files.

Theoretical concepts

The quality of a clean solar cell (SSC) device is often
assessed by its conversion efficiency of incident light, known
as the incident photon-to-current conversion efficiency
(IPCE). IPCE is influenced by several factors, including the
efficiency of charge collection (1), the efficiency of electron
injection (y_inj), and the light harvesting efficiency (LHE).
The equations for IPCE and LHE are as follows [46]:

IPCE = LHE * @,,;, * 1, 1)

LHE=1-107 2

Where f is the oscillation strength corresponding to the
maximum wavelength of absorption, @, .. is related to the
free energy of electron injection [47].

inje

(Dinjection & f ( -A G(Injection) ) (3)

From Eq. 3 indicated that the more negative energy of
AG ppjeciion) the greater the electron injection.

AG pyjection) 18 the differen(ie between the oxidation poten-
tial of the excited state (E>3C”) and the reduction potential of

0X
TiO, conduction band (CBM), which can explain as [48]:

AG(Injection) = ESO'iC* - ECBM(T:’OZ) “4)

CBM is minimum conduction band of TiO,, and it is
equal — 4.00 or — 4.30 eV, in the same method Ef)i(c can be
estimated by the following formula:

SSC* _ 1-SSC
on = on —AE S

Where E2SC (-Egopo) is the ground state oxidation potential
of the SSC device, AE is the lowest absorption energy cor-
responding to the maximum wavelength of absorption [49].

The free energy of electron regeneration (AG gegenaeration)
can be computed by the following formula [50]:

_ SSC electrolyte
AG(Regeneration) = on ~ “redox ©)

electrolyte

Where the term E ™" represent the redox potential of
iodine/tri-iodine (I/1;) electrolyte is equal (— 4.85 eV) [51].

According to relation between the open-voltaic circuit
and the SSC (E| y0) based on injected electron from the
HOMO level to CBM1y0,, given by the following relation

[52]:

Voc = ELumo — ECBM(T:’OZ) @)

The adsorption energy can be calculated from the follow-
ing equation[53]:

EAds = EComplex - <EGas + ERib) 8)

Where Ecqppiex Egass and Egy, are the total energy of the
interacted system, gas molecule and isolated ribbon respec-
tively [54].

The sensitivity (S) of graphene and S-doped nanostruc-
tures can be evaluated by the following relation [35]:
E, 7

0 (EI_E()) ©)

Where (E,)) and (E,) represent the energy gap of the gra-
phene and S-doped nanostructure in the absence and present
gas molecular, respectively.

The thermodynamic formation energy can be computed
by the following relation [55]:

E; = |Egs — Eg| = n|Ec — Ey] — mEg (10)

Where E g, Eg; are refer to total energy for GS and G nano-
structures, E~— Ey, E, are represent the total energy for C,
H and S atoms, and n and m refer to the number of C, H, and
S atoms respectively.

Relaxation structure for pure and S-doped
graphene nanostructures

The geometry relaxation of graphene (G) and S-doped gra-
phene (GS) nanostructures in an isolated phase was com-
puted using the B3LYP functional at the 6-311G level.
Figure 1 illustrates the geometrical structure for both the
isolated and interaction phases of the pure and S-doped
graphene nanostructures. Table 1 lists the bond lengths and
bond angles of the (G) and (GS) nanostructures, respec-
tively. The results of the relaxation calculations showed
that the G nanostructure has four bond types: C—C, C=C,
C=C, and C-H [56]. Additionally, after replacing four car-
bon atoms with four sulfur (S) atoms, a new bond appeared
the C—S bond, which was bonded with three neighboring
carbon atoms [57].

