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ABSTRACT: Graphene nanocomposites have emerged as potential photo-
anode materials for increased performance of the dye-sensitized solar cells
(DSSCs) via charge transfer. Various metal-oxide-decorated graphene nano-
composites have widespread applications in energy devices, such as solar cells,
fuel cells, batteries, sensors, electrocatalysis, and photocatalysis. However, the
possible role of these composites in DSSC applications has largely remained
unexplored. Herein, we studied a Sb2O3-decorated graphene−D−π1−π2−A
sensitized TiO2 nanocomposite (dye-(TiO2)9/Sb2O3@GO) as a model multi-
junction light-harvesting system and examined the impact of various π-bridges
on the optical and photovoltaic properties of the push−pull dye system
employed in this light-harvesting system. We have shown that by changing the
spacer unit, the light sensitivity of nanocomposites can be varied from visible to
near-infrared wavelengths. Furthermore, with the integration of metal-oxide-
decorated graphene nanocomposites on D−π1−π2−A systems and D−π−A systems, composite photoelectrodes displayed better
optical and photovoltaic characteristics with an enhanced absorption spectrum in the wavelength range of 800−1000 nm. The
performance of the D−π1−π2−A system has been evaluated in terms of various photovoltaic parameters such as the highest occupied
molecular orbital−lowest unoccupied molecular orbital energy gaps, excited-state oxidation potential (Edye* ), free energy of electron
injection (Ginject), total reorganization energy (λtotal), and open-circuit voltage (Voc). This work throws light on the current trends
and the future opportunities in graphene−metal oxide nanocomposite-based DSSCs for better harvesting of the solar spectrum and
better performance of solar devices.

1. INTRODUCTION
Over the last few decades, the widespread use of fossil fuels has
resulted in significant environmental contamination.1−3 With
the growing awareness of environmental preservation, sunlight
is assuming tremendous importance as an alternate sustainable
renewable energy source in a range of industries, including the
agriculture sector and transportation, involving photovoltaic
conversion technology.4−7 Because of their easy production
technique, low cost, and readily programmable optical aspect,
the dye-sensitized solar cells (DSSCs) hold potential for a
range of energy utilization applications. The DSSC was first
discovered by O′Regan and Graẗzel in 1988 during the search
for a better-performance electrode.8 The DSSC mainly consists
of five main components such as a semiconductor, a
transparent conducting electrode, a photosensitizer, an electro-
lyte, and a counter electrode. The photosensitizer, which is
responsible for light harvesting, electron transfer, and injection,
is regarded as a critical component among all the components.
As a result, scientists are motivated to create and synthesize a
wide variety of useful organic dyes, characterized by the type of
raw materials used, the cost of materials involved, the flexibility
of molecular design, enhanced light-harvesting efficiency

(LHE), and fast electron transfer kinetics. Most of the metal-
free organic dye photosensitizers comprise D−π−A units. Even
minor alterations in the D−π−A system can modify the dye’s
whole electrochemical and photophysical characteristics.9−11

Hence, the nature of the D−π−A system, in terms of molar
absorptivity, electron transport, push−pull effects, and
chemical stability, is the key factor on which the molecular
sensitizer depends for acquiring more efficient solar cells. A
strong and characteristic absorption band that can encompass
the whole visible and infrared (IR) spectrum is necessary to
improve the efficiency of DSSCs.12−14 A variety of donor
groups have been exploited such as quinoxaline, carbazole,
porphyrin, and dimethylamine groups.15−17 The π-spacer or
the π-bridge attachment, due to its conjugation properties,
leads to a shift of the absorption to the near-IR (NIR) region
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that will ultimately increase the open-circuit voltage (Voc)
values. The anchoring groups such as the cyano-acrylic acid
and the carboxylic acid facilitate the electron injection
processes due to their strong binding ability on metal oxide
semiconductor nanoparticles such as TiO2, besides making a
molecular connection with the nanocomposite semiconductor
surface.

Graphene is a carbon allotrope that consists of a honey-
comb-like crystal lattice of tightly packed thin layers of sp2

hybridized carbon atoms. It is recognized for its amazing
capabilities and has sparked a lot of interest in material science,
biology, chemistry, and physics.18 As it consists of a theoretical
surface area of 2630 m2 g−1 and a carrier density of 1012 cm−2

at room temperature, it has the highest electrical conductivity
of 106 S cm−1 and an excellent thermal conductivity (∼5000
W m−1 k−1).19 It was first exploited mechanically by Geim and
Novoselov in 2004 from graphite, for which they shared a
Nobel prize in physics in 2010.20 Because pristine graphene
has been claimed to have no band gap, its capabilities in
photosensitization processes have not been fully studied.
However, by inserting oxygen-containing functional groups
(−COOH, OH, and epoxides), graphene can be proposed as a
promising alternative that may open up the zero band gaps and
can be exploited for better practical application in optoelec-
tronic industries.21 After the decoration with various inorganic
metal oxide nanoparticles, the light-stimulated electronic
conduction of graphene can be enhanced and can be
successfully employed in energy conversion devices and energy
depots .22

