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Abstract 

Early cancer diagnosis relies heavily on finding appropriate materials to recognize relevant 

biomarkers. In this study, we conduct a first-principle density functional theory simulation to 

investigate the capability of two-dimensional polyaniline (g-C3N) for detecting propane and 

acetaldehyde, as known lung cancer biomarkers. The energetically most favorable configurations 

of the adsorbed systems were determined, and the computed adsorption energy reveals the non-

covalent interaction between biomarkers and g-C3N monolayer. As a result, the adsorption 

process is reversible, which is fundamental for the long lifespan of biosensors in real 

applications. On the other hand, acetaldehyde physisorption on the g-C3N monolayer induces a 

significant variation in the band gap, suggesting the possible use of g-C3N as a resistance-based 

biosensor. Charge transfer analysis shows that both biomarkers act as electron acceptors from the 

host material. The capability of the g-C3N monolayer to respond to these biomarkers was also 

investigated upon applying an external electric field. An electric field considerably enhances the 

interaction between gas molecules and the g-C3N monolayer by increasing the adsorption 

energies and charge transfer values, which are more pronounced for acetaldehyde. The results 

also show that the g-C3N monolayer energy band gap in the presence of biomarkers closes at 

high electric fields. These findings highlight the ability to adjust the sensing properties of the g-

C3N monolayer through an external electric field without requiring any structural modifications. 
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1. Introduction 

With the rapid increase in environmental pollutants as well as the worldwide prevalence of 

smoking, the incidence of lung cancer, with the most cancer-related morbidity and mortality 

cases, has grown in adult men and women [1-4]. Conventional diagnostic techniques such as 

computed tomography (CT), chest X-rays, sputum cytology, bold proteomic patterns, nuclear 

magnetic resonance (NMR), and lung biopsies can only provide a definite diagnosis at an 

advanced stage of the cancer [5]. Therefore, the survival rate of patients with this cancer type is 

low. However, early diagnosis and efficient therapy for this cancer hold paramount significance 

in increasing the chance of treatment success before it spreads in the human body [6]. Recently, 

pinpoint identification of lung cancer biomarkers using biosensors has emerged as a viable 

alternative to the frequently used, costly, time-consuming, and invasive diagnostic techniques 

[7]. These biomarkers may be present in body fluids such as blood, serum, urine, plasma, or even 

within the exhaled breath of a cancerous patient [7,8]. Among them, exhaled human breath, 

which contains more than 200 volatile organic compounds (VOCs) in trace concentrations, is the 

most available diagnostic sample since it is released intuitively and in large quantities. These 

VOCs with exogenous or endogenous origin belong to various categories of ketones, alcohols, 

aldehydes, alkanes, nitriles, and benzene [8-10]. Clinical trial reports showed that changes in the 

composition and concentrations of VOCs correlate with variations in the health status of various 

body compartments [9-11]. Hence, recognizing the specific VOCs in expiratory air provides an 

opportunity to discern the potential patients. The most common VOCs, such as benzene, toluene, 

acetone, and isoprene, are frequently used in the screening of lung cancer due to their high 

repeatability. However, their presence is also associated with other pathologies, such as kidney 

stones and bronchitis [9]. Within this context, acetaldehyde (CH3CHO) and propane (C3H8) are 

considered to be the most exclusively detected biomarkers that specifically appear in lung cancer 

patients’ exhalations breath [9,11-13]. Empirical evidence confirms that acetaldehyde production 

is tumor-dependent, correlating with tumor size and ceasing upon malignant cell elimination, 

thereby providing a more specific diagnostic signal [14]. From this perspective, the search for 

materials with desirable reactivity to exploit in the field of respiratory diagnostics would be a 

priority. 
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In the last decade, the scientific community's attention has turned to graphene-like two-

dimensional (2D) materials as efficient materials for detecting various toxic gases and 

biomolecules [15-21]. They are excellent choices for developing nanoplatforms featuring 

extraordinary functionalities for both cancer diagnosis and therapeutics. One of the derivatives of 

graphene, 2D polyaniline (g-C3N), was first proposed theoretically and then successfully 

synthesized through various routes [22]. Its primitive cell consists of six C atoms and two N 

atoms arranged in a graphene-like honeycomb lattice structure with a homogeneous distribution 

of nitrogen atoms. Strong covalent interactions between C-C and C-N bonds contribute to the 

exceptional stability of g-C3N [23]. In addition, its distinctive physicochemical attributes, like 

high thermal stability at high temperatures, high electron and hole mobilities, high specific 

surface area with favorable accessibility, and finite energy band gap coupled with tunable 

magnetic and electronic properties, satisfy the important requirements for biosensing 

applications [24-28]. Moreover, substituting C atoms by N atoms breaks the chemical inertness 