After the interaction between gas molecules and the sur-
face of G and GS nanostructures, the results showed that
some types of curvature appeared, especially when Br,,
CO, and NH; were adsorbed on the surface of the GS nano-
structure. The curvature appears due to the high interac-
tion between the gas molecules and the surface of the GS

@ Springer
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Fig. 1 The geometrical
structures for G and GS
nanostructures, the white, gray,
and yellow balls represented
hydrogen, carbon, and sulfur

atoms, respectively G nanostructure
° j ;4 " J’
> f J . ‘} " ‘/‘ )‘J
H &J ,
9 f > 4 f j f
GS nanostructure 9 f J d--d J‘ i
2a 29 ¢

9 + 9
Table 1 The geometrical Nanostructures Bond types Bond length (A) Angle types Angle length (Deg.)
parameters for G and GS

nanostructures measured viathe G c-cC 1.4511-1.4651 c-C-C 119.2975-122.2845
DFT method c=C 1.3765-1.3814 CCeC 119.8576-123.0464
C-C 1.4207-1.4335 CC—-H 107.4517-119.9180
C-H 1.0835-1.1175 C=CH 117.9782-121.9335
C=C-C 120.7507-121.5643
GS Cc-§ 1.7223-1.7743 c-S-C 117.7060-122.3631
c-C 1.4649-1.7827 S—-C-C 108.5255-116.0649

Cc=C 1.3633-1.3835 §S-C=C 114.8007
C--C 1.3943-1.4371 C-C-C 117.6497-127.6279
C-H 1.0864-1.1168 CCC 122.8359-144.6686

C-C-H 108.3997-120.9002
c-Cc-C 126.2033
Cc=C-C 121.9172-134.7997

nanostructure, in addition to the high reactivity of the S
atom. The computed results of geometrical relaxation indi-
cated that the bond angles changed during the adsorption
of gas molecules on the surface of the nanostructure, which
was clearly observed in the Br,/GS interaction. The interac-
tion of gas molecules with the surface of the G nanostruc-
ture did not affect the nature of the surface, and it remained
planar. The geometrical calculations showed that the angle
between the three neighboring carbon atoms and the sul-
fur atom reduced to 100.44°-102.30° compared with the
isolated state. The relaxation calculations showed that all
computed bond lengths and bond angles were in agreement
with previous studies[53, 58, 59].

The thermodynamic formation energy (E)) is considered
one of the important properties to evaluate the chemical

@ Springer

stability of the nanostructures, (Ey) is computed based on Eq.
(10). The calculation showed that, the formation energies for
the graphene and S-doped nanostructures are —29.1954 and
—41.8425 eV/atom, respectively. As an evaluated result, both
systems have high chemical stability especially the S-doped
graphene nanostructure (GS). In addition, doped graphene
by four sulfur (S) atoms enhance it thermodynamics stabil-
ity, so that their potential ability for synthetic purposes [55].

Pollution reduction

In this section, we will investigate the interaction between
toxic gas molecules and the surfaces of G and GS
nanostructures.
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Adsorption energy

The adsorption energy calculation for adsorbed gas mol-
ecules on the surfaces of G and GS nanostructures is dis-
cussed in this section. A DFT tool was utilized to compute
the interaction energy between adsorbed gas molecules and
the surfaces of G and GS nanostructures at the 6-31G level
with the B3LYP hybrid functional. Figure 2 demonstrates
the fully optimized structure for the interaction between gas
molecules and the surfaces of G and GS nanostructures.
Furthermore, the adsorption energy and molecular distance
are listed in Table 2. For the G nanostructure, the maximum
adsorption energy observed when Br, adsorbed on the sur-
face was around — 185.796 eV, with a molecular distance
of 3.21 A. Additionally, the adsorption energy of the CO
gas molecule was observed around — 3.8721 eV. It was also
noted that a double bond appeared between the carbon atom
of the G nanostructure and the CO gas molecule [60]. The

Table2 The adsorption energy and molecular distance for the
adsorption process between the surface of G nanostructure and gas
molecule measured by the DFT method

Nanostructures Adsorption energy (eV)  Molecular
distance
@A)