Nanomaterials are widely known for their prospective
applications in the fields of electronics, optoelectronics,
thermoelectronics, and magnetism. In particular, antimony(III)
oxide (Sb2O3) semiconductor nanostructures have attracted
attention due to their potential use as flame retardants, UV
filters, and optical devices. Sb2O3 nanostructures in the forms
of nanoparticles, nanowires, nanoribbons, nanosheets, nano-
rods, and nanocrystals have been synthesized by several
researchers.23−27 Applications in optics, electronics, and
optoelectronics benefit from the semiconducting properties
of V and VI compounds. Sb2O3 is unique and intriguing
because of its significant indirect band gap and band gap
location close to the UV area.28 Additionally, it works well as a
UV filter for interferometric applications, UV light-emitting
device (LED) technology, and solar cell technology.29 Because
of their high refractive index and strong abrasion resistance,
Sb2O3 nanoparticles are also regarded as one of the key optical
materials. Metal oxide decorated with graphene nanocompo-
sites are extremely popular in the field of electrochemical
energy storage.30 They are used as electrode materials for
electrical energy storage devices because of their favorable
physicochemical properties, which include high thermal and
chemical stability, excellent electrical conductivity, a large
surface area, and superior thermal and mechanical capabil-
ities.31 Further, their wide potential range and varied surface
chemistry have made it possible to personalize the character-
istics of storage devices. It was fascinating to observe how
mixing various polarized antimony and oxygen surfaces
produced efficient electron/hole doping in graphene while
preserving its exceptional electrical properties, thereby
efficiently enhancing the visible/IR light absorption.

Numerous efforts have been made in the direction of
developing an effective sensitizer. Finding a sensitizer that can
effectively absorb photons over the whole solar spectrum has

proven to be challenging. Therefore, innovative dye sensitizers
need to be explored that exhibit superior absorption behavior
and effective energy transfer. However, it is challenging for a
single dye molecule to exhibit such a prolonged absorption
behavior. In this regard, co-sensitization of semiconductor
surfaces employing a variety of junctions can help in providing
a broader and more intense absorption, which will improve the
performance of the DSSCs. Sańchez-de-Armas et al.32

examined the influence of TiO2’s computational size on
anatase structures and reported that (TiO2)9 is big enough to
mimic the actual electrical characteristics of anatase structures.
Therefore, in this work, we have modeled the system by using
the (TiO2)9

32,33 cluster size for the simulation of the
optoelectronic properties of dye-sensitized TiO2 nanoparticles.
All the optoelectronic and photovoltaic parameters-related
calculations on an isolated dye/TiO2 system were performed
using the GAUSSIAN 09 program employing localized basis
sets. We co-sensitized a D−π1−π2−A−(TiO2)9 system
(dimethylamine as a donor, pyrrole/furan/thiophene as a π-
spacer, and cyano-acrylic acid as an acceptor) with Sb2O3-
decorated graphene (Sb2O3@Graphene) as a multi-junction
system (Figure 1). The effect of such co-sensitization on the

absorption behavior and optoelectronic and photovoltaic
properties of the TiO2 systems was studied using density
functional theory (DFT). We evaluated the performance of
these photosensitized systems in terms of various parameters
such as the highest occupied molecular orbital (HOMO),
lowest unoccupied molecular orbital (LUMO), HOMO−
LUMO energy gap, LHE, ΦINJ, Voc, ΔGreorg, and ΔGinj.

2. THEORETICAL BACKGROUND
2.1. Photoconversion Efficiency. To compute the

performance of the solar cell, the most frequently used
parameter for converting sunlight into electricity is its
photoconversion efficiency (PCE).34

The PCE can be determined as shown in eq 1

= J V PFF/sc oc inc (1)

From eq 1, Voc is the open-circuit voltage, FF is the fill factor;
Jsc is the short-circuit current density, and Pinc is the incident
photon to current efficiency.
2.2. Voc (Open-Circuit Voltage). Voc is considered to be

an important parameter, and it depends on various factors like
charge carrier recombination, light sources, and the energy
level of materials as shown in eq 2.