of graphene and reduces its work function, leading to better chemical activity of g-C3N towards 

gas molecules [29]. Since this is a newly synthesized material, theoretical calculations are 

expected to guide future experimental observations. In this regard, several theoretical studies 

were conducted based on density functional theory (DFT) to explore the adsorption of specific 

targets on the g-C3N monolayer [25, 30-34]. Drawing on earlier studies, in this work, we propose 

a biosensor based on two-dimensional polyaniline with the capability of detecting propane and 

acetaldehyde associated with the development of lung cancer. A comparative analysis of the 

structural and electronic properties of the g-C3N monolayer in the presence of acetaldehyde and 

propane molecules is provided using DFT. On the other hand, the interaction between the g-C3N 

monolayer and lung cancer biomarkers has also been considered in the presence of a vertical 

electric field ranging from 0.03 V/Å to 0.22 V/Å. To the best of our knowledge, it is the first 

time that the sensitivity of the pristine g-C3N monolayer to these biomarkers has been studied. It 

was disclosed that the g-C3N monolayer has a high affinity toward the acetaldehyde molecule 

thanks to dipole-dipole interactions. Furthermore, the external electric field appreciably impacts 

the adsorption and electronic behavior of the g-C3N monolayer. It is anticipated that the findings 

of this study serve as a theoretical basis for guiding related experimental research. 

We organized the rest of the paper as follows: The detailed methodology we used in this 

simulation is presented in Section 2. A comparison between the calculated geometric and 
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electronic properties of pristine g-C3N with the corresponding data reported in the literature is 

given in this section to validate the method. The geometry, adsorption, and desorption behavior, 

and the corresponding electronic properties of the g-C3N monolayer in the presence of lung 

cancer biomarkers, as well as an external electric field, are discussed in detail in Section 3. 

Lastly, we outline the main results in Section 4. 

 
 

2. Computational details and validation 

All theoretical calculations related to the gas detection functionality of the g-C3N monolayer 

were accomplished on the basis of Kohn-Sham spin-polarized density functional theory, as 

implemented in the celebrated Quantum-ESPRESSO simulation package [35]. To deal with the 

electron exchange-correlation energies, the generalized gradient approximation (GGA) in the 

parameterization scheme of Perdew−Burke−Ernzerhof (PBE) was considered [36,37]. The ion-

electron potential was replaced by an ultrasoft pseudopotential in the Rappe Rabe Kaxiras 

Joannopoulos scheme. Grimme’s DFT-D2 semiempirical dispersion correction method with 

default values was taken into consideration to better understand the long-range van der Waals 

(vdW) interactions [38]. The optimum cutoff energy value (60 Ry) for the plane wave expansion 

is visually identifiable in Figure S1(a) as the minimum value at which the absolute change in the 

total energy of the system falls below the predefined tolerance. The optimal cutoff energy of 600 

Ry was chosen for the charge density. 

The hexagonal structure of the g-C3N monolayer in the X-Y plane was created by expanding the 

optimized unit cell to a 2 × 2 supercell; each supercell consists of 24 carbon atoms and 8 nitrogen 

atoms. A large vacuum region of 20 Å was introduced along the conventional z direction to 

eliminate the possible interaction between g-C3N monolayers in neighboring supercells (Figure 

S1(b)). The summation over the Brillouin zone was carried out with a k-point sampling 

according to the Γ-centered Monkhorst-Pack scheme with a K-space grid of 9×9×1 for geometry 

optimization (Figure S1(c)), while a denser K-space grid of 18×18×1 was chosen to calculate the 

electronic properties. All of these parameters were carefully chosen after several calculations to 

obtain well-converged results. Gaussian smearing with a standard deviation of 0.01 Ry was 

adopted to guarantee accuracy. The standard Broyden-Fletcher-Goldfarb-Shanno (BFGS) 

algorithm was used for all structural relaxations without restrictions on the movement of atoms 

until the maximum Hellmann-Feynman force acting on each atom was less than 1 × 10-3 Ry/a0 
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(where a0 is the Bohr radius). The self-consistent field convergence criterion was set to 1 × 10-4 

Ry. 

The electric field along the z direction was simulated by a sawtooth-like potential with a period 

equal to the unit cell length to study its effect on the structural and adsorption properties of the g-

C3N monolayer [39]. Its strength ranged from 0.03 to 0.22 V/Å, which lies within the 

experimentally achievable range for 2D systems [40, 41]. 

