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ABSTRACT

Graphene quantum dots (GQDs) are emerging as promising nanomaterials for next-generation energy devices
due to their tunable electronic and optical properties. However, optimizing their band gap and charge transport
remains a challenge. In this study, we employ density functional theory (DFT) to investigate the influence of
Cu dimer doping on the structural, electronic, and optical characteristics of GQDs. Our results show that Cuz
doping reduces the band gap significantly from 4.130 eV in pristine GQDs to as low as 1.059 eV enabling
enhanced electrical conductivity and extended optical absorption into the infrared region. The Cu:-2
configuration demonstrates the most favorable electronic delocalization and dipole behavior, highlighting its
suitability for optoelectronic and energy-related applications. These modifications improve the material’s
potential for use in solar energy harvesting, infrared photodetectors, and energy storage devices. This study
demonstrates a viable pathway to engineer low-band-gap, highly conductive GQDs for wearable electronics.
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INTRODUCTION

In recent years, the pursuit of sustainable energy solutions has accelerated interest in nanomaterials capable of
offering superior efficiency, stability, and adaptability across energy storage and conversion technologies [1-
3]. Among these, graphene quantum dots (GQDs) have emerged as a prominent class of carbon-based
nanomaterials with unique physical and chemical features such as quantum confinement, large surface-to-
volume ratio, and edge effects [4-7]. These properties render them promising candidates for energy-related
applications, including supercapacitors, solar cells, and batteries [4]. Compared to bulk graphene, GQDs offer
enhanced band gap tunability, better dispersion, and chemical reactivity, which are essential in energy
harvesting technologies [8, 9].

The ability to modify the intrinsic properties of GQDs via doping has created a pathway toward customizing
their performance for specific applications [10-12]. Doping GQDs with heteroatoms like boron, nitrogen, or
metals has been shown to introduce mid-gap states, modify electron distribution, and improve optical
absorption in broader spectra [13, 14]. For instance, boron doping enhances the p-type conductivity and ion
adsorption capacity, which is critical in high-performance supercapacitors [15, 16]. Similarly, sulfur and
nitrogen functionalization can reduce recombination of charge carriers, enhancing photocatalytic activity for
hydrogen evolution and pollutant degradation [17, 18]. These advancements in doping strategies have
significantly expanded the practical utility of GQDs across a variety of clean energy platforms [19].

Moreover, the integration of doped GQDs into composite nanomaterials has led to remarkable performance
enhancements in energy devices. Hybrid systems composed of GQDs and carbon nanotubes, conducting
polymers, or metal oxides benefit from synergistic effects that improve electron transport and mechanical
stability [20]. For example, GQD-based electrodes have achieved high specific capacitances and cycle stability
in electric double-layer capacitors due to their abundant edge sites and pseudocapacitive behavior [4, 21]. In
optoelectronics, quantum dot nanocomposites facilitate better charge separation and light absorption in the
visible and near-infrared range, making them suitable for solar harvesting and photoelectrochemical cells [22].
Despite significant achievements, challenges remain in controlling size distribution, optimizing dopant
placement, and ensuring long-term stability of doped GQDs [23].
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In light of these developments, the present study employs density functional theory (DFT) to explore the
impact of copper dimer (Cuz) doping on the structural, electronic, and optical properties of graphene quantum
dots. The focus is on examining how Cu: dopants alter band gap energy, charge density distribution, and
absorption spectra, particularly in the visible to infrared range. Such tuning is critical for improving energy
device performance, especially in solar energy conversion and energy storage systems where low band gap and
high charge mobility are desirable [24]. The study identifies optimal Cu. configurations that exhibit favorable
electronic delocalization and dipole characteristics, supporting their integration into next-generation
nanomaterials for green energy technologies. Ultimately, this research aims to contribute to the rational design
of low-band-gap, conductive GQD-based materials aligned with the goals of energy sustainability and device
miniaturization.

Computational Methods

These computational evaluations are intended to guide the design of GQD-based nanomaterials tailored for
energy harvesting and storage applications, where fine-tuning of electronic and optical characteristics directly
impacts device performance. One of the components is the C24H12 graphene quantum dot, which is made up of
seven benzene rings. The density functional theory using Gaussian package 09, B3LYP, and 6-31G performed
the optimization procedure for the C24Hi1» structure [25-28]. GQDs have an energy gap (Ej), Fermi level (E¥r),
highest occupied molecular orbital energies (Egomo), lowest unoccupied molecular orbital energies (Epymo)s
and electronic density of states (DOS) resolution. The density functional theory gives useful chemical
reactivity parameters for studying reactivity patterns, excited states, and toxicity studies. The metrics
comprised chemical hardness (77), chemical softness (S), chemical potential (1), and electrophilicity index (w)
are presented as [29-31]:

