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Summary: This study first used phonon dispersion curves to validate the structural stability of the 
pristine α-phase black arsenic phosphorus (AsP) monolayer, and then combined molecular dynamics 
simulations to assess its structural stability under 300°C conditions, confirming its good stability. The 
stability of the Au-doped AsP monolayer(Au-AsP) was also assessed through simulations following 
doping. Once the material's stability was confirmed, the research explored modifications in the 
material’s geometric structure, adsorption energies, charge transfer, orbital interactions in the 
electronic density of states (DOS) profile, and electronic band structure characteristics, after gas 
adsorption. The findings revealed that CO, NO₂, and NO molecules undergo chemical adsorption on 
the Au-AsP monolayer surface. During gas adsorption, notable characteristics such as rapid response 
and recovery times, significant charge transfer processes, as well as considerable alterations in 
conductivity and the work function of the material were observed. This study, for the first time, 
outlines a detailed gas-sensing mechanism for black arsenic phosphorus when exposed to small gas 
molecules, emphasizing its potential for sensing applications. 
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Introduction 

 

Introduction 

 

The rapid growth of heavy industries, the 

chemical sector, and the energy industry has led to a 

significant increase in emissions of industrial waste 

gases [1]. These emissions contain a variety of harmful 

substances, with carbon monoxide (CO), nitrogen 

monoxide (NO), and nitrogen dioxide (NO₂) being the 

most common and dangerous pollutants [2]. These 

gases not only contribute to air pollution but also 

present serious health hazards, with prolonged 

exposure potentially resulting in respiratory illnesses 

[3]. Similarly, the contamination of water bodies by 

pollutants such as chloramphenicol antibiotics and 

their derivatives, which pose significant 

environmental and public health risks, has raised 

similar concerns[4]. The presence of these harmful 

substances in industrial emissions and aqueous 

environments jeopardizes both air and water quality, 

contributing to a broader spectrum of environmental 

pollution. As such, the presence of these harmful gases 

and contaminants in industrial emissions and water 

sources poses a significant risk to both ecosystems and 

public health[5, 6]. Real-time detection and 

monitoring of these gases are crucial for implementing 

prompt actions to mitigate pollutant release and 

enhance the effectiveness of environmental 

management [7-9]. Consequently, the development of 

efficient and sensitive detection sensors has become a 

key focus of ongoing research in the rapidly evolving 

field of sensor technology[10-13]. 

 

Over the last ten years, nanomaterials have 

attracted considerable attention due to their broad 

application prospects, especially in the field of gas 

sensors[14-16].Nanoparticles of oxides, such as zinc 

oxide, are often used in the field of gas sensors due to 

their high surface area[17, 18]. However, their 

relatively poor sensitivity limits their application in 

high-performance gas sensors[19]. As a result, 

researchers have gradually shifted their focus towards 

two-dimensional materials, particularly monolayer 

two-dimensional materials. Among these, graphene, a 

unique material composed of a single atomically thin 

layer of carbon atoms arranged in a two-dimensional 

honeycomb lattice, initially gained widespread interest 
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due to its exceptional electrical, thermal, and 

mechanical properties [20]. At the same time, stanene 

has also demonstrated great potential in gas sensor 

applications due to its unique structure and excellent 

electronic properties[21, 22].However, the lack of a 

natural band gap limits their effectiveness in gas 

sensor applications [23]. As a result, researchers have 

been exploring alternative 2D materials for gas 

sensing. One promising material is phosphorene (α 

phase), which has emerged as a key focus in 2D 

semiconductor research because of its suitable band 

gap, excellent electronic properties, and remarkably 

high carrier mobility, making it highly suitable for 

advanced electronic applications and versatile sensing 

capabilities [24]. The unique wrinkled structure of 

phosphorene enhances gas molecule adsorption, 

leading to high sensitivity in gas sensing applications. 

Despite its promise, phosphorene still faces challenges 

related to environmental stability and controllability 

[25]. To overcome these issues, researchers have 

introduced arsenic (As) through alloying to enhance 

phosphorene's structural stability. This approach has 

led to the development of black arsenic phosphide, 

synthesized using efficient gas-phase transport 

methods, which has opened up new possibilities for 

laboratory research [26]. Compared to phosphorene, 

two-dimensional black arsenic phosphide exhibits a 

distinctive wrinkled structure that offers a larger 

surface area, enhancing carrier mobility up to 14,000 

cm2 V-1 s-1, and featuring an appropriate direct band 

gap [27, 28]. Additionally, its adjustable chemical 

composition allows for the tuning of key physical 

properties, such as electronic and optical 

characteristics, further enhancing its potential in gas 

sensing research [29-31]. These properties make black 

arsenic phosphide ideal for investigating the gas 

sensing performance of AsP monolayer materials with 

various gas molecules.  