G/CO —3.872 1.35

G/NH,4 —0.099 3.84

G/Br, — 185.796 321

results deduced that the chemical adsorption between CO
and the G nanostructure occurred due to the formation of a
chemical bond between them. Conversely, weak physisorp-
tion was observed when the NH; gas molecule adsorbed
on the surface of the G nanostructure, with an adsorption
energy of around — 0.099 eV and a molecular distance
of approximately 3.84 A. Moreover, the most suitable

Fig.2 The figure illustrates

the most suitable configura-
tion between the surface of G
nanostructure and interacted gas
molecules. D represents the dis-
tance between the gas molecule
and the surface of G nanostruc-
ture. Green, red, and dark red
balls represent nitrogen, oxygen,
and bromine atoms respectively

Nanostructure

G/CO

G/NH3

G/Br2

Relaxation structure

o ‘;J H — :\ -
aPa alia
—d == »—o
,j ,J bd, e
——d >—& 1
2e%e% fjJ
e >—o
L | /’7 )‘_“ ‘J
D=1.354

g

4 4 a4 -
—d U . D -
—d -3 > s > 4 o
& »—& » & »—&

D=3.21A

@ Springer



191 Page6of15

Journal of Molecular Modeling (2024) 30:191

50
[ sensitivity (CO)

[ sensitivity (NH3) 43.9
[ Sensitivity (Br2)

40

33.6

98]
(=]
1

Sensitivity (%)

%3
f=}
1

18.3 185

Nanostructures

Fig.3 The bar chart of the sensitivity property for the graphene (G)
and S-doped (SG) nanostructures

Table 3 The table indexed the adsorption energy and molecular dis-
tance for the adsorption process between the GS nanostructure and
gases molecule computed vis DFT tool

Nanostructures Adsorption energy (eV)  Molecular
distance
A)
GS/CO —9.306 2.65
GS/NH; -9.377 2.29
GS/Br, —40.274 2.95

configuration showed that NH; and Br, were located above
the site of the carbon ring, whereas CO was observed at the
edge of the G nanostructure.

Besides the adsorption energy calculations, the sensitivity
property is another essential parameter for explaining the
ability of graphene nanostructures to sense gas molecules.
Figure 3 shows the bar chart of the sensitivity property of
the graphene and S-doped nanostructures, computed based
on Eq. (9). From the figure, graphene has a high sensitiv-
ity to the Br, gas molecule, around 33%. This result agrees
with the adsorption calculations. Additionally, the evaluated
outcome indicated that graphene nanostructures had lower
sensitivity toward CO and NH; gas molecules.

The corresponding adsorption energy results for the SG
nanostructure are listed in Table 3. The results show that
the adsorption energy of CO and NH; improved. For exam-
ple, the adsorption energy of CO enhanced from — 3.872
eV to — 9.306 eV. However, the interaction energy of Br,
reduced when it was adsorbed on the surface of the SG com-
pared to its adsorption on the G nanostructure. Moreover,
the curvature in the SG nanostructure plays an essential role
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in improving the interaction energy between gas molecules
and the surface. The molecular distance between gas mol-
ecules and the surface of the SG nanostructure was closer
compared to the G nanostructure, except for the adsorption
of CO on the surface of the SG nanostructure. Finally, dop-
ing the graphene nanostructure with sulfur atoms improves
the interaction energy and induces some types of curvature.
These curvatures are essential mechanisms for enhancing the
electronic and optical properties of the graphene nanostruc-
ture, which will be investigated in the next sections. Figure 4
illustrates the most suitable configuration between the sur-
face of the GS nanostructure and gas molecules. As shown in
Fig. 4, the sensitivity of the graphene nanostructure toward
CO and NHj; gas molecules is modified due to the effect of
S atoms. Furthermore, due to the high adsorption energy
between gas molecules and the surface of the sulfur-doped
graphene nanostructure, the energy gap becomes open. In
addition, the results showed that the sulfur-doped graphene
nanostructure had a high ability to detect the Br, gas mol-
ecule. As shown in the figure, the sensitivity to Br, was
modified to about 43%.