IP + EA
IP — EA
= (2—) (2)
1
S= ” (3)
2
=5 )

Koopman's theorem may be applied to both the ionization potential (IP) and the electron affinity (EA),
yielding the following formula. [32, 33]:

IP = —Enomo (5)
EA = —Ey ymo (6)

Furthermore, we use the following formula to compute both the electronic band gap and the energy of the
Fermi level [25, 34]:

Es = ELymo — Enomo (7)
(Enomo + Evrumo)
Egp, = 2 (8)

The formation energy (Ef) quantifies a system's thermodynamic stability in the presence of defects or doping.
This figure represents the amount of energy required to introduce a defect or dopant into the material. The
general formula for finding EF is given below. [35, 36]:

EF = Edoped - Epristine — Ucu T+ HUc (9)
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where Eggpeq 18 the total energy of the GQD doped with a Cu atom, and Ejigine 1S the total energy of the
undoped (pure) GQD. The term u., denotes the chemical potential of the copper atom, typically derived from
bulk copper or a reference phase. pc represents the chemical potential of the carbon atom that is replaced
during the doping process.

RESULTS AND DISCUSSIONS

Figure 1(a) depicts pristine graphene quantum dots with a 7-benzene ring and an average C-C bond length of
1.42 A, similar with earlier reported results [25, 27, 28]. To gain a thorough knowledge of the changes in
electronic characteristics of pure quantum dots, it is necessary to investigate the electronic density of states of
GQDs before and after atoms of carbon substitution with Cu dimers.
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Figure 1: (a) Pristine graphene quantum dot structure, (b) density of state, (¢) structured geometries and bond
lengths, (d) molecule electrostatic potential graphic for the gas phase.

The pristine GQD structure is shown in Fig. 1(a), which has a hexagonal arrangement of carbon atoms with
hydrogen atoms at the end. The density of states spectrum in Fig. 1(b) shows a substantial energy gap (4.130
eV) between the HOMO and LUMO orbitals, demonstrating the semiconducting nature of the dot. Figure 1(c)
shows the bond lengths within the GQD structure, emphasizing the regularity of the sp?-hybridized carbon
network. The molecular electrostatic potential (MEP) map is then shown in Fig. 1(d), with red regions
indicating electron-rich zones and blue regions indicating electron-deficient areas, representing the charge
distribution inside the molecule.

Then, introducing Cu dimer at different sites affects the electronic properties of GQD. As shown in Fig. 2.
Four types of Cu dimers are assumed: (a) Cu and Cu atoms are doped at ortho position (Cuz-1), (b) Cu or Cu
atoms are placed adjacent to one another in meta position (Cuz-2), (¢c) Cu and Cu are at para position (Cuz-3),
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and (d) Cu pair is at ortho position but the distance between two Cu dimers is large (Cuz-4). The electronic
characteristics of quantum dots containing Cu dimers were examined. Figure 3 depicts the optimized structures
of four distinct configurations: Cuz-1, Cuz-2, Cuz-3, and Cu-4, as well as their related density of states spectra.
The band gaps for each configuration were calculated using the energy difference between the HOMO and
LUMO orbitals. The pure GQD has a rather high band gap, which is considerably affected by the addition of
Cu dimers.

Figure 2: A diagrammatic representation showing the ortho, the meta, and the para places of doping inside the
honeycomb structure

As seen in Fig. 3(a), the Cux-1 structure has a band gap of 1.939 eV, which is a significant decrease compared
to the pristine dot, implying that the localized Cu; interactions marginally disrupt the electronic states. Moving
on to Fig. 3(b), the Cu,-2 structure has a substantially lower band gap of 1.059 eV. This shows that Cu and Cu
atoms in different orientations cause greater electronic interactions inside the GQD structure, resulting in mid-
gap states that allow charge transfer. The observed band gap reduction and delocalized charge distribution
significantly benefit light harvesting applications, as they allow for more efficient absorption in the visible to
infrared spectrum, critical for solar energy devices. Additional modifications to the structure result in an even
smaller band gap of 1.587 eV, as seen in Fig. 4. This narrowing is caused by increased hybridization between
the Cu, Cu, and carbon atoms, which introduces new states near to the Fermi level and significantly alters the
electronic structure. A similar pattern can be found in Fig. 3(d), where the Cux-4 structure exhibits comparable
ecteronic disturbances and a band gap of 1.585eV. Cuz-2 composition are suitable for optoelectronic
applications because they have lower band gap, indicating improved charge transport properties.
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Figure 3: The structure of graphene quantum dots containing Cu dimers (a) Cux-1, (b) Cuz-2, (¢) Cuz-3, and
(d) Cuz-4, together with their density of state.
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The DOS spectra reveal more details on these changes. The presence of novel electronic states induced by Cu
dimers is supported by a significant redistribution of states in the occupied (green) and virtual (red) orbitals,
particularly around the Fermi level. The intense contact between Cu and Cu alters the system's electronic
transport behavior, resulting in a shift in state density. The expansion of DOS peaks in the Cu.-2 arrangement
suggests greater charge carrier delocalization, which improves electronic performance. The location and
interaction of the Cu dimer at the second site considerably affects the band gap modulation of quantum dots.
The Cu: functionalization allows for precise tweaking of electronic characteristics, making GQDs suitable for
sophisticated nanoelectronics and optoelectronic applications.
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Figure 4: Band gap variation in pristine and Cu2-doped graphene quantum dots (GQDs).

