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Abstract  

This study evaluates the adsorption potency of a hybrid nanomaterial composed of Fe-doped graphitic carbon 

nitride-poly (3,4 -ethylenedioxythiophene) (Fe@C3N4-PEDOT) towards acetylene (C2H2), methane (CH4), and 

hydrogen (H2) gases. Density functional theory (DFT) was employed to optimize the structures and to evaluate or 

examine the electronic properties, adsorption, and interaction behaviour. Adsorption energies (Eads) for C2H2 (-

0.871 eV), H2 (-0.381 eV), and CH4 (-0.381 eV) specify exothermic and spontaneous interactions. C2H2 (-0.871 

eV) shows moderate chemisorption, while CH4 and H2 (-0.381 eV each) show weak chemisorption, within the 

reusable sensor range. The C2H2 showed greater interaction, reducing the energy gap to 2.256 eV, thereby 

improving conductivity and reactivity. Density of States (DOS) was equally confirmed, as it reveals a significant 

orbital overlap between the gas and the studied material. Natural Bond Orbital (NBO) analysis also showed a 

good donor-acceptor interaction with high stabilization energy, which affirms chemisorption. The hybrid 

nanomaterial’s interaction with these gases, especially acetylene, suggests its high suitability for selective 

detection and adsorption of hazardous gases in oil and oil-polluted environments. In all, Fe@C3N4-PEDOT shows 

promising potential as a sensor material with high sensitivity and environmental importance. 
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INTRODUCTION 

 
 Oil-dissolved gases have become a major 

concern, particularly in the crude oil processing 

and transformer oil system, which contributes 

to a larger proportion in the transmission of 

power, due to their linkage with thermal 

degradation and electrical faults [1,2]. This 

transformer oil undergoes a chemical 

decomposition on exposure to high 

temperatures, electrical discharge, or arcing, 

which leads to the generation of gases such as 

acetylene (C₂H₂), methane (CH₄), and hydrogen 

(H₂), serving as early indicators of faults in 

power transformers [1,3,4]. According to 

previous studies, it is observed that the 

formation of CH₄ indicates low-energy thermal 

faults ranging from 150-300 °C, while C₂H₂ is 

linked to the high-energy discharge [3]. The H₂ 

is the lightest and a product of partial discharge 

and one of the causes of insulation breakdown 

[3,5,6].  Conversely, for crude oil, the 

accumulation of these gases suggests aging or 

product degradation, affecting both quality and 

safety [7,8]. The presence of these gases poses 

risks of fire outbreak/explosion and long-term 

instability of the system. Therefore, there is a 

need for accurate detection and effective 
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sensing of these gases, as it enhances the 

maintenance, safety, and performance of our 

system. Although conventional approaches 

such as gas chromatography and infrared 

spectroscopy have been widely used in the 

analysis of oil-dissolved gases often cost-

ineffective, labour-intensive, and require pre-

treatment, lacking instant monitoring ability [9, 

10]. These limitations have shifted the attention 

of researchers towards materials that can adsorb 

or sense gases directly in oil, avoiding the 

preprocessing steps by conventional methods. 

In this light, nanomaterials are emerging 

efficiently due to their porosity and tuneable 

electronic properties [11, 12, 13]. 

 Computational studies using density 

functional theory (DFT) have shown the great 

potential of nanoengineered materials for oil-

dissolved gases sensing. For example, CuO-

decorated boron nitride nanotubes (BNNTS) 

showed good interaction with acetylene (C₂H₂) 

but weak response to methane (CH₄), and 

hydrogen (H₂), which limits their application 

for different gas sensing [14]. Also, a Pd- and 

Pt-doped ZnO monolayer system showed good 

sensitivity towards C₂H₂ and H₂, gases but 

failed to address the adsorption recovery [15]. 

Likewise, Ni-decorated PtS₂ was studied for 

CO and C₂H₂ sensing, which offered high 

sensitivity. However, the desorption was too 

slow for continuous application [16].  Despite 

these advancements, there remains a need to 

engineer materials for high sensitivity, 

selectivity, and reversibility in the gases under 

study.      