For the sake of benchmarking the adopted calculation method, the structural and electronic 

properties of the g-C3N monolayer were calculated using the method described above and 

compared with those reported previously in the literature. The optimized structure of the pristine 

g-C3N monolayer is illustrated in Figure 1(a). We can see that the supercell of the pristine g-

C3N is comprised of two kinds of hexagonal rings: those composed of both C and N atoms, or 

those composed of only C atoms. The average bond lengths of C-C and C-N in the planar 

structure of g-C3N were calculated to be 1.410 Å and 1.411 Å, respectively, which is in good 

agreement with earlier theoretical studies [26,29]. The optimized lattice constant of 4.887 Å was 

obtained by fitting the total energy versus lattice parameter with Murnaghan’s equation of state 

[42]. 

The spin-distinct electronic band structure and the total density of states calculation results, 

accompanied by the projected density of states (PDOS) of the relaxed g-C3N monolayer, are 

illustrated in Figure 1(b). The Fermi energy level was set to zero and depicted by a thin 

horizontal red dashed line. Notably, the electronic band structure of the g-C3N primitive cell 

exhibits an indirect band gap of 0.437 eV, with the valence band maximum at the M point and 

the conduction band minimum at the Γ point (Figure S2), in accordance with the literature 

[25,33]. However, in repeated primitive cells, the valence band maximum moved to the Γ-point 

according to the band folding theory [24]. Therefore, the g-C3N monolayer is a direct 

semiconductor with the valence and conduction bands lying 0.2218 eV below and 0.2153 eV 

above the Fermi energy level, respectively. A lower energy band gap stands for higher electrical 

conductivity, reactivity, and sensitivity. The symmetry of the computed energy band structures 

and the DOS for spin-up and spin-down confirms the nonmagnetic nature of the g-C3N 

monolayer. The computed PDOS uncovers that the major contribution to the valence band comes 

from the hybridization of the pz orbitals of C and N atoms, while the conduction band is mainly 

contributed by pz orbitals of C atoms.  
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Figure 2 shows the corresponding charge density distribution plot of the g-C3N monolayer. The 

probability of the presence of spin-down and spin-up electrons is shown by the magenta and 

olive clouds in parts (a) and (b), respectively. What is vividly clear from parts (a) and (b) of this 

figure is the accumulation of negative charges around the nitrogen atoms, originating from the 

comparable electronegativity difference between C and N. On account of the non-magnetic 

nature of the g-C3N monolayer, the population of spin-up and spin-down electrons around the 

nitrogen atoms is identical. The total charge density, which is equal to the sum of the spin-up and 

spin-down charge densities, as well as the spin-distinct charge density created by the difference 

between the spin-up and spin-down charge densities, is depicted in Figures 2(c) and (d). The 

total charge density distribution is shown in amber color. The flaxen (purple) clouds in the spin-

distinct charge density plot represent the excess of spin-up (spin-down) electrons around nitrogen 

(carbon). According to the obtained results, the g-C3N monolayer sensing features can be 

predicted effectively and accurately using the described procedure. 

 

3. Adsorption performance of pristine g-C3N monolayer  

In the next subsections, we explore the possibility of using the pristine g-C3N monolayer as a 

gas-sensing material for two typical lung cancer biomarkers. To this end, the adsorption 

attributes of biomarkers on the g-C3N monolayer are conversed based on structural properties 

conjugated with electronic ones. In addition, the impact of external electric field strength on the 

interaction of the host material with the gas molecules is investigated, enabling the control of 

adsorption attributes. 

To get the most energetically favorable adsorption configuration of two lung cancer biomarkers 

on the g-C3N monolayer, six highly symmetric sites were taken into account: the top sites located 

above the C and N atoms (TC and TN), the bridge sites positioned above the midpoint of the C-C 

and C-N bonds (TM(CC) and TM(CN)), and the hollow sites situated on the center of the hexagonal 

pure carbon ring and nitrogenated carbon ring (TH(CC) and TH(CN)). For each site, configurations 

with different gas molecule orientations were examined. Regarding acetaldehyde, four initial 

molecular orientations with respect to the g-C3N surface were considered (Figure S3). In the first 

and second orientations, the acetaldehyde molecular plane was located parallel to the substrate 

plane, while in the other two orientations, the molecular plane was located perpendicular to the 

substrate. The O atom pointed either to the substrate or away from it. Taking propane, three 

ARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

 

different orientations were considered for the possible adsorption sites (Figure S4). The initial 

adsorption distance between the related molecules and the adsorbed surface was set to 3 Å. 