Figure 1. Schematic diagram of the DSSC.
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=V E Eoc LUMO CB (2)

Therefore, from eq 2, Voc can be calculated by determining
the energy difference between the LUMO of the dye and the
conduction band (CB) of TiO2.35

2.3. Light-Harvesting Efficiency. The LHE can be
calculated according to eq 3

=LHE 1 10 f (3)

From eq 3, the higher the oscillator strength is, the higher the
LHE will be. Therefore, the LHE is an important factor to
explore the role of the dye in a DSSC.36

2.4. ΔGinj (Electron Injection Ability). The free energy
changes for injecting an electron from the dye-excited state to
the CB is known as the electron injection ability (ΔGinj). The
energy level differences between the dye’s excited-state LUMO
level and the semiconductor TiO2 ECB is the driving factor for
electron injection from a dye to a semiconductor TiO2. The
negative sign of ΔGinj denotes the process’s spontaneity.

It is suggested that the higher the ΔGinj values are, the higher
the Φinject values will be.37 Therefore, ΔGinj can be calculated as
per eq 4

= *G E Einj ox
dye

CB (4)

From eq 4, Eox
dye* is the excited state of the oxidation

potential energy and can be calculated as shown in eq 5.38

=*E Eox
dye

ox
dye

max
ICT (5)

From eq 5, Eoxdye is the ground-state reduction potential,
which is equal to −EHOMO.39 λmax

ICT is the transition energy
corresponding to λmax.
2.5. ΔGreg (Electron Regeneration). From eq 6,ΔGreg is

another parameter that influences the efficiency of the DSSC.
To acquire the fastest electron transfer process, it is necessary
to have lower regeneration values according to eq 6.40

=G E Ereg ox
dye

redox (6)

where Eredox is the redox potential of electrolytes.
2.6. ΔGreorg (Reorganization Energy). The pace of

intramolecular electron transfer, according to the Marcus
model,41 is primarily determined by the reorganization energy.
When transitioning from a neutral geometry to a charged state
geometry and vice versa, the structural relaxation of the
oxidized or reduced state geometries along internuclear
coordinates causes total intramolecular reorganization for
electron transfer. As a result, a lower λtotal value suggests a
faster charge transport carrier across the intermolecular
interface. As a result, we calculated the reorganization energy
of holes and electrons using the following relationships42

= +e/h 1 2

where, from eqs 7 and 8, λe/h is calculated as single-point
energy differences between the anion/cation at a neutral
molecule and the anion/cation at the optimized geometry

= + + +E G E G( ) ( )1
/ 0 / / (7)

= +E G E G( ) ( )2
0 / 0 0 (8)

3. Computational Details. DFT and time-dependent
DFT (TD-DFT) simulations were used to explore the
photovoltaic characteristics of six D−π−A (DA1) and
D−π1−π2−A (DA2−DA6) dye systems, where dimethyl as

the donor, pyrole/furan/thiophene/as the spacer unit, and
cyanoacrylic acid as an anchoring group were used, using the
Gaussian 09 set of codes.43 The DFT technique paired with
the B3LYP exchange−correlation functional and the 6-
311G(d,p) basis set was used to optimize the geometry of all
compounds in the ground state.44 B3LYP is a suitable
harmonic function for investigating the value properties of
tiny and large organic π−π* conjugated compounds.45 We
employed the B3LYP method to compute the excitation
energies and the solvent effects [tetrahydrofuran (THF)] on
the absorption spectra. DFT, at the B3LYP/6-311G46−48 level
of theory, was used to optimize the geometry of all dyes. This
level of theory has been reported to yield accurate results for
the similar type of systems.49−52 The optimum structures were
confirmed to be actual local minima (without imaginary
frequency) on the potential energy surface using frequency
analysis. At the B3LYP/6-311G(d,p) level of theory, molecular
orbitals such as the HOMO and LUMO were calculated. The
solvent calculation was carried out in THF using a conductor-
like polarizable continuum model (CPCM).53 The same
method was used to calculate photovoltaic characteristics.
TD-DFT appears to be effective in estimating optical
absorption, electronic characteristics, and vertical excitation
energy. TD-DFT is also thought to have optimum accuracy in
the case of extended conjugated systems and charge transfer
excitations.54 The total density of states (TDOS) data were
calculated using Gauss Sum software.55

4. RESULTS AND DISCUSSION
4.1. Optimization and Molecular Geometries. We

designed a D−π−A system, where in dimethylamine acts as a
donor, pyrrole acts as a π-bridge, and cyanoacrylic acid acts as
an anchoring group, and this dye system was optimized and
named DA1 (Figure 2a). Subsequently, another π-bridge was

incorporated next to the previously attached π-bridge and
named DA2, DA3, and DA4, respectively, for pyrrole, furan,
and thiophene being used as the second π-bridge (Figure 2b−
d). Furthermore, in order to compare the photovoltaic and
optoelectronic properties, we optimized two systems with a π-
bridging system consisting of furan−furan and thiophene−
thiophene groups (DA5 and DA6, respectively) as shown in
Figure 2e,f. The DFT technique paired with the B3LYP
exchange−correlation functional and 6-311G(d,p) basis set

