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Abstract  

Based on spin-polarized DFT calculations, we have studied the interaction mechanism 

of recently synthesized blue phosphorene (BlueP) monolayers towards selected key 

volatile organic compounds (VOCs) such as acetone, ethanol and propanal. Our binding 

energy analysis shows that pristine BlueP weakly binds the VOCs and that this binding 

does not appreciably change the electronic properties of the monolayer – a prerequisite 

for any sensing material. However, mono, di, and tri-vacancy defects and Si/S-

substitutional doping significantly enhance the binding energies with VOCs. Density 

of state (DOS) calculations show that upon adsorption of VOCs, mono-vacancy and S-

substituted BlueP monolayers undergo a major change in electronic structure, which 

make them potential candidates for VOCs sensing materials. By contrast, binding of 

VOCs to di- and tri-vacancy and Si-substitution sites does alter the electronic structure 

of BlueP monolayers drastically, therefore, are not qualified for VOCs sensing 

applications.  
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Introduction 

The detection of volatile organic compounds (VOCs) has become an important task, 

because high concentrations of VOCs in indoor air may be harmful to human health1-5. 

VOCs are organic compounds that have low boiling points and thus high vapor 

pressures at room temperature. A wide range of commonly used materials may release 

significant amounts of VOCs into indoor air5, some of which are identified to be toxic 

and carcinogenic even at sub-ppb concentrations1, 6. Therefore, it is important to design 

efficient sensors capable of detecting and capturing VOCs. 

Semiconductor gas-sensors based on metal oxides are widely used to detect VOCs 

by monitoring the change in their electronic conductivity before and after the adsorption 

of gas molecules6-11. However, the conventional semiconductor sensors have limited 

resolution at the ppm level because of size and shape effects10. In addition, another 

fundamental reason limiting the resolution of such devices is the intrinsic noise due to 

the thermal motion of charges and defects, which may exceed the signal of the target 

molecules12. 

One approach for improving the resolution of semiconductor sensors is utilizing 

nanotechnologies. Metal oxide nanostructures offer a larger surface-to-volume ratio, i.e. 

more adsorption sites for the target gas molecules, and consequently higher sensitivity 

than conventional materials. For example, Pt-decorated In2O3 nanoparticles can reach 

up to ppb resolution6, 13. Another way to improve the resolution of semiconductor gas 

sensors is to employ emerging two-dimensional (2D) materials with attractive 

properties such as high carrier mobility and large surface-to-volume ratios, which make 

them ideal materials for many applications in addition to gas sensing14-21. Several recent 

works have revealed that sensing devices based on graphene12, 22, 23 or transition metal 

dichalcogenides (TMDs) like MoS2
24, 25

 can efficiently sense various gas molecules. 

A number of recent theoretical and experimental studies have demonstrated the 

application of black phosphorene – the most stable allotrope of phosphorus – for gas 

sensing26-35. More recently, a new 2D phase of phosphorus with in-plane hexagonal 

structure called blue phosphorene (BlueP) has been designed theoretically36 and 
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synthesized experimentally37. BlueP has been found to be as stable as black 

phosphorene31, and its narrow band gap makes it suitable for gas-sensing applications.  

In this work, we employ density functional theory (DFT) calculations to predict the 

structural, electronic and VOCs sensing properties of BlueP monolayer upon defect 

engineering. Various types of point defects, i.e. mono-vacancy (MV-), di-vacancy 

(DV-), tri-vacancy (TV-), Si- and S-substitution, are considered, because they are 

known to affect the binding of molecules of 2D materials by making them electron-

deficient or electron-rich. Indeed, all these defective BlueP monolayers show an 

improvement in the binding of VOCs (acetone, ethanol and propanal in this work) with 

respect to the pristine one, and major changes in electronic structure are observed for 

MV- and S-substituted BlueP monolayers, making them potential candidates for VOCs 

sensing.  

 

Computational details 

DFT calculations were performed using the VASP code38 with the projector-

augmented wave (PAW) pseudopotentials39 and Perdew-Burke-Ernzerhof (PBE) 

gradient-corrected functionals40. Van der Waals interactions were treated by using the 

Grimme’s method41. A cutoff energy of 600 eV for plane waves was used. Freestanding 

BlueP monolayer was modeled by a 5×5×1 hexagonal supercell consisting of 50 

phosphorus atoms with a vacuum spacing of 25 Å along the z-direction to decouple the 

interaction between periodic replicas. The optimized lattice constant ahex of BlueP 

monolayer is ~3.277 Å. A 4×4×1 k-point mesh was used to sample the Brillouin zone. 

The electronic structure calculations are crosschecked by using the Heyd-Scuseria-

Ernzerhof (HSE06) hybrid functionals42, which in general enlarge the size of band gaps 

but do not lead to any qualitative difference with respect to GGA calculations. The data 

presented in the main text are all produced by GGA functionals, and some HSE 

calculations are shown in Figure S1-S2. 
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Results and discussion  

First of all, we perform DFT calculations to access the structural and electronic 

properties of pristine BlueP monolayer. The optimized structure of BlueP supercell is 

shown in Figure 1 (a), where P atoms are arranged in a planar hexagonal crystal lattice 

with two P atoms on one lattice point, similar to C atoms in graphene. The difference 

of BlueP from graphene is that the adjacent P atoms are not arranged in the same 2D 

plane, but instead they form an angle of 92.92°, not 120°. In other words, the monolayer 

is buckled, see the side view in Figure 1 (a). The bond length is calculated to be ~2.26 

Å, which agrees well with the experimental data32.  

