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Abstract 

Gas-sensing properties of nitrogenated holey graphene (C2N), graphdiyne (GDY) and 

their van der Waals heterostructure  (C2N…GDY) have been studied towards 

particular volatile organic compounds (VOCs) by means of spin-polarized, 

dispersion-corrected DFT calculations. We find that VOCs such as acetone, ethanol, 

propanal, and toluene interact weakly with the GDY monolayer; however, the 

bindings are significantly enhanced with the C2N monolayer and the hybrid 

C2N…GDY heterostructure in AB stacking. Electron localization function (ELF) 

analysis shows that all VOCs are van der Waals bound (physical binding) to the 2D 

materials, which result in significant changes of the charge density of C2N and GDY 

monolayers and the C2N…GDY heterostructure. These changes alter the electronic 

properties of C2N and GDY, and the C2N…GDY heterostructure, upon VOC 

adsorption, which are investigated by density of states plots. We further apply 

thermodynamic analysis to study the sensing characteristics of VOCs under varied 

conditions of pressure and temperature. Our findings clearly indicate that the 

C2N…GDY heterostructure is a promising material for sensing of certain VOCs.  
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Introduction 

Efficient detection and capture of environmental pollutants, like volatile 

organic compounds (VOCs), is important due their considerable abundance in indoor 

environments and negative effects on human health.[1, 2] For example, exposure to 

certain VOCs has been found to be correlated with various cancers, which makes 

them an important target for detection and capturing.[3] Among various VOCs, 

detection of acetone, ethanol, propanol, and toluene is of particular interest due to 

their relevance in areas such as diabetes diagnostics, breath tests, toxicity, and 

environmental protection.[4, 5] In addition, the selected molecules model a wide 

range of prototypical aldehydes, keto, alcohol, and aromatic functionalities commonly 

found in VOCs. 

Various nano-materials have been considered for VOC sensing, for example 

metal-oxide-based gas sensors, which have significant advantages over conventional 

techniques such as mass spectrometry and gas chromatography. [6] Metal oxides such 

as TiO2, ZnO, In2O3 and many others have been used in this regard. However, their 

limited resolution and sensitivity in the range of parts per million (ppm) limits the 

applicability of this class of gas sensors.  

The promise of two-dimensional (2D) materials, especially graphene, spans 

across many fields due to their attractive properties such as large surface area, robust 

carrier mobilization and charge transport, thermal stabilities and mechanical strength. 

[7-11] These chemical and physical properties make graphene an attractive material 

for a range of applications including gas sensing. [12-15] However, the zero-band gap 

limits the application of graphene (in its pristine form) in nanoelectronics. This 

limitation motivated the design and synthesis of various graphene-like 2D materials 

having intrinsic energy band gaps. Graphdiyne (GDY) and nitrogenated holey 

graphene (C2N) monolayers are two such materials that possess fascinating structural 

and electronic properties and have found significant interest in scientific and 

technological fields due to their porous structures. [16-18] 

GDY, an sp/sp2 co-hybridized monolayer of carbon atoms with large 

triangular pores, [19] is a promising material in various applications due to its 

structural, electronic, and mechanical properties. [20-23] Prominent applications 

include gas separation and capture [24] and selective extraction of H2, He, and O2. 

[25-28] In addition to gas-membrane applications, GDY has been found to have 



	 3	

potential use as an efficient water purification material. [29] C2N is a 2D material 

composed of phenyl and pyrazine rings. Similar to GDY, the C2N monolayer has 

large uniformly distributed pores. The presence of intrinsic band gap and the 

existence of N-containing pores make C2N useful in many applications including gas 

sensing. [30-33]  

In the context of gas-phase chemistry, so far the applications of both GDY and 

C2N monolayers have been restricted to either membranes for the separation of gases 

or capture small molecules like CO2, HF, HCl and H2S. To the best of our knowledge, 

the gas-sensing properties of a hybrid C2N…GDY material towards VOCs have not 

been reported. To bridge this gap, we investigate here the structural, electronic, and 

VOC sensing properties of GDY, C2N and C2N…GDY heterostructures by means of 

density functional theory (DFT) calculations. Our van der Waals corrected DFT 

calculations indicate that VOCs bind to C2N and C2N…GDY heterostructures with 

relatively high binding energies and results in detectable changes in the electronic 

properties.  

