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A B S T R A C T

This research has been conducted to find new, high-performing, safe, and suitable materials for use in quantum
dot solar cells (QDSCs). Specifically, impact of halogen adatoms (Br, Cl, and F) on carboxyl edge-functionalized
graphene quantum dot (CO2H-GQD) has been investigated employing DFT-based first-principles computations.
We analyzed energy gaps (Eg), LUMO, and HOMO to determine how the foreign atom affects electronic features
of material, employing hybrid functional B3LYP with a 6-31G basis set. In order to investigate charge separation
and electron injection in both doped and undoped CO2H-GQD, we examined charge transfer (CT), molecular
electrostatic potential (MESP), and binding mechanism. Optical attributes also indicate a wide spectrum in visi-
ble range, making it suitable for harvesting solar light. Furthermore, we evaluated solar cell parameters, includ-
ing efficiency (η), short circuit current density (Jsc), fill factor (FF), and open circuit voltage (Voc) to assess poten-
tial usage of adatom-doped CO2H-GQD in quantum dot solar cell. Subsequent to Br, Cl, and F substitutional dop-
ing, value of η for CO2H-GQD increased. In case of F doping, we achieved maximum η, which has electron-
donating nature and a larger radius, allowing it to inject more electrons into titanium dioxide (TiO2) surface.Based on our research, we have determined that these recently discovered sensitizers built upon GQD exhibit
considerable potential for use in QDSCs.

1. Introduction

Third-generation photovoltaic (PV) technology is increasingly seen
as the most viable solution for meeting world's huge demand for green
energy, thanks to its ability to generate electricity and cost-
effectiveness [1–8]. QDSCs are emerging as a leading novel category of
affordable solar cells, primarily because of remarkable features such as
a high absorption coefficient, as well as tunable gaps that can be ad-
justed for size and shape [9–19]. Solar cells based on CdTe and CdSe
quantum dots, cesium lead iodide (CsPbI3), and colloidal lead sulfide(PbS) are widely employed in QDSCs, owing to their potential to exceed
the Shockley-Queisser limit and their optical attributes that are depen-
dent on size [20–28]. Although QDSCs have achieved high levels of effi-
ciency, they contain toxic metals such as Cd and Pb. As a result, there is
an urgent need for development of environmentally-friendly, biocom-
patible, and low-toxicity alternatives for production of solar cells. To in-

vestigate important attributes of QDSCs, three device configurations
were examined: (a) QDSCs, which operate on principle of PV impact
taking place among a metal oxide semiconductor (with a broad
bandgap), QD and a redox electrolyte, (b) organic solar cells, in which
PV impact arises between QD-polymer junction, and (c) Schottky junc-
tion solar cells, in which PV impact takes place between metal and QD
junction [10,29–37].

QDSCs are similar in some ways to dye-sensitized solar cells
(DSSCs), with main difference being that in DSCs, PV impact occurs
among redox electrolyte, metal oxide semiconductor, and dye. Never-
theless, QDSCs have garnered significant attention as a potential option
for solar cells. GQDs, which belong to zero-dimensional category of
graphene-based materials, have been extensively investigated because
of their exceptional and important attributes in bio-imaging, light emis-
sion, optoelectronics, and energy applications [38]. Their biocompati-
ble, highly stable, and non-toxic features have made them a subject of
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great interest in research community, particularly for their potential
use in DSSCs [38]. Their suitability for solar cell purposes is attributed
to their exceptional light-harvesting properties, size-dependent band
gap tuning, edge effects, and quantum confinement. Consequently, so-
lar cells based on variety of carbon dots (CDs) and GQDs were reported
[39]. So far, GQDs have been employed in various roles such as a hole
transport layer (HTL) material, in semiconductor/ graphene quantum
dots, and in heterojunction solar cells. In a study by Zhang et al. [40] a
power conversion efficiency (PCE) of 0.13 % was achieved using N-
doped CDs. In a recent research, Wang et al. [41] developed a solar cell
employing N-doped CDs and achieved a power conversion efficiency of
0.79 %. However, there is still a need to improve PCE of quantum dot
solar cells. Additionally, impact of four heteroatoms over optical and
electronic attributes of GQDs was studied [42]. Including heteroatoms
in doping process can be an efficacious approach to manipulate electron
transfer and optical attributes of GQDs by causing electronic and struc-
tural distortions. Doping foreign atoms can alter electrical distribution
of GQDs, leading to tuning of their optical and electronic attributes.