 

 

Figure 1. Optimized structures (top and side views) of blue phosphorene monolayers: (a) 

Pristine (BlueP), (b) monovacancy (MV-BlueP), (c) divacancy (DV-BlueP), (d) trivacancy 

(TV-BlueP), (e) Si doped (Si-BlueP), and (f) S doped (S-BlueP). Atomic color scheme: P atoms 

in upper layer of BlueP, dark blue; P atoms in lower layer of BlueP, light blue; Si, purple; and 

S, yellow. 

 

To utilize BlueP as promising gas sensor for VOCs, two factors are important, a) a 

favorable binding of VOCs, and b) a major change in electronic structure before and 

after adsorption. The adsorption energies (Eads) for gas molecules (acetone, ethanol, and 

propanal in this work) are calculated by  
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𝐸!"# = 𝐸$%&'()*!# − (𝐸$%&'( + 𝐸*!#)	 	 i	

where, the first, second and third terms on the right-hand side refer to the total energy 

of the BlueP monolayer adsorbed with the gas molecules, bare BlueP, and the isolated 

VOC molecule, respectively. For each gas molecule, several configurations with 

different molecular orientations and adsorption sites (Figure S3) are considered, and 

the configuration with the lowest energy (Table S1) is taken for further analysis (Figure 

2). The adsorption energies of BlueP monolayer for acetone, ethanol, and propanal are 

calculated be favorable, -0.25, -0.20 and -0.26 eV, respectively. However, the electronic 

structure of BlueP monolayers barely changes before and after the adsorption of these 

molecules, see the electronic density of states (DOS) in Figure 2 (d-f). This behavior 

makes gas sensing using pristine BlueP monolayers difficult.  

 

 

Figure 2. Top and side views of the energetically most stable configurations of acetone (a), 

ethanol (b), and propanal (c) on BlueP, and their respective density of states (DOS) plots (e-f). 

Atomic color scheme: P atoms in upper layer of BlueP, dark blue; P atoms in lower layer of 

BlueP, light blue; H, pink; C, brown; and O, red.  

 

Defect engineering using point defects, such as atomic vacancy and elemental 

substitution, is known as an effective route to alter the adsorption properties of 2D 

materials.27 Here, we consider MV-, DV-, TV-, Si-, and S-BlueP monolayers (Figure 1 
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(b-f)) for adsorption of the acetone, ethanol, and propanal molecule. The adsorption 

energies are presented in Figure 3 (a). Clearly, all the considered point defects improve 

the binding of the acetone, ethanol, and propanal molecule, while the defect formation 

energies of DV- and TV-BlueP (Figure 3 (b)) are too high so that these two defective 

BlueP monolayers are more difficult for synthesis. Formation energies (Ef) in case of 

vacancy defects and elemental substitutions in BlueP has been calculated by the 

following equations (ii) and (iii), respectively  

𝐸+ = (𝐸"'+',-'" + 𝑛𝐸() − 𝐸./0#-01' 	 	 ii	

𝐸+ = 𝐸23$%&'( − [𝐸2 + 𝐸(23$%&'()32]	 iii	

 

Here 𝐸, represents the formation energy; 𝐸-.,./0.- denotes the total energies of MV-

BP, DV-BP, and TV-BP, for which 𝑛 = 1, 2, and 3, respectively; 𝐸1 represents the 

energy of an isolated P atom; and 𝐸2345046.  is the total energy of a pristine BlueP 

monolayer. Where 𝐴	= Si or S; 𝐸7  denotes the energy of an isolated 	𝐴  atom; 

𝐸(789:;.1)87 represents the energy of the residue of A-BP with 𝐴 atom removed. 

 

 
Figure 3. (a) Adsorption energies of acetone, ethanol, and propanal on different BlueP 

monolayers; (b) Formation energies of defective BlueP sheets. 
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Figure 4. Isosurface charge density of (a) MV-BP, (b) Si-BP, and (c) S-BP. Yellow and cyan 

surfaces represent the accumulation and depletion of charge, respectively, with isovalue of 0.01 

e/Å3. (d)-(f): DOS of MV-BP, Si-BP, and S-BP (red line) along with pristine BlueP (cyan 

filling). 

 

 

 
 

BP MV-BP Si-BP S-BP 

Acetone 3.02 1.57 1.26 2.73 

Ethanol 2.69 1.85 2.02 2.54 

Propanal 2.94 1.56 1.14 2.88 

Table 1: Equilibrium bond distances (in Å) between VOC molecules and BlueP monolayers 

after relaxations along z-axis. 

 

In the following, we investigate MV-, Si- and S-BlueP monolayer in more detail. 