 

Previous studies on the gas sensing properties 

of AsP monolayers have largely focused on structures 

with only As-P bonds [32, 33]. Although the high 

symmetry of this structure and the enhanced carrier 

mobility along the armchair direction are 

advantageous for research design, the AsP monolayer 

exhibits different structures with similar yet distinct 

properties. To address the diverse environmental 

conditions required for gas sensors and the demand for 

highly stable materials, further investigation into other 

structures is necessary. The AsP monolayer consists of 

a stoichiometric mix of arsenic and phosphorus (As:P 

= 1:1), resulting in three distinct allotropes. Among 

these allotropes, one exhibits zigzag bonds with 

alternating atomic pairs, such as P-As, P-P, and As-As. 

In the armchair direction, the dihedral angles between 

P-As-As and As-P-P are 99.9° and 103.2°, respectively, 

which counteract the impact of the longer P-As bonds. 

Additionally, the length of the As-P bond is 2.38 Å, 

which exceeds the P-P bond length in phosphorene by 

0.16 Å.The P-As-P bond angle of 95.0°, together with 

the bond length, plays a crucial role in the structure, 

resembles the structure found in pure phosphorene, 

perhaps making this configuration the most stable 

among the three allotropes [34]. This study seeks to 

comprehensively investigate the fundamental 

adsorption characteristics and critical interaction 

properties of the stable α-phase AsP structure to ensure 

the consistent and reliable operation of gas sensors 

based on AsP materials in various environmental 

conditions.During the experimental design process, an 

analysis of existing research on the gas sensing 

performance of various two-dimensional materials 

revealed that many pristine 2D monolayers exhibit 

relatively weak adsorption properties for certain gases 

[35]. To address this limitation, researchers have 

employed techniques such as atomic doping to 

enhance the adsorption properties of these materials, 

thereby improving their gas sensing performance [36, 

37]. Ma et al [38] . investigated the effects of Au, Pt, 

Pd, and Ni doping on CO and NO adsorption by 

molybdenum disulfide (MoS₂), concluding that doping 

markedly increases MoS₂'s sensitivity compared to its 

undoped form. Li et al [39] .analyzed how aluminum 

and palladium doping affects H₂S adsorption by 

antimonide phosphorus (SbP), finding that doping 

significantly enhances SbP’s sensitivity to gas 

molecules. Prasongkita et al. [40] examined the impact 

of doping on NO, CO, NH₃, and NO₂ adsorption by 

phosphorene, and demonstrated that doping 

considerably enhances phosphorene’s sensitivity to 

these gases compared to the undoped form. Lin et al 

[41] studied the effects of Au-doped tin diselenide 

(SnSe₂) on CO, NO, and H₂O adsorption, showing that 

doping improves the interactions between gas 

molecules and the substrate surface. Wang et al [42] 

investigated the adsorption of gas molecules on a 

monolayer AsP surface with only As-P bonds using 

density functional theory (DFT) calculations, 

revealing that Au and Pt doping significantly enhances 

the sensitivity of the surface to NO and NO₂ molecules. 

Despite these recent developments, the intricate 

adsorption behavior and unique electronic properties 

of the CO, NO₂, and NO molecules on the most stable 

Au-doped α-phase AsP structures are still not fully 

understood. Thus, this study calculates the precise 

adsorption energy and significant charge transfer to 

effectively identify the optimal configurations for 

these gas molecules. This work uses first-principles 
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calculations to comprehensively investigate the 

detailed adsorption behavior and the changes in 

electronic properties of toxic gases, including CO, 

NO₂, and NO, on the most stable Au-doped α-phase 

AsP structure. It includes charge density difference 

(CDD), total density of states (TDOS), and projected 

density of states (PDOS). The proposed hypothesis 

offers a viable method for creating efficient black 

arsenic-phosphorus sensors capable of detecting toxic 

gases with high sensitivity. 

 

 

Computational details 

 

First-principles calculations based on the 

DFT were performed using the Vienna Ab-initio 

Simulation Package (VASP) [43]. This study 

employed the plane-wave basis set and the Perdew-

Burke-Ernzerhof (PBE) functional within the 

generalized gradient approximation (GGA), due to its 

proven accuracy in producing the ground state 

structure of the adsorption system [44-46]. In the 

VASP calculations, GGA and DFT methods were used, 

but these methods have certain limitations in 

describing van der Waals (vdW) interactions. 

Specifically, GGA and traditional DFT methods fail to 

adequately consider weak interactions, such as van der 

Waals forces, which may lead to inaccurate results, 

especially when describing weak interactions like 

intermolecular or surface adsorption. Therefore, to 

address this limitation, the Grimme DFT-D3 method 

was employed in this study to correct the vdW 

interactions [47, 48]. For geometric optimization, we 

used the Conjugate Gradient method. Structural 

relaxation and total energy convergence were 

successfully achieved when the calculated forces on 

each individual atom were consistently below 0.01 

eV/Å, and the energy difference between subsequent 

consecutive steps was significantly smaller than 

10−5 eV. 