Frontier orbital and energy gap

Frontier orbitals provide detailed information about the
interaction between the highest occupied molecular orbit-
als (HOMO) and lowest unoccupied molecular orbitals
(LUMO) [61, 62]. The main aim of studying the Frontier
Molecular Orbitals (FMOs) is to understand chemical inter-
actions and to develop new semiconductor materials [1, 63].
According to the molecular orbitals hypothesis, the HOMOs
act as electron donors, while the LUMOs act as electron
acceptors. The difference between HOMO-LUMO defines
an energy gap (Eg) property[12]. The energy gap property
is an important parameter to understand the conductivity,
stability, and reactivity of semiconductor materials. Moreo-
ver, the energy gap is used to assess the selectivity, sensitiv-
ity, and reactivity, as well as many other essential proper-
ties of adsorbed materials [64]. A higher energy gap value
describes semiconductor stability, while a lower energy gap
value indicates higher reactivity. Tables 4 and 5 list the com-
puted values of the FMOs and Eg for G and GS nanostruc-
tures adsorbed with gas molecules, respectively, achieved
utilizing the 6-31G basis set at the B3LYP functional level.
For the G nanostructure adsorbed with gas molecules, it was
observed that the surface had a high energy gap when CO
and NH; were adsorbed, while no changes in the energy gap
of the G nanostructure were observed when gas molecules
were adsorbed. Conversely, when Br, was adsorbed on the
surface of the G nanostructure, the energy gap shrunk from
1.992 eV to 1.321 eV, indicating that the surface had higher
reactivity with Br, compared to CO and NHj;. Finally, the
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Fig.4 The most relaxation
structure for the adsorption pro-
cess between the surface of GS
nanostructure and gas molecules

Nanostructures

GS/CO

GS/NH3

Relaxation structures

GS/Br2

D=2.95A
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Table 4 The table indexed the frontier molecular orbitals (FMOs) and
energy gap (E,) for adsorbed CO, NH;, and Br, on the surface of G
nanostructure measured in the electron volt unit (eV)

Nanostructure HOMO LUMO Eg

G -5.202 -3.210 1.992
G/CO -5.129 -3.156 1.972
G/NH; -5.129 -3.118 1.973
G/Br, -5.326 —4.005 1.321

Table 5 The frontiers orbitals (FMOs) and energy gap (E,) results
of the graphene-S-doped (GS) nanostructure adsorbed with gas mol-
ecules measured in eV unit

high chemical interaction between the surface of the G nano-
structure and Br, gas molecule caused the shrinkage in the
energy gap value.

Figure 5 illustrates the density of states (DOS) spectrum
for the adsorption process between the G nanostructure and
gas molecules, computed by GaussSum 2.2 software. The
main idea of the DOS spectrum is to indicate the shift in the
Frontier Molecular Orbitals (FMOs). The DOS spectrum is
plotted in the range of — 10 to 4 eV. From the figure, it is
observed that the HOMO level has a slight shift to higher
energy when CO and NHj are adsorbed, whereas the HOMO
level shifts to lower energy when Br, is adsorbed on the
surface of the G nanostructure. Moreover, the LUMO level
exhibits the same behavior when gas molecules are adsorbed

Nanostructures HOMO LUMO E, on the surface of the G nanostructure, for example, it has a

aS _ 5099 3367 1732 slight shift to hlgh.er energy when CO and NHj; are adsorbed.

GSICO 5017 3603 1414 For the adsorption of gas molecules on the SG nanostruc-

GS/NH _ 4'97 . B 3‘ S60 1. 41  tre, the DFT calculations showed that the energy gap of

} ’ ' i GS was reduced. Lower energy gap values were observed
GS/Br, —4.841 — 3.865 0.976

when the Br, gas molecule adsorbed on the surface of GS.

