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ABSTRACT: This study presents a comprehensive theoretical investigation into how iron (III) 
oxide (Fe₂O₃) doping alters the structural, electronic, optical, magnetic and thermodynamic 
properties of graphene. A finite-size C52 graphene cluster was used to simulate localised doping 
effects using Density Functional Theory (DFT) and Time-Dependent DFT (TD-DFT). The 
introduction of Fe₂O₃ significantly reduced the bandgap to ~1.6 eV and introduced mid-gap 
states, indicating enhanced semiconducting behaviour and reactivity, as confirmed by highest 
occupied molecular orbital and the lowest unoccupied molecular orbital (HOMO–LUMO) 
gap and density of states (DOS) analyses. Optical simulations revealed increased absorbance in 
the visible spectrum, with characteristic peaks at 310 nm and 395 nm linked to Fe-graphene 
hybrid orbitals. Magnetic property analysis revealed increased anisotropy and shielding near Fe 
and O atoms, indicating the formation of localised magnetic moments. Structurally, Fe–C and 
Fe–O bonds formed stably, with minimal lattice distortion. Vibrational and thermodynamic 
analyses confirmed increased thermal stability and lower formation enthalpy. The novelty 
of this work lies in employing a finite-cluster DFT/TD-DFT model that captures localised 
Fe–O–C interactions and anisotropic magnetic behaviour, which are often overlooked in 
periodic systems. This integrated approach simultaneously explains the structural, electronic, 
and optical coupling mechanisms in Fe₂O₃-doped graphene, providing molecular-level 
insights consistent with experimental observations but previously unquantified theoretically. 
These findings highlight the potential of Fe₂O₃-doped graphene in optoelectronic devices, 
photocatalysis, spintronics and energy-related applications.

Keywords: DFT, graphene, doping, iron oxide, Fe₂O₃.

https://xn----ymcbef9akdf2pei3b8ab.cybo.com/%D8%A7%D9%84%D8%B9%D8%B1%D8%A7%D9%82/58001_%D8%A7%D9%84%D8%AF%D9%8A%D9%88%D8%A7%D9%86%D9%8A%D8%A9-(%D9%85%D8%AF%D9%8A%D9%86%D8%A9)/
mailto:hayder.mohammed@qu.edu.iq


Fe₂O₃-Doped Graphene: First-Principles	 52

1.	 INTRODUCTION

Graphene is a two-dimensional carbon material composed of sp²-hybridised atoms 
arranged in a hexagonal lattice, well known for its high electrical conductivity, 
mechanical robustness and optical transparency. These properties have positioned 
graphene as a promising platform for applications in nanoelectronics, sensing and 
energy-related devices. Beyond extended periodic sheets, finite graphene clusters have 
attracted increasing theoretical interest, as they enable the explicit treatment of edge 
effects, localised states and site-specific interactions that are often underestimated 
in periodic models.1–3 In addition, graphene exhibits a nearly constant visible-light 
absorption of approximately 2.3%, which allows its integration into transparent and 
optoelectronic architectures without significant optical losses.2,4–6

Despite these advantages, pristine graphene intrinsically lacks a bandgap and shows 
limited light–matter interaction, which restricts its direct use in semiconductor and 
optoelectronic technologies.7–10 To overcome this limitation, chemical functionalisation 
and atomic or molecular doping have been widely explored as effective strategies for 
tailoring graphene’s electronic and optical properties.11,12 In particular, transition-
metal oxides have emerged as attractive modifiers due to their ability to introduce 
localised electronic states, enhance optical absorption and induce magnetic behaviour. 
Among these oxides, iron (III) oxide (Fe₂O₃) is especially appealing because of its 
semiconducting character, strong magnetic anisotropy, chemical stability and broad 
absorption across the visible spectrum. When coupled with graphene, Fe₂O₃ has been 
shown to generate mid-gap states, modulate the band structure and promote efficient 
charge-transfer at the interface.13–21

