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Abstract

In this study, density functional theory (DFT) and time-dependent DFT (TD-DFT) methods were
employed to investigate the geometrical, electronic, optical, and photovoltaic properties of graphene
(G), silicon carbide (SiC), and graphene/hexagonal boron nitride (G/h-BN) nanostructures. Dimethyl
sulfoxide (DMSO) was used as a solvent to enhance the electronic behavior of the systems. Key
photovoltaic parameters such as open-circuit voltage (VOC), light harvesting efficiency (LHE), and
the free energies of electron injection and regeneration were evaluated. Results revealed efficient
electron injection from G, SiC, and G/h-BN into the conduction band of TiO,. The HOMO levels of G
and SiC were found above the I-/Is~ redox potential, indicating potential limitations in electron
regeneration; however, this was mitigated upon dissolution in DMSO. Additionally, DMSO
improved optical absorption by red-shifting the UV—visible spectra. Overall, isolated G/h-BN and the
DMSO-dissolved nanostructures show promise as sensitizers in dye-sensitized solar cells (DSSCs).

Keywords: graphene; silicon-carbide; graphene/boron-nitride; DFT; DSSCs

1. Introduction

In the present decade, renewable energy sources, such as wind energy, water energy, also solar
energy[1], have been a focus for many researchers. One of most important sources of renewable solar
energy is energy, a potential fuels alternative; photonic solar cells convert photons into electric energy
[2,3]. Four kinds classify the 3rd generation of solar cells. Scientists do use nanocrystals and polymers
and dyes and concentrated solar cells so as to produce these cells [4-6]. Dye-sensitized solar cells
(DSSCs) are considered to be among the most promising solar cell fuels for the reason that they are
low in price and are simple to prepare plus are nontoxic so they use natural organic material as dye
sensitizers[7-9].

Giem as well as Novoselov's (2004) graphene discovery opened new directions for the purpose
of modern sciences like that of the DSSC field. Graphene nanostructures have been used within
organic solar cells as sensitizers[10-13]. This is in the field of DSSC applications. Graphene
nanostructures may be considered as the first two-dimensional materials. For example, a honeycomb
lattice is thought to be the most familiar shape for the graphene lattice[14-17] since carbon atoms are
arranged periodically. Graphene materials have novel characteristics, such as electrons moving with
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high mobility and electricity conducting excellently and hardness and high flexibility; graphene, in
addition, has another amazing property which is zero band gap energy[18-20]. At the Dirac point[21],
graphene's valence bands and graphene's conduction bands intersect because of graphene's zero-
bandgap property. Researchers have studied silicon carbide (SiC), boron nitride (BN), aluminum
nitride (AIN), zinc oxide (ZnO), cadmium selenium (CdSe) as well as cadmium tellurium (CdTe)
widely [22-24]. These are the materials that are considered to be two-dimensional materials similar
to graphene.

Half of graphene carbon (C) atoms have been substituted with silicon (Si) atoms[25] thus
forming silicon-carbide (SiC) nanoribbons. SiC nanoribbons are strong and hard with low density
too. They show good electrical resistance and oxidize at good rates [26,27]. Gas sensors with
hydrogen storage, catalysis, drug delivery[28-30] including high-frequency and high-temperature
environments are potential applications of SiC nanoribbons.

Boron-nitride (BN) nanoribbons possess high oxidation rate, perfect thermal conductivity, little
toxicity, and a wide energy gap (Eg~6.2 eV) [31-33]. Boron (B) and nitrogen (N) atoms are arranged
in the honeycomb lattice like the graphene structure. Since each boron atom connects with three
neighboring nitrogen atoms, three sigma bonds form within the (BN) hexagonal lattice[34-36]. Due
to their biocompatibility, BN nanoribbons are useful in therapeutic applications[34]. In some ways,
BN nanoribbons are similar to graphene. However, they have high thermal with chemical stability.
Light-emitting diodes (LEDs)[37] exemplify photonic field's wide applications of BN nanoribbons. In
addition, according to the more in-depth investigations of BN nanostructures, researchers have now
deduced that BN emits light at a wavelength range of 200-225 nm[38-40].