10 | G 10 —
520241 32106 ’ 12 oS0k

Densily of States

Density of States

|
|
|
|
|
I
|
1
|
I
|
1
I

= (i/NH3
-5.129

Density of States

Cnergy (¢V)

— (/B2

-5.3269 -4.0057

Density of States

Energy (¢V)

Fig.5 The density of state (DOS) for the adsorption process between the gas molecule (CO, NH;, and Br,) and the surface of G nanostructure
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The energy gap of SG shifted from 1.732 to 0.976 eV. Addi-
tionally, the reactivity of the SG surface for Br, is higher
compared to other gases (NH; and CO). Consequently, the
calculations deduced that doping the graphene nanostruc-
ture with S atoms enhanced the reactivity to NH; and CO.
Furthermore, the doping mechanism enhances the reactivity
of the graphene nanostructure, along with the curvature on
the SG surface.

Figure 6 indexes the density of states (DOS) spectrum for
the adsorption process between the surface of the GS nano-
structure and gas molecules, with the energy range of the
DOS spectrum spanning from — 10 to 4 eV. The DOS spec-
trum points out the shift in the molecular orbitals' energy
during the adsorption process. From the DOS spectrum, it
is observed that all HOMO molecular orbitals experience a
slight shift to higher energy levels. For example, the HOMO
level for GS shifted from — 5.099 to — 4.841 eV when Br,
adsorbed on the surface of GS. Meanwhile, the calculations
showed that all LUMO levels moved to lower energy levels
during the adsorption process. For instance, the LUMO level

10

shifted from — 3.367 to — 3.385 eV when Br, adsorbed on
the surface of the GS nanostructure.

UV-visible spectrum

In this section, we aim to analyze the UV-visible spectrum
of both G and GS nanostructures to investigate the influ-
ence of the adsorption process. The time-dependent density
functional theory (TD-DFT) technique will be employed to
study the UV-visible spectrum and determine the maximum
absorption wavelength, with the number of transition states
set to N = 14 [65]. The maximum absorption wavelengths,
both in the presence and absence of gas molecules, will be
compared for G and GS nanostructures, and the results will
be presented in Fig. 7A, B, respectively. According to the
data in Fig. 7A, the G nanostructure exhibits a maximum
absorption wavelength of 810.25 nm [66], indicating absorp-
tion in the red region of the electromagnetic spectrum.
Notably, the UV-visible spectrum undergoes a noticeable
shift when gas molecules interact with the surface of the G

10

-5.0997

Densily of States (DOS)

—SG

10

Fnergy (cV)

Density of States (DOS)

-5.0179

-3.6035

—SGCO

10

T T
-4 -2

Encrgy (¢V)

-49714

Density of States (DOS)

-3.5605

——SG/NH3

Cnergy (V)

Density of States (DOS)

-4.8411

-3.8651

——SG/Br2

Energy (¢V)

Fig.6 The figurc indexed the DOS spectrum for the isolated and adsorbed phase of the GS nanostructure
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nanostructure, as indicated in Fig. 7A. The interaction of Br,
with the G nanostructure surface demonstrates significant
chemical adsorption, as evidenced by the observed shift of
the UV-visible spectrum towards the red region of the elec-
tromagnetic radiation.

The maximum absorption for the GS nanostructure
has been found at a wavelength of 1349.66 nm [67]. The

@ Springer
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UV-visible spectrum of the graphene nanomaterial has
shifted to the near-infrared (NIR) region of the electromag-
netic radiation as a result of the doping treatment, as shown
by the results [68]. The presence of S atoms has a direct
impact on the UV-visible spectrum. Additionally, the UV-
visible spectrum shifts to the red range of electromagnetic
radiation when gas molecules are adsorbed on the surface
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of the GS nanostructure. The high chemical interaction
between gas molecules and the surface of the GS nanostruc-
ture causes a shift in the UV-visible spectrum [12].

Renewable energy part

This section will estimate the probability of applying the
graphene and S-doped nanostructure in the SSC device.