 To address these limitations, we investigate 

a hybrid nanomaterial composed of iron-based 

graphitic carbon nitride (Fe@C₃N₄) combined 

with a conductive polymer, PEDOT. The C₃N₄ 

gives chemical stability, nitrogen-rich and high 

electron-donating ability, making it good for 

transition metals like Fe doping, which is aimed 

at introducing active sites for gas interaction, 

and PEDOT contributes conductivity, improves 

electron mobility, and stabilizes the 

nanostructure [17,18]. Fe@C₃N₄–PEDOT 

material serves as a promising material for 

sensing of CH₄, C₂H₂, and H₂. Using DFT at the 

B3LYP/LanL2DZ level, we assess certain 

parameters such as adsorption energy, 

electronic properties (DOS, HOMO–LUMO 

gap), and natural bond orbital interactions to 

evaluate the potential of the material with 

improved sensitivity, selectivity, and 

reversibility.    

 

COMPUTATIONAL DETAILS  

  

For this study, all calculations were 

done using the density functional theory 

(DFT) method as implemented in the 

Gaussian 16 software. LanL2DZ basis set 

was used for this study due to its suitability 

for transition metal systems, especially for 

Fe, and its effective core potentials [19]. 

The B3LYP functional was used 

throughout the study because of its 

accuracy in molecular systems [20]. 

Vibrational frequency calculations were 

carried out to confirm that the optimized 

structures were true minima, with no 

imaginary frequency. In understanding the 

gas-surface interactions, HOMO-LUMO, 

Density of states (DOS), natural bond 

orbitals (NBO), Adsorption energy, non-

covalent interactions (NCI), and quantum 

theory of atoms in molecules (QTAIM) 

were carried out and analysed using 

Multiwfn and visualized using VMD, 

Chemcraft, and GaussView [21].
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Table 1. Structural results for the four interacting complexes based on bond length evaluation. 
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Figure 1 (a). Geometric structures of the adsorbates: C2H2, CH4, H2. 

 

Systems Bond label Bond distance (Å) 

Before After 

C2H2 C1 -H3 1.068 - 

CH4 C1 - H3 1.095 - 

H2 H1-H2 0.743 - 

C2H2-Fe@C3N4-PEDOT C113-H115 1.068 1.074 

 C113-Fe111 - 2.018 

 C112-Fe111 - 2.023 

CH4-Fe@C3N4-PEDOT C112-H114 1.095 1.097 

 C112-Fe111 - 2.847 

H2-Fe@C3N4-PEDOT H112-H113 0.743 0.767 

 H112-Fe111 - 1.943 

 H113-Fe111 - 1.962 

1.068 

1.068 

1.095 
0.743 

Acetylene Methane Hydrogen 
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Figure 1 (b). Geometric structures of Fe@C3N4-PEDOT interactions with the adsorbates. 

 

 

RESULTS AND DISCUSSION 

 
Geometric Optimization  

Optimization of geometry was carried out in 

this study for CH₄, C₂H₂, and H₂ gases before and 

after interaction on the Fe@C₃N₄–PEDOT 

surface using the B3LYP/LanL2DZ DFT method. 

The optimized bond lengths of the isolated gases 

are: C–H in C₂H₂ (1.068 Å), C–H in CH₄ 

(1.095 Å), and H–H in H₂ (0.743 Å). However, on 

interaction with the surface material, there was a 

slight elongation of the internal bond in —C–H in 

C₂H₂ to 1.074 Å, C–H in CH₄ to 1.097 Å, and H–

H in H₂ to 0.767 Å, proposing a level of structural 

distortion. Also, new bond formation was 

observed between the Fe active site and atoms 

from each system. As shown in Table 1 below, 

C₂H₂ showed Fe-C bond distances of 2.018 Å and 

2.023 Å, suggesting a stronger interaction in 

comparison to CH₄, which had a Fe-C distance of 

2.847 Å. This suggests a shorter bond length is 

indicative of a stronger interaction [22]. The H₂ 

molecule on interaction with Fe had a bond length 

of 1.943 Å and 1.962 Å with a slightly stretched 

H-H bond from 0.743 – 0.767 Å. These structural 

adjustments suggest an occurrence of adsorption 

of the gases on interaction with the Fe@C₃N₄–

PEDOT surface, with the most significant 

geometric changes observed in C₂H₂ and H₂ 

complexes. 