This study was intended for the development of a more efficient light harvesting device that is
for dye-sensitized solar cells (DSSCs) because of its use of graphene, silicon carbide and
graphene/boron nitride nanoribbons as its sensitizers.

In 2017, Al-Rikabi conducted a study in order to examine graphene nanoflakes with the
introduced thiadiazol monomer's impact. He analyzed the suggested structures' structural,
electronic, and photovoltaic properties using density functional theory. Additionally, he chose the
B3LYP functional along with 6-31G* energy level in order to characterize how the electrons and nuclei
exchange correlation. The DFT calculations did reveal a downward shift within the energy levels of
the molecular orbitals and this resulted in a reduction within the energy gap from 3.81 eV to 2.1 eV.
Graphene nanoflakes with thiadiazol cause the LHE to decrease to 0.01%. Approximately 0.29% is
the highest LHE value. This is found if two chains of thiadiazol are attached to the graphene
nanoflake [41].

Sharma and Jha (2019) did research to study effects from boron, nitrogen, and phosphorus
atoms. The study focused upon the functionalization of the carboxyl edge of graphene nanoflakes
(COOH-GNFs). The structural, electrical, and optical traits of (COOH-GNF) were investigated in
pure and doped forms. Relevant findings were extracted via the Gaussian 09 program. Additionally,
the researchers applied the B3LYP hybrid function as well as the 6-31G* basis set. Optical calculations
revealed pure COOH-GNF absorbed within the visible region, and harvested light with an efficiency
of approximately 0.83%. Impacts that are meaningful on the LHE values came from elements like B,
N, and P. Harvesting efficiency went down up to 0.16% when COOH-GNF was doped with boron
atoms, the results indicated [42].

Kumar et al. explored the effects of adding nitrogen impurities to a graphene/flavanol
nanostructure within their 2023 study also assessing its use as a DSSC sensitizer device. Electronic as
well as photovoltaic properties for suggested nanocomposites were determined through use of the
DFT approach. Furthermore, researchers did employ the 6-31G* energy level plus M06-2X hybrid
function for them to associate highly and accurately. The data was extracted by way of their use of
the GAMESS program. N impurities exist inside the graphene/flavanol nanostructure, so they greatly
impact the energy gap property. Their presence causes a shift with respect to its value. As an example,
band gap energy shifted with one N atom added. Energy decreased from 2.93 to 1.60. Introducing of
2 N atoms to the graphene/flavanol nanostructure resulted in an increase of the energy gap.
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According to the LHE results, the graphene/flavanol complex showed a far higher efficiency than
other structures. An LHE of around about 0.96% was what was observed. Graphene/flavanol to
which 1 N and 2 N were added had a reduced LHE. The LHE was decreased down to 0.86% and also
0.79%, respectively [43].

2. Methodology and Theoretical Approach

In the present study, the structural, electronic, optical as well as photovoltaic characteristics of
graphene (G), silicon carbide (5iC), coupled with graphene/boron-nitride (G/h-BN) nanoribbons, will
be investigated via density functional theory (DFT) also time-dependent (TD-DFT) methods, with the
effect of the DMSO solvent on such properties to be studied furthermore. DFT calculates ground state
properties so TD-DFT computes excitation state characteristics. For relaxation calculation, we
consider the bond lengths, bond angles, and binding energies. We include the molecular orbital
energy, energy gap, and density of states (DOS) spectrum to describe electronic properties.
Oscillation strength, such as f, along with the maximum wavelength regarding absorption, for
instance AMax, involve excitation state properties. For the photovoltaic parameters, open-voltaic
circuits, light harvesting efficiency, and free energy for electron injection and regeneration are
demanded.

The efficiency of power conversion (1)) is defined as the ratio of solar energy converted by a solar
cell into usable electrical energy, calculated using the following equation [44]:

n=FF * YocJse 1
Pinc
where (Py,.) is the incident power density, (Vy¢) is the open-circuit voltage, ( Js) is the short-circuit
current density, and (FF) is the fill factor.