 

Computational details 

Spin-polarization DFT calculations were performed using the Vienna Ab initio 

Simulation Package (VASP). [34, 35] The generalized gradient approximation (GGA) 

PBE exchange-correlation functional was used in conjunction with the projector-

augmented wave (PAW) method to account for electron-ion interactions. [36, 37] 

Since GGA methods involve short-range correlation they tend to significantly 

underestimate dispersion interactions unless dispersion corrections are added. Here 

we used the empirical DFT-D3 dispersion correction of Grimme et al. [38] A cut-off 

energy of 500 eV was used for the plane wave basis set. We used 2�2 supercells of 

both GDY and C2N monolayers having 72 atoms each with a vacuum of 20 Å along 

the perpendicular directions to avoid unwanted interactions along the vertical z-

direction. We used the Monkhorst-Pack scheme for the sampling the Brillouin zone 

with a mesh size of 5�5�1 for geometry optimizations and a thicker mesh of 9�9�1 

for the density of states (DOS) calculations. [39] The systems were optimized until a 

convergence criterion of 10-6 eV was reached and forces were less than 0.01 eV/Å.  
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Results and discussion 

First, we will briefly describe the structural properties of the optimized C2N 

and GDY monolayers. The lattice constant of C2N is found to be 8.33 Å. There are 

two types of rings in the C2N monolayer namely, benzene rings and pyrazine rings, 

with C–C bond lengths of 1.34 and 1.43 Å, respectively, whereas the C–N bond 

length is 1.47 Å, all of these values agree well with previous studies using same level 

of DFT calculations. [30, 40] In the case of GDY, we found the lattice constant, C–C 

(small pore) and C–C (big-pore) bond lengths to be 9.46, 1.43 and 1.39 Å, 

respectively, in good agreement with previous studies. [20, 21] In their ground state 

configurations the pore diameters of C2N and GDY are found to be 5.52 and 8.02 Å, 

respectively. [20, 40] The optimized structures of the C2N and GDY monolayers are 

shown in Figures 1(a) and 2(a), respectively. Top and side view of the C2N…GDY 

heterostructure in the most favorable (AB) stacking is shown in Figure 3(a).  

The selected VOCs (acetone, ethanol, propanol and toluene) can bind on C2N, 

GDY, and C2N…GDY surfaces at multiple binding sites and in several orientations. 

We therefore considered all the available binding sites and all possible orientations in 

each case in order to identify the energetically most stable configurations. The 

binding energies (Eb) are calculated using the following relation 

 

Eb = E(VOC@2D) – E(2D) – E(VOC); 2D = C2N, GDY, C2N…GDY         (1) 

 

In equation 1, the first, second and third terms represent the total energies of 

VOC@2D (2D = C2N, GDY, C2N…GDY), 2D and VOC, respectively. The binding 

energies and binding distances of the VOCs are given in Table 1. In the following 

discussion we describe the binding characteristics of the VOCs in each system. 

 Figure 1(b-e) shows top and side views of the energetically most favorable 

orientations of the VOCs bound onto pristine C2N monolayer. In the most favorable 

configuration, acetone binds with C2N in such a way that one of C–H bonds is 

pointing towards the big pore of C2N with an Eb value of -0.50 eV and a binding 

distance of 2.69 Å between the hydrogen and the sheet. In contrast, ethanol binds to 

the sheet in a vertical orientation with the hydroxyl hydrogen pointing towards the big 

pore of C2N at a distance Δd of 2.53 Å and an Eb value of -0.52 eV (Figure 1c). 