Inspired by aforementioned information, we conducted a study on
F, Cl, and Br-doped CO2H-functionalized GQDs employing DFT-based
first-principles methods to investigate their solar cell parameters and
electronic features. Our approach involved substitution of a single C
atom in carboxyl-functionalized GQD with Br, Cl, or F in order to en-
hance its performance, optical absorption, electronic features, and
structural attributes in QDSC applications.

2. Computational method

This research utilizes DFT computations to examine impact of three
adatoms (F, Cl, and Br) on CO2H-GQD doping for QDSC use. We opti-
mized geometry of both doped and undoped GQDs employing hybrid
functional B3LYP [43–45] with a 6-31G basis set in GAMESS software
[46]. Computations of vibrational frequencies is utilized to confirm if
structures are stable and do not possess imaginary frequencies. Addi-
tionally, in order to achieve precision in procedure, structures were re-
optimized for single-point computation using identical levels of theory
in both doped and undoped systems. Using Gauss View program, we
have visualized energy gap (Eg), LUMO, and LUMO. Subsequent to con-
ducting optimization, to investigate UV–vis absorption spectra and
electronic transitions, time-dependent DFT (TD-DFT) calculations were
employed within integral equation formalism model (IEFPCM). Self-
consistent reaction field (SCRF) approach was utilized via Polarizable
Continuum Model (PCM) to account for solvent impacts in computa-
tion. PCM performs a reaction field computation employing integral
equation formalism model (IEFPCM) [47]. IEFPCM creates a cavity
around solute through a set of overlapping spheres. This model consid-
ers solvent impacts by utilizing macroscopic attributes such as dielec-
tric constant (ε) and surface tension of solvent. We used water with a ε
value of 78.3 at 298 K as a solvent. By comparing the maximum theo-
retical absorption values of quantum dots in water and using different
functions for the calculation of this, we accurately determined the ab-
sorption of quantum dot graphene oxide. The calculated values are
lower than the experimental value but with small variations. The range
of differences between the calculated results is only about 10 nm,
which is negligible and indicates that all functionals can efficiently re-
produce experimental observations. However, the B3LYP hybrid func-
tional provided the best matching result with the experimental data,
with the least percentage deviation [48]. Polarization of solvent is de-
termined by surface charge density over cavity surface, which produces
an electric field that affects solute [49]. UV–vis spectra have been com-
puted with water as solvent and impact of both undoped and doped
GQDs on QDSCs have been assessed by computing solar cell parame-
ters, including efficiency (η), short circuit current density (Jsc), fill fac-tor (FF), and open circuit voltage (Voc). Solar cell efficiency (η) is com-
puted as below [50]:

(1)

Following equations are employed to compute other parameters
such as theoretical Jsc, FF, and Voc [51]:

(2)

Voc is the highest voltage that a solar cell can produce when thereis no current flowing. Eq. (2) gives Voc as the energy difference be-tween conduction band (CB) of acceptor (TiO2) and LUMO of donor
(GQDs). It is also dependent on both light-generated current and satu-
ration current, as well as it is a measure of quantity of recombination
that occurs in device.

(3)

The fill factor (FF) of a solar cell is a measure of maximum power
output that a designed device can produce. It is related to both short-
circuit current (Isc) and Voc. It can be computed using Eq. (3),where υocrepresents normalized Voc. Light harvesting efficiency (LHE) is an im-
portant parameter for improving short-circuit current density (Jsc) anddetermining efficiency of QDSCs. A higher LHE leads to greater effi-
ciency. LHE, also known as absorptance (A), It refers to the proportion
of light energy taken in at a specific wavelength in dye-sensitized solar
cells (DSSCs) or QDSCs [52].

(4)

Herein, incident and absorbed intensity are represented by Io andIabs, respectively. Jsc refers to the current density of a solar cell whenthere is no voltage applied across it and is determined by Eq. (5).

(5)

Here Isun (E) and q are photon flux density (AM1.5G spectrum) and
electron charge, respectively. The parameter Jsc depends on various fac-tors like solar cell area, spectrum of incident light, material's optical
properties etc. In this computation, ECB of TiO2 is considered −4.0 eV
[53].