Table 1 summarizes the electronic properties of Cu-dimer-doped graphene quantum dots and pristine quantum
dots. These findings shed light on how the introduction of Cu dimers affects GQDs' electronic structure and
stability. The HOMO value drops from -5.413 eV in pure GQD to -4.702 eV in Cu-2, indicating a significant
reduction in ionization potential, which enhances electron donation capability. Additionally, the LUMO energy
(Cuz-2) shifts from -1.283 eV to -3.643 eV, showing an increase in electronic affinity. As a result, the
material's charge transport properties shift as the Fermi level approaches the conduction band. The most
noticeable change is in the Eg, which has dropped from 4.130 eV (GQD pure) to 1.059 eV (Cuz-2), showing a
74.359% reduction in the energy gap. The observed considerable decrease indicates that Cu dimer doping
successfully boosts GQD conductivity, making them more suitable for use in optoelectronic applications. It is
noted that Cu. doping reduces the formation energy from —256.134 eV in pure GQD to —299.282 eV,
suggesting a more thermodynamically stable structure. This shows that Cuz insertion promotes overall stability
despite potential alterations in local bonding.
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Table 1: The energetic data includes HOMO energies (Exomo), Fermi level energy (Eg;), LUMO energies
(ErLumo), energy gap (Ey), variation in Eg, (AEg) , formation energies (Er), and dipole moment (Dm in Debye)
for graphene quantum dots with and without Cu dimer. All energies are in eV units.

System Eyomo  Er.  Eprumo E, AE g% Ey Dy,
GQD pristine 5413 3.348 -1.283 4.130 - =256.1  0.000012
Cuz-1 codoped GQDs 4991 4.021 -3.051 1.939 -53.033 2318 0423516
Cuz-2 codoped GQDs -4.702 4.173 -3.643 1.059  -74.359 -299.2  0.255598
Cuz-3 codoped GQDs 4710 3917 -3.123 1.587  -61.565  -230.,5 0.0000]12
Cuz4 codoped GQDs -5.277 4 485 -3.692 1.585 -61.624 <2331 0.000036

Understanding the charge distribution and polarization features of quantum dots modified with Cu
dimer requires taking the dipole moment into account. Table 1 reveals that the pristine GQD has a highly
symmetric charge distribution and a very low dipole moment of 0.000012 Debye. However, the inclusion of
Cu dimer dramatically alters this symmetry, resulting in significant fluctuations in dipole moment values. The
Cu: doping induces asymmetric charge distribution due to the presence of copper atoms, resulting in localized
variations in charge density. The Cux-2 has the highest dipole moment (0.255598 Debye), indicating the
greatest charge separation in the arrangement. The increase in dipole moment is caused by the arrangement of
the Cu and Cu atoms at opposite sites, which amplifies the polarization effect inside the GQD framework. The
dipole moment is critical for device performance in optoelectronics and sensing technologies, so that Cuz-
doped GQDs are attractive for photovoltaic applications due to their higher dipole moments, which improve
interactions with external electric fields [37, 38].