Figures 3 and 4 exhibit all possible adsorption configurations of each biomarker on the g-C3N 

monolayer. Geometric optimization of all configurations was conducted by varying the atomic 

positions across all three dimensions, and the corresponding adsorption energy (Eads) was 

calculated according to equation (1) [43]: 

Eads = Ecomplex − (Esubstrate + Ebimarker),        (1)  

where Ecomplex refers to the total energy of the fully relaxed structure of g-C3N in the presence of 

adsorbate, the sum of energies, Esubstrate + Ebimarker, stands for the total energy of the pristine g-

C3N monolayer (substrate) and the isolated bimarker. The negative value of the adsorption 

energy represents an exothermic adsorption process, while the positive adsorption energy value 

implies that the adsorption is an endothermic process. The adsorption distance was defined as the 

distance between the g-C3N surface and the nearest atom of the biomarker molecule. Notably, the 

adsorption configuration with the lowest Eads is the most thermodynamically stable one and is 

considered for further analysis. 

Based on calculated Eads, the recovery time for each biomarker was calculated on the basis of the 

van’t-Hoff-Arrhenius expression [43]: 

1 exp  ( / )ads BE k T            (2)  

where v, kB, and T represent the attempt frequency, the Boltzmann constant (8.617 × 10−5 eV K-1), 

and the temperature.  

The adsorption process can be accompanied by charge transfer. The Löwdin charge analysis 

method was considered to calculate the charge transfer value (Q) between the biomarker and 

substrate. A negative Q suggests the electron-donating property of the adsorbed biomarker, while 

a positive Q signifies the electron-accepting property of the adsorbed biomarker. Furthermore, 

the chemical or physical interaction can be ascribed to the amount of charge transfer [43]. 

The direction of charge transfer between the adsorbed molecule and the substrate material was 

also determined by the work function(W). The work function is defined as the minimum amount 

of energy required to remove an electron from the Fermi level into the vacuum and is calculated 

as follows [44]: 

W = Vvac- EF           (3)  
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where EF is the Fermi energy of the corresponding material and Vvac is the electrostatic potential 

energy of the electron at a distance from the material's surface. 

The charge-density redistribution at the adsorption site, owing to charge transfer between each 

biomarker and the g-C3N monolayer, was further studied by the following equation [44]:  

ker( ) ( ) ( ) ( )       complex substrate biomarΔρ ρ ρ ρr r r r  ,     (4) 

where ( )complexρ r  denotes the charge density of the substrate-biomarker system, ( )substrateρ r and 

ker ( )biomarρ r are the charge densities of the substrate and biomarker, respectively. 

 

3.1. Structural Properties  

From the perspective of adsorption energy, as recapitulated in Tables S1 and S2, all adsorption 

configurations exhibit negative values, implying the spontaneous reactions of the above-mentioned 

biomarkers on the g-C3N monolayer. In the case of acetaldehyde adsorption, we found that the 

preferred configuration for the CH3CHO molecule is the parallel configuration, in which its C-C 

bond was aligned directly above the carbon atom and O atom of acetaldehyde point to the g-C3N 

monolayer (Figure 5(a)). The Eads in this system was calculated to be only -319 meV. The 

adsorption energy results highlight the potential application of the g-C3N monolayer to serve as a 

thermopower-based (calorimetric)biosensor [15,45]. Thermopower-based sensors detect an 

increase in temperature of the sensing material by leveraging the heat released from the reaction. 

In addition, the adsorption distance was 2.992 Å. This distance value exceeded the chemical 

interaction limit between the g-C3N monolayer and the CH3CHO molecule. Moreover, we 

observed that the g-C3N plane and the gas molecule maintain their original structure during the 

adsorption process, reflecting the preliminary assumption of physical adsorption. The physical 

adsorption of the gas molecule on the g-C3N monolayer originates from van der Waals and 

dipole-dipole interactions. In other words, the charge density distribution along the acetaldehyde 

molecule is completely asymmetric due to the comparable electronegativity difference between 

its O and H atoms, inducing bond dipole moment [46]. In response to the dipole moment 

provided by the acetaldehyde molecule, a dipole moment is induced on the g-C3N surface. The 

subsequent subsection provides evidence for this assertion through the charge density 

redistribution plot. This interaction is also the reason behind the observed surface distortion of 

0.078 Å for nitrogen and 0.052 Å for carbon atoms under the gas molecule. 

ARTICLE IN PRESS

https://www.sciencedirect.com/science/article/pii/S0254058420311676?casa_token=WbsiKR6iqHQAAAAA:8jRGbvZ5L5bbebIxUQlR_sW5HL-1FJcGv2GdQgslTzzdZ4ZBP7uud6k5w5oKjj_4WlFARr4M#bib72


ARTIC
LE

 IN
 PR

ES
S

 

For propane adsorption, it can be seen that the C3H8 molecule was preferably adsorbed on the g-

C3N surface in a perpendicular orientation with the middle carbon atom aligned almost above the 

g-C3N nitrogen atom (Figure 5(b)). The physisorption nature of this system is demonstrated by 

low adsorption energy (-293 meV) and long adsorption distance (2.701 Å) listed in Table S2. 