The open-circuit voltage (Vyc) plays a critical role in electron injection from the Lowest
Unoccupied Molecular Orbital (LUMO) into the conduction band minimum (E)of semiconductor
materials, such as titanium dioxide (TiO;) or zinc oxide (ZnO) [45]. The relationship between (V)
and the LUMO energy level is given by:

Voc = (ELumo — Ecam)/e 2
The short-circuit current density ( J;.) in a dye-sensitized solar cell (DSSC) can be determined
by:
]sc: fLHE(/‘]-)QbinjectIlcollectd/1 3

Where (LHE(A)), (inject) and (Neouece) represent the light harvesting efficiency, electron injection
efficiency, and charge collection efficiency, respectively. The LHE parameter is evaluated by the
following equation [47,48]:

LHE =1-10" 4
Where f is the oscillator strength at the maximum absorption wavelength.

The free energy of electron injection (AG,,;) describes the energy required to inject electrons
from the excited state of the DSSC sensitizer into the conduction band of semiconductor materials,
given by [49,50]:

NGy = E¥y —EL” 5
Where (EJy) is the excited-state oxidation potential of the nanostructure, and X denotes the selected
two-dimensional nanostructure.

The excited-state oxidation potential (EX;) can be obtained from the oxidation potential (EZy)
and excitation energy (Epq,) of the nanostructures using [51]:

Eg); = Efx — Emax 6

Finally, the free energy of electron regeneration (AGg.,) indicates the energy difference
between the oxidation potential of the nanostructure and the redox potential of the iodine/triiodide
electrolyte, typically -4.85 eV for (I/I3), and is calculated as [52]:

_ pX _ pElectrolyte
AGReg. - EOX ERedox 7
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3. Results and Discussions
3.1. Geometrical Relaxation

In this section, we investigate the geometrical properties, including bond lengths and bond
angles, of the relaxed graphene (G), silicon carbide (SiC), and graphene/boron nitride (G/h-BN)
nanostructures. Figure 1 illustrates the geometrically relaxed structures of these nanomaterials.

Nanostructures Relaxation structures

SiC

G/BN

Figure 1. The geometrical structures of the G, SiC and BN nanostructures. The blue, gray, light olive, blue and
light violet balls represent N, C, Si, N and B atoms, respectively.

DFT calculations revealed that the G nanostructures have 4 types of bonds between atoms: C-C,
C=C, C...C and C-H. Similarly, calculations have shown that, for BN nanostructures, there are three
types of bonds between boron (B), nitrogen (N) and hydrogen (H) B-N, B-H and N-H. Moreover, SiC
nanostructures have four types of bonds between silicon (Si), carbon (C) and H atoms Si-C, Si...C, Si-
H, C-H. The relaxation calculations revealed that the G, SiC and BN surfaces had planar shapes [53—
55].
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Angle length calculations revealed that there are many types of angles between atoms in the G,
SiC and BN nanostructures; thus, only primary atoms such as B and N in BN were considered for the
G and SiC systems [56-58]. Table (1) shows the calculations of the bond lengths and angle lengths
between atoms in the G, SiC and BN nanostructures.

Table 1. Indexed bond lengths and angle lengths between atoms in the G, SiC and G/h-BN nanostructures

computed by the DFT method measured in Angstrom unit.

Structure Bond types Lengths Angle type Length
c-C 1.451 — 1.465 c=cC..C 121.03 — 121.74
cC=C 1.376 — 1.381 c..C..C 119.70 — 120.15
G

C-C 1.420 — 1.433 c-cC..C 119.27 — 122.16

C—H 1.083 — 1.117

Si—C 1.823 — 1.834 Si..C..Si 119.88 — 122.44

Si=C 1.801 — 1.822 Si—C..Si 120.27 —121.40

Sic

Si—H 1.493 — 1.498 C..Si..C 119.34 — 121.50

C—H 1.083 — 1.117 C—-Si..C 119.54 — 121.38

C-C 1.40-1.43 c-C--C 119.47-122.17

C—N 1.42-1.43 C—B-N 119.13-121.61

C—-B 1.52-1.53 C--C—N 118.81-120.01

G/h— BN

B—-N 1.43-1.47 C--C—B 119.71-120.08
B—N-B 118.50- 119.06
N—-B—-N 118.21-120.23

3.2. Electronic Properties

In this section, Density Functional Theory (DFT) is employed to calculate the molecular orbital
energies (HOMO and LUMO) and energy gaps (Eg) of graphene (G), silicon carbide (SiC), and
graphene/boron nitride (G/h-BN) nanostructures, in both isolated and dissolved phases. The DFT
calculations ensure the nanostructures meet the electron injection and regeneration requirements
essential for photovoltaic applications.

