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Abstract 

This study presents a theoretical investigation of the photocatalytic behavior of pristine and modified 

carbon-based systems, including TiO₂, graphene nanoplatelets, and TiO₂/graphene nanocomposites. Using 

Density Functional Theory (DFT), we analyzed the electronic properties—band structure, density of states 

(DOS), and charge density—of pristine graphene and various doped graphene systems (B-doped, N-

doped, and Co-adsorbed graphene). Theoretical insights confirmed the role of dopants and heterojunctions 

in modulating electronic structure and enhancing charge separation. These findings highlights the promise 

of graphene-based modifications for high-efficiency photocatalysis. 
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1. Introduction 

Human activities have led to severe ecological crises through air pollution, untreated wastewater dis-

charge, and reliance on fossil fuels, which account for over 80% of global energy production [1]. These 

practices intensify greenhouse gas emissions and climate change, while conventional purification methods 

such as adsorption and membrane filtration remain energy-intensive and produce secondary pollutants [2]. 

Photocatalysis, often described as the “Holy Grail of science,” offers a promising alternative by using 

solar energy to degrade contaminants without harmful by-products [3]. Graphene, discovered in 2004, has 

gained prominence due to its large surface area, exceptional conductivity, and ability to enhance charge 

separation, making it highly effective in photocatalysis and adsorption [4]. When combined with TiO₂, 

graphene improves visible-light absorption and reduces recombination losses, addressing the limitations 

of TiO₂ such as wide bandgap and poor charge transport [5]. 

Defect engineering and heteroatom doping in graphene (e.g., N, B, Co) introduce localized energy states 

that extend light absorption into the visible spectrum, suppress charge recombination, and significantly 

boost photocatalytic performance [6]. Graphene/TiO₂ composites synthesized via hydrothermal or self-

assembly methods show enhanced durability, scalability, and environmental compatibility. Computational 

modeling through Density Functional Theory (DFT) using Quantum ESPRESSO supports these findings, 

enabling precise analysis of electronic structures and defect-induced modifications [3]. By integrating 

DFT simulations with experimental photocatalysis studies, this work aims to bridge theoretical insights 
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with practical applications, contributing to the development of next-generation graphene-based photocata-

lysts with superior efficiency and sustainability [5]. 

 

2. Materials and Methods 

The computational study employed Density Functional Theory (DFT) using the Quantum ESPRESSO 

package to investigate pristine, B-doped, N-doped, and Co-doped graphene systems [7]. A 4×4 supercell 

of graphene with vacuum spacing of 15 Å was constructed, and structural optimization was carried out 

until residual atomic forces were minimized. Boron substitution introduced hole states in the electronic 

structure, while nitrogen doping generated donor states indicative of n-type behavior . Cobalt was ad-

sorbed at the hollow site of the graphene lattice, enabling the study of spin polarization and magnetic 

effects consistent with earlier reports. The Perdew–Burke–Ernzerhof (PBE) functional within the Gener-

alized Gradient Approximation was used to describe exchange–correlation effects [8], and ultrasoft pseu-

dopotentials with carefully chosen plane-wave cutoffs and k-point sampling ensured computational accu-

racy while maintaining efficiency. 

The simulations revealed significant changes in graphene’s electronic properties arising from doping and 

transition-metal incorporation. Band structure calculations along the Γ–M–K–Γ path demonstrated Fermi 

level shifts, bandgap modulation, and mid-gap state formation. These results confirmed that boron and 

nitrogen alter the electronic character through acceptor and donor states, respectively [9]. Charge density 

mapping indicated localized redistribution and interfacial electron transfer, particularly in Co-doped gra-

phene, where spin polarization produced notable magnetic effects [10]. The density of states further iden-

tified orbital contributions of dopants, linking heteroatom substitution to enhanced catalytic and conduc-

tive behavior. Together, these findings highlight the role of defect engineering in tuning graphene’s band 

structure and charge dynamics, reinforcing its potential in photocatalysis, spintronics, and advanced nano-

electronic applications [11,12]. 