Furthermore, unlike acetone which is placed closer to the edge of the big pore with 
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the oxygen atom pointing outward (Figure 1b), the ethanol oxygen is positioned 

above the center of the pore. Similar to acetone, propanal lies above the pore with the 

oxygen atom pointing outward (Figure 1d). In this case, the carbonyl hydrogen is 

pointing towards the big pore. The Eb and Δd are -0.52 eV and 2.42 Å, respectively, 

which shows that the binding of ethanol and propanol with C2N is the strongest 

among the studied VOCs. Toluene binds with C2N vertically such that the para H 

atom points towards the sheets exactly above the center of the big pore with Eb and Δd 

values of -0.40 eV and 2.99 Å, respectively, which is the weakest binding coupled 

with the largest distance among all the VOCs studied.  

 We have used electron localization function (ELF) analysis to study the 

binding interactions between the VOCs and 2D surfaces. In all cases this binding 

involves van der Waals (vdW), polarization, and dispersion interactions. This is 

characterized in ELF by the contraction of the electron densities at the interaction 

interface. To further understand the binding we have employed Bader charge analysis 

to investigate the amount of charge transfer between the VOCs and C2N. This analysis 

indicates negligibly amounts of charge transfer between the VOCs and C2N (namely, 

of 0.01, 0.02, 0.01 and 0.03 e for acetone, ethanol, propanal and toluene, 

respectively). We thus conclude that charge transfer does not significantly contribute 

to the binding. However, a careful charge analysis reveals charge rearrangements 

within the C2N sheet upon VOC binding. For example, in the case of acetone binding 

to the C2N sheet, the C and N atoms of C2N closet to the acetone oxygen loose 

charges 0.07 and 0.10 e, respectively, which are transferred to the neighboring C 

atoms. Depletion and accumulation of charge due to these effects can be seen in the 

isosurface charge difference densities (CDD) in Figure 4(a-d). A further analysis of 

these changes in the electronic structures is reported below in a separate section under 

the heading electronic properties.  

 The VOCs@GDY interactions result in weaker binding (smaller Eb values) 

compared to C2N, which could be due to the lack of polar bonds in GDY. Similar to 

the acetone@C2N, acetone binds to GDY with the methyl group pointing towards the 

center of the big pore with Eb and Δd values of -0.25 eV and 2.88 Å, respectively. The 

most favorable configuration of ethanol@GDY is similar to that of ethanol@C2N, 

with the OH hydrogen atom above the center of the big pore and pointing towards the 

GDY. However, the Eb value is reduced significantly to -0.23 eV at a Δd of 2.76 Å. 
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Propanal interacts with GDY in a tilted manner, similarly to the proponal@C2N 

binding, but with a significantly smaller Eb value of -0.28 eV and longer Δd value of 

3.13 Å. Finally, the toluene@GDY interaction takes place with the toluene molecule 

lying flat (horizontal) above the center of the big pore, which was not the most stable 

configuration for toluene@C2N where the molecule binds vertically. Nevertheless, the 

resultant Eb value of -0.34 eV is comparable to toluene@C2N binding of -0.40 eV. 

The shortest Δd for toluene is found to be 3.01 Å. It is evident from the above binding 

energies that, with the exception of toluene, the binding strength of VOCs on GDY is 

less than half of that on C2N. For toluene, on the other hand, the binding strength with 

GDY is only slightly smaller than that with C2N.  

 Figure 2(b-e) shows top and side views of the optimized structures of GDY 

bound with the selected VOCs. Bader charge analysis shows no significant charge 

transfer between the VOCs and GDY sheet (namely, for all VOCs 0.02 e have been 

transferred to GDY). Isosurface CDD as shown in Figure 5 (a-d) demonstrate the 

depletion and accumulation of these charge density due to the physical binding.  

 After studying the binding of the selected VOCs on the monolayers of C2N 

and GDY, we turn to the binding of VOCs on to the C2N…GDY heterostructure. For 

this purpose, we constructed several C2N…GDY heterostructures by considering 

different stacking and interlayer spacing. The lowest energy configuration of 

C2N…GDY is shown is in Figure 3 (a) with C2N as the bottom and GDY as the top 

layer with an interlayer spacing of 3.54 Å in AB stacking. In order to find out the 

most stable binding configurations, the VOCs were introduced to all the available 

binding sites on the C2N…GDY heterostructure, in the same way as was done for the 

C2N and GDY monolayers.  