3. Results and discussion

3.1. Assessment of structural characteristics of both undoped and doped
GQDs

To comprehend reasoning behind our computations, we initially ex-
amined characteristics and structure of GQDs prior to and following in-
troduction of B, Cl, and F atoms through substitutional doping. We cre-
ated a model of an electron-donating coronene molecule as a GQD,with
edges capped by a couple of CO2H groups, and referred to it as “CO2H-
GQD”. This model will facilitate electron transfer from donor (GQD) to
acceptor (titanium dioxide) surface when exposed to light. Absorption
of a photon will result in an increase in electron energy from GQD's
ground state to its excited state, or CB of TiO2. Excited electron is in-
jected in CB of titanium dioxide via various mechanisms, such as adia-
batic or non-adiabatic processes. Fine-tuned geometries of CO2H-GQD
(coronene)with 3 substitutional adsorbed atoms are displayed in Fig. 1.
Carbon-Carbon bond distance in CO2H-GQD is approximately 1.43 Å,
while C-O bond distance in benzene rings connected to CO2H groups
typically is between 1.209 and 1.217 Å and C-C bond distance is be-
tween 1.49 and 1.52 Å [54]. Additionally, optimized bond angle be-
tween C atoms in CO2H-GQD is 122.19°. Nevertheless, angle is raised by
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Fig.1. Fine-tuned structures of (a) CO2H edge-functionalized graphene quantum dot, (b) F@CO2H-GQD (c) Cl@CO2H-GQD (d) Br@CO2H-GQD.

1.95° because of repulsion between benzene ring and carboxyl group.
Also, in the FTIR spectrum analysis, none of the samples showed any
imaginary vibrational frequencies in Fig. 1S, indicating the stability of
the structures.

According to figure, impact of substitutional doping in CO2H-GQD is
evident. When the F atom is introduced (as shown in Fig. 2(b)), bond
distance of C-F in Al@CO2H-GQDs has been computed to be 1.39 Å.
Likewise, when Cl atom is introduced (as depicted in Fig. 2(c)), C-Cl

Fig.2. LUMO and HOMO diagrams of both undoped and doped CO2H edge-functionalized graphene quantum dots.
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bond distance in Cl@CO2H-GQDs has been computed to be 1.76 Å. Our
computed bond lengths between C-Cl and C-Br align with previously re-
ported findings [55,56]. Variation in bond lengths between Cl, F, and C
can be explained by atomic radii of these them. Meanwhile, Br doping
in CO2H-GQD (as illustrated in Fig. 2(d)) distorts hexagonal ring, result-
ing in C-Br bond distance of approximately 1.96 Å. This structural alter-
ation in GQD is because inclusion of these adsorbed atoms disrupts sp2
hybridization of C atoms, leading to considerable alterations in elec-
tronic attributes of CO2H-GQD. Additionally, binding energy values
(Eb) of CO2H-GQD and doped CO2H-GQD were computed to assess sta-
bility of various structures. Eb values of both undoped and doped CO2H-
GQD are computed as:

(7)

Herein, energy values of one atom of O, H, and C are represented by
E(O), E(H) and E(C), respectively. Also, number of atoms in all considered
system, as well as total energy of doped/undoped systems are repre-
sented by n, E(CO2H-GQD) and E(x@COOH-GQD), respectively. Eb values of un-
doped and doped CO2H-GQD are listed in Table 1. Eb per atom of CO2H-
GQD is 3.98 eV, and this value increases further for doped systems.
Table 1 shows that all Eb values are positive, indicating that all struc-tures are stable. The fact that all doped systems have similar Eb valuescan be explained by their structural attributes, as their ionic radii are al-
most the same and there is minimal alteration in bond distances be-
tween carbon–fluorine and carbon-chlorine. Nevertheless, for Br dop-
ing, there is a slight distortion in hexagonal ring which results in a
change in bond distance from ∼1.43 to 1.96 Å, leading to a lower Eb of5.36 eV. Total dipole moment for all undoped and doped CO2H-GQD is
also revealed in Table 1. Doping in CO2H-GQD increases total dipole
moment, and the highest dipole moment of 3.95 Debye is observed in
bromide-doped CO2H-GQD. This can be attributed to structure alter-
ation, which generates differences between local dipoles. Reason for in-
creased dipole moment in Br-doped graphene quantum dot can be
traced back to distortion of hexagonal structure next to Br atom in
CO2H-GQD. When Br atom is added to CO2H-GQD, it breaks symmetry
in π-electrons of graphene quantum dot, leading to an increase in dipole
moment compared to other doped systems. Increment in dipole mo-
ment due to mechanical contortion is because of broken symmetry. Ad-
ditionally, differing electronegativity values of bromide and carbon
cause charge redistribution, which contributes to formation of dipole
moment [57]. The results in Table 1S show that the doping of the F, Cl,
and Br atoms in GQD led to a decrease in the enthalpy of solvation and
an increase in the Gibbs free energy of solvation. The addition of the F