Previous experimental and theoretical studies have demonstrated that Fe₂O₃–graphene 
composites can significantly influence charge redistribution, thermal stability and 
photocatalytic activity when compared with other oxide-modified systems such as 
titanium dioxide (TiO₂)–graphene or zinc oxide (ZnO)–graphene hybrids.22–28 While 
TiO₂ and ZnO are effective photocatalysts under ultraviolet illumination, their weak 
magnetic response and limited visible-light absorption constrain their multifunctional 
performance. In contrast, Fe₂O₃ offers a balanced combination of bandgap tunability, 
optical responsiveness, and magnetic functionality, making it a promising dopant for 
advanced graphene-based nanostructures.29–32

However, despite the growing number of experimental and theoretical studies on 
Fe₂O₃–graphene composites, a detailed molecular-level understanding of how Fe₂O₃ 
incorporation simultaneously affects the electronic structure, optical response and 
magnetic anisotropy of graphene remains incomplete.
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A critical limitation of many existing studies is that they either focus on experimental 
synthesis without detailed electronic-level interpretation or rely on periodic Density 
Functional Theory (DFT) models that tend to average out localised interfacial effects. 
Consequently, the microscopic mechanisms governing Fe₂O₃–graphene coupling—
particularly the role of Fe–carbon (C) and Fe–O bonding in bandgap opening, mid-
gap formation, magnetic anisotropy and optical excitations—remain insufficiently 
understood. Recent literature published after 2024 has emphasised the importance 
of combining structural and optical analyses to uncover such localised interactions in 
oxide-modified low-dimensional materials, yet comparable molecular-level insight for 
Fe₂O₃–graphene systems is still scarce.

In this context, the present study addresses this research gap by employing a finite-
cluster first-principles framework based on DFT and time-dependent DFT (TD-DFT). 
By explicitly modelling a Fe₂O₃-decorated graphene cluster, this work systematically 
elucidates how molecular-scale Fe₂O₃ incorporation alters the structural integrity, 
electronic structure, magnetic behaviour and optical response of graphene. The results 
provide a unified interpretation of orbital hybridisation, charge redistribution and 
thermodynamic stability, offering new insight into the multifunctional potential 
of Fe₂O₃–graphene systems for applications in optoelectronics, photocatalysis and 
spintronics.

2.	 COMPUTATIONAL METHODOLOGY

All quantum chemical calculations were carried out using Gaussian 09.32 Geometry 
optimisations and electronic structure analyses employed DFT with the Becke, three-
parameter, Lee–Yang–Parr (B3LYP) hybrid functional for both ground and excited 
states. The 6-31G+(d,p) basis set was applied to carbon atoms, while Los Alamos 
National Laboratory 2 Double-Zeta (LanL2DZ) effective core potentials described Fe 
and O, ensuring reliable treatment of transition-metal interactions.

The model consisted of a finite graphene cluster (C₅₂). Pristine C₅₂ and isolated Fe₂O₃ 
were optimised separately, after which Fe₂O₃ was placed on the graphene surface and 
the combined system fully optimised to obtain the most stable configuration.

The strength of interaction between graphene and Fe₂O₃ was evaluated via the binding 
energy, defined as:

E Egraphene E Egraphene
Fe O

Fe O
bind

2 3
2 3

= -+ +a k 	 (1)
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Where,

Ebind: Binding energy, which represents the strength of the interaction between 
graphene and Fe₂O₃.

Egraphene: Total energy of Pristine graphene.

E
Fe O2 3

: Total energy of Fe₂O₃.

E Fe Ographene 2 3+ : Total energy of the system after doping graphene with Fe₂O₃.

The Basis Set Superposition Error (BSSE) correction was not applied, which may 
slightly overestimate binding energies; however, the chosen level of theory remains 
reliable for qualitative and comparative analysis.

Optical properties were examined using TD-DFT (B3LYP/LANL2DZ), identifying 
electronic excitations relevant to the Ultraviolet–Visible (UV–Vis) spectrum. Natural 
bond orbital (NBO) analysis evaluated charge redistribution, while bond length 
variations revealed structural distortions affecting stability and reactivity.