Moreover, the adsorption of propane induced a slight change in the bond lengths and angles of 

the g-C3N monolayer. A local structural distortion was observed in the g-C3N below the 

adsorption area.  

The overlapping of the wave function along the z direction, as shown by the color contour in 

Figure 6, signifies the weak (physical) interaction between the considered biomarkers and the 

sensor surface during the adsorption process. As a consequence, the desorption times (Equation 

(2)) of acetaldehyde and propane molecules from the g-C3N surface at room temperature (T = 

300 K) under visible light exposure (ν = 1012 s-1) are 235 ns and 222 ns, respectively, implying 

the instantaneous desorption process. 

 

3.2. Electronic properties 

To investigate the influence of biomarkers’ adsorption on the electronic properties of the relaxed 

g-C3N monolayer, its electronic band structure, total and projected density of states were 

investigated in the presence of gas molecules. The band structure of the g-C3N monolayer 

following acetaldehyde adsorption is depicted in Figure 7(a), indicating a direct band gap, with 

both the valence band maximum and the conduction band minimum located at the Γ point. The 

valence and conduction bands lie 0.190 eV below and 0.192 eV above the Fermi energy level, 

respectively, implying the p-type characteristic. The change of g-C3N monolayer semiconductor 

property from n-type into p-type enables its use as a Seebeck effect-type sensor. Furthermore, the 

energy band gap experienced a significant reduction from 437 meV to 382 meV after interaction 

with the acetaldehyde molecule. The decline of the energy band gap is associated with the 

contribution of the adsorbed molecule's density of state near the Fermi level. At the same time, 

further away from the Fermi level, orbital hybridization occurs between the host material and 

biomarker, leading to the much denser states. Consequently, the presence of the acetaldehyde 

molecule can be detected by monitoring the changes in conductivity. As observed in Figure 7(a), 

adsorption of this biomarker leaves the general shape of the g-C3N monolayer's DOS intact but 

enhances the peak intensities due to orbital overlapping, a clear indicator of a strong interaction.  
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During the adsorption of the acetaldehyde molecule on the g-C3N monolayer, the adsorbed 

molecule acquires 0.045 e from the host material, underlying the resistive gas sensing 

mechanism. This charge transfer establishes a local electric field perpendicular to the g-C3N 

monolayer and reduces the bond charge density of the monolayer at the adsorption site. The 

resultant charge depletion weakens the local bonds, which manifests as an elongation of bond 

lengths and a reduction of bond angles. The charge-transfer path could be identified from the 

energy-level diagrams of individual elements, as shown schematically in Figure 8(a). Based on 

the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) representations, we can find that the HOMO of the isolated acetaldehyde molecule is 

mainly located 3.244 eV below the g-C3N conduction band, while its LUMO is located near 

1.054 eV above the g-C3N valence band. Considering the small difference between the valence 

band of the adsorbent and the LUMO energy of the biomarker molecule, electrons tend to flow 

along the blue arrow path.  

Moreover, the calculation results show that the Fermi energy level of the g-C3N monolayer 

shifted downwards. Therefore, its work function value (Equation (3)) increased from 2.899 eV to 

2.93 eV after acetaldehyde adsorption, aligned with the direction of charge transfer. The shift in 

the Fermi level provides an opportunity to identify acetaldehyde in the exhaled breath by 

comparing the electrical signal.  

The charge density redistributions (Equation (4)), due to the presence of the acetaldehyde 

molecule, are illustrated in Figure (9). According to this figure, electron accumulation 

(depletion) around the gas molecule (g-C3N) in the yellow (green) cloud also authenticates the 

charge transfer direction during the adsorption process. The similarity of the spin-up and spin-

down electron redistributions in Figures 9(a) and (b), as well as the equality of the excess spin-

up and spin-down electrons in Figure 9(d), is consistent with the non-magnetic nature of the 

adsorbed system. At the same time, the polarized acetaldehyde molecule induced polarity and 

thereby an electric dipole moment in the g-C3N surface, as shown in Figure 9(c), leading to 

stronger physisorption through dipole-dipole interactions. 

Regarding the adsorption of the propane molecule, one can see that the band structure and DOS 

of the g-C3N monolayer remained almost unchanged near the Fermi level (Figure 7(b)). This is 

consistent with the small value of the adsorption energy mentioned earlier. Following the 

propane molecule adsorption, the valence and conduction bands are 0.220 eV below and 0.215 
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eV above the Fermi energy level, respectively, indicating an n-type semiconducting property. The 

minor alteration of the g-C3N monolayer energy band gap correlates with a small change in 

conductivity. It is noticeable that the achieved response can be improved by making some 

modifications to this material, which is the subject of our future work. Meanwhile, flat bands 

exist below the Fermi level around -5 eV, belonging to the C 2p orbitals of propane. These 

orbitals do not hybridize with the monolayer orbitals and consequently maintain non-dispersive 

character. 