Table 1
Computed parameters for solar cells under consideration, including work
function (WF), electron affinity (EA), and HOMO-LUMO energy gap (Eg), aswell as energy values of LUMO and HOMO.
Parameter CO2H-GQD F@CO2H-GQD Cl@CO2H-GQD Br@CO2H-GQD

EHOMO (eV) −5.96 −5.76 −5.89 −6.15
ELUMO (eV) −1.97 −2.52 −2.81 −3.26
Eg (eV) 3.99 3.24 3.08 2.89
Eb (eV) 5.23 6.02 5.87 5.36
D (Debye) 2.26 2.80 3.69 3.95
EA 1.97 2.52 2.81 3.26
WF 3.96 4.14 4.35 4.71
I (eV) 5.96 5.76 5.89 6.15
A (eV) 1.97 2.52 2.81 3.26
η (eV) 2.00 1.62 1.54 1.45
μ (eV) 3.97 4.14 4.35 4.71
ω (eV) 3.94 5.29 6.14 7.66

atom resulted in the largest decrease in the enthalpy of solvation among
the three atoms considered. This can be attributed to the fact that the F
atom is the most electronegative of the three atoms and forms stronger
interactions with the solvent, leading to a more favorable solvation
process. In contrast, the addition of the Cl and Br atoms resulted in a
smaller decrease in the enthalpy of solvation compared to the F atom.
This can be explained by the fact that the electronegativity of Cl and Br
are lower than that of F. In other words, the results indicate that the in-
clusion of highly electronegative atoms such as F can significantly im-
prove the solubility of GQD in solvents, while the inclusion of less elec-
tronegative atoms such as Cl and Br may have a more limited effect.

3.2. Assessing electronic characteristics

Computed HOMO-LUMO gap (Eg) and HOMO-LUMO energies for all
systems considered are displayed in Table 1. Impact of adatoms over
electronic attributes is evident from alteration in LUMO and HOMO en-
ergies presented in Fig. 2 and Table 1. There is a noticeable difference
in LUMO and HOMO energy levels as well as in Eg, as indicated by com-
puted values in Table 1. Doping adsorbed atoms results in a reduction
of band gap. Band gap of considered systems follows a specific order:
Br@CO2H-GQD has the smallest band gap of 2.89 eV, followed by
Cl@CO2H-GQD with 3.08 eV, then F@CO2H-GQD with 3.24 eV, and fi-
nally CO2H-GQD with the largest band gap of 3.99 eV. The data pre-
sented in Fig. 2 indicates that LUMO energy values of whole doped and
undoped CO2H-GQDs are higher than CB of titanium dioxide (−4.0 eV)
[58], suggesting efficient injection of electrons from excited states of
undoped and doped systems into CB of titanium dioxide. Additionally,
HOMO energy values of systems are lower than I−/I3− (−4.8 eV) [59],
indicating that regeneration might occur rapidly and effectively. To en-
able hole transfer from QDs to the electrolyte, it is established that the
HOMO energy of X-doped CO2H-GQDs should exceed the valence bands
of the GQDs. All doped systems have energy level arrangements that are
suitable in comparison to those of the GQDs, thus demonstrating the ef-
fective injection of holes from QDs into the doped system. The Br doped
with the deepest HOMO energy level is potentially the optimal dopant
for QDSSCs but further evaluations of additional properties are neces-
sary to identify the most efficient material.