 

In the calculations presented in this paper, a 3 

× 4 × 1 supercell was used as the simulation cell. The 

doping concentration of Au atoms was 4.16%. A 

specific plane wave cutoff energy of 400 eV was 

employed, along with a k-point mesh chosen after 

multiple tests of 3 × 3 × 1. The detailed density of 

states (DOS) was meticulously calculated using a fine 

10 × 10 × 1 k-point mesh. A sufficiently thick 20 Å 

vacuum layer was applied to effectively prevent any 

unwanted interactions between the periodic structures 

[49]. The molecular dynamics (MD) simulation was 

conducted on a 5 × 5 × 1 supercell of both pristine and 

doped AsP monolayers. The simulation employed a 

canonical ensemble with the Nose-Hoover thermostat 

at a temperature of 300 K. A time step of 1.0 fs was 

used, and the simulation ran for a total duration of 10 

ps [50, 51]. 

 

The geometric stability of the TM-doped AsP 

monolayer was thoroughly assessed using advanced 

DFT calculations. The specific formula used to 

accurately calculate the formation energy is given as 

follows [52]: 

 

𝐸𝑓 = 𝐸𝐴𝑠𝑃−𝑠+𝑇𝑀 − 𝐸𝐴𝑠𝑃−𝑠 − 𝐸𝑇𝑀 
 

The 𝐸𝐴𝑠𝑃−𝑠+𝑇𝑀   𝐸𝑇𝑀   and 𝐸𝐴𝑠𝑃−𝑠   denote 

the energies of the AsP monolayers doped with the TM, 

the TM atoms and the AsP monolayers, each with one 

vacant site, respectively. 
 

The optimal adsorption site for a specific gas 

significantly depends on the type of gas molecules and 

the corresponding adsorption energy on pristine or 

TM-doped AsP monolayers. The following formula is 

used to accurately calculate the adsorption energy for 

a given system. [53, 54]: 
 

𝐸𝑎𝑑 = 𝐸𝐴𝑠𝑃+𝑔𝑎𝑠 − 𝐸𝐴𝑠𝑃 − 𝐸𝑔𝑎𝑠 
 

The 𝐸𝐴𝑠𝑃+𝑔𝑎𝑠 ,  𝐸𝐴𝑠𝑃    and 𝐸𝑔𝑎𝑠   denote the 

total energy of the pristine or TM-doped AsP 

monolayers adsorption system, pristine AsP 

monolayers or TM-doped AsP monolayers, and the 

isolated gas molecules, respectively.  
 

In order to gain a much deeper insight into the 

intricate doping of AsP with five small molecule gases, 

we employed the following equation to calculate the 

charge density difference: 
 

∆𝜌 = 𝜌𝑡𝑜𝑡𝑎𝑙 − 𝜌𝑠𝑢𝑏 − 𝜌𝑔𝑎𝑠 
 

The 𝜌𝑠𝑢𝑏   𝜌𝑡𝑜𝑡𝑎𝑙   and 𝜌𝑔𝑎𝑠  represent the 

spatial distribution of charge density of TM- doped 

AsP, TM-doped AsP with adsorbed gas molecules, and 

gas molecules in the free state, respectively. 
 

The conductivity was calculated using the 

following equation [55]: 
 

𝜎 = 𝑒𝑥𝑝（−𝐸𝑔/2𝐾𝑇） 
 

The k and T are the Boltzmann constant (K = 

8.62 ×  10−5  eV/K), the band gap, and the 

thermodynamic temperature of the configuration, 

respectively. 
 

The recovery time was calculated using the 

following equation [56]: 

 

𝜏 = 𝑉0
−1𝑒𝑥𝑝 （−𝐸𝑎𝑑𝑆/𝐾𝑇） 
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The 𝑉0  𝐸𝑎𝑑𝑠  K and T are the frequency of light, 

the adsorption energy, the Boltzmann constant, and the 

thermodynamic temperature, respectively. 

 

Results and Discussion 
 

Geometric structures of the pristine AsP monolayers  

TM-doped AsP monolayers and free molecules 
 
The lattice parameters of the structurally 

optimized pristine AsP monolayer were determined to be 

3.51 Å and 4.65 Å, with an additional folding height of 

3.57 Å [57, 58]. As shown in Table S1, the bond lengths 

for gas molecules CO, NO₂, and NO are measured at 

1.144 Å, 1.172 Å, and 1.214 Å, while the bond angle for 

the non-linear molecule NO₂ is 133.735° [59, 60]. These 

calculated values align closely with those reported in 

previous studies, and confirm the accuracy of the 

computational methods employed. This further 

substantiates the reliability of the predicted 

characteristics of the adsorption system. 
 