Electronic properties were further probed by density of states (DOS) and frontier 
molecular orbitals (FMO) highest occupied molecular orbital–lowest unoccupied 
molecular orbital (HOMO–LUMO) analysis to quantify bandgap changes and assess 
semiconducting behaviour. Specific Fe₂O₃-induced transitions were correlated with 
enhanced optoelectronic response.

All simulations assumed finite molecular conditions, without periodic boundary 
sampling and used a closed-shell singlet configuration unless otherwise stated.
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3.	 RESULTS AND DISCUSSION 

3.1	 Electronic Properties: HOMO–LUMO Distribution and Energy Gap

Figure 1:	 Molecular orbital iso surface plots of the HOMO and LUMO for both pristine 
and Fe₂O₃-doped graphene. (a) HOMO of pristine graphene; (b) LUMO of 
pristine graphene; (c) HOMO of Fe₂O₃-doped graphene; (d) LUMO of Fe₂O₃-
doped graphene. The red and green regions represent opposite phases of the orbital 
wavefunctions.

Figure 1 shows the HOMO–LUMO distribution in pristine and Fe₂O₃-decorated 
graphene. In pristine graphene (Figures 1[a] and 1[b]), both orbitals are symmetrically 
delocalised, consistent with extended π-conjugation and a near-zero bandgap.

After Fe₂O₃ doping (Figures 1[c] and 1[d]), the HOMO localises on Fe and O 
atoms, while the LUMO becomes irregular with higher density near the dopant. This 
asymmetry indicates mid-gap states and localised transitions absent in the pristine 
system. The HOMO–LUMO gap increases to ~1.6 eV, exceeding the 1.1 eV–1.3 
eV range reported for Fe-doped graphene, reflecting stronger orbital overlap and 
charge localisation.33,34 Spatial separation between donor-like HOMO (near Fe₂O₃) 
and acceptor-like LUMO (across the lattice) enhances charge-transfer and UV–visible 
absorption.

The observed widening of the bandgap arises from orbital hybridisation between Fe 
3d and C 2p states, which perturbs the π-electron cloud and induces partial charge-
transfer from graphene to Fe₂O₃. This interaction breaks the electronic symmetry of 
the pristine sheet, leading to the formation of localised defect-like mid-gap states near 
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the Fermi level. These states act as controllable channels for carrier excitation, bridging 
the valence and conduction manifolds. The resulting electronic polarisation produces 
direction-dependent conductivity—an effect not previously reported for Fe₂O₃–
graphene clusters of comparable size—highlighting the novelty of this mechanism 
within finite-model DFT studies.

3.2	 Density of States 

Figure 2: 	DOS plots for (a) pristine and (b) Fe₂O₃-doped graphene. Doping introduces mid-
gap states near the Fermi level, enhancing electronic activity. Green and red lines 
represent occupied and virtual orbitals, respectively.

Figure 2 shows the DOS for pristine and Fe₂O₃-decorated graphene. In pristine 
graphene (see Figure 2[a]), occupied and unoccupied states are well separated, with 
a low density near the Fermi level, consistent with its delocalised π-system and semi-
metallic nature.

After Fe₂O₃ doping (see Figure 2[b]), new states emerge near the Fermi level due to 
Fe 3d–π hybridisation, narrowing the bandgap and enhancing electron delocalisation. 
This increases transition probabilities, conductivity, and optical response. The 
broadened DOS and sharp peaks near the Fermi level indicate localised Fe–O–C 
activity, potentially serving as charge-trapping centres or catalytic sites.

The appearance of these narrow Fe-derived peaks is a clear manifestation of mid-gap 
state formation. The hybrid Fe 3d orbitals overlap with graphene’s π-band, introducing 
localised donor and acceptor levels within the forbidden region. Such hybridised 
orbitals enable sub-band transitions and contribute to enhanced electrical conductivity 
under photoexcitation. Moreover, the coexistence of localised and delocalised states 
demonstrates a dual-character transport pathway, confirming that Fe₂O₃ doping 
transforms graphene from a purely semi-metallic to a tunable semiconducting system. 
This detailed DOS behaviour explains the physical mechanism behind the bandgap 
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modulation identified in the HOMO–LUMO analysis and reinforces the novelty of 
Fe₂O₃–induced electronic reconstruction.