Figure 2. (a−f) Chemical structure of DA1−DA6 molecules.
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was used to optimize the geometry of all the dye molecules
(DA1−DA6). This was followed by anchoring these optimized

dyes on TiO2 systems. Finally, we studied the interactions of
dye−(TiO2)9 systems with Sb2O3@graphene for modeling a

Table 1. Optoelectronic Properties of DA1−DA6 Systems

dye dye−(TiO2)9 dye−(TiO2)9−MO@G

mol ELUMO (eV) EHOMO (eV) EGAP (eV) ELUMO (eV) EHOMO (eV) EGAP (eV) ELUMO (eV) EHOMO (eV) EGAP (eV)

DA1 −2.28 −5.89 3.61 −3.38 −5.59 2.21 −2.82 −4.39 1.57
DA2 −2.45 −4.93 2.48 −3.28 −5.16 1.88 −2.72 −4.36 1.64
DA3 −2.75 −5.15 2.40 −3.397 −5.35 1.95 −2.94 −4.37 1.43
DA4 −2.59 −4.88 2.29 −3.44 −5.07 1.63 −2.82 −4.38 1.56
DA5 −2.92 −5.21 2.29 −3.53 −5.56 2.03 −3.13 −4.38 1.25
DA6 −2.68 −5.36 2.68 −3.58 −5.34 1.76 2.96 −4.39 1.43

Figure 3. HOMO−LUMO energy gaps of various dyes of systems DA1−DA6.

Figure 4. TDOS of DA1−DA6 systems.
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multi-junction system to expand the absorption spectrum. The
effect of such an interaction on the overall photovoltaic
properties was studied. The novelty of this study is that it
involves the co-sensitization of TiO2 with Sb2O3@graphene
and dye sensitizers and then examining the relationship
between the interface structure and properties in order to
build a fundamental physical picture of a nanocomposite.
Excited-state electron transfer parameters were also computed
to understand the composite’s charge transport properties. In
this study, dimethylamine is used as a donor (D),56−61

pyrrole/furan/thiophene, are used as π bridges, and
cyanoacrylic acid is used as an anchoring group.62−71

4.2. Electronic Structure. The HOMO, LUMO, and
HOMO−LUMO gaps were obtained for all six systems
(DA1−DA6) in Table1. It was found that the HOMO values
for all the systems were as follows: −5.89, −4.93, −5.15,
−4.88, 5.21, and −5.36 eV for DA1, DA2, DA3, DA4, DA5,
and DA6, respectively. Moreover, the LUMO energies were
−2.28, 2.45, 2.75, 2.59, 2.92, and 2.68 eV for DA1, DA2, DA3,
DA4, DA5, and DA6, respectively. For thermodynamic
feasibility of electron transfer from the excited state of the
dye to the semiconductor CB, the band edges of the oxidation
states of the dye and reduction states of the semiconductor CB
must overlap and the dye LUMO energy level must lie higher
than the semiconductor CB for effective electron injection
while the HOMO energy level of dye must lie lower than the
redox potential of the electrolyte. From our calculations, it is
evident that for all the systems, LUMO energy levels are
situated above the TiO2 CB edge position of dye−TiO2−
MO@G, while its HOMO levels are situated below the redox
potential of the redox mediator. It was also found that the
energy gap of all the systems lie in the range of 2.29−3.61 eV.
The schematic diagram of the molecular orbital energy of the
DA1−DA6 systems is shown in Figure 3. From the diagram, it
is clear that the LUMO energies of all the model systems are
more than the energy of the TiO2 CB, showing the
directionality of electron transfer, whereas the HOMO
energies of all the dyes are lower than the redox potential of
the redox mediator, which is necessary for efficient charge
regeneration.