To determine the most stable configuration of 

TM-doped AsP monolayers, we thoroughly explored two 

distinct doping methods: substituting the original arsenic 

(As) or phosphorus (P) atoms with TM atoms. As shown 

in Table-1, results indicate that substituting As atoms with 

TM atoms is more stable than substituting P atoms; thus, 

we focused primarily on structures where TM atoms 

replace As atoms. The formation energies for replacing 

As with gold (Au), silver (Ag), and osmium (Os) are -

2.319 eV, -1.252 eV, and -1.954 eV, indicating that this 

process is exothermic. Among these metals, the Au-AsP 

monolayer exhibits the lowest energy and highest 

stability, making it the optimal configuration for further 

gas adsorption studies. Fig. 4(a) shows that the Au-AsP 

monolayer did not undergo significant deformation or 

local structural reconstruction. The bond lengths in the 

Au-AsP monolayer are very close to those in the undoped 

model; Specifically, the P1-Au, P2-Au, and As-Au bond 

lengths are 2.314 Å, 2.313 Å, and 2.512 Å, slightly 

shorter than the original AsP bond lengths of 2.376 Å and 

2.534 Å. In addition, the Au atom is slightly displaced 

downward by approximately 0.20 Å relative to the 

original monolayer surface, indicating a minor structural 

relaxation of the system, which allows for a more 

energetically favorable configuration without 

introducing significant lattice distortion. 
 

Stability 
 
Fig. 2(a) shows that the phonon dispersion 

curve for the AsP monolayer does not exhibit significant 

imaginary frequencies, indicating stable dynamic 

properties. To evaluate the feasibility of doping the AsP 

monolayer for gas sensing applications, we conducted 

molecular dynamics simulations at room temperature. 

The molecular dynamics results showed that both pristine 

and Au-AsP monolayers exhibited minimal total energy 

fluctuations under these conditions, with no bond 

breakages observed. This further confirms the high 

stability of the AsP structure both before and after doping, 

as illustrated in Fig. 2(b) and 2(c). 
 

Table-1: Relevant parameters for Au, Ag, and Os 

atomic doping, including formation energy (Ef in eV), 

work function (WF in eV), transferred electrons (C in e), 

and Band gap (Eg in eV) 
Molecule Ef(eV) WF(eV) C(e) Eg(eV) 

AuAs -2.319 4.744 +0.118 0.240 
AuP -2.315 4.698 +0.191 0.546 
AgAs -1.252 4.686 -0.172 0.002 
AgP -1.173 4.672 -0.307 0.351 
OsAs -1.954 4.760 -0.054 0.131 
OsP -1.308 4.793 -0.173 0.118 

 
Electronic properties of pristine AsP monolayers and 

TM-doped AsP monolayers 
 
This study calculated the band structures after 

doping. As shown in Fig. 1(b) and Fig. 6(a), both the 

pristine AsP monolayer and the Au-doped α-AsP 

monolayer exhibit a band gap. 
 
To gain a deeper understanding of the 

fundamental chemical interactions between Au atoms 

and the pristine AsP monolayer, this study utilizes CDD, 

PDOS, and charge transfer analyses conducted in a 

comprehensive manner. The Au-AsP monolayer 

undergoes notable electronic reorganization. As 

illustrated in Fig. 5(a), there is evident orbital overlap 

between the Au:5d, P:3p, and As:4p orbitals, occurring at 

approximately -8.1 eV, -5.4 eV, and -4.5 eV, respectively. 

Charge accumulation is primarily observed on the Au 

atoms, while charge depletion is most pronounced on the 

As atoms neighboring the Au atoms, as shown in Fig. 4(e). 

Bader charge analysis reveals that the As atom loses 

0.326 electrons, whereas the Au atom gains 0.118 

electrons, suggesting that Au atoms act as electron 

acceptors in this system. The significant electronic 

transfer from As to Au leads to enhanced local 

interactions, supporting the covalent nature of the 

bonding. Additionally, the phosphorus atoms adjacent to 

Au show different charge behaviors: the upper 

phosphorus atom gains 0.010 electrons, while the lower 

phosphorus atom loses 0.060 electrons. This differential 

charge distribution highlights the remarkably strong and 

significant chemical interaction between the Au atom and 

the surrounding atoms. These results further confirm the 

robust chemical bonding between Au and As atoms, 

contributing to the system's stability. 
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Fig. 1: (a) Top and side views of the geometric structure (purple, green, and red spheres represent phosphorus 

atoms, arsenic atoms, and the initial adsorption sites of the gas on the pristine AsP structure, 

respectively), (b) Band structure, (c) Density of States (DOS) for the AsP monolayer. The Fermi energy 

level is set at zero, marked by a black dashed vertical line. 