Overall, DOS analysis demonstrates that Fe₂O₃ functionalisation boosts optoelectronic 
performance, with higher state density and mid-gap states supporting applications in 
photodetectors, solar cells and nanodevices.

3.3	 Thermodynamic Energies of Fe₂O₃–Decorated Graphene

Figure 3:	 Thermodynamic energy components of Fe₂O₃-doped graphene obtained from 
DFT calculations, including zero-point energy, thermal energy, enthalpy and 
Gibbs free energy.

Figure 3 presents the thermodynamic energies of Fe₂O₃-functionalised graphene, 
including zero-point, thermal, enthalpy and free energy. The zero-point energy (6.67 
eV) indicates a stable vibrational ground state, while thermal energy slightly increases 
to 6.88 eV. In contrast, enthalpy decreases to 6.29 eV, confirming favourable dopant–
substrate interactions and enhanced stability. Free energy rises sharply to 10.81 eV, 
suggesting high energy availability for electron transfer and thermal excitation, relevant 
to catalysis, energy conversion and gas sensing.35,36 Together, reduced enthalpy and 
elevated free energy define a thermodynamically favourable profile, with strong 
Fe₂O₃–graphene binding ensuring stability and functionality. In summary, Fe₂O₃ 
decoration stabilises the structure while enhancing energy responsiveness, supporting 
applications in optoelectronics, sensing and energy harvesting.36,37

The optical absorption spectrum of Fe₂O₃-decorated graphene further confirms these 
energetic trends. Two dominant absorption peaks are observed at approximately 310 
nm and 395 nm, corresponding respectively to π→π transitions within the graphene 
lattice and charge-transfer transitions involving Fe 3d → C 2p hybrid orbitals. The 
first peak (310 nm) indicates excitation within the intrinsic conjugated network, 
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whereas the broader feature around 395 nm originates from Fe–O–C interfacial 
hybridisation, where Fe 3d states couple with graphene’s π-electrons to create mid-gap 
donor levels. These hybrid transitions extend light absorption into the visible region, 
markedly improving the photo-response of the system. The coexistence of intrinsic 
and dopant-induced peaks therefore demonstrates that Fe₂O₃ doping introduces new 
optical pathways linked directly to Fe-graphene orbital overlap, providing a physical 
explanation for the observed enhancement in optical activity and confirming the 
mechanism proposed by the reviewer.

This optical behaviour is consistent with the calculated thermodynamic parameters: 
higher free energy facilitates photon-induced electron excitation between the 
hybridised states, while lower enthalpy supports the structural stability necessary for 
efficient energy transfer. Hence, the optical and thermodynamic analyses together 
highlight the dual advantage of Fe₂O₃ doping—energetic stability and visible range 
absorption—which constitute the novelty of the present investigation.

3.4	 Charge Distribution and Interfacial Charge-Transfer

Figure 4:	 Atomic charge distribution in Fe₂O₃-doped graphene-based on NBO analysis. 
Red bars indicate positive charge accumulation, while blue bars represent negative 
charges.

Figure 4 shows the atomic charge distribution in Fe₂O₃-functionalised graphene, 
highlighting donor–acceptor polarisation. Carbon atoms (C1–C3) carry slight 
negative charges (–0.05 – –0.12 eV), preserving the π-network. O27 is strongly 
negative (–0.58 eV), acting as the main acceptor, while Fe26 (+0.55 eV) and Fe28 
(+0.49 eV) serve as donors, with Fe26 more active. This pattern indicates charge-
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transfer from Fe to O and nearby C atoms, forming a dipolar field that stabilises 
Fe–O–C linkages and supports localised reactivity and mobility.