 The optimized structures of the VOCs on C2N…GDY heterostructure are 

shown in Figure 3 (b-e). Acetone binds with C2N…GDY with the methyl group placed 

at the edge of the big pore, which is different to that of both C2N and GDY 

monolayers, where it is placed at the center of the big pore. The Eb value for the most 

preferential configurations is -0.51 eV at a Δd of 3.01 Å, which is significantly 

stronger than acetone binding on a GDY monolayer. Ethanol also binds with the CH3 

group above the corner of the big pore of GDY, with Eb and Δd values of -0.49 eV 

and 3.02 Å, respectively. The orientation of the adsorbed ethanol molecule is similar 

to that of acetone rather than binding through the OH hydrogen as in the case of C2N 
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and GDY monolayers. In the lowest energy configurations, propanal sits above the 

side of the big pore of the C2N…GDY heterostructure like acetone, however it prefers 

to be close to the small hexagonal ring having Eb and Δd values of -0.57 eV and 2.96 

Å, respectively. Finally, toluene is placed horizontally above the hexagonal ring of 

GDY with Eb and Δd values of -0.77 eV and 2.86 Å, respectively. Thus, the Eb value 

for toluene is the strongest among all the molecules on all the systems considered in 

this study. In summary, the results above demonstrate that inserting a C2N monolayer 

underneath GDY significantly increases the bonding energy with VOCs relative to a 

single GDY monolayer. The largest increase in binding energy is observed for 

toluene.  

 In addition, it is of interest to calculate the binding energies of the VOCs on 

the C2N layer in the C2N…GDY heterostructure. The binding energies (Eb) of 

acetone, ethanol, propanal and toluene are found to be -0.15, -0.24, -0.16, and -0.35 

eV, respectively. These binding energies are considerably smaller than those of the 

VOCs bound on the GDY side, which are Eb = -0.51, -0.49, -0.57, and -0.77 eV for 

acetone, ethanol, propanal and toluene, respectively. We therefore conclude that the 

GDY side is more suitable for gas-sensing purposes. 

Finally, it is of interest to compare the calculated Eb values of VOCs on the 

C2N…GDY heterostructure, which exhibits the strongest VOC binding among the 

considered systems, with the previous experimental and theoretical results. For 

example, the Eb value of -0.51 eV obtained here for acetone on the C2N…GDY 

heterostructure is significantly stronger than Eb values obtained at the same level of 

theory used here for acetone on other 2D materials: -0.37 (graphene), -0.33 (black 

phosphorene), -0.22 (MoS2), -0.32 (Ti3C2O2) and -0.31 eV (Ti3C2F2). [41] On the 

other hand, in the same study they obtained an Eb value for acetone on Ti3C2(OH)2 of -

0.77 eV, which is still in the desired energetic range for gas-sensing.  

We find that ethanol binds with the C2N…GDY heterostructure with an Eb of -

0.49 eV which is twice as strong as its binding on black phosphorene with an Eb value 

of -0.24 eV obtained at the same the level of theory used in the present study. [42] We 

also note that in contrast to our C2N…GDY heterostructure which binds ethanol 

effectively in its pristine form, it has been experimentally shown that pristine and Fe-

doped ZnO surfaces cannot detect the presence of ethanol at room temperature. [43]  
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A recent experimental study by Zhang et al. revealed that pristine form of 

pecan-kernel like TiO2 material could not respond to toluene.  [44] This could be due 

to insufficient binding of toluene with TiO2 in its pure form. In contrast, the 

C2N…GDY heterostructure binds toluene with an Eb value of -0.77 eV.  

Given the promising results obtained for the C2N…GDY heterostructure, it is 

important to also consider the bilayers of C2N and GDY in order to confirm that the 

optimal VOC binding is not a multilayer effect. For this purpose we have considered 

the case of acetone binding on the bilayers of C2N and GDY. The Eb value of acetone 

on C2N and GDY bilayers are found to be -0.11 and -0.28 eV, respectively. These Eb 

values are considerably smaller than acetone binding on C2N…GDY heterostructure 

with Eb value of -0.51 eV. This clearly indicates that the VOCs binding on 

C2N…GDY heterostructure is more promising than that of C2N and GDY bilayers. 