Figure 5 illustrates the optimized geometries and bond lengths of graphene quantum dots doped with Cua
dimers in four distinct configurations. Each arrangement introduces unique structural distortions that
significantly alter the material's electronic response, as shown by DFT simulations. The Cu—Cu dimers exhibit
varied spatial orientations and bonding interactions with the GQD surface, leading to changes in local
symmetry and charge distribution. The Cuz-3 configuration, in particular, displays an asymmetric dimer
alignment that causes substantial bond length deviations in neighboring carbon atoms. This results in localized
electronic states near the Fermi level and an increased dipole moment, which may enhance the material’s
responsiveness in energy-harvesting or sensing environments. In some configurations, the Cu atoms are
positioned across the GQD plane, inducing bond elongation and lattice deformation that alter Cu—C and C-C
interactions. Such structural variations promote charge separation and redistribution, which are key factors in
improving photocatalytic activity and charge transport in energy devices. Overall, the structural tuning enabled
by Cu. dimers offers a strategic pathway for engineering GQD-based materials tailored for energy conversion,
environmental sensing, and sustainable nanoelectronics applications.
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Figure 5: The organized geometries and bond lengths in the angstrom unit of the graphene quantum dot with
Cu dimers produce (a) Cuz-1, (b) Cuz-2, (¢) Cuz-3, and (d) Cuz-4 structures.

Figure 6 presents the molecular electrostatic potential maps of Cuz-doped quantum dots, highlighting the
charge distribution and electrostatic behavior across four configurations. The color gradients from red (low
potential) to blue (high potential) visualize electron-rich and electron-deficient regions, which directly
influence electronic reactivity and functional performance in energy and environmental systems. In Cu»-1, the
MEP shows a concentrated negative potential around the Cu atoms, indicating strong electron-withdrawing
behavior and substantial charge transfer to the GQD surface. This redistribution suggests high reactivity,
making the structure suitable for catalytic and sensing applications in environmental monitoring. The Cuz-2
configuration exhibits a more delocalized and diffuse charge pattern, reflecting moderate electron transfer and
balanced electrostatic interactions. This arrangement implies tunable reactivity and structural stability, making
it a promising candidate for low-power sensing platforms and optoelectronic components in sustainable
technologies.

In Cuz-3, the potential is symmetrically distributed around the Cu sites, suggesting enhanced charge
delocalization and reduced polarization. Such electrostatic uniformity indicates increased stability with
localized active sites, supporting applications like selective catalysis or molecular detection in clean energy
systems. The Cu2-4 map reveals multiple localized red zones across the GQD surface, pointing to high
polarization and targeted charge accumulation. This configuration may facilitate multi-site catalytic activity or
high-sensitivity detection, both critical for energy harvesting and environmental remediation. The MEP
analyses underscore how Cu. doping modulates electrostatic behavior and surface reactivity in GQDs key
factors in designing advanced materials for sustainable energy conversion, pollutant sensing, and green
catalytic technologies.
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Figure 6: The molecular electrostatic potential graphic calculated in the gas phase of graphene quantum dot
with Cu dimer, resulting in Cuz-1, Cuz-2, Cuz-3, and Cuz-4 structures. A spectrum of colors, with red having
the lowest electrostatic potential energy values and blue having the highest.

Table 2 summarizes key chemical descriptors ionization potential, electron affinity, chemical potential,
hardness, softness, and electrophilicity index that collectively reveal the electronic reactivity and
environmental responsiveness of Cuz-doped GQD systems. Doping with Cu. dimers reduces the ionization
potential from 5.413 eV in pristine GQDs to 4.702 eV in Cu:-2, indicating enhanced electron-donating ability.
Simultaneously, the electron affinity rises, with Cu.-2 reaching 3.643 eV, suggesting improved capacity to
accept charge carriers an essential feature for energy conversion devices such as solar cells and photocatalysts.
The chemical potential remains relatively stable across configurations, implying that doping does not
drastically alter the average frontier orbital energy.

Table 2: The global chemical indexes: ionization potential (P), electron affinity (EA), chemical potential (u),
chemical hardness (1), chemical softness (S), and electrophilicity (w) were determined for graphene quantum
dots with and without Cu dimer. All parameters are measured in eV units.

System r EA [ ] s )
GQD pristine 5413 1.283 -3.348 2.065 (0.484 2.714
Cuy-1 codoped GQDs 4.991 3.051 -4.021 (.969 1.030 8.337
Cuy-2 codoped GQDs 4.702 3.643 -4.173 0.529 1.888 16,443
Cuz-3 codoped GQDs 4.710 3.123 -3.917 (0.793 1.259 9.665

277 3.692 -4.485 (0.792 1.261 12.691

h

Cuy~4 codoped GQDs

However, the significant reduction in chemical hardness (from 2.065 eV to 0.529 eV) indicates increased
susceptibility to external fields, while the corresponding rise in softness supports greater adaptability in
electronic and environmental sensing applications. The electrophilicity index is a key descriptor of a material's
ability to accept electrons, directly influencing its chemical reactivity and interaction with surrounding species.
As illustrated in Fig. 7, the pristine GQD exhibits a low electrophilicity index (2.714 eV), indicating limited
electron-accepting capability. Upon Cu: doping, a significant increase is observed, reaching a peak value of
16.443 eV for the Cu2-2 configuration. This dramatic enhancement suggests a greater tendency toward
electron transfer, which is essential for catalytic efficiency, charge transport, and surface activity. Notably, the
moderate to high o values in Cu2-1, Cu2-3, and Cu2-4 also indicate enhanced reactivity profiles. These
findings confirm that Cu.-functionalized GQDs offer tunable electrophilic behavior, making them highly
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promising for environmentally relevant applications such as pollutant degradation, gas sensing, and energy
conversion systems including fuel cells and photoelectrochemical devices.