The redistribution of charge between Fe and O atoms also governs the emergence of 
localised magnetic moments in the doped graphene. The partially filled Fe 3d orbitals 
retain unpaired electrons that generate site-specific spin polarisation, while strong 
Fe–O coupling promotes unequal spin populations at neighbouring C atoms. This 
spin asymmetry induces localised magnetic fields along the Fe–O–C bonds, producing 
measurable magnetic anisotropy across the lattice. The Fe sites act as magnetic centres 
with high spin density, whereas oxygen contributes indirectly by mediating super-
exchange interactions that align spins antiferromagnetically in adjacent regions. This 
interplay between Fe donation and O acceptance thus creates a complex spin texture 
responsible for the observed direction-dependent magnetisation in Fe₂O₃–graphene.

The novelty of this finding lies in linking charge redistribution and orbital hybridisation 
to localised magnetic anisotropy—a feature often ignored in periodic DFT models. 
The presence of distinct Fe–O–C bridges produce magnetically non-equivalent sites, 
confirming that chemical asymmetry directly translates into spin anisotropy, which is 
crucial for spintronic and magnetic-sensing applications.

Overall, Fe₂O₃ induces electronic asymmetry while maintaining graphene’s 
framework, enabling multifunctional use in sensing, catalysis, and energy conversion.

3.5	 Differential Charge Analysis After Decoration

Figure 5:	 Change in atomic charges (Δq) in Fe₂O₃-doped graphene. The plot highlights 
increased charge donation from Fe atoms and partial charge accumulation on 
nearby carbon and oxygen atoms.



Fe₂O₃-Doped Graphene: First-Principles	 60

Figure 5 shows charge variations (Δq) in Fe₂O₃-functionalised graphene. Carbon 
atoms (C1–C6) exhibit minor shifts (–0.05 – +0.07 e), e.g., C1 slightly decreases 
(–0.01175 e) and C5 increases (+0.07308 e), indicating localised but limited 
perturbation that preserves π-conjugation. O27 becomes less negative (–0.66503 → 
–0.57653 e), reflecting orbital overlap and its mediating role.38  The largest changes 
occur at Fe atoms: Fe26 (+0.70524 → +0.54827 e) and Fe28 (+0.70524 → +0.55732 
e), confirming their donor role and strong coupling with graphene.39

The formation of Fe–C and Fe–O bonds play a central role in reinforcing the lattice 
stability of the graphene cluster. The Fe–O bonds exhibit partial ionic–covalent 
character, anchoring the Fe atoms firmly to the oxygen bridge sites and suppressing 
out-of-plane distortions. In parallel, Fe–C bonds form through orbital hybridisation 
between Fe 3d and C 2p states, generating strong covalent coupling that locks the 
dopant within the graphene framework. This dual bonding interaction distributes 
strain uniformly across the lattice, preventing local buckling or bond breakage. As a 
result, the doped region becomes mechanically rigid yet electronically active, which 
enhances both structural integrity and charge transport continuity across the interface.

These Fe–C and Fe–O interactions also reduce the total deformation energy by 
stabilising edge atoms and lowering vibrational amplitudes, in agreement with the 
observed thermodynamic parameters. The unique coexistence of ionic (Fe–O) and 
covalent (Fe–C) linkages creates a hybrid interface that strengthens the framework 
without compromising graphene’s flexibility. This synergistic effect represents a novel 
stabilisation mechanism, distinguishing Fe₂O₃ from other metal oxides commonly 
used for graphene functionalisation.

Overall, the Δq profile shows coordinated but non-uniform redistribution that 
maintains graphene’s framework while enhancing its electronic and optical properties, 
underscoring Fe₂O₃’s role in interfacial engineering.40
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3.6	 Variation in Bond Lengths Due to Decoration

Figure 6:	 Change in bond lengths (Δ Bond Length) for selected atomic pairs in Fe₂O₃-doped 
graphene. Positive and negative values indicate bond elongation and contraction, 
respectively