 

Electronic properties 

1. Density of States DOS 

The density of states (DOS) was employed to 

unravel the change in electronic properties and to 

envision the movement of electrons from the 

valence band to the conduction band of the 

investigated interactions, and the order of 

arrangement of quantum states at various energy 

levels [23]. The study evaluates the contribution 

of each atomic fragment of the interacting 

systems under investigation in consideration with 

other related DOS parameters such as Total 

Density of States (TDOS), Orbital Projection 

density of states (OPDOS), and lastly Partial 

Density of States (PDOS), which represent the 

1.

1.

0
.7

6
7
 

1.074 

2.018 
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orbital of the atomic fragments. The studied 

interactions consist of a carbon atom (C), a 

Nitrogen atom (N), a hydrogen atom (H), a 

sulphur atom (S), and an Oxygen atom (O) with 

the substituent metal atom Iron (Fe). As presented 

in Figure 2, the system exhibits slightly different 

Fermi energy levels: -6.48 eV for C2H2-

Fe@C3N4-PEDOT, -6.57 eV for CH4-Fe@C3N4-

PEDOT, -6.63 eV for H2-Fe@C3N4-PEDOT, and 

the bare system -6.54 eV Fe@C3N4-PEDOT. This 

level depicts the highest occupied electron state at 

absolute zero temperature and serves as a 

reference point for electron transfer processes. 

The plots revealed that C atoms contribute more 

significantly from the valence band region and 

across the energy range, N atoms contribute 

particularly in the -15 to -10 eV range, which 

peaks close to the Fermi energy levels, and Fe 

atoms demonstrate sharp peaks specifically from 

the characteristic d-orbital contribution. 

Meanwhile, on the PEDOT S and O atoms 

contributed mainly in the minimal energy region, 

as H atoms are observed with a minor 

contribution in the entire plots. In the systems, 

C3N4 enhances the semiconductor framework in 

the systems, Fe brings about catalytically active 

sites due to the accessible d-states [24], while 

PEDOT enhances conductivity and charge 

transfer. The collective contribution of the 

fragment systems via the hybridization result of 

the DOS may greatly improve sensing and 

adsorption due to enhanced charge separation and 

transfer. Hence, it is evident that the Fe atom 

plays a crucial role in the systems, because of the 

d-states close to the Fermi level, suggesting the 

systems with enhanced reactivity and potential 

for strong gas-surface interactions. Conversely, 

system C2H2-Fe@C3N4-PEDOT portrays strong 

interaction due to the difference in the C atom 

contributions, system CH4-Fe@C3N4-PEDOT 

was suggested with moderate binding due to the 

modified electronic structure, and H2-Fe@C3N4-

PEDOT shows a distinct change in the DOS 

pattern.  

 