To comprehend connection between a molecule's structure and its
activity, molecular electrostatic potential (MESP) was computed. This
potential refers to force that a unit positive charge would feel in prox-
imity to molecule, taking into account its electron density distribution.
MESP is indicative of molecule's chemical reactivity, with negative po-
tential indicating sites that are prone to nucleophilic attack and positive
potential denoting sites that are susceptible to electrophilic attack. Fig.
3 displays base ring plane MESP of CO2H-GQD systems, both doped and
undoped. All the systems analyzed have been projected onto electron
density surface of 0.0160 units. Positive electrostatic potential is dis-
played by blue surface, whereas negative electrostatic potential is illus-
trated by red-colored surface. MESP potential can be arranged in as-
cending order as follows: red, orange, yellow, green, and blue, which
green color indicating region of zero potential. When Cl and Br are in-
troduced, carboxyl group of GQD (coronene) has a tendency to exhibit
an electrostatic potential that is more negative than before. This makes
it a more suitable option for electron injection.

In order to examine impact of doping on electronic characteristics of
CO2H-GQD, we computed work function (WF) of both doped and un-
doped CO2H-GQD, which is the least amount of energy that an electron
in the highest occupied level requires to escape from solid in a field-free
area at thermodynamic temperature. It is determined using formula be-
low [60]:

(8)
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Fig.3. MESP diagrams of both undoped and doped CO2H edge-functionalized graphene quantum dots.

In this context, electron affinity (A) and ionization energy (I) are
represented using energies of HOMO and LUMO, where IE is equal to
negative value of HOMO and EA is equal to negative value of LUMO.
Work function of CO2H-GQD experiences a considerable shift after the
introduction of dopants. Work function of CO2H-GQD without dopants
has been computed as 4.41 eV, and it remains relatively constant even
after introduction of F. However, work function increases slightly with
Cl doping, and a notable change is observed with Br doping, as it signifi-
cantly raises work function of CO2H-GQD. These computed WF values
are presented in Table 1. Modification in WF can be explained by
charge transfer between dopants and CO2H-GQD.

Table 1 contains the quantum molecular descriptors of all the
samples that were calculated, illustrating their electronic traits and
chemical reactivities. One can determine the stability and structural
reactivity of a material using its global chemical potential (µ), elec-
tronegativity (χ), and hardness (η). These properties can be calcu-
lated with the help of the equations µ = – (I + A)/2,
χ = (I + A)/2, and η = (I–A)/2, respectively [61]. In general, a
material with smaller values of µ, η, and Eg indicates easier chargetransport and higher chemical reactivity. Furthermore, a molecule
that has a higher electrophilicity index (ω=µ2/2η) can be considered
to possess superior electrophilic properties. The ionization potential
(I) of a GQD can affect its hole injection ability. A smaller I generally
imply an enhanced hole injection capability. Among the samples
tested, the GQD with the electron-withdrawing Br substituent has the
largest I value of 6.15 eV. Meanwhile, the F-doped GQD has the
smallest I value of 5.76 eV. This suggests that the F-doped GQD
might hold the greatest potential to be used in QDSSCs due to its su-
perior hole injection capability. The chemical stability of a material

is often associated with its hardness (η), which is a measure of its re-
sistance to corrosion. The η values shown in Table 1 increase
as X changes from undoped > F > Cl > Br. This indicates that the
incorporation of electron-donating substituents decreases the stability
of the GQD, while the undoped GQD has the highest stability.

3.3. Solar cell parameters and optical features

Table 2 and Fig. 2S displays maximum wavelength absorption ob-
served in UV–vis spectra for CO2H-GQD, both undoped and doped, at
10 distinct excited states in H2O solvent. The identical level of theory
was utilized for both. To achieve greater photon harvesting, absorption
spectra of all donors, including CO2H-GQD and x@CO2H-GQD, must be
similar to that of solar spectra. For whole systems analyzed, it has been
observed that absorption occurs only within visible regions. Nature and
energy of electronic transitions have been investigated via primary sin-
glet–singlet electron transitions, along with oscillator strength (f) [62],
which is presented in Table 2 and indicates potential for absorption

Table 2
Computed values of light harvesting energy (LHE), oscillator strength (f),
electronic transition energy (eV), and the highest absorption wavelength, λmax(nm), for whole regarded systems.
Parameter CO2H-GQD F@CO2H-GQD Cl@CO2H-GQD Br@CO2H-GQD

λmax (nm) 308 357 371 405
Energy (eV) 3.44 2.48 2.74 2.33
f 0.80 0.35 0.29 0.18
LHE 0.84 0.55 0.49 0.34
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and emission during transition between energy levels of LUMO and
HOMO [63].