 

3. Results and Discussion 

3.1. Band Structure and DOS Analysis of Modified Graphene Systems 

The band structure and Density of States (DOS) plots of Pristine Graphene were calculated using Density 

Functional Theory using Quantum Espresso and are shown in the figure 1. 

 
Figure 1. (a) Electronic band structure of graphene calculated using Density Functional Theory (DFT). 

(b) Total Density of States (DOS) of pristine graphene calculated using Density Functional Theory (DFT) 

with the PBE exchange-correlation functional. 

Pristine graphene shows a linear energy dispersion around the Fermi level (EF = - 4.398 eV), with bands 

crossing at the Dirac point. The density of states is nearly zero at EF indicating the semi-metallic character 
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of graphene. This electronic structure lacks a bandgap, which limits its ability to generate photo-induced 

charge carriers under visible light. Due to the absence of a bandgap and low DOS at EF, pristine graphene 

is not ideal as a standalone photocatalyst [13, 14]. 

The band structure and Density of States (DOS) plots of Boron Doped Graphene are shown in the figure 

2. The band structure of B-doped graphene exhibits a clear downward shift in the Fermi level (EF = –4.814 

eV) and the appearance of flatter energy bands near EF. These flatter bands are indicative of the formation 

of localized acceptor states introduced by boron substitution, which disrupts the sublattice symmetry of 

the graphene lattice and perturbs the delocalized π-electron network. The corresponding DOS plot shows 

a significant increase in states near the valence band edge, supporting the assignment of p-type doping 

behavior [15, 16]. This modification alters the carrier dynamics within the graphene sheet, leading to an 

increased hole concentration and an enhanced oxidation potential, both of which are beneficial for 

photocatalytic activity. The introduction of these acceptor levels lowers the energy required to excite 

electrons across the Fermi level, thereby improving visible-light absorption [17]. Thus, boron doping 

effectively modulates the electronic structure of graphene, introducing new energy states that facilitate 

light-induced charge generation and separation. This makes B-doped graphene more active under visible 

light, promoting hole-driven photocatalytic processes such as dye degradation. 

 
Figure 2. (a) Electronic band structure of B doped graphene calculated using DFT. (b) Total DOS 

of B-doped graphene obtained from DFT calculations. 

 

The band structure and Density of States (DOS) plots of Nitrogen Doped Graphene are shown in the figure 

3. 

Figure 3.  (a) Electronic band structure of N-doped graphene calculated using DFT. (b) Total DOS 

of N-doped graphene obtained from DFT calculations. 
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Nitrogen doping alters the electronic structure of graphene by introducing electron-rich donor states near 

the conduction band. The band structure reveals a distinct upward shift in the Fermi level (EF = –2.960 

eV), confirming n-type doping characteristics. The band structure shows distortion and broadening near 

the Dirac cone, with band tailing near the Fermi level. These changes reflect the donation of electrons 

from nitrogen to the π-conjugated system of graphene, enhancing electron carrier density [18, 19].  Thus, 

N-doping increases the electrical conductivity of graphene and favors photocatalytic reduction reactions, 

particularly in dye degradation. The tailored band alignment facilitates visible-light absorption and 

enhances the lifetime of photo-generated electrons [20]. 

The band structure and Density of States (DOS) plots of Cobalt Doped Graphene are shown in the figure 

4. Cobalt doping leads to substantial changes in the electronic structure of graphene. The band structure 

for Co-doped graphene shows broadened features and the emergence of mid-gap states due to strong 

hybridization between Co d-orbitals and graphene π-electrons. The Fermi level shifts to –3.912 eV, 

indicating partial electron transfer and metallic character [21]. The band structure reveals flat bands and 

split states near EF suggesting the localization of charge carriers and formation of new active sites. 

Thus, Co-doping introduces chemically active sites that are essential for catalytic activity. The mid-gap 

states and enhanced charge separation improve the photocatalytic performance of the graphene under 

visible light irradiation [22]. 

Figure 4.  (a) Electronic band structure of cobalt doped graphene calculated using DFT. (b) Total 

DOS of Cobalt doped graphene obtained from DFT calculations. 