2. HOMO-LUMO Analysis 

Frontier molecular orbital (FMO) enhances 

the understanding of the electronic properties of 

the studied systems by evaluating their 

sensitivity, reactivity, conductivity, and stability 

[25]. It also offers a thorough insight into 

intermolecular interactions. To address the 

highlighted points of interest, we focus on various 

parameters such as the Highest Occupied 

Molecular Orbital (HOMO), Lowest Unoccupied 

Molecular Orbital (LUMO), Energy Gap (Egap), 

and the global quantum chemical descriptors. The 

HOMO and LUMO iso-surface plots as presented 

in Figure 3 revealed that electrons are localized 

close to the Fe site in all the systems, and 

electrons are delocalized mostly towards the 

adsorbates and PEDOT. Although there is a 

strong orbital overlapping (Hybridization) in 

system C2H2-Fe@C3N4-PEDOT compared to 

system H2-Fe@C3N4-PEDOT, leading to 

improved sensing potential. The studied systems 

exhibit a semiconductor energy gap of less than 

three electron volt (<3 eV). Egap is informative 

on the structural stability, polarizability, and 

chemical reactivity of the studied systems. Hence, 

a large Egap indicates a chemically hard system 

with high stability, while a lower Egap indicates 

that the system is chemically soft and reactive 

[26]. According to the result in Table 2, systems 

C2H2-Fe@C3N4-PEDOT portray higher reactivity 

attributing to lower value of 2.256 eV band gap 

compared to system CH4-Fe@C3N4-PEDOT with 

moderate reactivity due to slight increase in the 

band gap value of 2.273 eV, while system H2-

Fe@C3N4-PEDOT (2.255 eV) and C2H2-

Fe@C3N4-PEDOT (2.256 eV) exhibit virtually 

identical Egap values (difference of 0.001 eV is 

within computational precision), while CH4-

Fe@C3N4-PEDOT (2.273 eV) is least reactive. 

The band gap revealed that systems C2H2-

Fe@C3N4-PEDOT and H2-Fe@C3N4-PEDOT 

exhibit more reactivity due to increased softness 

value and electrophilicity compared to system 

CH4-Fe@C3N4-PEDOT.  

The chemical descriptors greatly influence 

the chemical properties of the investigated 

systems. Hence, the ionization potential (IP) 

represents the strength of electron donation, while 

electron affinity (EA) implies the tendency of 

electron acceptance [27]. The systems 

demonstrate approximately IP values of 5.1 eV 

and 2.9 eV for electron affinity, signifying a 

balance of donor and acceptor characteristics. 

Chemical hardness (η) and chemical softness (σ) 

parameters revealed that the systems portray less 

stability and resistance to deformation, with 

approximately η values of 1.1 eV and high 

reactivity attributed to the approximately softness 

values of 0.89 eV. Chemical potential (μ) 

measures the tendency to gain an electron, while 

electronegativity measures the electron attraction 

potency of the system [28]. As per Koopman's 

theorem, electronegativity χ = (IP+EA)/2 

measures the tendency to attract electrons, while 

chemical potential μ = -χ = -(IP+EA)/2 is its 

negative, representing the tendency to donate 

electrons. The values in Table 2 confirm this 
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C2H2-Fe@C3N4-PEDOT  CH4-Fe@C3N4-PEDOT 

H2-Fe@C3N4-PEDOT Fe@C3N4-PEDOT 

relationship. Lastly, the systems possess high 

electrophilic properties, especially in system H2-

Fe@C3N4-PEDOT, with an approximate 

electrophilicity index (ω) value of 7.3 eV, 

indicating the ability to accept electrons 

(electrophilic). Whereas the bare surface exhibits 

increased values in all the parameters, suggesting 

stability of the surface before interaction. The 

descriptors were calculated mathematically 

employing Koopman’s theory as shown in 

equations (1) – (7). Interestingly, the analysis 

revealed that materials are sensitive in the 

following order: C2H2-Fe@C3N4-PEDOT, H2-

Fe@C3N4-PEDOT, and CH4-Fe@C3N4-PEDOT, 

making it ideal for the study interest. 

 
 

 

 

 

 

 

  

 

 

 

 

 

 

 

  

Figure 2. Density of States plots for the studied interaction and the bare surface. 