First, we investigate the change in electronic structure upon creation of point defects 

without any molecule absorption. We calculate the charge density difference (CDD), 

spin-polarized DOS and band structure of the BlueP monolayers with and without point 

defects. The CDD plots presented in Figure 4 (a-c) clearly confirm a major change in 

charge distribution near the defect sites in the defective BlueP monolayers. In addition, 
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MV and Si defects also create a couple of defect states within the band gap, while S 

defect moves the Fermi level to the tail of the conduction band (Figure 4 (d-f) and 

Figure S4). These changes in electronic structure of defective BlueP monolayers should 

give rise to the change in their absorption properties.  

Next, we study the changes in geometry and electronic structure of defective BlueP 

monolayers upon absorption of molecules. The equilibrium distance of the three 

molecules with respect to the pristine, MV-, Si- and S-BlueP monolayer is summarized 

in Table 1. The much reduced equilibrium distance in the defective BlueP monolayers 

indicates the stronger binding of these molecules. The top and side views of the acetone, 

ethanol, and propanal molecule absorbed on the MV-, Si- and S-BlueP monolayer are 

presented in Figure 5 (a-c), Figure 6 (a-c) and Figure 7 (a-c). These geometrical 

configurations are used for the electronic structure calculations.  

Regarding the MV-BlueP monolayer, a major change in electronic structure near 

the Fermi level is observed upon the absorption of the three molecules, as evidenced by 

the DOS (Figure 5 (d-f)) and band structure plots (Figure S5). Before absorption, a 

couple of defect bands are found crossing the Fermi level, while upon absorption of the 

three molecules, such crossed bands split and shift away from the Fermi level (Figure 

5 (d-f) and Figure S5). Such change leads to a change in carrier concentration, which 

may result in a visible change in electrical conductivity that can be detected for sensing 

of these three molecules. 
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Figure 5. Top and side view of the most stable configurations of acetone (a), ethanol (b), and 

propanal (c) on MV-BP, and their respective density of states (DOS) plots (d-f). Atomic color 

scheme: P atoms in upper layer of BlueP, dark blue; P atoms in lower layer of BlueP, light blue; 

H, pink; C, brown; and O, red. 

 

As regards the other electron-deficient BlueP monolayer, Si-BlueP shows one pair 

of spin-up and spin-down defect bands near the Fermi level, while they do not cross the 

Fermi level (Figure S6 (a)). Marginal change in DOS and band structure is found upon 

the absorption of ethanol, while the spin-down band is no longer found near the Fermi 

level upon the absorption of acetone and propanal (Figure 6 (d-f) and Figure S6). The 

vanishing of the spin-down middle gap band may also lead to some change in carrier 

concentration and thereby electrical conductivity, but such change should be much 

smaller than that of the MV-BlueP case. 

For S-BlueP monolayer, the S substitution provides one more p electron, which 

shifts the Fermi level towards the conduction band. The pair of spin-up and spin-down 

bands brought by this additional electron appears near the conduction band and crosses 

the Fermi level (Figure S7 (a)). Upon absorption the three molecules, the Fermi level 

is shifted towards the middle of the band gap, and the defect bands no long cross the 

Fermi level. Such major change in electronic structure should render S-BlueP 

monolayer as a suitable candidate for the sensing of these three molecules.  
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Figure 6. Top and side views of the most stable configurations of acetone (a), ethanol (b), and 

propanal (c) on Si-BlueP, and their respective density of states (DOS) plots (d-f). Atomic color 

scheme: P atoms in upper layer of BlueP, dark blue; P atoms in lower layer of BlueP, light blue; 

H, pink; C, brown; and O, red; and Si, purple. 

 

 

Figure 7 Top and side views of the most stable configurations of acetone (a), ethanol (b), and 

propanal (c) on S-BlueP, and their respective density of states (DOS) plots (d-f). Atomic color 

scheme: P atoms in upper layer of BlueP, dark blue; P atoms in lower layer of BlueP, light blue; 

H, pink; C, brown; and O, red; and S, yellow. 
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Conclusions 

Spin-polarized DFT calculations were carried out to investigate the structural, 

electronic, and sensing characteristics of pristine, MV- and Si/S-doped blue 

phosphorene monolayer with and without the absorption of volatile organic molecules, 

including acetone, ethanol, and propanal. Our energy analysis reveals favorable 

absorption tendency of the three molecules by pristine BlueP, however, the marginal 

change in electronic structure rules out pristine BlueP as potential gas nanosensors. The 

binding energy of between the three molecules and BlueP monolayer significantly 

increases upon the formation of vacancies and element substitution. The relatively low 

formation energy of mono-vacancy, Si and S substitution (within a 5�5 supercell of 

BlueP monolayer) makes these defective BlueP monolayers potentially feasible for 

synthesis. Moreover, major changes in electronic structure before and after the 

absorption of the three molecules are found in the MV- and S-BlueP monolayer, which 

shall lead to detectable changes in electrical conductivity, suggesting these two 

defective BlueP monolayers to be potentially good gas nanosensors.  
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