In our closed shell CO2H-GQD, the most significant electronic tran-
sitions contributing to maximum peak wavelength and f parameter are
H1 → LUMO (17 %) and HOMO → L + 1 (83 %). There are also
smaller contributions to the electronic transition from H-2 → L + 2
(4 %) and H-1 → L + 1 (6 %) [38]. Table 2 clearly indicates that ab-
sorption attributes of CO2H-GQD can be modified by doping with Br, Cl,
and F. This finding is consistent with previous experimental research
[64].

Small deviation from results reported in previous experimental
work can be attributed to several factors, such as an unknown concen-
tration of carboxyl groups attached to GQD edges, as well as variations
in shape and size. Since GQDs are known to have optical and electronic
attributes that are highly dependent on their shape and size, any
changes in these attributes can lead to variations in optical attributes
and a shift in UV–vis peak [65]. The observed transition can be ex-
plained by n → π* transition resulting from presence of C O. Follow-
ing the introduction of P, B, and N doping, observed peaks are shifted
towards red end of spectrum, in order of CO2H-GQD
(308 nm) < F@CO2H-GQD (357 nm) < Cl@CO2H-GQD
(371 nm) < Br@CO2H-GQD (405 nm). This result is consistent with
earlier theoretical findings [42]. The observed effect can be attributed
to additional valence electrons present in Br and Cl atoms and relatively
larger atomic radii,which can lead to modifications in electronic transi-
tion features of CO2H-GQDs. Among all doped CO2H-GQDs, Br-doped
CO2H-GQD demonstrates the strongest absorption at 405 nm, suggest-
ing that it can harvest more light at longer wavelengths [66]. As a re-
sult, PCE of solar cells made with Br-doped CO2H-GQD can be further
increased.

In order to assess their suitability for use in solar cells, we analyzed
performance parameters of both doped and undoped CO2H-GQD, in-
cluding η, FF, Jsc, and Voc. In order to produce high-efficiency and cost-
effective PV devices for use in solar cells, titanium dioxide photoanodes
have been of great interest. Out of whole metal oxides that are used in
quantum dot solar cells, titanium dioxide is particularly important due
to its ability to collect charges effectively [66]. In addition, TiO2 is anenvironmentally friendly, naturally abundant, and affordable material.
When graphene quantum dots are synthesized on TiO2, they facilitateactive charge injection from QDs to titanium dioxide material [67].
Moreover, due to their π-electron systems, GQDs can be directly con-
nected to TiO2, which enhances donor–acceptor junction. Research has
shown that electronic coupling between TiO2 and GQDs can be en-
hanced via the use of various functional groups [67]. In this work,
CO2H-GQD (donor) is attached to titanium dioxide surface via CO2Hgroup located at edges, resulting in a high electron injection. Further-
more,we discovered via our analysis of electronic features of doped and
undoped CO2H-GQDs that LUMO energy values for whole systems are
greater than CB of titanium dioxide, indicating a rapid electronic injec-
tion from excited states of graphene quantum dots to CB of titanium
dioxide. HOMO energy values are located under I−/I3−, suggesting a
rapid and efficacious regeneration. There have been numerous studies
on nanoscale carbon materials (such as graphene, CNTs, and GQDs)
with TiO2, as they have ability to harvest a broad spectrum of solar light
and rapidly separate charges [68].