According to the charge transfer analysis findings, in the absence of an external field, the g-C3N 

monolayer lost 0.021 e during adsorption, and the propane molecule acted as an electron 

acceptor. The observed charge transfer value corroborates the interaction energy value. The 

energy levels of the adsorbent material and the biomarker molecule are portrayed in Figure 8(b). 

The HOMO and LUMO energy levels of the isolated gas molecule were calculated as -7.691 eV 

and -0.497 eV, respectively. The proximity of the g-C3N valence band to the LUMO of propane 

determines the charge transfer direction from the former to the latter. Based on our results, there 

was a small change in the work function value (Equation (3)) of the propane/g-C3N system. 

The charge density redistribution plot of the adsorbed system shown in Figure 10 is similar to 

the adsorption of acetaldehyde, in which electrons were depleted from the g-C3N monolayer and 

accumulated close to the H atoms in the propane molecule, manifesting the electron-withdrawing 

property of the C3H8 molecule. As expected, the small charge transfer in the adsorption process 

led to weak electron redistribution to the whole system. The spin-distinct charge density plot 

(Figure 10(d)) shows spin-up and spin-down charge accumulation around carbon and nitrogen 

atoms, respectively. 

In order to further explore the potential of the g-C3N monolayer for the detection of acetaldehyde 

and propane, the obtained results were compared with some earlier works and summarized in 

Tables 1 and 2 [47-57]. Based on the presented data in Table 1, the g-C3N monolayer exhibits 

better acetaldehyde sensing performance in terms of the amount of charge transfer and the 

change in energy band gap compared to other compounds. Some sensing materials have higher 

negative adsorption energy values, prolonging the recovery process and impeding their practical 

applications. However, it can be found that the propane sensing characteristics of the g-C3N 

monolayer are lower than those reported in the literature and need to be improved (Table 2).  
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Previous studies investigated the sensing capability g-C3N monolayer toward some lung cancer 

biomarkers and volatile organic compounds [31, 58]. Figure 11 compares the adsorption energy 

of those reported in the literature with the adsorption energy of the biomarkers considered in this 

study. The adsorption energy values lie around -90 meV to -250 meV, indicating no chemical 

bonding and weak physisorption. The moderate adsorption strength and apparent changes in the 

electronic properties of the pristine g-C3N monolayer in the adsorption of acetaldehyde and 

propane make it a promising prospect for a highly sensitive and reusable gas sensor. 

  

3.3. Effect of an external electric field  

To evaluate the adsorption properties of the adsorbent surface toward each biomarker in the 

presence of a vertical electric field, their most stable adsorption configurations were considered. 

Calculated adsorption energy and adsorption distance under various strengths of external electric 

field are revealed in Figure 12. A close examination of the relaxed geometries shows that the 

atomic arrangements of the adsorbed systems were little affected by the external electric field. 

The bond lengths and bond angles experienced small changes compared to their pristine 

counterpart. However, the adsorption energy of the biomarker molecules on the g-C3N 

monolayer was directly governed by the applied electric field. In other words, the external 

electric field promoted the ability of the g-C3N monolayer to adsorb gas molecules. Notably, the 

desorption of biomarkers may be more difficult under a higher external electric field. The 

minimum interaction distance between the gas molecules and the substrate shows a downward 

trend with increasing electric field intensity, which contributes to the stronger interaction. The 

observations indicate that the adsorption distance of the acetaldehyde molecule was more 

sensitive to the external electric field. Moreover, the interaction distance was greater than the 

sum of the covalent radius of the related atoms, implying non-covalent interactions. 

The reason for the drastic enhancement in adsorption energy is connected with the excess charge 

transfer from the g-C3N monolayer to the gas molecule. The net charge transfer versus electric 

field strength is shown in Figure 12(c). Increasing the charge transfer for a given electric field 

was greater for the g-C3N substrate with acetaldehyde than for propane. The largest value of the 

electrons captured by this biomarker is under the electrical field of 0.22 V/Å. Applying an 

external electric field yielded an additional electron flow from the former to the latter. The 
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charge accumulation near the gas molecules and a charge depletion near the g-C3N monolayer 

reinforced the built-in electric field between them. As the charge transfer increases, the repulsive 

force between biomarker and adsorbent magnifies, and the built-in electric field is strengthened, 

which can be better illustrated by the charge density redistribution plot. In order to make sense of 

the compound charge depletion (or accumulation), we plot the charge density redistribution for 

adsorbed compounds in response to the electric fields of 0.03 V/Å and 0.19 V/Å in Figure 13.  