 Figure 11 show the ELF analysis, which reveals the binding mechanism to be 

physical binding and Bader charge analysis shows small amounts of charge transfer 

(namely, 0.03, 0.03, 0.03 and 0.05 e have been transferred to C2N…GDY 

heterostructure from acetone, ethanol, propanal and toluene, respectively). It is noted 

that these values are slightly higher than those for the VOCs on C2N and GDY 

monolayers. Figure 6(a-d) shows the depletion and accumulation of charges due to the 

physical binding plotted through isosurface CDD of acetone, ethanol, propanal and 

toluene, on the C2N…GDY heterostructure. 

 Before turning to the effect of VOC binding on the electronic properties of the 

C2N and GDY monolayers and their hetrostructure a comment is due on the 

possibility of VOC binding to vacancy defects. We consider here both C and N 

vacancies. As expected VOCs bind very strongly to these vacancy defect sites 

forming covalent bonds with the surface. These strong binding energies will render 

such defect sites from being able to reversibly detect VOCs, however, once a VOC 

binds to these sites they will be passivized and would not influence the sensing 

behavior of the pristine parts of the 2D material.   

 
Electronic properties 

Here we turn to the influence of VOCs adsorption on the electronic properties 

of the 2D materials. We note that in this analysis the geometries of VOC@2D, bare 

2D monolayers and VOCs are fully optimized. To understand the character of 
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electrons involved in the valence band maximum (VBM) and conduction band 

minimum (CBM) and also the origin of band gap narrowing for the VOCs (acetone, 

ethanol, propanol and toluene) due to the absorption on the C2N monolayers, the total 

(TDOS) and projected density of states (PDOS) were computed and depicted in 

Figure 7. The calculated PDOS given in Figure 7(a) shows that the VBM of the 

pristine C2N monolayer mainly originates from the hybridization of C(2p) and N(2p) 

states, whereas the CBM is dominated by N(2p) states with a noticeable contribution 

from C(2p) states. Figure 7(a) shows a band gap of 1.66 eV for pristine C2N, in 

agreement with previous PBE results of the band gap value in the C2N monolayer 

[45]. We find that the TDOS (see Figure 7(b) and (d)) for either the valence or 

conduction band of C2N monolayer is not significantly influenced upon acetone and 

propanol molecule adsorption, which is consistent with their van der Waals binding. 

The energy states from acetone and propanol are located at the deep energy level 

around 3 eV below the Fermi level (valence band) and 4 eV above the Fermi level 

(conduction band), as shown in Figure 7(b) and (d). However, we can still see the 

state differences for the organic molecules on the surface of C2N monolayer, both the 

CBM and VBM edges are relatively shifted downward (see Figure 7(b-e) due to the 

presence of the physisorbed VOCs. In the case of ethanol and toluene adsorption on 

C2N, as depicted in Figure 7(c-e), there is noticeable upward shift of the valence band 

edges while the conduction band edges shift toward higher energy values and appear 

around 5 eV. Moreover, the electronic structure computed for a GDY sheet is shown 

in Figure 8(a). The band dispersion appears mostly from the overlap of the carbon 2p 

orbitals. It is seen that the graphdiyne monolayer is a semiconductor with a band gap 

of 0.46 eV, which is consistent with the previous work [46]. The revealed electronic 

difference and distinct adsorption behavior on GDY imply the possibilities to design 

new and superior gas sensors based on GDY. Some electronic states appear near the 

Fermi level around -1 eV to 0 eV in valence band for each case (acetone, ethanol, 

propanol and toluene) as shown in Fig. 8 (b-e). These peaks are due to the 

hybridization of the LUMO levels of the organic molecules with the states of GDY. 

The conduction band also influenced by organic molecule absorption on graphdiyne 

surface and states seems above the 3 eV.  