Table 2A summarizes the molecular orbital energies and corresponding band gaps for the
isolated nanostructures. The results indicate similar HOMO energy levels for G and SiC, attributable
to the comparable electronic configurations of carbon and silicon atoms, both situated in group IV of
the periodic table. In contrast, the HOMO energy level of the G/h-BN nanostructure is significantly
lower compared to G and SiC [59,60]. Band gap energy analysis reveals that G/h-BN possesses the
widest band gap (3.460 eV), whereas G and SiC have narrower band gaps, approximately 2.287 eV

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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and 2.134 eV, respectively [61]. This implies higher electrical conductivities for G and SiC compared
to the G/h-BN nanostructure, due to their narrower molecular orbital energies.

Table 2A. Indexed molecular orbital energy (Enomo and Erumo) and energy gap (Eg) in isolated phase measured

ineV.
Systems HOMO LUMO Energy gap
G —4.675 —2.388 2.287
Sic —4.666 —2.532 2.134
G/BN —5.019 —1.559 3.460

Table 2B displays the calculated molecular orbital energies and energy gaps for G, SiC, and G/h-
BN nanostructures dissolved in dimethyl sulfoxide (DMSO). The solvent significantly influences the
orbital energies of G and SiC due to their organic characteristics. For example, the HOMO energy of
SiC shifts from -4.666 eV (isolated state) to -4.927 eV upon dissolution. Consequently, the band gap
energy also increases from 2.134 eV (isolated) to 2.684 eV (dissolved). However, the metallic-like
structure of BN limits notable changes in molecular orbital and band gap energies when dissolved,
reflected in minor shifts (HOMO shifts from -5.019 eV to -5.251 eV).

Table 2B. Indexed molecular orbital energy (Exomo and Erumo) and energy gap (Eg) in dissolved phase measured

ineV.
Systems HOMO LUMO Energy gap
G —4.853 —2.562 2.291
Sic —4.927 —2.242 2.684
G/BN —5.251 -1.777 3.474

Figure 2A illustrates the Density of States (DOS) spectra for the studied nanostructures in
isolated and dissolved states. The analysis shows that dissolution in DMSO generally results in
HOMO energy level shifts toward lower energies. Specifically, the HOMO energy for graphene shifts
from -4.675 eV to -4.853 eV. While LUMO levels of G and G/h-BN nanostructures also shift toward
lower energies, the SiC nanostructure displays a slight increase in its LUMO energy level.
Consequently, the band gap of SiC notably widens from 2.134 eV to 2.684 eV upon dissolution.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2A. Density of state spectra and charge density distributions for the G, SiC and G/h-BN nanostructures
in the isolated and dissolved phases.

Charge density distribution calculations reveal that, in graphene, the highest density is
symmetrically distributed around carbon atoms for both HOMO and LUMO orbitals. For SiC and
BN nanostructures, the charge density is predominantly localized around edge atoms, especially in
the LUMO orbitals. Additionally, the HOMO orbitals in SiC and G/h-BN nanostructures exhibit high
charge density primarily surrounding the carbon atoms. Importantly, the presence of the DMSO
solvent does not significantly affect the charge density distribution within these nanostructures.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2B visually presents the charge density distribution patterns for isolated and dissolved G, SiC,
and G/h-BN nanostructures.

Phase Nanostructures

Isolated SiC

G/h-BN

Dissolved SiC

G/h-BN , \b ' ’: 9% ‘gH"*

Figure 2B. showed the charge density distributions for isolated and dissolved G, SiC and G/h-BN

nanostructures.

One of the crucial factors for assessing dye-sensitized solar cell (DSSC) sensitizer performance
is the molecular orbital distribution relative to the conduction band minimum (CBM) of the titanium
dioxide (Ti0;) semiconductor and the iodine/triiodide electrolyte (I/I3) [62,63]. For an efficient
electron-transfer cycle, the following criteria must be met:

A- The Eyguoenergy level must lie below the redox potential of the I/I5 electrolyte.