 

Ionization potential (IP)  = −𝐸𝐻𝑂𝑀𝑂                           (1) 

Electron Affinity (EA) = −𝐸𝐿𝑈𝑀𝑂                             (2) 

Chemical Hardness (ƞ)  = (𝐼𝑃 − 𝐸𝐴)/2                        (3) 

Chemical softness (σ)  = 1/η                                   (4) 

Chemical potential (μ)  = −(𝐼𝑃 + 𝐸𝐴)/2                   (5) 

Electronegativity (𝜒)  = (𝐼𝑃 + 𝐸𝐴)/2                        (6) 

Electrophilicity (ω) = μ2/2η                                      (7) 
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C2H2-Fe@C3N4-PEDOT 

Egap =2.256eV 
LUMO HOMO 

CH4-Fe@C3N4-PEDOT 

Egap=2.273 

H2-Fe@C3N4-PEDOT 

Egap=2.255 

Egap=2.272 

 

Fe@C3N4-PEDOT 

 

 

Table 2. HOMO, LUMO, and quantum descriptors results for studied interactions and the bare surface. 

 

 

 

 

 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. HOMO LUMO iso-surface plots for the investigated interactions and the bare surface. 

 

 

Systems EHOMO 

eV 

ELUMO 

eV 

Egap 

eV 

IP 

eV 

EA 

eV 

η eV σ eV μ eV χ eV ω eV 

C2H2-Fe@C3N4-

PEDOT  

-5.166 -2.910 2.256 5.166 2.910 1.128 0.887 -4.038 4.038 7.227 

CH4-Fe@C3N4-

PEDOT  

-5.192 -2.919 2.273 5.192 2.919 1.137 0.880 -4.056 4.056 7.234 

H2-Fe@C3N4-PEDOT  -5.191 -2.936 2.255 5.191 2.936 1.128 0.887 -4.064 4.064 7.321 

Fe@C3N4-PEDOT  -5.209 -2.937 2.272 5.209 2.937 1.136 0.880 -4.073 4.073 7.301 
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Table 3. NBO result for the studied interactions and the bare surface. 

 

 

 

 

Table 4. Calculated adsorption energies of the studied systems. 

Systems Energy of the 

complex a.u 

Energy of the 

surface a.u 

Energy of the 

Adsorbates a.u 

Adsorption 

energy a.u 

Adsorption 

energy eV 

C2H2-Fe@C3N4-PEDOT  -4267.994 -4190.644 -77.318 -0.032 -0.871 

CH4-Fe@C3N4-PEDOT  -4231.173 -4190.644 -40.515 -0.014 -0.381 

H2-Fe@C3N4-PEDOT  -4191.832 -4190.644 -1.174 -0.014 -0.381 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compound Donor (i) Acceptor (j) E (2) 

Kcal/mol 

E(j)-E(i) 

a.u 

F (i, j) a.u 

C2H2-Fe@C3N4-

PEDOT  

LP* Fe111 σ* C 14 -Fe111           201.46 0.04 0.268 

LP* Fe111 σ* C13 -Fe 111 203.24 0.03 0.222 

σ Fe 111 - C 113         LP* C112 288.20 0.21 0.337 

CH4-Fe@C3N4-

PEDOT  

π * C10 - N49 π * C 11 - N45 111.93 0.02 0.07 

σ* C14 -Fe 111         σ* C13 -Fe 111 144.87 0.03 0.196 

π * C13 - N21 π * C 15 - N43           146.03 0.01 0.078 

H2-Fe@C3N4-

PEDOT  

π * C10 - N49         π * C11 – N45 109.80 0.02 0.075 

σ* C14 -Fe 111 σ* C 13 -Fe 111 130.45 0.03 0.171 

π * C12 - N21         π * C   9 - N48           165.16 0.01 0.075 

Fe@C3N4-PEDOT  π C14 - N40         LP* C17 110.03 0.08 0.128 

π * C 18 - N 42         π * C15 - N44           157.45 0.01 0.074 

LP Fe 111 π * C13 - N43           271.03 0.05 0.149 
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C2H2-Fe@C3N4-PEDOT CH4-Fe@C3N4-PEDOT 

H2-Fe@C3N4-PEDOT  Fe@C3N4-PEDOT  

Red represents strong 

electrostatic 

interaction or steric 

repulsion  

Green represent Van 

der Waal force of 

interaction or 

dispersive force   

Blue represents 

attractive or 

hydrogen interaction. 