 Here we analyze the electronic properties of the C2N…GDY vdW 

heterostructure. As a reference, the PDOS of C2N and GDY monolayers are also 
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computed and presented in Figures 7(a) and 8(a), respectively. PDOS show that the 

both the monolayers are direct band gap semiconductors, and the band gaps are 1.66 

and 0.46 eV for C2N and GDY, respectively. The projected DOS of the C2N…GDY 

heterostructure is given in Figure 9(a) in which the black C1 (p) color indicate GDY 

layer, red and green C2 (p) and N (p) color indicate the contributions from the C2N 

layer. As one can see, the C2N…GDY heterostructure is a semiconductor with a band 

gap of 0.43 eV. Its VBM and CBM mainly originate from 2p states of GDY, 

indicating that a type-II heterostructure is formed. To further investigate the 

adsorption mechanisms of acetone, ethanol, propanol and toluene organic molecules 

adsorbed on the C2N…GDY heterostructure, we plot the total density of states (DOS) 

and projected density of states (PDOS) in Figure 9(b-e). Noticeably, the main 

electronic level contributions of acetone to the total system localize around �3 eV in 

the valence band, 3.5 eV in the conduction band, which is away from the Fermi level. 

The electrons are slightly shared between C2N…GDY heterostructure and acetone, 

which shows the intensity of the interaction between the acetone molecule and the 

C2N…GDY heterostructure. The contribution of the ethanol, propanol and toluene 

electronic levels to the DOS of whole systems is localized around 4 eV in the 

conduction bands that away from the Fermi level and −1 eV in the valence bands 

where is very near away to the Fermi level. Finally, we found that the broadening 

peak around -4 eV in the valence band is due to the hybridization of states away from 

the Fermi level of organic molecules with the states of C2N…GDY. Due to the 

presence of electronic states near the Fermi level with the influence of organic 

molecules, C2N…GDY heterostructure are better candidates for sensing nanodevices.  

 

Thermodynamic analysis 

Determination of gas capacity under the practical conditions of pressure and 

temperature and under various compositions is important for the evaluation of 

sensor/adsorbent. Thermodynamic analysis of each of the VOCs (acetone, ethanol, 

propanal, toluene) on C2N, GDY and C2N…GDY heterostructure was carried out to 

estimate their practical sensing abilities at a given temperature and partial pressures. 

The number of certain adsorbed species 𝑋  at a certain T and P, 𝑁!(𝑃, 𝑇) , was 

calculated as below: 
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𝑁!(𝑃, 𝑇) =
"#$%(',))+,-./,%0 12)3

∑ "#$%(',))+,-./,%0 12)3
%

          (2) 

 

In equation 2, 𝜇!(𝑃, 𝑇) is the chemical potential for pure-component gas-phase 𝑋 at a 

given T and P, 𝐸567,! denotes the binding energy (Eb) of adsorbed molecule 𝑋 on the 

adsorbent, respectively. The chemical potentials of selected gases were obtained by 

interpolation of experimental values to the following expression: 

 

𝜇!8"59(𝑃, 𝑇) = 𝜇!:6"59(𝑃, 𝑇) + (𝐴! + 𝐵! × 𝑇)      (3) 

 

In equation 3, 𝜇!:6"59(𝑃, 𝑇) indicate the chemical potential of an ideal, monoatomic 

gas 𝑋, A and B are fitted coefficient for the gas 𝑋 (shown in Table 2), respectively. 

Thermochemical data of selected the gases were obtained from NIST standard 

reference database 23 [47] and two studies on ideal gas properties by Chao and co-

workers [48-50]. Our cross-validation of these references showed less than a 0.5% 

error in comparison to the practical values. Two compositions of gas mixtures were 

suggested by considering saturated vapor pressure at atmospheric condition and 

referring a study on VOCs in the industrial facilities [51]. These conditions are 

presented in Table 3. 