B- The E,yyoenergy level must be positioned above the CBM of the (Ti0,) semiconductor.

In the isolated phase, density functional theory (DFT) calculations revealed that all LUMO levels
are positioned above the CBM g9,y , indicating effective electron injection capabilities for all

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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nanostructures studied. However, the HOMO levels of graphene (G) and silicon carbide (5iC)
nanostructures are positioned above the I/I3 electrolyte redox potential, indicating these structures
lack the ability to regenerate electrons in their ground states. In contrast, the G/h-BN nanostructure's
HOMO level is situated below the electrolyte redox potential, allowing efficient electron regeneration
in the ground state. Figure 3 illustrates the molecular orbital energies of G, SiC, and G/h-BN
nanostructures in relation to the CBM r;9,) and I/I3.electrolyte in the isolated state.

-1.559
-1.5 -
] —e—10MO
-2.0 4 —@— LUMO
_ —c— TiO2(CBM)
—%— 1113
-2.5 4
;‘ J
Z
- —3.0 -
)
> -
i
= -3.5 -
UD E
m _4.0 =
-4,5 -
-5.0 -
_5.5 T T I
G SiC G/h-BN
Structures

Figure 3. Distribution of molecular orbital energies around the CBM(r;o,) semiconductor and /I3 electrolyte
for G, SiC, and G/h-BN nanostructures (isolated phase). A red star (*) indicates that electron regeneration is not

possible for G and SiC, while a plus sign (+) indicates successful electron regeneration for G/h-BN.

Chemical solvents often enhance electronic properties of nanostructures through molecular
interactions [64]. Here, dimethyl sulfoxide (DMSO) was selected as a solvent to enhance the electronic
properties of the G, SiC, and G/h-BN nanostructures.

Upon dissolution, DFT calculations showed that the HOMO levels of G and SiC shifted
downward, moving below the electrolyte’s redox potential due to interactions between
nanostructure electrons and DMSO molecules. This shift enables electron regeneration in the ground
states of G and SiC nanostructures. Additionally, dissolution in DMSO enhances electron injection
capability into (Ti0;) due to increased interaction between electrons and the solvent. Figure 4
illustrates these improvements, demonstrating that dissolved G, SiC, and G/h-BN meet the criteria
for both electron injection and regeneration.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. Illustration of the distribution of molecular orbital energies around the CBMr;o,, semiconductor and
1/I3 electrolyte for the G, SiC and G/h-BN nanostructures in the isolated case. The plus (+) symbol indicates that
the G and SiC nanostructures can regenerate electrons in the ground state so that the solvent DMSO enhances

the electronic properties of the G and SiC nanostructures.

3.3. Photovoltaic Parameters

An ideal electron injection-regeneration cycle within DSSCs involves electron transfer from the
LUMO of the sensitizer into the CBM 7;¢,), followed by electron regeneration at the HOMO level.
Photovoltaic performance is evaluated by parameters such as the free energy of electron injection
(AG ), free energy of electron regeneration (4G g, ), open-circuit voltage (Voc), and light harvesting
efficiency (LHE) [65]. Table 3 summarizes these parameters for the nanostructures studied in both
isolated and dissolved phases.

Table 3. Indicated free energy of electron injection (4G y,; ), free energy of electron regeneration (4Gg,g.), open-
voltaic circuit (Voc), maximum wavelength of absorption (Amax), excitation energy (E%;) and oscillation strength

(®).

Phase |Structures| AGp; | AGreg | Apax EX; Voe f
Isolated G —2.838 0.124 385.76 | 1461 | 1911 | 0.723
SiC —2.340 0.133 458.11 | 1959 | 1.767 | 0.192
G/BN —-2.714 | —0.219 | 361.16 | 1.585 | 2.741 | 0.873
Dissolved G —2.614 | —0.053 | 391.39 | 1.685 | 1.737 | 1.11
SiC —2.174 | —0.127 | 442.54 | 2.125 | 2.057 | 0.51
G/BN —2.482 —0.451 | 361.06 | 1.817 | 2.523 | 1.366