KEY 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

   

 

 

 

  

 

 

Figure 4: NCI iso-surface plots for the investigated interactions and the bare surface 

 

 
Natural Bond Orbital (NBO) 

Conjugation and hyper-conjugation 

interaction with the intermolecular charge 

transfer and how electron delocalization occurs 

between the donor and acceptor of the gas to be 

adsorbed and the studied surface was unveiled 

through Natural Bond Orbital (NBO). This 

approach comprehensively breaks the complex 

Schrödinger equation into a more 

understandable form through chemical bond 

concepts [29]. The strength of the interaction 

between the two orbitals (donor and acceptor) 

is quantified by the stabilization energy (E2). 

Higher (E2) implies effective adsorption of the 

sensing material resulting from a strong 

interaction between the donor and acceptor 

orbitals [30]. The analysis focused on the 

following bond types: sigma (σ), anti-sigma 

(σ*) bonds, pi-bonds (π), anti-pi-bonds (π*), 

and lone pairs (LP). E(j) – E(i) quantifies the 

difference between the acceptor orbital 

representing the energy of electron donation 

from the donor to the acceptor [31], while E(i,j) 

implies the strength of the donor-acceptor 

orbital, and strong interaction between the two 

orbitals is observed with higher values. As 

presented in Table 3 C2H2-Fe@C3N4-PEDOT 

demonstrated transition from LP* Fe111 to σ* 

C 14 -Fe111, LP* Fe111 to σ* C 13 -Fe111 and 

σ Fe 111 - C 113 to LP* C112 which inferred 
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active site for gas binding due to the strong Fe 

lone pair interaction with the C atoms in the 

system as confirmed by higher second-order 

perturbation energy (E2) of 201.46, 203.24, and 

288.20 Kcal/mol. Furthermore, CH4-

Fe@C3N4-PEDOT demonstrated moderate 

interaction with 111.93, 144.87, and 146.03 

Kcal/mol stabilization energy, corresponding to 

donor - acceptor transitions of π * C10 - N49 to 

π * C11 - N45, σ* C14 -Fe 111 to σ* C13 -Fe 

111, and π * C13 - N21 to π * C 15 - N43 

respectively. The C-H appears to be very weak 

compared to C2H2, occurring from the 

difference in orbital overlapping, i.e., σ bond 

between Fe and C and the π interactions with N. 

On the other hand, system H2-Fe@C3N4-

PEDOT was suggested with moderate electron 

donation and acceptance due to the weaker π-

bond interactions. But reflecting on the 

interaction strength i.e., the perturbation energy 

109.80, 130.45, and 165.16 Kcal/mol. H2-

Fe@C3N4-PEDOT which corresponded to π * 

C10 - N49 to π * C11 – N45, σ* C14 -Fe 111 to 

σ* C13 -Fe 111, and π * C12 - N21 to π * C   9 

- N48 transition shows better interaction 

compared to system CH4-Fe@C3N4-PEDOT 

and less than C2H2-Fe@C3N4-PEDOT. 

Fe@C3N4-PEDOT bare surface without 

external adsorbates revealed the stability. The 

analysis revealed that C2H2 forms strong bonds 

with the center metal Fe (Chemisorption), 

leading to enhanced adsorption, followed by H2 

with a moderate interaction and CH4 with a 

weaker interaction. 

  

Adsorption Studies  
This approach is significant to examine the 

adsorption potential of the adsorbent to adsorb 

the gases (Adsorbates) from the oil 

environment. The adsorption energy implies 

the energy difference when two molecules or 

atoms bind to an adsorbent. The energy change 

in the systems evaluates the strength of 

interaction between the adsorbates and the 

adsorbent, depending on the magnitude of the 

energy [32]. For gas sensing applications, 

adsorption energy values are the primary test of 

the applicability of a surface as a gas sensor. 