 

 
 

Fig. 2: (a) Phonon dispersion curve of the AsP monolayer; (b) and (c) Energy variation of the pristine and 

Au-doped AsP monolayers at T = 300 K, respectively. 

 

This study calculates the work function of the 

AsP monolayer after specific metal atom doping. 

According to Table 1, the work function of the Au-AsP 

monolayer is lower than that of the pristine AsP 

monolayer. A reduced work function facilitates 

electron emission, which could improve the gas 

adsorption and sensing capabilities of the AsP 

monolayer. 

 

Geometric structures of pristine and doped AsP 

monolayers after gas adsorption 

 

To accurately determine the most stable 

adsorption configurations of different gas molecules 

on both pristine and doped AsP monolayers, the gas 

were initially selectively positioned at various specific 

locations above the pristine AsP monolayer. As shown 

in Fig. 1(a), five distinct adsorption sites were 

considered: atop the As atoms (TAs), atop the P atoms 

(TP), at the center of the As-P bond (B), and above two 

different hexagonal centers (H, A). For the Au-AsP 

monolayer, the gas molecules were positioned directly 

above the Au atoms.T hree different initial 

configurations were explored for the gas adsorption on 

both pristine and doped AsP monolayers. In the first 

configuration, the diatomic gases CO and NO were 

placed with the two atoms aligned parallel to the 

surface of the AsP monolayer. In the second 

configuration, the bond between the atoms was 

perpendicular to the surface, further divided into two 

cases: one where the non-oxygen atoms are closest to 

the surface, and the other where the oxygen atoms are 

adjacent. For the nonlinear molecule NO₂, similar 

parallel and perpendicular orientations were 

considered. In the perpendicular case, the bond 

between the two oxygen atoms remained parallel to 

the surface, with two sub-categories: one where the 

oxygen atoms are adjacent to the surface and another 
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where the non-oxygen atoms are closest. All gas 

molecules are positioned at a distance of 3 Å from the 

AsP surface. 

 

The pristine AsP monolayer exhibits 

adsorption energies of less than -0.5 eV for CO, NO₂, 

and NO gases. Due to these relatively low adsorption 

energies, the gases are not efficiently adsorbed onto 

the AsP monolayer, leading to the decision not to 

pursue further investigation of their adsorption 

behaviors on this surface. 

 

Subsequently, the study examines the impact 

of gold (Au) doping on the adsorption performance of 

the AsP monolayer. The inclusion of Au significantly 

enhances the material's adsorption capacity for CO, 

NO₂, and NO. The most stable and favorable 

adsorption configurations are clearly illustrated in Fig. 

4, with detailed parameters for each specific gas 

molecule before and after adsorption, such as 

adsorption energy, distance, and charge transfer, 

provided in Fig. 3. 

 

 

 
Fig. 3: (a) Data after the adsorption of the 

corresponding gases. The prismatic shapes 

represent adsorption energy (Ead in eV), the 

cylindrical shapes represent electron transfer 

(C in e), the truncated cones represent the 

band gap (Eg in eV), the conical frustums 

represent the adsorption distance (D in Å), 

and the cones represent the work function 

(WF in eV). The doped structure forms a 

compensatory electronic network. These 

findings highlight the strong chemical 

interaction between Au and As atoms, further 

enhancing system stability.. 

 

As illustrated in both Fig. 3 and Fig. 4(b),CO 

adsorption on the Au-AsP monolayer occurs via the 

carbon atom, with the C–Au distance reducing to 

1.970 Å, indicating a clear binding interaction. The 

adsorption energy of CO is -0.685 eV, demonstrating a 

stronger adsorption strength on the Au-AsP monolayer 

compared to the pristine monolayer. In this 

configuration, the Au-P and Au-As bond lengths 

increase to 2.395 Å and 2.651 Å. Furthermore, the C–

O bond length in CO slightly increases from 1.144 Å 

to 1.158 Å upon adsorption, suggesting activation and 

electronic reorganization of the CO molecule. These 

results confirm a chemical interaction between CO and 

the Au-AsP monolayer. 

 

As illustrated in both Fig. 3 and Fig. 4(c), 

NO₂ adsorption on the Au-AsP monolayer occurs via 

the nitrogen (N) atom, with a C–Au distance of 2.233 

Å. The adsorption performance of NO₂ is notably 

stronger than that of CO and NO, with an adsorption 

energy of -0.88 eV. Following adsorption, the Au-As, 

Au-P1, and Au-P2 bond lengths increase to 2.537 Å, 

2.522 Å, and 2.525 Å, respectively, indicating a 

reorganization of the electronic environment around 

the Au atom and changes in molecular interactions. 