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.2203.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 June 2025 d0i:10.20944/preprints202506.2203.v1

11 of 20

For the isolated phase, calculations revealed negative values for the free energy of electron
injection (AGy;), indicating that the excited-state energies of all studied nanostructures (graphene
(G), silicon carbide (SiC), and graphene/boron nitride (G/h-BN)) lie above the conduction band
minimum (CBM) of the titanium dioxide (Ti0O;) semiconductor. This confirms their effective
capability for electron injection into the (Ti0,) semiconductor. Similarly, in the dissolved state (with
DMSO solvent), the free energy of electron injection remained negative for all nanostructures,
confirming the sustained capability for electron injection. Moreover, the magnitude of the electron
injection energy increased for G and SiC upon dissolution in DMSO, whereas it slightly decreased
for G/h-BN.

Regarding electron regeneration, the calculations indicated that isolated G and SiC
nanostructures exhibit positive values of free energy for electron regeneration (4G, ), suggesting
their inability to regenerate electrons because their HOMO energy levels lie above the
I/1I3 electrolyte redox potential. Conversely, the isolated G/h-BN nanostructure exhibited a negative
(AGgegy ), demonstrating effective electron regeneration capability due to its HOMO energy level lying
below the I/I3 redox potential.

The use of DMSO solvent notably improved electron regeneration properties. Dissolving the G
and SiC nanostructures in DMSO caused their (4G, ), values to shift from positive to negative. This
shift confirms that interactions between electrons in the nanostructures and DMSO solvent molecules
lowered the HOMO energy levels below the electrolyte redox potential, thus enabling efficient
electron regeneration. These findings indicate that electrons regenerated at the HOMO can re-inject
into the CBM of (Ti03), promoting a continuous electron injection-regeneration cycle. Furthermore,
larger negative values of electron injection energy (AG,;) and smaller negative values of electron
regeneration energy (4Gg,,4 ), indicate faster and more efficient charge transfer processes between the
nanostructures and electrolyte. Importantly, the G/h-BN nanostructure exhibited favorable electron
injection and regeneration characteristics in both isolated and dissolved states.

Another critical parameter that reflects electron injection capability into the CBM of (Ti0,) is
the open-circuit voltage (Voc). According to Equation (2), (Voc) is directly proportional to the lower
unoccupied molecular orbital (LUMO) energy. The calculated results in Table 3 demonstrate that
both isolated and dissolved nanostructures exhibit high electron injection capabilities from their
LUMO levels into the (Ti0;) semiconductor. Notably, SiC nanostructures demonstrated a
significant increase in electron injection capability upon dissolution in DMSQO, reflected in the
enhanced (Voc) values. Overall, both isolated and dissolved forms of the studied nanostructures are
capable of efficiently injecting electrons into the (Ti0,) CBM due to their appropriately positioned
LUMO levels. Figure 5 provides a clear comparison of the computed (Voc) values for the isolated and
dissolved nanostructures, measured in volts (V).
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Figure 5. Bar chart of the computed open voltaic circuit property (Voc) for the isolated and dissolved G, SiC and
BN nanostructures.

3.4. UV-Visible Spectrum and LHE Properties

In this section, the maximum absorption wavelength (Amax), oscillation strength f, and light
harvesting efficiency (LHE) of graphene (G), silicon carbide (5iC), and graphene/boron nitride (G/h-
BN) nanostructures are investigated using time-dependent density functional theory (TD-DFT).
Calculations were conducted employing the B3LYP hybrid functional and the 6-31G* basis set to
accurately describe electron exchange-correlation processes. Figure 6 illustrates the UV-visible
absorption spectra for isolated and dissolved (in DMSO solvent) nanostructures, considering twenty
electronic transitions n = 20.
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Figure 6. UV-Visible spectra of the G, SiC and BN nanostructures in the isolated and dissolved phases. DMSO

caused a shift in the UV-visible spectrum, especially for the G nanostructure.