The adsorption energies range from 0 to −0.20 

eV, (or up to −0.40 eV for larger organic 

molecules) is within the physisorption region, 

where the binding is due to van der Waals 

forces without any orbital overlap. Such weak 

interactions can easily be desorbed, but produce 

insufficient charge transfer to generate a 

measurable sensing signal. The reversible 

binding window (−0.20 eV to −0.40 eV) is a 

transition zone where marginal chemical 

hybridization starts to occur, in addition to the 

physical attraction. Surfaces with binding 

energies in this range are highly desirable for 

gas-sensing applications as the interaction 

energy is sufficient to cause significant changes 

in the electronic structure and hence the 

electrical response of the surface, but weak 

enough to release the gas molecule under mild 

conditions, supporting sensor regeneration 

without heating. Moderate chemisorption 

(−0.40 to −1.00 eV) implies that a real chemical 

bond is formed between the adsorbate and the 

surface, and that charge transfer is significant, 

often resulting in strong and reliable sensing 

signals. However, desorption is still thermally 

accessible, allowing for the possibility of 

recovery. When the energy is above −1.00 eV 

strong chemisorption is dominant, involving a 

significant degree of charge transfer, significant 

distortion in the geometry of the adsorbed 

molecule, or dissociative bonding. While these 

surfaces can exhibit dramatic responses to the 

target gas, they are not easily recoverable, and 

thus are not particularly useful for re-use as gas 

sensors in spite of their high sensitivity. The 

obtained result in Table 4 revealed that the 

investigated systems engage in an exothermic 

process, where negative adsorption energies 

were observed (chemisorption), i.e., favorable 

thermodynamics [33]. C2H2-Fe@C3N4-PEDOT 

(Eads = -0.871 eV) exhibits moderate 

chemisorption, while CH4-Fe@C3N4-PEDOT 

and H2-Fe@C3N4-PEDOT (Eads = -0.381 eV 

each) exhibit weak chemisorption or a 

reversible binding zone, consistent with the -0.4 

eV stability threshold for gas sensing. All 

systems fall within the reusable sensor range (-

0.4 to -1.0 eV). The large negative energy 

observed in system C2H2-Fe@C3N4-PEDOT is 

attributed to its molecular and bond 

composition, where the triple bond in acetylene 

(C2H2) interacts strongly with the Fe active site, 

providing a larger contact area for Van der 

Waals interactions, leading to improved 

detection. The established energy range of -

0.381 to -0.871 eV indicates moderate to strong 

chemisorption, as required by the standard 

threshold [34]. The obtained Eads is in tandem 

with previous studies by Gui et al. and Inah et 

al for the adsorption of C2H2, CH4, and H2 

[35,36]. Hence, the moderate binding strength 

suggests an application requiring reversible 

adsorption and potential for selective gas 
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separation. The adsorption energy was 

calculated employing equation (8).   

 

Eads = EComplex − (Eadsorbate +

Esurface)                        (8) 

Where  Eads represent the investigated 

adsorption energy and  Ecomplex total energy of 

the gas-surface complex (C2H2-Fe@C3N4-

PEDOT, CH4-Fe@C3N4-PEDOT, and H2-

Fe@C3N4-PEDOT), Eadsorbate is the total 

energy of the isolated gas molecule (gases 

C2H2, CH4, and H2) before interactions. 

Meanwhile, ESurface represents total energy of 

the bare surface (Fe@C3N4-PEDOT).  

 

Visual Studies 

The reduced density gradient (RDG) of the 

systems was studied using the Multiwfn 

function and VMD software to visualize the 

mechanism of interaction between the chemical 

components of the studied systems, without an 

electron-sharing scenario. Non-Covalent 

Interactions (NCI) analysis provides insight 

into weak interactions, such as Van der Waals 

forces, dispersive forces, electrostatic forces, 

repulsive forces, and attractive forces of 

interaction between atoms or molecules [37]. 