Electronic characteristics of G and GS
nanostructures

To deduce the performance of the solar cell sensitizer, one of
the most essential parameters is the population of molecular
orbitals energy levels around the minimum conduction band
of the titanium dioxide semiconductor and iodine/tri-iodine
(I/13) electrolyte. To achieve electron injection and regenera-
tion in the conduction band minimum (CBM) of the TiO2
semiconductor and I/1; electrolyte, two following criteria
should be satisfied [69]:

1- All LUMO levels should localize above the CBM g0,
semiconductor, the CBMr;o,, value is (- 4.3) eV.

—*— HOMO
—e—LUMO

— =TiO2(CBM)
—-=1/13

-3.2
-3.4 1
-3.6 —
-3.8 1
—4.0
-4.2 1

4.4 H

Electronic States (eV)

—4.6
—4.8
—5.0

-5.2

Nanostructures

Fig.8 Represent the distribution of molecular orbitals energy around
the CBMyy0,) and (/1)

Table 6 The free energy of electron injection (AGyyjeion)s free energy of electron regeneration (AG,

mum wavelength of absorption (A,

2- Al HOMO levels should distribute below the (I/I5) elec-
trolyte, the redox potential energy is (— 4.85) eV.

According to these two criteria conditions the solar cell
sensitizer works in perfect phase [65].

Figure 8 illustrates the distribution of molecular orbital
energy levels for the G and GS nanostructures around the
conduction band minimum (CBM) of the TiO2 semicon-
ductor and the iodine/tri-iodine (I/15) electrolyte. From this
figure, the computed results deduce that all HOMO levels
of the G and GS nanostructures are localized below the /15
electrolyte [70]. Additionally, the LUMO energy levels are
observed above the CBM of the TiO2 semiconductor. Con-
sequently, the G and GS nanostructures have the ability to
inject an electron from the excited state to the CBM of the
TiO2 semiconductor. Furthermore, electrons can transfer to
the ground state of the G and GS nanostructures because all
HOMO levels are located below the /15 electrolyte. There-
fore, the injection and regeneration process will occur.

Graphene nanostructure sensitizer viability for solar
sensitizer cells

The ideal cycle appears, when the electrons transfer from the
higher molecular orbitals (HOMO) levels to lower molec-
ular orbitals (LUMO) levels of the excited nanostructure
inject into CBM (5, semiconductor, spontaneously [71].
The photovoltaic parameters calculations involve the free
energy of electron injection (AGypjeqion) and regeneration
(AGRegeneration)> Open voltaic circuit (Vy), maximum wave-
length of absorption (4,,,,), €xcitation energy (Eg(c*) and
oscillation strength (f) [72]. Table 6 summarizes the pho-
tovoltaic parameters for G and GS nanostructure computed
by the DFT method. For both G and GS nanostructures,
(AGpjeciion) Observed in the negative range, as is present in
Table 6. Consequently, the excited state of G and GS nano-
structures localized above CBM| 1, semiconductor, for this
reason, the electron will be injected from the excited state of
nanostructures to CBMry0).

Furthermore, the results showed that AGgegeneration 18 @
negative range, deduced that the redox level of the iodine/
tri-iodine (I/I;) electrolyte is lower than the stable state of
the G and GS nanostructures. The lower value of free energy
of electron regeneration and the higher value of free energy

max

regeneration)s Open-voltaic circuit (Vi), maxi-

), excitation energy (E>°* ) and oscillation strength ()

Nanostructures AGInjeclion AGRegeneration VOC /‘Lmax Egicx f

e (eV) (eV) (nm) (eV)
G —1.328 —0.352 1.089 2.230 2972 0.96
GS -0.392 —-0.249 0.932 1.399 3.701 0..35
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of electron injection will deduce faster charge transport
between the nanostructures and electrolytes [73].