For isolated G, TD-DFT results revealed two significant absorption peaks: the first at
approximately 391.42 nm and the second at approximately 584.15 nm [66]. Major electronic
transitions were identified as HOMO — 1 - LUMO — 1 (32%) and HOMO — LUMO — 1 (96%). This
study specifically highlights the 584.15 nm peak due to its strong absorption within the visible
spectrum and higher oscillation strength. In the isolated SiC nanostructure, a single absorption peak
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was located at approximately 481.82 nm, primarily characterized by the HOMO — 3 — LUMO
transition (96%) [67], exhibiting an oscillation strength of approximately 0.20. Similarly, the isolated
G/h-BN displayed a notable absorption band at approximately 361.16 nm, characterized by the
HOMO —1 - LUMO — 1 transition (67%) [68], with a relatively high oscillation strength of
approximately 0.871.

Upon dissolution in DMSO, TD-DFT analysis indicated distinct shifts in maximum absorption
wavelengths and improvements in oscillation strengths. For the G nanostructure, absorption shifted
from 584.15 nm (isolated) to 600.07 nm (dissolved), indicating a redshift due to electron interactions
between the G nanostructure and DMSO solvent. Correspondingly, the oscillation strength increased
significantly, from 0.723 to 1.109. For the SiC nanostructure, dissolution caused a blueshift from
481.82 nm to 443.21 nm; notably, its oscillation strength improved to approximately 0.51, reflecting
enhanced light harvesting capability due to solvent interactions.

In contrast, the G/h-BN nanostructure exhibited minimal spectral changes upon dissolution,
with the maximum absorption wavelength shifting slightly from 361.16 nm to 361.06 nm
(approximately 0.1 nm shift). This negligible shift reflects the metallic-like characteristics of BN,
leading to weaker interactions with the solvent. Nevertheless, the oscillation strength notably
improved from 0.871 to 1.366, indicating a significant enhancement in its ability to absorb incident
light.

Besides electron injection energy AGy;), electron regeneration energy AGgeg), and open-
circuit voltage (V,.), the light harvesting efficiency (LHE) is another crucial parameter for evaluating
DSSC performance. LHE quantifies the effectiveness of incident photon absorption by
nanostructures. Figure 7 illustrates the calculated LHE values for the studied nanostructures.
According to Equation (4), the LHE value increases with greater oscillation strength. In isolated
conditions, the G nanostructure demonstrated superior LHE (~84.93%) compared to SiC and G/h-BN,
indicating its higher efficiency in harvesting incident photons. However, despite their significant
absorption capabilities, isolated G and SiC could not regenerate electrons effectively due to their

HOMO energy levels.
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Figure 7. Bar chart of the LHE properties of the isolated and dissolved G, SiC and BN nanostructures.
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In the dissolved phase, calculations indicated significant improvement in the light harvesting
efficiency (LHE), particularly for the SiC nanostructure when dissolved in DMSO. Specifically, the
harvesting efficiency increased dramatically from 35.73% (isolated) to 69.09% (dissolved). Moreover,
the G and G/h-BN nanostructures demonstrated notably high efficiencies in absorbing incident light
upon dissolution. Collectively, these results confirm that utilizing DMSO as a solvent markedly
enhances the ability of these nanostructures to harvest incident light, subsequently improving their
potential for converting solar energy into electrical energy.

4. Conclusions

Density functional theory (DFT) and time-dependent density functional theory (TD-DFT)
methods were employed to comprehensively analyze structural, electronic, optical, and photovoltaic
properties of isolated and dissolved graphene (G), silicon carbide (SiC), and graphene/boron nitride
(G/h-BN) nanostructures. Geometrical relaxation analyses revealed no significant structural changes
due to dissolution in dimethyl sulfoxide (DMSO). However, electronic property analyses showed
notable decreases in molecular orbital energies upon dissolution, resulting in wider energy gaps
compared to isolated phases, especially prominent in the SiC nanostructure.

The calculations for electron injection (4G ;) and electron regeneration energies (AG egen.)
confirmed that the studied nanostructures possess suitable oxidation and reduction potentials.
Moreover, photovoltaic parameter assessments demonstrated substantial enhancements when these
nanostructures were dissolved in DMSO, reflecting improved photovoltaic performance over
isolated conditions. Overall, these findings indicate that the studied nanostructures, especially when
dissolved in DMSO, exhibit strong potential as sensitizers in dye-sensitized solar cells (DSSCs).
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