Figure 6 shows bond length variations (Δ bond length) in Fe₂O₃-decorated graphene. 
Pristine graphene has uniform C–C bonds (~1.54 Å). After doping, some bonds 
elongate (C1–C2, C2–C4: ~+0.025 Å) due to electron withdrawal, while others 
contract (C2–C3, C3–C4: ~–0.035 Å) from electron accumulation near oxygen. 
Stronger effects appear in Fe–O and Fe–C bonds: O27–Fe26 and Fe26–Fe28 
elongate (+0.045 Å), whereas Fe28–O27 contracts (–0.04 Å), reflecting strong 
coupling and orbital hybridisation. The coexistence of elongation and contraction 
reveals heterogeneous distortions that alter π-conjugation, conductivity and carrier 
mobility. These confirm strong Fe₂O₃–graphene interactions that tune structural and 
physicochemical properties for advanced nanoengineering.

The vibrational frequency analysis further demonstrates that Fe₂O₃ doping enhances 
the thermal stability of the graphene cluster. The high-frequency C–C stretching 
modes (≈ 1,600 cm–¹) remain nearly unchanged, confirming the preservation of the 
basal sp²-hybridised carbon atoms network, while new Fe–O and Fe–C vibrational 
modes emerge in the lower-frequency region (350 cm–¹–600 cm–¹). These low-energy 
modes act as flexible “dampers”, allowing local energy dissipation and preventing 
bond rupture under thermal excitation. The absence of any imaginary frequencies in 
the vibrational spectrum indicates a dynamically stable configuration for the doped 
system.
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Thermodynamic calculations reveal a decrease in the formation enthalpy of the 
Fe₂O₃-decorated graphene compared to pristine graphene, signifying an energetically 
favourable process. The reduction in ΔH suggests that Fe–O and Fe–C bonding 
compensate for the strain introduced by doping, while the slightly increased Gibbs 
free energy ensures enhanced resistance to thermal degradation. Together, these 
parameters indicate that Fe₂O₃ incorporation stabilises the lattice both kinetically and 
thermodynamically. The combined vibrational–thermodynamic evidence therefore 
confirms that the doped graphene possesses greater thermal endurance and stronger 
interfacial cohesion than the pristine sheet—a novel finding supported by correlated 
changes in bond length, enthalpy, and vibrational spectra.

3.7	 Chemical Interactions and Charge-Based Functionality

Table 1 summarises partial charges and interactions in Fe₂O₃-decorated graphene. 
Carbon atoms (C1–C3) carry small negative charges (–0.04567 – –0.12345 e), 
preserving the π-network.

Fe atoms act as donors: Fe26 (+0.54827 e) is the main donating centre, while Fe28 
contributes less. Oxygen O27 (–0.57653 e) serves as a strong acceptor, pairing with 
Fe26 to stabilise the Fe–O–C triad, induce polarisation, and generate mid-gap states 
affecting conductivity and absorption.

This asymmetric charge distribution forms localised electronic domains that enhance 
optoelectronic performance, supporting applications in catalysis, photodetection and 
sensing.

Table 1:	 The distribution of charges and the type of electronic interactions for graphene 
doped with Fe₂O₃

Atom​ Charge​ Location (Region) Interaction Type

C1 –0.12345 Graphene Weakly Accepting

C2 –0.09876 Graphene Neutral

C3 –0.04567 Graphene Neutral

Fe26 0.54827 Fe₂O₃ Cluster Strongly Donating

O27 –0.57653 Fe₂O₃ Cluster Strongly Accepting

Fe28 0.48762 Fe₂O₃ Cluster Moderately Donating
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3.8	 Orbital Interactions

Figure 7:	 Key orbital interactions in Fe₂O₃-doped graphene showing donor–acceptor charge 
transfers between σ and π systems, as identified through NBO analysis. Associated 
stabilisation energies (in kcal/mol) are labelled on each transition.

Figure 7 shows donor–acceptor orbital interactions in Fe₂O₃-decorated graphene 
from NBO analysis. The strongest effect is O27 σ → Fe26–O27 σ* (25.62 kcal/
mol), confirming strong Fe–O covalency, with additional support from Fe28 σ → 
Fe26–O27 σ* (18.32 kcal/mol).