To support these generalizations, the TDOS has been
calculated for all the DA1−DA6 systems, using the B3LYP/6-
311G(d,p) level of theory, in THF, using the CPCM model. In
studied dye units, the DOS was interpreted by the colors
green, blue, and red, where blue color depicts the TDOS, green
color depicts the occupied orbitals, and red color depicts the
virtual orbitals. The left side of the broken vertical line is the
HOMO or valence band, designated by green color, the right
side of it is the LUMO or CB, designated by red, and the
difference between the two is the band gap. Therefore, the
TDOS exhibited by the blue color line increases upon
changing the spacer and also upon increasing the number of
spacer units. From the DOS graph (Figure 4), the double
identical π-spacer unit (DA2, DA5, and DA6) showed a better
overlapping density of the states than the single attached
spacer unit molecules (DA1, DA3, and DA4), thereby
supporting the frontier molecular orbital (FMO) contribution.
In the subsequent studies, we calculated the HOMO−LUMO
gap of dye−(TiO2)9, as reported in Table 1. In comparison to
that in isolated dye sensitizers, the energy gaps in dye−(TiO2)9
systems were found to be lower. The LUMO energy levels are
lower than that of the isolated dye molecules, which causes the
energy gaps to narrow. Further, we studied the interaction of

the dye−(TiO2)9 system with MO@G as a multi-junction
system, and the effect of this contact on the energy levels was
investigated.

The energy gaps between the HOMO and LUMO were
found to be lowered further, indicating improved charge
transport and energy conversion efficiency. For the achieve-
ment of high performance, graphene-based nanocomposites
play a vital role due to their excellent compatibility with
different active components (metal oxides).72 The charge
transfer efficiency of graphene-based materials will be much
improved if they are decorated and suppress the aggregation as
well, which will result in an enhancement of the electro-
chemical stability.73

5. ABSORPTION STUDIES
5.1. D−π−A Absorption Systems. The UV−visible

absorption spectroscopy was carried out by using the
B3LYP/6-311G(d,p) level of theory, and the optimized
geometries of DA1−DA6 are shown in Figure 5. The

absorption spectra of dye-sensitizer molecules were found to
have two absorption bands with wavelengths ranging from 300
to 450 and 450 to 800 nm. The lower wavelength absorptions
are due to the π−π* transitions within the organic scaffold,
whereas the higher wavelength absorptions correspond to the
intramolecular charge transfer (ICT) from the donor to the
acceptor via the π-bridge. The maximum absorption wave-
length λmax for the systems were found to be 403.06, 527.04,
528.34, 571.34, 581.54, and 538.27 nm for DA1, DA2, DA3,
DA4, DA5, and DA6, respectively (Figure 7A).

All the studied systems (DA2−DA6) show a bathochromic
shift concerning the parent molecule DA1. Thus, the DA2−
DA6 is expected to harvest light in a long wavelength region
and so have some advantage over the parent dye molecule.
Furthermore, we found that the HOMO to LUMO excitations
for DA1, DA2, DA3, DA4, DA5, and DA6 contribute mostly to
the charge transfer band. These excitations are due to the ICT
from the donor to the cyano-acrylic acid acceptor part of the
molecule. Table2 lists the dye sensitizers’ excited singlet states,
transition energies, oscillator strengths, and λmax. As such, we
can safely ascribe the higher wavelength absorption and thus
increased LHE to ICT.

Figure 5. Optimized Geometries of DA1−DA6 optimized using the
B3LYP-(6-311G(d,p)) level of theory.
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5.2. Dye−(TiO2)9 Absorption Systems. The UV−visible
absorbance of the dye−TiO2 adsorption systems was also
studied in the same solvent, and the optimized geometries of
dye−TiO2 are shown in Figure 6. After adsorption,

considerable bathochromic shifts were observed in the
absorption peaks (Table 2). The spectra primarily correspond
to HOMO to LUMO transitions. For DA1−(TiO2)9, DA2−
(TiO2)9, DA3−(TiO2)9, DA4−(TiO2)9, DA5−(TiO2)9, and
DA6−(TiO2)9, the maximum values for the dye−TiO2
absorption wavelengths (λmax) are 704.99, 796.55, 807.33,
825.7, 822.99, and 838.56 nm, respectively. In comparison to
that of the D−π−A adsorbed systems, the shifts in the
absorption peaks are about 301, 269, 279, 254, 241, and 300
nm, respectively (Figure 7B). The shifts suggested that the dye
molecules loaded on the (TiO2)9 semiconductor are affecting
the electronic structure and, therefore, the absorption
characteristics of the system. Also, in comparison to that of
isolated dye molecules, the LUMO orbital energies are seen to
shift toward lower energy. The interaction of the dye sensitizer
with the positive titanium ions and the electron transfer from
the excited state of the dye into the TiO2 CB stabilizes the
LUMO. These findings depict that some charge transfer occurs
between the dyes and the semiconductor. As a result, these
dyes are expected to act as possible TiO2 semiconductor
sensitizers.
5.3. Dye−TiO2−MO@G Multi-Junction Systems.