 Figure 10 shows the occupancies of each gas in two types of mixture, for three 

types of adsorbent considered in this study, C2N, GDY and C2N…GDY 

heterostructure. In case of saturated vapor, Scenario 1 in Table 3, Figure 10 (a-c), the 

toluene and propanol have lower concentrations than ethanol and acetone, but their 

occupancies are dominant for three adsorbents due to their exponents in eq. 1, also 

known as Gibbs factor, are bigger than other gases, at given conditions. As shown in 

Figure 10(a-c), C2N…GDY heterostructure has high selectivity for toluene in 

comparison with C2N or GDY only; because of the Eb values are increased in 

C2N…GDY heterostructure than the others. In more diluted gas, Scenario 2 in Table 3, 

Figure 10 (d-f), declines in occupancies are shifted to lower temperature than of 

saturated one owing to higher chemical potentials by lower partial pressures. It 

means, lower temperatures are needed so that the diluted VOCs molecules are 

captured on adsorbent. As shown in Figure 10(f) we see that the coverage of toluene 

on C2N…GDY heterostructure is approximately 0.1% per unit cell. If this adsorbate 
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concentration and charge transfer are enough to detect the existence of VOCs, it could 

be used as a chemical sensor practically. 

 Inspection of table 1 shows that the strongest VOC physical binding is found 

in each case for acetone@C2N, ethanol@C2N, propanal@C2N, and 

toluene@C2N…GDY, respectively. For these cases we show the lack of ELF between 

the VOC and the 2D material (see Figure 11), as characterized by a deep-blue band 

separating them. This is conclusive evidence that none of the cases of VOC 

adsorption on C2N, GDY or the C2N…GDY heterostructure in this study are due to 

chemisorption, as no chemical bond ELF regions can detected for any of the 

interactions. 

 

Conclusions 

Density functional theory calculations with van der Waals correction were 

employed to study the structures, electronic and sensing properties of C2N and GDY 

monolayers and further the C2N…GDY heterostructure, with regard to binding to 

VOCs. On the basis of energetic analysis, we find that the selected VOCs, acetone, 

ethanol, propanal bind twice as strong on C2N than on GDY monolayer. However, 

C2N…GDY heterostructure in AB stacking with the interlay spacing of 3.54 Å binds 

all the selected VOCs with appropriate binding energies that fall within an ideal range 

of efficient sensing mechanism (-0.50 to -0.77 eV). Electron localization function 

analysis reveal that the binding of VOCs are in all cases due to physisorption and 

Bader charge analysis shows no (or negligible) charge transfer from the VOCs to the 

C2N and GDY monolayers and C2N…GDY heterostructure. The binding of the VOCs 

to the 2D material modifies the electronic characteristics of C2N and GDY 

monolayers and C2N…GDY heterostructure, which have been investigated by analysis 

of the density of states, and charge density difference. Finally, thermodynamic 

analysis of each of the VOCs on C2N, GDY and C2N…GDY heterostructure is carried 

out to determine the gas capacity and sensing mechanism under the practical 

conditions of pressure and temperature and also under varied compositions. These 

results suggest that the considered 2D systems, especially the C2N…GDY 

heterostructure, are promising candidates for sensing materials for the selected VOCs 

under practical working conditions.  
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Figure 1. Optimized structures in top and side view of (a) pristine C2N, and the 
strongest binding of (b) acetone@C2N (c) ethanol@C2N, (d) proponal@C2N and (e) 
toluene@C2N. Brown, silver, pink and red balls represent C, N, H and O atoms, 
respectively.  
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Figure 2. Optimized structures in top and side view of (a) Pristine GDY, and the 
strongest binding of (b) acetone@GDY (c) ethanol@GDY, (d) proponal@GDY and 
(e) toluene@GDY. Brown, pink and red balls represent C, H and O atoms, 
respectively.  
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Figure 3. Optimized structures in top and side view of (a) pristine GDY…C2N, and the 
strongest binding of (b) acetone@GDY…C2N (c) ethanol@GDY…C2N, (d) 
proponal@GDY…C2N and (e) toluene@GDY…C2N. Brown, silver, pink and red balls 
represent C, N, H and O atoms, respectively.  
 