In terms of electronic properties, the application of an electric field caused the conduction band 

states (valence band states) of the g-C3N monolayer to shift upwards(downward), resulting in the 

gradual widening of the energy band gap. Moreover, the progressive increment of the electric 

field strength led to a shift in the Fermi energy level towards lower energy states (valence band). 

When the electric field exceeded a certain value, the Fermi level crossed the valence band, 

rendering the structure a metallic character. Metallic behavior persisted with further increases in 

electric field strength. The energy band structure of the g-C3N monolayer and the adsorbed 

systems in the presence of different electric field strengths are depicted in Figures S5 and 

Figure 14, respectively. The computed energy band gaps are shown in Figure 15(a). The g-C3N 

monolayer was converted into a metallic system by the adsorption of acetaldehyde and propane 

in the presence of a lower external electric field. The applied electric field acted as a p-type 

(hole) doping of the semiconductor. Chemical p-type doping introduces acceptor atoms that shift 

the Fermi level toward the valence band. When a positive electric field is applied, the valence 

band is brought close to the Fermi level, replicating the key electronic characteristic of a p-type 

semiconductor. The downward shift in the Fermi energy level (degree of hole doping) increased 

with the electric field, and a smaller energy band gap was achieved. Alteration in the band gap in 

the presence of target gas molecules triggers measurable changes in the conductivity of gas-

sensitive material, allowing the use of the g-C3N monolayer as a resistance-based biosensor. 

Next, we considered the work function variation due to the external electric fields to study the 

theoretical viability of the work function-based lung cancer biosensor (Figure 15(b)). Since the 

Fermi energy level was shifted downwards by increasing the electric field, the related work 

function increased significantly. This finding supports its application as an effective lung cancer 

biomarker detector based on work function measurements with the help of an extra electric field.  

 

4. Conclusion 
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Inspired by the importance of early diagnosis of lung cancer, which is responsible for most 

cancer-related deaths worldwide, we performed first-principles calculations using DFT to 

examine the optimized geometries, electronic and sensing properties of the pristine g-C3N 

monolayer toward two expiratory biomarkers of lung cancer, namely propane and acetaldehyde, 

in the absence and presence of an external electric field. The adsorption energy values and 

adsorption distances signify the physical and exothermic interactions. The moderate 

physisorption interaction triggered between lung cancer biomarkers and pristine g-C3N 

monolayer due to the van der Waals interaction, yielded a fast desorption process under visible 

light at room temperature. The Löwdin charge analysis indicated that g-C3N behaves as an 

electron donor for adsorbed biomarkers in accordance with the charge density difference. 

Furthermore, the adsorption of acetaldehyde can cause a reduction in the energy band gap of g-

C3N, which in turn increases electrical conductivity and consequently the sensor response. Under 

an external electric field, there was an extra charge transferred from the pristine g-C3N 

monolayer to the adsorbed biomarkers, which was reflected in the adsorption energy. 

Furthermore, the sensing material energy band gap experienced steep variations in the presence 

of characteristic VOCs of exhaled breath above an electric field of 0.11 V/Å. Given that the g-

C3N monolayer's work function increased in the presence of biomarkers, the work function-

based sensor can be designed. Based on these findings, a pristine g-C3N monolayer is amenable 

to preliminary diagnosis of lung cancer in thermopower-based, Seebeck-effect-based, resistance-

based, or work function-based sensors. 
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Table 1. Comparison of the acetaldehyde sensing performances of g-C3N monolayer with those 

of some earlier 2D materials. 

Sensing material Eads (eV) 
Adsorption 

distance (Å) 
τ(s) 

ΔEg 

(eV) 
Q (|e|) Ref. 

Pristine ZrS₂ 

B–ZrS2 

-0.241 

-0.775 

2.59 

1.495 

1.1×10-8 

9.810 

~ 0 

0.833 

0.01 

0.245 
[47] 

Co-MoTe2 

V-MoTe2 

W-MoTe2 

Zr-MoTe2 

-0.392 

-0.405 

-0.386 

-0.439 

3.288 

3.151 

3.383 

3.512 

3.74×10-6 

6.18×10-6 

2.97×10-6 

2.30×10-5 

0.008 

0.016 

0.002 

0.001 

0.084 

0.082 

0.079 

0.063 

[48] 

MoSe2 

Co-MoSe2 

Zr-MoSe2 

-1.314 

-1.454 

-3.029 

3.113 

1.867 

2.218 

2.97×1012 

2.4×1012 

6.18×1038 

0.005 

0.075 

0.142 

0.063 

0.105 

0.316 

[49] 

g-SiC2 -0.310 2.45 1.58×10-7 0.011 0.076 [50] 

Penta-B2C 

nanosheet 
-1.06 - 5.94×105 0.56 0.257 [51] 

Black Phosphorus 

O-doped BP 

-0.320 

-0.740 

2.930 

2.90 

2.32×10-7 

2.561 

0.003 

0.055 

0.03 

0.03 
[52] 

Al-graphene -3.183 - 2.36×1041 - -0.208 [53] 

g-C3N monolayer -0.319 2.992 2.35×10-7 0.055 0.045 
Present 

work 
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Table 2. Comparison of the propane sensing performance of g-C3N monolayer with those of 

some earlier nanomaterials. 