5.3.1. Decoration of Metal Oxide with Graphene. The
graphene-based metal oxide nanocomposites have numerous
uses in energy storage and conversion technology, including
solar cells, lithium-ion batteries, and supercapacitors.74 The
electrical and optoelectronic characteristics of Sb2O3@
graphene nanocomposites are significant and helpful enough

to be thoroughly investigated by theoretical research.
Determination of the proper electronic responses at the
atomic scale being challenging, the main factor affecting the
optoelectronic and electrical properties of Sb2O3@graphene on
co-sensitization with a dye sensitizer is yet unknown.
Fortunately, a proper insight into the underlying relationship
between the interface structure and the optoelectronic
properties of Sb2O3@graphene on co-sensitization with a
D−π1−π2−A−TiO2 sensitizer can be obtained by DFT
calculations. The optimization of graphene oxide (GO),
Sb2O3, and Sb2O3@graphene were carried out at the same
level of theory as that reported earlier. The anchoring of Sb2O3
on the surface of GO takes place through the interaction of the
three main functional groups, epoxy, carboxylic acid, and
hydroxyl groups on the surface of GO.75

The degree of oxidation of GO depends on the source of the
graphite, the technique of manufacture, and the length of the
synthesis process. Recently, the atomic and electronic
structures of GO decorated with various metals have been
studied using DFT computations.58 Gaussian 09 was used to
determine the HOMO−LUMO energies of GO and Sb2O3@
GO. The associated FMO graphs are shown in Figure 3.

It is pertinent to mention that the degree of oxidation of GO
depends on the source of the graphite, the technique of
manufacture, and the length of the synthesis process. Recently,
the atomic and electronic structures of GO decorated with
various metals have been studied using DFT computations.76

Figure 8 shows the optimized structures of GO and metal-
oxide-decorated graphene. The interaction energy studies
revealed that GO and Sb2O3 exhibit an interaction energy
value of −236.57 kJ/mol, hence depicting the spontaneity of
such an interaction. Moreover, FMO analysis was carried out
for the Sb2O3@GO system. The FMO plots (Figure 9) show
that Sb2O3@GO has a small energy gap when compared to
GO. Sb2O3@GO was found to have an energy gap of 1.42 eV
with the HOMO of value −7.1 eV and the LUMO of value
−5.687 eV (Table 2), whereas the energy gap of GO was 3.34
eV with the HOMO of value −6.19 eV and the LUMO of
value −2.85 eV, which also depend upon the experiments.77

The GO band gap decreased when decorated with Sb2O3,
improving its charge transport properties.

5.3.2. Dye−(TiO2)9/Sb2O3@GO Absorption Systems. Solar
cells having numerous p−n junctions composed of various
semiconductor materials are known as multi-junction solar
cells. Various light wavelengths will cause the p−n junction of
each material to generate an electric current. The efficiency of
the cells’ conversion of solar energy to electrical energy is
increased by the employment of several semiconducting
materials, which enable the absorbance of a wider spectrum
of wavelengths. The multi-junction systems in solar cell
technology are considered promising approaches for enhancing
light gathering efficiency and overall light conversion efficiency.
The optimized geometries of dye−(TiO2)9/Sb2O3@GO
depicting the interaction of the D−π1−π2−A−TiO2 system
with the Sb2O3@GO framework, as a model multi-junction
system, are shown in Figure 10, and the effect of this
interaction on the system’s absorption behavior is given in the
Supporting Information (S1). In comparison to that of the
dye−TiO2 adsorbed systems, the absorption peaks of multi-
junction systems were found to be further red-shifted (Figure
7C). It means that there is an interaction between dye−TiO2
and MO@GO. For DA1−(TiO2)9−MO@GO, DA2−
(TiO2)9−MO@GO, DA3−(TiO2)9−MO@GO, DA4−

Table 2. FMOs of GO and Sb2O3@GO

mol EHOMO (eV) ELUMO (eV) HOMO−LUMO gap (eV)

GO −6.19 −2.85 3.34
Sb2O3@GO −7.1 −5.687 1.42

Figure 6. Optimized geometries of the dye−(TiO2)9 adsorbed
systems.
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(TiO2)9−MO@GO, DA5−(TiO2)9−MO@GO, and DA6−
(TiO2)9−MO@GO, the λmax values for these dye−(TiO2)9−
MO@GO multi-junction systems are 1639.3, 1620.51,
1628.23, 1636.92, 1643.29, and 1652.8 nm, respectively. In
comparison to that of dye−TiO2 adsorbed systems, the
corresponding changes in maximum absorption wavelengths
are about 935, 824, 821, 811, 821, and 814 nm. As a result of

its interaction with the MO@GO unit, the dye−TiO2 system’s

absorbance behavior has been improved.