18
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Electrophilicity Index (w) [eV]

GQD Cu2-1 Cu2-2 Cu2-3 Cu2-4
Quantum Dot Structure

Figure 7: The electrophilicity index (o) for pristine GQD and Cuz-doped configurations.

Enhancing electrical conductivity (o) is a fundamental requirement for the development of high-performance
electronic and energy materials. Improved conductivity enables efficient charge transport, which is essential
for the operation of devices such as solar cells, supercapacitors, and environmental sensors. In the context of
Cuz-doped GQDs, significant changes in conductivity are observed as a result of structural and electronic
modifications induced by doping. As shown in Table 3, pristine GQD exhibits extremely low conductivity
(1.89x1073" S/m), indicating poor electron mobility and limited potential for active energy applications.
However, Cu. doping markedly enhances the conductivity, reaching up to 1.27x10° S/m in the Cu:-2
configuration. This increase correlates strongly with the observed band gap reduction, confirming that Cu
incorporation improves charge transport across the GQD matrix. The variations in conductivity across the
different Cuz configurations further highlight the impact of Cu—Cu spatial orientation on charge dynamics.
Specifically, the superior performance of Cuz-2 underscores its suitability for next-generation optoelectronic,
nanoelectronics, and energy-harvesting systems, where controlled conductivity and tunable electronic
properties are crucial for sustainable operation.

Table 3. The conductivity (o), optical absorption threshold (A,), and corresponding absorption regions for
graphene quantum dot with and without Cu dimers.

Systems o (S/m) Ay (NmM) Region
GQD pristine 1.89 10731 300.2 Ultraviolet (UV) region
Cuy-1 codoped GQDs 5.10x<10-13 639.2 Visible (Red) region
Cuz-2 codoped GQDs 1.27x%103 1170.8 Infrared (IR) region
Cuy-3 codoped GQDs 4.86 1019 781.0 Near-Infrared (NIR) region
Cuy4 codoped GQDs 5.08-10-10 7823 Near-Infrared (NIR) region
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Tuning the optical absorption of graphene quantum dots is critical for advancing their utility in energy and
environmental technologies. The pristine GQD displays an absorption onset at 300.2 nm, within the ultraviolet
(UV) region suitable for high-energy applications such as UV photodetectors and sterilization systems.
However, Cuz doping induces a pronounced redshift, extending the absorption threshold across the visible,
near-infrared (NIR), and infrared (IR) regions. This shift is particularly significant in the Cuz-2 configuration,
which exhibits an absorption edge at 1170.8 nm, positioning it within the IR range ideal for thermal imaging,
infrared sensing, and optical communication technologies. Cuz-1 absorbs at 639.2 nm (visible red), enabling
applications in visible-light photodetectors and bioimaging, while Cuz-3 and Cuz:-4 show thresholds near 780
nm (NIR), suitable for non-invasive diagnostics, environmental monitoring, and fiber-optic systems. The
redshift arises from the introduction of mid-gap states by the Cu dimers, which lower the optical transition
energy and enhance light absorption at longer wavelengths. This broad tunability makes Cu2-doped GQDs
promising candidates for multispectral optoelectronic devices, solar energy harvesting, and environmental
sensing platforms.

CONCLUSION

This study demonstrates, through density functional theory, that Cu dimer doping is a highly effective strategy
for engineering the electronic and optical properties of graphene quantum dots. Cuz incorporation induces a
substantial reduction in band gap up to 74% alongside significant improvements in electrical conductivity and
charge mobility. These modifications are directly linked to enhanced energy responsiveness, which is essential
for the performance of low-power and high-efficiency devices. The observed charge redistribution, increased
electrophilicity, and broadened spectral absorption from UV to infrared highlight the multifunctionality of Cu.-
doped GQDs. Such characteristics make them excellent candidates for use in solar energy conversion,
photodetectors, environmental sensors, and next-generation optoelectronic platforms. The engineered Cuz-
doped GQDs are promising materials for next-generation wearable energy devices, including flexible
photodetectors, infrared sensors, and energy-harvesting components in wearable electronics.
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