Additionally, the O–N–O bond angle decreases from 

133.735° to 124.769°, signifying a reorientation of the 

NO₂ molecule during the interaction. The N–O1 and 

N–O2 bond lengths also increase slightly, from 1.214 

Å to 1.233 Å and 1.244 Å, respectively, indicating 

structural adjustments. These results highlight a 

significant chemical interaction between the NO₂ and 

the Au-AsP monolayer, and underscore the enhancing 

effect of Au on the material's overall adsorption 

capacity. 

 

As illustrated in both Fig. 3 and Fig. 4(d), NO 

adsorption on the Au-AsP monolayer occurs through 

both the nitrogen (N) atom and the Au atom, with a N–

Au distance of 2.049 Å. The adsorption strength of NO 

on the Au-AsP monolayer exceeds that of CO, with an 

adsorption energy of -0.799 eV. After adsorption, the 

Au-As, Au-P1, and Au-P2 bond lengths are 2.612 Å, 

2.386 Å, and 2.412 Å, respectively. Furthermore, the 

N–O bond length increases from 1.172 Å to 1.188 Å, 

indicating slight structural adjustments in the molecule 

due to adsorption. These results confirm the significant 

chemical interaction between the NO and the Au-AsP 

monolayer, and emphasize the crucial role of Au in 

improving the material’s overall adsorption 

performance. 
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Fig. 4: (a)–(d) and (e)–(h) respectively show the most stable configurations and corresponding charge 

difference densities of CO, NO₂, and NO adsorbed on the Au-doped AsP surface. Yellow and green 

represent charge accumulation and depletion, respectively. The isosurface values for CO, NO₂, and 

NO are set at 0.002 e/Å³. 

 
Electronic properties of doped AsP monolayers after 

gas adsorption. 

 

This study calculates PDOS, TDOS, CDD, 

and charge transfer after adsorption to analyze the 

system's electronic properties. 

 

The adsorption of CO results in minimal 

changes to the band structure, indicating a limited 

effect on the overall electronic structure (Fig. 6(b)). 

Additionally, the Au:5d orbitals hybridize with the 

C:2p and O:2p orbitals of CO at energy levels around 

-9.9 eV, -7.7 eV, -6.9 eV, and -0.1 eV (Fig. 5(b)), 

suggesting a tendency for chemical bonding between 

the Au atom and the CO molecule. Bader charge 

analysis (Fig. 3) shows that the CO molecule gains 

0.170 e, while the Au atom loses 0.135 e, indicating 

the presence of chemisorption. This conclusion is 

further confirmed by charge density difference 

analysis, which shows significant electron 

accumulation around the CO molecule, particularly 

near the C-Au bond, indicating substantial electron 

transfer from the gold atom to the CO molecule (Fig. 

4(f)). This weak chemical interaction, characterized by 

notable charge transfer and an adsorption energy 

exceeding 0.5 eV, enhances CO binding while 

preserving the integrity of the CO molecule. Such 

weak chemisorption is beneficial for gas sensing 

applications, as it stabilizes the CO molecule while 

preserving effective electronic sensitivity. 
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Fig. 5: (a) The DOS of the Au-doped AsP monolayer. The DOS of (b) CO, (c) NO₂, (d) NO gas molecule 

adsorption on the Au-doped AsP monolayer. The Fermi energy level was positioned at zero as a black 

dashed vertical line. 

 

 
 

Fig. 6: (a) The band structure of the Au-doped AsP monolayer. The band structures of (b) CO, (c) NO₂, (d) 

NO gas molecule adsorption on the Au-doped AsP monolayer. The Fermi energy level was positioned 

at zero as a black dashed vertical line. 
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The Au-AsP monolayer exhibits notable NO₂ 

adsorption characteristics, marked by strong electron 

rearrangement and distinct orbital overlap interactions. 

As shown in Fig. 6(c), NO₂ adsorption induces spin 

polarization near the Fermi level, an effect absent 

before adsorption, indicating a significant alteration in 

the system’s magnetic properties. This provides a 

potential mechanism for NO₂ detection using Au-AsP 

monolayer sensors. As shown in Fig. 5(c), orbital 

overlap between Au:5d, N:2p, and O:2p occurs at 

energy levels around -8.0 eV, -7.9 eV, -7.7 eV, -7.3 eV, 

and -7.1 eV, suggesting a tendency for chemical bond 

formation between Au and NO₂. This hybridization 

strengthens the interaction between the NO₂ molecule 

and the AsP surface, demonstrating stable bonding 

between NO₂ and Au. Bader charge analysis (Fig. 3) 

shows that the NO₂ molecule gains 0.554 e from the 

Au-AsP monolayer, while the Au atom also acquires 

0.156 e. Meanwhile, two P atoms and one As atom 

near Au collectively lose 1.156 e, indicating that 

electron transfer mainly occurs from the substrate to 

NO₂ and Au. Further analysis of the CDD map 

provides additional details on the electron transfer. As 

shown in Fig. 4(g), significant charge accumulation is 

observed around the oxygen atom of NO₂, with charge 

depletion near the Au atom, indicating electron 

transfer from the surrounding substrate regions 

through Au to the NO₂ molecule. This notable electron 

accumulation reflects the strong oxidizing nature of 

NO₂, effectively attracting electrons from the substrate 

and enhancing its binding with the material surface. 