 

The table 1. summarizes the electronic structure and photocatalytic implications for each system. 

System EF (eV) Doping Type Band Feature Photocatalytic 

Impact 

Pristine Graphene –4.398 None Linear dispersion Inactive due to 

zero bandgap 

B-doped 

Graphene 

–4.814 p-type Flat bands near 

valence edge 

Enhanced hole 

generation 

N-doped 

Graphene 

-2.960 n-type Dispersed 

conduction bands 

Improved 

conductivity and 

charge transport 

Cobalt-doped 

Graphene 

–3.912 Metallic Site Mid-gap states, 

band splitting 

Strong light 

absorption and 

active sites 
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Table 1. Comparison of different graphene systems obtained from present study. 

3.2. Charge Density Mapping and Photocatalytic Implications 

To better understand the electronic distribution and bonding characteristics in pristine and modified 

graphene systems, charge density isosurface plots were generated based on the electron density cube files 

obtained from Quantum ESPRESSO calculations. The charge density isosurface plots of pristine 

graphene, boron, nitrogen and cobalt doped graphene are shown in the figure 5. These contour maps 

provide insight into the localization or delocalization of electrons, which is crucial for interpreting 

photocatalytic behavior. 

 
Figure 5. Charge Density Iso-surface Plots of graphene systems: a) Pristine Graphene, b) B doped 

Graphene, c) N doped Graphene and d) Co doped Graphene. 

As shown in Figure 5. (a), pristine graphene displays a highly uniform and delocalized charge distribution. 

The smooth contouring around carbon atoms confirms π-bond conjugation within the sp²-hybridized 

hexagonal lattice, consistent with prior DFT studies [13]. However, the absence of any notable charge 

localization or distortion highlights graphene's inherent photocatalytic limitation: minimal active sites for 

redox reactions [14]. The B-doped graphene system (Figure 5. (b)) shows noticeable distortion in the 

charge density distribution near the boron dopant site. There is a clear depletion of electron density around 

the B atom, creating localized charge holes which act as acceptor states. This is characteristic of p-type 

doping, which enhances the hole concentration and the oxidizing potential of the material, as also 

supported by earlier reports [16]. Such features increase photocatalytic activity by facilitating hole-driven 

oxidation mechanisms. As shown in Figure 5. (c), the nitrogen-doped graphene exhibits a significant 

accumulation of electron density near the N atom. The elevated local charge density is attributed to 

nitrogen’s higher electronegativity, which donates lone pair electrons into the graphene network. This 

donor-like behavior introduces n-type conductivity and supports enhanced photocatalytic reduction 

activity by making electrons more readily available for surface reactions [18]. Figure 5. (d) reveals strong 

electron localization around the cobalt doping site, forming lobed isosurfaces that indicate d-orbital 

interactions. These mid-gap states enhance visible light absorption and facilitate surface catalysis. Co 

serves as a charge trap, promoting charge separation and prolonging the lifetime of photoexcited carriers 

[21, 22]. These active catalytic centers are advantageous for dye degradation and water splitting reactions. 

3.3. Electronic Structure of TiO₂ and Graphene/TiO₂ Systems 

To understand the photocatalytic enhancement observed in TiO₂/graphene heterostructures, a comparative  
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electronic structure analysis was conducted using Density Functional Theory (DFT). The investigation 

covers band structure, density of states (DOS), and charge density mapping for pristine TiO₂ and graphene-

adsorbed TiO₂ systems. 

3.3.1 Band Structure Analysis 

The band structure of pristine TiO₂ is shown in Figure 6. (a). A clear bandgap is visible between the 

valence band maximum and conduction band minimum, indicating its semiconducting nature. The 

calculated Fermi level lies at 9.829 eV, and the indirect bandgap is approximately 3.2 eV, consistent with 

experimental values for anatase TiO₂ [23, 24]. This wide bandgap confirms that TiO₂ is primarily UV-

active and inefficient under visible light. 