Figure 7. Absorption spectra of (A) (D−π−A of DA1−DA6), (B) (D−π−A/TiO2 of DA1−DA6), and (C) (D−π−A−TiO2/MO@G of DA1−
DA6).

Figure 8. Optimized structures of (A) GO and (B) Sb2O3@GO.

Figure 9. FMOs of (A) GO and (B) Sb2O3@GO.

Figure 10. Optimized geometries of the dye−(TiO2)9/Sb2O3@G
multi-junction systems adsorbed systems.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00333
ACS Omega 2023, 8, 8865−8875

8871

https://pubs.acs.org/doi/10.1021/acsomega.3c00333?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00333?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00333?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00333?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00333?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00333?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00333?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00333?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00333?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00333?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00333?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00333?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00333?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00333?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00333?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00333?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00333?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


6. PHOTOVOLTAIC PARAMETERS
For the development of efficient DSSCs, improved photo-
voltaic parameters including LHE, excited-state oxidation
potential (Edye* ), the free energy of electron injection (Ginject),
electron injection efficiency (inject), total reorganization
energy (λtotal), and open voltage (Voc) are essential. The
results of the calculations are tabulated (Table2). The
absorptivity of a sensitizer, and, hence, its ability to harness
available solar radiations, is reflected in its LHE. A sensitizer
should have a good LHE value for effective sensitization; the
higher the LHE value is, the more efficient the sensitizer is.
The LHE values for all the dye molecules under consideration
(DA1−DA6) were evaluated and were found to exhibit the
following trend: DA5 > DA3 > DA2 > DA1 > DA4 > DA6.
The results reflect that all the sensitizers show good values of
LHE, with DA5 and DA3 showing better values of LHE and
hence being expected to be good sensitizers. All dyes’ HOMO
and LUMO orbital densities (the gross orbital population of
the Mulliken charge) were analyzed using the Gauss Sum
program, and the contributions from each moiety are listed in
Table 3. The D−A moiety is dispersed by the orbital densities
of the HOMO to LUMO, which are 100, 99, 100, 99, 99, and
98% forDA1, DA2, DA3, DA4, DA5, and DA6, respectively.
These numbers demonstrate that the HOMO and LUMO
distributions of the dyes are distinct, indicating that the
HOMO LUMO transition can be viewed as an ICT, one of the
key properties of D−A-based dyes. The desired effective
electron transfer with considerable light absorption is also
made possible by this feature.

Furthermore, the free energy of electron injection (ΔGinject)
must be advantageous for fast and effective electron transfer
from the excited state of a dye sensitizer to the semiconductor
CB. The value of Ginject indicates how easily electrons can be
injected from the sensitizer (through its acceptor group) into
the semiconductor CB and hence the DSSC’s efficiency. The
ΔGinject values for the dye molecules were evaluated and show
the following trend: DA2 > DA4 > DA3 > DA1 > DA6 > DA5.
Sensitizers will inject electrons in the reverse sequence. All of
the dye sensitizers had adequate electron injection efficiencies,
with DA5 and DA6 having the best electron injection
efficiencies. The reorganization parameter (ΔGreorg) is used
to evaluate the geometry relaxations that occur during electron
injection and dye regeneration. Lower reorganization energy
levels are essential for a successful electron transfer process.
For each sensitizer, we calculated the overall reorganization
energy. According to Marcus’ model, lower reorganization
values indicate effective electron transmission across the
intramolecular interface. The calculated values of reorganiza-
tion energies for the dye molecules (DA1−DA6) show the
following order: DA5 < DA6 ∼ DA4 < DA3 < DA2 < DA1. As
a result, the dye sensitizer’s ease of electron transfer will follow
the reverse order. Furthermore, among the sensitizers under
investigation, DA5 has the lowest total reorganization energy

and is thus projected to be a better sensitizer. Apart from the
efficiency parameters already given, the open-circuit voltage
(Voc) is also worth mentioning. It is the voltage achieved in a
DSSC under zero dark current conditions, i.e. when no
inhibitive processes such as back electron recombination
processes are operative. The open-circuit voltage must be
higher for a more efficient sensitizer and, as a result, a more
efficient DSSC. A DSSC’s efficiency can be improved by any
strategy that inhibits recombination activities. The Voc values
for the sensitizers were calculated, and based on the computed
results, sensitizer DA5 shows the least value of total
reorganization energies and the least time to inject an electron
into the CB of TiO2 and has a higher LHE, which also suggests
that DA5 allows a much easier charge transport across the
semiconductor interface and is therefore expected to be
beneficial for designing efficient DSSCs.