These interaction forces are envisioned through 

inter- and intra-molecular interactions in the 

studied systems, depending on the electronic 

behaviour of each atom in the systems. With 

scrutiny, the QTAIM result, as discussed in the 

subsequent part of the study, proves a crucial 

alignment with NCI analysis through the values 

of second density Hessian eigenvalues (λ2(r)), 

Laplacian value, and the electron density (ρ(r)).  

As presented in Figure 4, the systems were 

observed predominantly with green iso-surface, 

inferring weak Van der Waals interaction 

around the region where it is present in the 

systems. It also connotes the dispersive force of 

interactions, which can influence the stability of 

systems. This aligns with QTAIM when 

signλ2(r)ρ(r) is ≈ 0, as proven by previous 

findings [38]. Significantly, C2H2-Fe@C3N4-

PEDOT and H2-Fe@C3N4-PEDOT were seen 

with blue iso-surfaces around metal Fe with 

C2H2 and H2, depicting a strong attractive force 

of interaction resulting from hydrogen bond 

interaction between the adsorbates (gas C2H2 

and H2) and the surface, except for interaction 

with methane gas (CH4) and the surface 

(Fe@C3N4-PEDOT). This can also be validated 

when signλ2(r)ρ(r) < 0 [39,40]. The systems 

further revealed a red iso-surface on the surface 

region of the studied systems, implying 

electrostatic force and steric repulsive 

interaction, which significantly influence 

adsorption via intermolecular interaction within 

the systems. The interaction can be confirmed 

with QTAIM when signλ2(r)ρ(r) > 0 [41]. 

Unequivocally, the types of interaction that 

exist between the adsorbates (gas C2H2, CH4, 

H2) and the surface (Fe@C3N4-PEDOT) are 

evident that it may influence the adsorption and 

sensing potential of the studied surface against 

the gases.  

 

CONCLUSION  
 

This study was done to investigate the 

adsorption or gas-sensing ability of Fe@C3N4-

PEDOT nanomaterial on interaction with three 

gases: C2H2, CH4, and H2 using the density 

functional theory (DFT) method. The 

nanomaterial showed good electronic 

properties upon Fe-doping, predominantly in 

the detection of acetylene. The adsorption 

energy values established spontaneous and 

stable interactions, with C2H2 showing the most 

favourable interaction (-0.871 eV). Conversely, 

the materials showed high conductivity and 

sensing efficiency as seen through the HOMO-

LUMO and DOS analysis, indicating a decrease 

in energy gap and improved charge mobility. 

Furthermore, the quantum descriptors like 

reactivity, softness, and electrophilicity support 

the sensing ability of the nanomaterial. A strong 

orbital interaction and chemisorption, mostly 

with acetylene, show that the Fe@C3N4-

PEDOT material is highly responsive and 

selective, as seen in the NBO analysis. The 

adsorption energies for CH4 and H2 (-0.381 

eV), consistent with weak chemisorption, 

suggest reversible adsorption behaviour 

favourable for reusable gas sensor applications, 

while C2H2 (-0.871 eV) remains within the 

reusable sensor range. These results show the 

excellent performance of Fe@C3N4-PEDOT, 

making it highly potent as a gas-sensing 

material due to its sensitivity, stability, and 

efficiency, especially with high selectivity 

towards acetylene gas. The present 

investigation is based on gas-phase DFT 

calculations and considers only Fe as the dopant 

species in the g-C₃N₄/PEDOT hybrid system. 

Therefore, the effects of the transformer oil 

matrix, solvent interactions, temperature 

fluctuations, and competing gas adsorption 

were not explicitly included in the simulations. 

Future studies should incorporate more realistic 

oil-environment models, explore alternative 
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dopant metals and dopant concentrations, and 

validate theoretical predictions through 

experimental sensor fabrication and 

performance testing under practical transformer 

operating conditions.  
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