Furthermore, the open voltaic circuit (V) another essen-
tial parameter effect on the overall nanostructure efficiency.
The (V) for G and GS nanostructures calculated according
to Eq. (7). The computed results showed that (V) varied
between 0.932 and 1.089 V, these values are sufficient for
the ability of electron injection. The higher values of (V)
that is deduced in order to higher energy of lower molecular
orbital level (Ej;\0), Consequently, the values of (V) is
proportional directly to (E; yyo) [74].

UV-visible spectrum and LHE for G and GS
nanostructures

The maximum wavelength of absorption and light harvest-
ing efficiency for G and GS nanostructures were evalu-
ated via the time-dependent density functional theory
(TD-DFT) method, with a number of transition states set
to N = 30. Figure 9 shows the UV-visible spectrum for G
and GS nanostructures. The results deduced that the GS
nanostructure has two absorption bands. The first peak is
observed around 555.95 nm with an oscillation strength
of 0.98, mainly formed by the transition HOMO—LUMO,
and it represents the fundamental absorption band. The

Fig.9 The UV-visible spectrum

second absorption peak is found at 811.11 nm with an
oscillation strength of 0.43, formed from the transition
HOMO-1—-LUMO+1. Additionally, the UV-visible spec-
trum deduced that the GS nanostructure has one absorp-
tion peak observed around 886.44 nm with an oscilla-
tion strength of 0.35, mainly formed from the transition
HOMO—LUMO. Overall, adding S atoms to the surface
of the graphene nanostructure affects the optical spectrum.
Consequently, the fundamental peak of the G nanostruc-
ture shifted from 555.95 to 886.44 nm. Therefore, the UV-
visible spectrum of the G nanostructure shifts to the lower
energy region (redshift) when doped by four S atoms.

In addition to the open voltaic circuit, the maximum
wavelength of absorption, and free energy of electron
injection and regeneration, the light-harvesting efficiency
(LHE) is another important parameter quantifying the
efficiency of solar cell sensitizer. Figure 10 illustrates the
bar chart of LHE for G and GS nanostructures. The com-
puted results of LHE deduce that the G nanostructure has
a high ability to harvest light compared with the GS nano-
structure. The LHE of the G nanostructure is observed at
around 89%, while for the GS nanostructure, it is around
55%. Altogether, the LHE results indicate that the nano-
structures under investigation have a high response-ability
for incident light.

for the G and GS nanostruc- -
tures computed by the TD-DFT
method
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Fig. 10 Index the bar chart of the light-harvesting efficiency (LHE)
for G and GS nanostructures

Conclusions

This study utilized ground state calculations at the B3LYP/6-
31G* level to investigate the optimal structure and electrical
characteristics of both pure and S-doped graphene nano-
structures. The TD-DFT tool was employed to simulate the
UV-visible spectrum and analyze the absorption properties.
The results exhibited superior adsorption of Br2 gas mole-
cules compared to CO and NH3. The incorporation of sulfur
atoms into the graphene nanostructures improved the chemi-
cal interactions between CO and NH3, thereby enhancing
the adsorption process. This highlights the significance of
sulfur doping in modifying the interaction strengths between
gas molecules and the surfaces of graphene nanostructures.

Moreover, both G and GS nanostructures displayed
HOMO and LUMO energy levels that were compatible with
the CBM(Ti02) electrode and iodine/tri-iodine electrolyte
used in established SSC devices. This suggests that the
LUMO of graphene and the S-doped nanostructure contrib-
ute to efficient charge transport to the CBM(TiO,) electrode
under the specified conditions. These findings provide valua-
ble insights for the development of dye-sensitized solar cells
(DSSC) and the construction of alternative materials for effi-
cient sunlight harvesting. The results from the adsorption
section revealed that pure graphene nanostructures. Overall,
the study’s findings contribute to a deeper understanding of
the structural, electrical, and optical properties of pure and
S-doped graphene nanostructures, emphasizing their poten-
tial for application in sustainable energy technologies such
as solar cells.
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