7. INTERACTION ENERGIES OF DYE−(TIO2)9 AND
DYE−(TIO2)9/MO@G MULTI-JUNCTION SYSTEMS

The interaction energy studies were carried out for dye−
(TiO2)9 and dye−(TiO2)9/MO@G multi-junction systems.
The interaction energy was calculated by the following
relations

= [ + ]E E Einteraction energy ( ) ( )COMPLEX A B (9)

Here, from eq 9, the complex is Dye−(TiO2)9, A is the dye,
and B is TiO2

= [ + ]E E Einteraction energy ( ) ( )COMPLEX A B (10)

Here, from eq 10, the complex is dye−(TiO2)9/MO@G multi-
junction systems, A is dye−(TiO2)9, and B is MO@G. The
values of the interaction of (eqs 9 and 10) are shown in (Table
4).

The interaction energy shows the following order of DA4−
TiO2 < DA6−TiO2 < DA2−TiO2 < DA3−TiO2 < DA5−TiO2
< DA1−TiO2 for dye−TiO2 adsorbed systems and DA6−
TiO2/MO@G < DA4−TiO2/MO@G < DA3−TiO2/MO@
GO < DA2−TiO2/MO@GO < DA5−TiO2/MO@GO <
DA1−TiO2/MO@GO for dye−TiO2/MO@GO multi-junc-
tion systems.

Table 3. Photovoltaic Parameters of DA1−DA6 Systems

mol Voc (eV) Λmax (nm) f LHE ΔGinj (eV) μNORMAL Edye* (eV) ΔGreg (eV) ΔGreorg (eV) H−L contribution

DA1 1.72 403.06 0.94 0.88 −1.186 24.96 −2.81 1.09 1.36 H−L = (100%)
DA2 1.55 527.04 1.04 0.91 −1.42 36.19 −2.59 0.13 1.197 H−L = (99%)
DA3 1.25 528.34 1.17 0.93 −1.197 37.99 −2.80 0.35 0.87 H−L = (100%)
DA4 1.41 571.34 0.77 0.83 −1.29 34.44 −2.71 0.08 0.82 H−L = (99%)
DA5 1.08 518.54 1.22 0.94 −1.00 18.68 −3.00 0.58 −2.449 H−L = (99%)
DA6 1.32 538.27 0.59 0.74 −1.09 13.77 −2.91 0.41 0.82 H−L = (98%)

Table 4. Interaction Energy Values (kJ/mol) of the Various
Dye−(TiO2)9 and Dye−(TiO2)9/MO@G Multi-Junction
Systems

dye dye−(TiO2)9 dye−(TiO2)9/MO@G

DA1 −63.012 −283.55
DA2 −199.53 −420.08
DA3 −173.28 −446.335
DA4 −223.16 −656.375
DA5 −170.65 −354.44
DA6 −210.04 −680.004
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The results show that all the adsorbed systems exhibit a
favorable value of interaction energy, leading to a beneficial
interaction. The interaction of the dye with TiO2 is favorable,
as can be seen from the red shifts in the case of UV spectra
(Figure 7B). Also, the interaction of the MO@G framework
with the dye−TiO2 adsorbed systems and the consequent red
shifts in the maximum absorption wavelengths can be linked to
the interaction, which we can easily visualize from Figure 7C.
The study reveals that the interaction increases when the dye−
TiO2 systems are adsorbed on the MO@G framework, leading
to the formation of multi-junction systems. Therefore, these
multi-junction systems are supposed to improve the PCE of
the future solar energy devices.

8. CONCLUSIONS
In this work, a series of D−π−A systems and D−π1−π2−A
systems were investigated to provide comprehensive informa-
tion about the optical, optoelectronic, and photovoltaic
properties of the DA1−DA6 dye-based light-harvesting
systems using DFT and TD-DFT. Various spacer units were
used to show better optoelectronic properties. The FMO
studies revealed that the LUMO of all the systems based on
DA1−DA6 lies above the CB of TiO2, whereas their HOMO
lies below the HOMO of the redox mediator for a better
electron injection process and dye regeneration. From the
absorption spectra and several other parameters, the DA5
system is expected to exhibit a better performance in the
DSSC. The dye−(TiO2)9/Sb2O3@GO multi-junction systems
proves to be a more effective light-harvesting unit, with better
photovoltaic, optoelectronic, and charge transport properties
than that of the D−π1−π2−A dye/TiO2 system. The improved
interaction between the dye−TiO2 adsorbed systems with
MO@G is also supported by better interaction energy values.
This theoretical work indicates that the multi-junction systems
based on metal oxide-decorated graphene−D−π1−π2−A dye-
sensitized TiO2 nanocomposites may open promising oppor-
tunities for the fabrication of commercially viable DSSCs with
improved absorption efficiencies in a wide range of the solar
spectrum.
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