 
 

 
 
 
Figure 4. Isosurface charge density difference (CDD) in top and side view of (a) 
acetone@C2N (b) ethanol@C2N, (c) proponal@C2N and (d) toluene@C2N. Yellow 
and cyan colours represent accumulation and depletion of charges, respectively.  
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Figure 5. Isosurface charge density difference (CDD) in top and side view of (a) 
acetone@GDY (b) ethanol@GDY, (c) proponal@GDY and (d) toluene@GDY. 
Yellow and cyan colours represent accumulation and depletion of charges, 
respectively.  
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Figure 6. Isosurface charge density difference (CDD) in top and side view of (a) 
acetone@GDY…C2N (b) ethanol@GDY…C2N, (c) proponal@GDY…C2N and (d) 
toluene@GDY…C2N. Yellow and cyan colours represent accumulation and depletion 
of charges, respectively.  
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Figure 7. The projected density of states of (a) pristine C2N monolayer and (b) 
acetone, (c) ethanol, (d) propanol and (e) toluene on the C2N monolayer. Black, red, 
green, blue and cyan color represents the electronic orbitals of carbon atom of C2N 
monolayer sheet, carbon atom of absorbed molecules, nitrogen, hydrogen and oxygen 
atom is also from absorbed molecules from Figure (b) to (e), respectively. 
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Figure 8. The projected density of states of (a) pristine GDY and (b) acetone, (c) 
ethanol, (d) propanol and (e) toluene on the surface of graphdiyne monolayer. Black, 
red, green and blue color represents the electronic orbitals of carbon atom of 
monolayer sheet, carbon atom of absorbed molecules, hydrogen and oxygen atom is 
also from absorbed molecules from Figure (b) to (e), respectively. 
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Figure 9. The projected density of states of (a) acetone, (b) ethanol, (c) propanol and 
(d) toluene on the surface of heterostructure of C2N…GDY. The C1 (for GDY), C2 
and N (for C2N) symbol shows the density of states of Heterostructure represented by 
color black, red and green, respectively. The C3, H and O represent the density of 
states of interacting molecules with showing color cyan, blue and pink. 
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Figure 10. Adsorption-desorption process of VOCs mixtures on (a, d) C2N monolayer, 
(b, e) GDY monolayer and (c, f) C2N…GDY heterostructure layered structure. Gas 
compositions follow (a-c) the scenario 1 and (d-f) 2. Occupancy indicates the number 
of adsorbed gas molecule per adsorbent unit cell. 
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Figure 11. 2D electron localization function (ELF) cut through a plane including the 
shortest interaction for (a) acetone@C2N, (b) ethanol@C2N, (c) propanal@C2N, and 
(d) toluene@C2N…GDY heterostructure layered structure. ELF = 0 (blue) and 1 (red) 
values indicate vanishing and accumulation of electron density, respectively. 
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VOC C2N Monolayer GDY Monolayer C2N…GDY 

Heterostructure  

Eb (eV) �d (Å) Eb (eV) �d (Å) Eb (eV) �d (Å) 

Acetone -0.50 2.69 -0.25 2.88 -0.51 3.01 

Ethanol -0.52 2.53 -0.23 2.76 -0.49 3.02 

Proponal -0.52 2.42 -0.28 3.13 -0.57 2.96 

Toluene -0.40 2.99 -0.34 3.01 -0.77 2.86 

 

Table 1. Binding energies (Eb) and the binding distances (Δd) of the selected VOCs on 

C2N, GDY and C2N…GDY heterostructure. 

 

 

 𝐴 (eV) 𝐵 (meV) R2 

Acetone 0.29637 -1.89742 0.99867 

Ethanol 0.24489 -1.68118 0.99945 

Propanol 0.50703 -2.39268 0.99917 

Toluene 0.44229 -2.56035 0.99919 

 

Table 2. The fitted coefficients of the chemical potentials of the real gases. These 

values are good to be fitted within 0.1 MPa to 0.1 kPa and 200 K to 700 K with a 

0.5% error at the most. 

 

 Scenario 1 Scenario 2 

Acetone 0.302 atm. 2100 ppm 

Ethanol 0.077 atm. 1500 ppm 

Propanol 0.028 atm. 750 ppm 

Toluene 0.038 atm. 850 ppm 

 

Table 3. Scenario 1 is a combination of saturated vapor pressure at 298.15 K and 1 

atm., and 2 were formed [42]. 

 

 
 