These findings indicate that the NO₂ molecule 

achieves stable chemisorption on the Au-AsP 

monolayer surface while preserving its molecular 

integrity. 

 

The Au-AsP monolayer demonstrates notable 

NO adsorption characteristics, marked by significant 

electron rearrangement and orbital overlap 

interactions. As shown in Fig. 6(d), similar to NO₂ 

adsorption, NO adsorption induces spin polarization, 

suggesting a change in the system's magnetic 

characteristics. This provides a potential mechanism 

for NO detection using an Au-AsP monolayer sensor. 

As shown in Fig. 5(d), orbital overlap between the 

Au:5d, N:2p, and O:2p occurs at energy levels around 

-0.3 eV and from -8.5 to -7.1 eV, suggesting a tendency 

toward chemical bond formation between Au and NO. 

This hybridization enhances the interaction between 

the NO molecule and the AsP surface, indicating stable 

binding between NO and Au. As shown in Fig. 3, the 

Bader charge analysis reveals a charge transfer of 

0.311 e from the Au-AsP monolayer to the NO 

molecule, while the Au atom loses 0.233 e. These 

results align with the charge transfer patterns observed 

in the CDD map. As illustrated in Fig. 4(h), charge 

accumulation is prominent near the NO molecule, 

whereas a depletion is observed around the Au atom, 

indicating electron transfer from Au to NO. This 

charge transfer indicates that Au doping can markedly 

enhance the AsP monolayer’s adsorption capacity for 

NO gas. The findings demonstrate that Au doping 

enhances the NO sensing capabilities and adsorption 

of the AsP monolayer, facilitating stable 

chemisorption. 

 

Potential of doped AsP monolayers structures as gas 

sensors. 

 

An effective gas sensor should demonstrate 

favorable response and recovery rates, stability at 

room temperature, as well as high selectivity and 

sensitivity [61, 62]. For the Au-AsP monolayer 

structures examined in this study to be suitable for 

sensing the three gas molecules under investigation, 

the adsorption type for these molecules on the doped 

AsP monolayer should primarily involve 

chemisorption, characterized by adequate and 

sufficient charge transfer. This mechanism is essential 

to prevent spontaneous desorption under ambient 

conditions and to ensure substantial changes in 

conductivity. 

 

As shown in Fig. 3, the band gaps of the Au-

AsP monolayer upon adsorption of CO, NO₂, and NO 

gases are 0.247 eV, 0.148 eV, and 0.001 eV. 

Demonstrate that CO adsorption has minimal impact 

on the conductivity of the Au-AsP monolayer, 

suggesting poor sensitivity to CO gas. In contrast, NO₂ 

adsorption moderately affects conductivity, indicating 

good sensitivity. In contrast, NO₂ adsorption 

moderately affects conductivity, indicating good 

sensitivity. NO adsorption has a significant effect on 

conductivity, suggesting high sensitivity for NO gas. 

Since gas sensors detect molecules by measuring 

changes in conductivity following adsorption, this 

study calculated the conductivity at T=300 K after 

adsorption, as shown in Table 2. Results show that 

although the change in band gap due to CO gas 

adsorption is minimal, the conductivity changes by 

more than 10%. Therefore, judging by the conductivity, 

the Au-AsP monolayer exhibits an appropriate 

conductivity change and certain sensitivity to CO gas 

adsorption. 
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Table-2: Relevant parameters for the adsorption of 

CO, NO₂, and NO gas molecules on the Au-doped AsP 

surface, including bond length (Å), bond angle (°), 

electrical conductivity (σ). 
Molecule Bond length (Å) Angle (°) 𝛔 

CO 1.15 (C-O) / 8.43× 𝟏𝟎−𝟑 
NO2 1.23(N-O1) 124.7° 𝟓. 𝟕𝟏 × 𝟏𝟎−𝟐 

 1.24(N-O2)   
NO 1.18 (N-O) / 9.80× 𝟏𝟎−𝟐 

    
 

To comprehensively evaluate the potential of 

Au-doped monolayer AsP in gas sensing applications, 

this study quantitatively analyzed the system's work 

function variations upon adsorption of various small 

gas molecules. As shown in Fig. 3, due to its electron-

accepting properties, NO₂ gas gained 0.554 e of charge 

during adsorption, resulting in an increase in the 

system's work function from 4.744 eV to 5.213 eV. 