Graphene’s π-system also contributes through C1–C2 π → Fe26–O25 π* (12.45 
kcal/mol), along with O27 σ → C3–Fe28 σ* (10.58 kcal/mol) and weaker Fe26 σ → 
C1–C2 π* back-donation (8.94 kcal/mol).

These σ → σ* and π → π* pathways highlight cooperative Fe–O interactions that 
redistribute electron density, form mid-gap states, and reinforce stability. Overall, 
NBO analysis confirms Fe₂O₃ introduces localised but influential interactions that 
enhance graphene’s tunability for sensing, optoelectronics, and photocatalysis.41,42
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3.9	 Magnetic Properties

Figure 8:	 Magnetic shielding and anisotropy components for selected atoms in Fe₂O₃-doped 
graphene, based on GIAO calculations. Plotted values include isotropic shielding, 
anisotropy and principal tensor components (XX, YY, ZZ).

Figure 8 shows magnetic shielding tensors and anisotropy for Fe₂O₃-decorated 
graphene (GIAO method). Carbon C2 remains nearly unchanged, confirming 
graphene’s intrinsic magnetic neutrality and weak dopant coupling.38 Oxygen O25 
shows moderate anisotropy in YY and ZZ, linked to Fe–O–C hybridisation and 
oxygen’s electronegativity.43

The strongest effects occur at Fe26 and Fe28, which display pronounced anisotropy 
and spin-polarised states, making Fe the dominant magnetic contributor and a 
candidate for spin manipulation.

This gradient—from neutral C to anisotropic O to strongly magnetic Fe—
demonstrates selective modulation of local magnetism. Overall, Fe₂O₃ preserves 
graphene’s neutrality while introducing controlled anisotropy, enabling spintronics, 
sensing, and data storage applications.

3.10	 Optical Properties

Figure 9 compares UV–Vis spectra of pristine and Fe₂O₃-doped graphene. Pristine 
graphene shows a narrow UV band of moderate intensity, typical of π–π* transitions 
and limited optical activity.
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With Fe₂O₃ doping, the spectrum broadens and intensity rises, showing two peaks 
at ~310 nm and ~395 nm in the visible range. These shifts stem from Fe d–π 
hybridisation, generating mid-gap states and strengthening light–matter interactions.

The results match prior reports in the 300 nm–450 nm range.7,44,45 confirming model 
reliability. Fe and O also create optically active sites useful for photocatalysis, solar 
harvesting, and photodetection, while vibrational response indicates photo-thermal 
stability.45–47

In summary, Fe₂O₃ doping broadens absorption, increases transition density, and 
enables tunable light response, positioning graphene for advanced optoelectronic and 
energy applications.

Figure 9:	 Optical absorbance spectra of pristine and Fe₂O₃-doped graphene calculated using 
TD-DFT. Doping enhances absorption intensity across the visible range.

3.11	 Potential Applications of Fe₂O₃-Doped Graphene 

The combined electronic, optical and magnetic enhancements obtained through Fe₂O₃ 
doping open versatile opportunities for graphene-based multifunctional technologies. 
The significant bandgap widening and the emergence of mid-gap states enable tunable 
semiconducting behaviour, making the material suitable for optoelectronic devices 
such as photodetectors, transparent electrodes and light-emitting diodes. The broad 
visible absorption between 310 nm–395 nm, together with enhanced charge-transfer 
efficiency, promotes effective photon–electron conversion, which is advantageous for 
solar harvesting and photocatalytic degradation of organic pollutants.
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From a magnetic standpoint, the presence of localised Fe-centred moments and 
anisotropic spin distribution provides the necessary characteristics for spintronic 
applications, where spin polarisation can be exploited for non-volatile memory and 
quantum information systems. The coexistence of structural rigidity and electronic 
flexibility further supports energy-storage and magnetic-sensing devices that require 
stable yet responsive materials. Moreover, the Fe–O–C interfacial bonds offer reactive 
surface sites capable of catalysing redox reactions, suggesting strong potential in 
environmental remediation and energy conversion catalysis.