In contrast, the band structure of the graphene/TiO₂ nanocomposite (Figure 6. (b)) reveals significant 

changes. New energy bands appear near or intersecting the Fermi level (set at –1.045 eV), reflecting the 

incorporation of graphene π states. These bands reduce the effective bandgap and indicate possible 

electron delocalization across the graphene–TiO₂ interface. This band structure modification is crucial for 

enhancing photocatalytic activity under visible light by enabling better charge mobility and absorption 

[25]. 

 
Figure 6.  Electronic band structure of (a) TiO2 and (b) Graphene/TiO2 calculated using DFT. 

 

3.3.2 Density of States (DOS) Analysis 

The total DOS of pristine TiO₂ (Figure 7. (a)) shows no states in the bandgap region and well-separated 

valence and conduction bands. The Fermi level lies close to the conduction band, suggesting a low density 

of free carriers under normal excitation conditions. This electronic arrangement results in limited 

photocatalytic efficiency due to poor light absorption and fast recombination rates of charge carriers. In 

the graphene/TiO₂ heterojunction (Figure 7. (b)), the DOS plot shows the emergence of mid-gap states 

and a shift in the Fermi level to –1.045 eV, indicating effective charge transfer between graphene and 

TiO₂. These new states within the bandgap act as stepping stones for electron excitation and enhance the 

light absorption spectrum toward the visible region. Such electronic coupling at the interface facilitates 

electron–hole separation and boosts photocatalytic performance [26]. 
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Figure 7. (a) DOS plot of TiO2 calculated using DFT. (b) DOS plot of Graphene/TiO2 calculated 

using DFT. 

3.3.3. Charge Density Mapping 

The charge density distribution of the pristine TiO₂ system (Figure 8. (a)) reveals a distinctly ionic bonding 

character, as evidenced by the strong localization of electronic density around the oxygen atoms and 

notable depletion in the interstitial regions between titanium and oxygen. This reflects the substantial 

electronegativity difference between Ti and O, resulting in limited orbital overlap and a lack of covalent 

bonding features. Such a distribution signifies that photogenerated charge carriers in TiO₂ are prone to 

rapid electron–hole recombination, limiting its intrinsic photocatalytic efficiency under visible light 

irradiation unless energetically promoted by UV photons [27]. In contrast, the graphene/TiO₂ heterosystem 

(Figure 8. (b)) exhibits a striking redistribution of electron density at the interface. The charge density 

isosurface demonstrates enhanced electron accumulation near the graphene–TiO₂ boundary, consistent 

with interfacial charge delocalization and strong electronic coupling between the π-electron system of 

graphene and the Ti 3d orbitals of TiO₂. This interfacial redistribution indicates spontaneous electron 

migration from TiO₂ to graphene, effectively lowering the Fermi level and confirming that graphene 

functions as a photoinduced electron sink. This mechanism significantly reduces the recombination rate 

of photoexcited carriers by spatially separating electrons and holes, thereby increasing the carrier lifetime 

and photocatalytic performance [22]. 

 
Figure 8.  Charge Density Iso-surface Plots of graphene systems: (a) TiO2 and (b) Graphene/TiO2. 
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4. Conclusion 

This study demonstrates, through systematic Density Functional Theory (DFT) analysis, how defect 

engineering and heterostructure formation effectively modulate the electronic structure and photocatalytic 

potential of graphene-based systems. Pristine graphene, while exhibiting high conductivity, lacks a 

bandgap and therefore shows limited photocatalytic activity. In contrast, heteroatom doping with boron 

and nitrogen, as well as cobalt adsorption, significantly alters the Fermi level position, introduces mid-gap 

states, and enhances charge carrier dynamics. These modifications create active sites that favor visible-

light absorption and facilitate charge separation, thereby improving photocatalytic efficiency. 

Further, the incorporation of graphene with TiO₂ yields a synergistic heterojunction, where interfacial 

charge redistribution lowers recombination rates and broadens the absorption spectrum into the visible 

region. Theoretical results confirm that graphene acts as an electron sink, enhancing charge transport and 

prolonging carrier lifetimes. This strong coupling between graphene and TiO₂ overcomes the inherent 

limitations of pristine TiO₂, enabling higher activity under solar irradiation. 
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