Similarly, NO and CO gases received 0.311 e and 

0.170 e of charge upon adsorption, leading to increases 

in the system's work function to 4.802 eV and 4.868 

eV. The notable increase in work function shows that 

all three gases, especially NO₂, exhibit good 

selectivity when detected by the Au-AsP sensor. 
 

This study calculated the recovery times for 

the adsorption systems under conditions of V₀ = 10¹⁴ 

s⁻¹ and T = 300 K. As shown in Table 2, the doping of 

Au in the AsP monolayer results in a desorption time 

of 0.262 s for NO gas. For NO₂ gas, the desorption 

time is 5.78 s under the same conditions, and similarly, 

the desorption time for CO gas is 0.003 s.  
 

As shown in Table 3, when the dopant atoms 

are all Au, the Au-AsP monolayer studied in this work 

exhibits extremely short response and recovery times 

for CO gas detection, whereas compared with the Au-

doped SnSe₂ monolayer, which shows a 4-second 

response and recovery time for CO gas, the Au-AsP 

monolayer demonstrates even shorter times. This 

indicates that the Au-AsP monolayer investigated in 

this study significantly outperforms the 

aforementioned materials in terms of response speed 

and recovery capability for CO gas sensing, 

highlighting its substantial application potential. 
 
Table-3: Doped with Au atoms. Recovery(response) 

time (τ in s) of the gas molecules after adsorption at T 

= 300 K. 
Molecule 𝛕（𝐬） Source 

CO 3.19× 𝟏𝟎−𝟑 This work 
NO2 5.78  
NO 2.62× 𝟏𝟎−𝟏  
CO 4 [41] 
NO 7  

NO2 11 [42] 

 

In terms of NO gas detection, the response 

and recovery times of the Au-AsP monolayer, which 

are less than 1 second, are longer than those of another 

AsP monolayer, but still significantly shorter than 

those of the Au-doped SnSe₂ monolayer. Furthermore, 

the adsorption of NO gas has a pronounced effect on 

the electrical conductivity of the Au-AsP monolayer, 

further enhancing its sensing performance. Therefore, 

the Au-AsP monolayer not only exhibits high 

sensitivity and good selectivity for NO gas detection, 

but also features rapid response and recovery 

characteristics, making it a promising candidate for 

NO gas sensing applications. 

 

For NO₂ gas, although the response and 

recovery times of the Au-AsP monolayer are longer 

compared to those for CO and NO, they are still 

markedly superior to those of the other AsP monolayer 

and remain within an acceptable range. At the same 

time, the adsorption of NO₂ induces a moderate change 

in the electrical conductivity of the Au-AsP monolayer, 

providing a reasonable sensitivity. Combined with its 

good selectivity and relatively short response time, the 

Au-AsP monolayer also demonstrates strong 

capability in NO₂ detection. 

 

In summary, the Au-AsP monolayer proposed 

in this study demonstrates excellent sensing 

performance for CO, NO, and NO₂ gases. In particular, 

for CO and NO₂ gases, it significantly outperforms the 

alternative AsP monolayer structure and the Au-doped 

SnSe₂ monolayer in terms of response speed and 

recovery capability. While the response and recovery 

times for NO gas are slightly longer compared to the 

alternative AsP monolayer structure, they are still 

under 1 second, proving its excellent response speed 

and recovery capability. This highlights its broad 

application prospects as a versatile gas sensing 

material. 

 

Conclusion 

 
This study assesses the stability of pristine 

AsP monolayers through molecular dynamics 

simulations and phonon dispersion analysis. 

Additionally, molecular dynamics simulations confirm 

the dynamic stability of Au-AsP monolayers. The 

investigate the nature of gas adsorption and the 

strength of molecular interactions by examining the 

geometric structure, adsorption energy, electron 

density, electron transfer, and DOS of Au-AsP 

monolayers before and after the adsorption of CO, NO, 

and NO₂. Additionally, the conductivity and recovery 

time following gas adsorption are calculated from 
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energy band structures and adsorption energies to 

assess the potential of Au-AsP monolayers as sensors 

for these gases. Finally, through the work function and 

conductivity analyses, the results demonstrate that Au-

AsP monolayers are highly sensitive sensors for NO 

and NO₂ gases, as well as efficient sensors for high 

concentrations of CO. This study aims to propose that 

Au doping can modulate the interactions between gas 

and the most stable α-phase AsP monolayer, providing 

new insights into using the Au-doped α-phase AsP 

monolayer for detecting specific toxic gases. 
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