Distinct electronic levels of doped and undoped CO2H-GQDs facili-
tate hot electron injection and substantial charge separation on tita-
nium dioxide. When analyzing outcomes for their potential utilization
in solar cells that use quantum dots, we concentrated on surface of
nanocrystalline titanium dioxide, as LUMO energy values of both doped
and undoped CO2H-GQDs are higher than CB of titanium dioxide, and
HOMO energy values of both doped and undoped CO2H-GQDs are lo-
cated below I−/I3−. Efficient functioning of QDSCs can be improved by
injecting electrons quickly from doped/undoped CO2H-GQDs on tita-
nium dioxide. Table 2 displays information about light harvesting en-

ergy (LHE), oscillator strength (f), and electronic transition energy for
whole systems being considered. Light harvesting energy is determined
using equation provided [69]:

(9)

Oscillator strength (f) is determined through TD-DFT computations.
Systems are ranked in order of their LHE, with CO2H-GQD having the
highest value (0.84), followed by F@CO2H-GQD (0.55), Cl@CO2H-GQD
(0.49), and Br@CO2H-GQD (0.34). Although there is only a marginal
difference in LHE among doped systems, this will lead to comparable
photocurrents in solar cells. The obtained values of LHE in the present
work are comparable with the reported values for other compounds us-
able in quantum dot-based solar cells [70,71]. For example, after halo-
gen doping in spiro-bifluorene based compound, LHE values were ob-
tained in the range of 0.25 to 0.35 [70]. For both doped and undoped
CO2H-GQD, information about solar cell parameters is provided in
Table 3. Voc is a key parameter that can be calculated by determiningdifference between CB of TiO2 and LUMO of donor. Voc of CO2H-GQD is
influenced by LUMO energies of the doped CO2H-GQD. For all systems
analyzed in this study, Voc values were between 0.74 and 2.03 eV. Posi-
tive Voc values indicate that transfer of electrons from doped CO2H-
GQD to TiO2 occurs easily. The highest Jsc value was observed in
Br@CO2H-GQD, and the lowest Voc value was related to undoped
CO2H-GQD. Undoped CO2H-GQD exhibits an efficiency of 1.05 %, an
FF of 0.914, and a Jsc of 0.59 mA/cm2. Efficiency reduces to 0.96 % fol-
lowing introduction of F dopants. Furthermore, efficiency decreases to
0.87 % upon Br doping that could be ascribed to enhanced electron in-
jection over TiO2 surface. Our findings reveal that CO2H-GQD doped
with F is the most appropriate option for utilization in solar cells.

4. Conclusion

To sum up, theoretical computations have been employed to exam-
ine how substitutional doping affects PCE of doped and undoped CO2H-
GQDs. Findings demonstrate that doping with F, Cl, and Br atoms can
significantly enhance efficiency of CO2H edge-functionalized GQDs, as
these atoms tend to alter optical and electronic attributes of GQDs. Dop-
ing also has an impact on energy levels of FMOs and Eg of all the sys-tems under consideration, leading to changes in their photoelectric at-
tributes. Eg values of CO2H-GQD, Br@CO2H-GQD, Cl@CO2HGQD, and
F@CO2H-GQD have been computed employing DFT/B3LYP/6-31G
level and were found to be 3.99, 2.89, 3.08, and 3.24 eV, respectively.
Mechanism of binding delivers useful guidelines to design high-
performance solar cells. The fact that bromide-doped CO2H-GQD ex-
hibits the strongest absorption at 405 nm indicates that this system can
harvest more light at longer wavelengths. By reducing optical band gap,
GQDs can be used in optoelectronics. Computed Voc for TiO2 of un-
doped/doped CO2H-GQD indicate that there is efficient electron injec-
tion from donor to acceptor site. Br@CO2H-GQD exhibits maximum Jscdue to its considerable energy levels of HOMO and narrow band gap in
comparison to every other system that has been doped, which further
impacts photoelectric attributes. Efficiency order, from lowest to high-
est, is CO2H-GQD, F@CO2H-GQD, Cl@CO2H-GQD, and Br@CO2H-
GQD. F@CO2H-GQD exhibits the highest efficiency due to both efficient
electron injection in TiO2 and its lower atomic radius. Based on our the-oretical computations, the addition of a foreign atom to edge-

Table 3
Computed parameters of solar cell for whole regarded systems.
Parameter CO2H-GQD F@CO2H-GQD Cl@CO2H-GQD Br@CO2H-GQD

Voc (eV) 2.03 1.48 1.19 0.74
FF 0.914 0.924 0.926 0.909
Jsc (mA/cm2) 0.57 0.70 0.79 0.88
η% 1.09 0.96 0.87 0.59
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functionalized GQDs makes them promising candidates for highly effi-
cient QDSCs in next generation.
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