 

Sensing material Eads (eV) 
Adsorption 

distance (Å) 
τ(s) 

ΔEg 

(eV) 
Q (|e|) Ref. 

Au doped graphene 

 

-1.074 

 
2.473 - 

~ 0 

0.833 

0.01 

0.245 
[54] 

Si-CNT 

S-doped Si-CNT 

-0.441 

-3.144 

 

- 

- 

3.071 

2.48×10-5 

5.24×1040 

0.049 

0.310 

- 

- 
[55] 

Sb nanosheet -1.079 - 1.22×106 - 0.174 [56] 

Epsilon 

phosphorene 

nanosheets 

-0.732 - 1.881 - 0.096 [57] 

g-C3N monolayer -0.293 2.701 2.22×10-7 0.002 0.021 
Present 

work 
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Figure 1. (a) The optimized structure of the pristine g-C3N monolayer. The carbon and nitrogen 

atoms were identified by black and dark blue spheres, respectively. (b) Electronic band structure, 

total density of states, and projected density of states of the relaxed g-C3N monolayer.  
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Figure 2. Charge density distribution of the g-C3N monolayer (a) spin-down, (b) spin-up, (c) 

total, (d) spin-distinct charge density. The isovalues used in constructing isosurfaces are taken to 

be 2.15 × 10 -1 e e/Bohr3, for parts (a) to (c), while for the spin-distinct charge density (part (d)), 

this value is 8 × 10-6 e/Bohr3. 
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Figure 3. The side and top views of all possible adsorption configurations of acetaldehyde on the 

g-C3N substrate. The oxygen (hydrogen) atom was marked by a red (cyan) sphere.  
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Figure 4. The side and top views of all possible adsorption configurations of propane on the g-

C3N substrate.  
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Figure 5. The top and side views of the minimum energy configuration for (a) acetaldehyde, (b) 

propane on the g-C3N monolayer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

 

 

 

 

Figure 6. The wave function overlap of the (a) acetaldehyde, (b) propane on the g-C3N 

monolayer. 
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Figure 7. Electronic band structure, total density of states, and projected density of states of the 

g-C3N monolayer after adsorption of (a) acetaldehyde, (b) propane. The Fermi energy is set at 

zero. 
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Figure 8. Qualitative energy-level diagrams for g-C3N monolayer and (a) isolated acetaldehyde 

molecule, (b) isolated propane molecule. 
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Figure 9. Charge density redistribution of g-C3N monolayer after acetaldehyde adsorption (a) 

spin-down, (b) spin-up, (c) total, (d) spin-distinct charge density. The isovalues used in 

constructing isosurfaces are taken to be 2.610-4 e/Bohr3, for parts (a) to (c), while for the spin-

distinct charge density (part (d)), this value is 9 × 10-6 e/Bohr3. 
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Figure 10. Charge density redistribution of g-C3N monolayer after propane adsorption (a) spin-

down, (b) spin-up, (c) total, (d) spin-distinct charge density. The isovalues used in constructing 

isosurfaces are taken to be 1.610-4 e/Bohr3, for parts (a) to (c), while for the spin-distinct charge 

density (part (d)), this value is 6 × 10-6 e/Bohr3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

 

 

 

Figure 11. Comparison of the adsorption energies of the different analytes on g-C3N monolayer. 
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Figure 12. (a) Adsorption energies, (b) adsorption distance, and (c) the net charge transfer of 

both biomarkers with respect to the applied electric field. 
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Figure 13. The total charge density redistribution of acetaldehyde and propane adsorbed on the 

g-C3N monolayer in response to the electric fields of 0.03 V/Å and 0.19 V/Å. The isosurface 

value is taken to be 510-4 e/Bohr3 for part (a), while for part (b), this value is 1.5 × 10-3 e/Bohr3 

for an electric field of 0.03 V/Å and 510-4 e/Bohr3 for the electric field of 0.19 V/Å. 
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Figure 14. The energy band structure of (a) acetaldehyde, (b) propane adsorbed on the g-C3N 

monolayer in the presence of different electric field strengths. 
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Figure 15. (a) The energy band gap and (b) the work function variations of both biomarkers with 

respect to the applied electric field. 
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