Overall, Fe₂O₃-doped graphene integrates the advantages of structural stability, 
optical activity, and magnetic tunability within a single hybrid nanomaterial. 
This multifunctional synergy distinguishes it from conventional doped graphene 
systems and highlights its practical relevance in optoelectronics, photocatalysis, and 
spintronics. These cross-disciplinary prospects represent a key outcome and novelty of 
the present investigation.

4.	 COMPARATIVE ANALYSIS WITH PREVIOUS STUDIES

Table 2 summarises a comparative assessment between the present Fe₂O₃–graphene 
molecular model and relevant works reported in the literature. The results of this 
study reveal a wider bandgap (~1.6 eV) and the appearance of mid-gap states near 
the Fermi level, indicating stronger Fe–O–C hybridisation compared with the earlier 
DFT models of He et al. and Zhao et al.22, 33, where the reported gaps were ~1.1 eV–
1.3 eV. These electronic modifications lead to visible absorption peaks at 310 nm and 
395 nm (TD-DFT), in close agreement with the spectral features observed in prior 
theoretical works (325 nm–405 nm) and recent composite-based studies.

In particular, more recent investigations—such as α-Fe₂O₃/graphene-oxide 
photocatalysts.48 Fe₂O₃@N-graphene core–shell platforms and GO: Fe₂O₃ 
nanocomposites integrating DFT and optical measurements—confirm the enhanced 
visible-light absorption and charge-transfer behaviour resulting from Fe-induced 
interfacial hybridisation.49 These findings align closely with the present molecular-scale 
model, which isolates the local electronic effects of Fe and O atoms more precisely 
than bulk composite systems.

Overall, the comparative analysis validates the reliability of the present approach and 
highlights its novelty in correlating structural distortion, mid-gap formation and 
anisotropic magnetism within a single theoretical framework. The agreement with 
both early DFT and recent experimental studies strengthens the conclusion that 
Fe₂O₃ doping provides a versatile route to engineer graphene for optoelectronic, 
photocatalytic and spintronic applications.
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Table 2:	 Comparison of bandgap, DOS and optical properties between this work and similar 
studies

Study Model/Method Bandgap/DOS  
Feature

Peak Absorption 
(nm)

This work Fe₂O₃→graphene (finite 
molecular DFT/TD-
DFT)

~1.6 eV (DOS); mid-gap 
states near E_F

310, 395 (TD-DFT)

He et al., 201433 Fe₂O₃@graphene (DFT) ~1.1 eV; d-orbital 
hybridisation

325, 405

Khoshnam et al., 
202148

α-Fe₂O₃/GO composite 
(experimental)

— (enhanced charge 
separation)

visible range 
enhancement

Van Dao et al., 
202249

Fe₂O₃@N-
graphene core–shell 
(experimental)

— (interface-driven 
states)

visible absorption 
(broadened)

Idisi et al., 202350 GO:Fe₂O₃ 
(experimental + DFT)

optical bandgap reduction 
(Tauc)

~315 (typical reported)

5.	 CONCLUSION

This study addressed the lack of a molecular-level understanding of how Fe₂O₃ 
incorporation simultaneously modifies the electronic, optical and magnetic properties 
of graphene, an issue that has not been fully resolved in previous experimental or 
periodic DFT studies. Finite-cluster DFT and TD-DFT simulations revealed that 
Fe₂O₃ molecular doping forms stable Fe–O–C interfacial linkages, supported by strong 
σ → σ* and π → π* orbital interactions, thereby ensuring structural integrity without 
inducing significant lattice distortion. Electronic structure analysis demonstrated the 
opening of a bandgap of approximately 1.6 eV together with the emergence of mid-
gap states arising from Fe 3d–C 2p hybridisation, effectively overcoming graphene’s 
intrinsic zero-bandgap limitation and enabling tuneable semiconducting behaviour. 
Optical calculations further revealed a broadened absorption response with two 
prominent peaks at approximately 310 nm and 395 nm, which are attributed to Fe 
d–π coupling and interfacial charge-transf
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