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ABSTRACT: Density functional theory (DFT) calculations were employed to investigate the adsorption behavior
of NH3, AsH3, PH3, CO2, and CH4 molecules on both pristine and mono-vacancy phosphorene sheets. The pristine
phosphorene surface shows weak physisorption with all the gas molecules, inducing only minor changes in its structural
and electronic properties. However, the introduction of mono-vacancies significantly enhances the interaction strength
with NH3, PH3, CO2, and CH4. These variations are attributed to substantial charge redistribution and orbital
hybridization in the presence of defects. The defective phosphorene sheet also exhibits enhanced adsorption energies,
along with favorable sensitivity and recovery characteristics, highlighting its potential as a promising gas sensor for
NH3, AsH3, PH3, CO2, and CH4 at ambient conditions.
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1 Introduction
Toxic gases possess serious health risks upon inhalation, with effects ranging from mild irritation to

life-threatening conditions. Among them, ammonia (NH3), arsine (AsH3), phosphine (PH3), carbon dioxide
(CO2), and methane (CH4) are chemically different, yet they have significance in both environmental and
industrial contexts. Ammonia, a colorless gas with a sharp, pungent odor, is naturally released during the
decomposition of organic matter and is widely synthesized for use in fertilizers due to its high nitrogen
content essential for plant growth. It is highly soluble in water, forming ammonium hydroxide, which is a
common component in household cleaners. Although non-flammable under standard conditions, ammonia
can form explosive mixtures with air at elevated concentrations. Exposure levels above 20 ppm are considered
hazardous, potentially causing irritation to the eyes, skin, and respiratory system. A high concentration
of toxic gases leads to severe burns, respiratory failure, or even death [1–4]. Arsine (AsH3) is a colorless,
highly toxic, and flammable gas composed of arsenic and hydrogen, primarily used in semiconductor
manufacturing and chemical synthesis. Though it may emit a garlic-like odor at high concentrations, arsine
is often undetectable at hazardous levels. Even minimal exposure can lead to hemolysis, abdominal pain,
respiratory failure, and death, necessitating strict safety protocols [5]. Phosphine (PH3), another highly toxic
gas, consists of phosphorus and hydrogen. It is colorless and may have a garlic or fishy odor, though pure
phosphine is odorless. It forms naturally in trace amounts through the anaerobic decay of phosphorus-rich
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matter and is widely used as a fumigant and in electronics manufacturing. Exposure can cause symptoms
ranging from nausea and chest tightness to pulmonary edema and fatality, demanding rigorous handling
precautions [6].

Carbon dioxide (CO2), while non-toxic at ambient concentrations, plays a central role in Earth’s carbon
cycle. Naturally produced through respiration, decomposition, and volcanic activity, CO2 is also heavily
emitted by human activities such as fossil fuel combustion and deforestation, contributing significantly to
global climate change. In confined spaces, CO2 accumulation can displace oxygen, posing suffocation risks. It
is widely used across industries, including food processing, fire suppression, and refrigeration [7,8]. Methane
(CH4), the simplest hydrocarbon, is a colourless, odourless, and highly flammable gas formed naturally via
anaerobic processes in wetlands and livestock digestion. As the primary component of natural gas, it is a
critical fuel source. Although non-toxic, methane can cause oxygen displacement in enclosed environments,
creating asphyxiation risks. Additionally, it is a potent greenhouse gas over 80 times more effective than
CO2 at trapping heat over a 20-year period, making it a major contributor to global warming. Despite their
diverse industrial, agricultural, and energy-related applications, these gases pose significant health, safety, or
environmental hazards, underscoring the need for careful monitoring and control strategies [9].

Due to the harmful nature of these gases, it is essential to develop a sensor that can detect these gases
in small amounts. In the past decades, the two dimensional materials such as graphene, graphene oxide,
boron nitride, MoS2, germanene and silicene have been widely investigated for the applications in the field
of energy storage, gas sensors, molecular adsorption, and many other fields due to their high surface area,
high carrier mobility, high chemical stability and fast response time [10–15]. Although graphene is the most
explored 2D material, it has limited applications in fields such as magnetic field sensors and single-electron
detectors. Using density functional theory (DFT), Leenaerts et al. [16] found that the weak interaction
between graphene and common gas molecules such as NO, NH3, CO, and H2O, limits its application towards
single gas molecule detection. It has been found that MoS2 has weak interaction with gas molecules like O2,
H2, H2O, and CH4 etc. as there was no significant change in electronic properties found after adsorption of
these gas molecules. Xia et al. [17] studied the adsorption of various gas molecules on germanene using DFT
and found that NH3, NO, and NO2 gas molecules strongly interact with germanene, while CO, H2O and CO2
gas molecules interact weakly. Wand et al. studied the adsorption H2, CO, CO2, H2O, NO2, H2S, NH3, and
CH4 gas molecules on the SnGe2N4 monolayer surface. Their results showed that all these molecules reveal
low adsorption energies and adsorption lengths on the SnGe2N4 surface [18]. Even though these 2D materials
have amazing properties, their zero band gap of graphene and low mobilities & heavy electron effective mass
of MoS2 limit their applications for high-performance devices. Similarly unstable nature of germanene and
silicene in air restricts their applications in electronic devices.

Phosphorene is the quasi-2D knitted sheet of black phosphorus. It has a noticeable direct band gap,
which is an advantage over graphene. Its electron mobility is large in comparison to transition metal dichalco-
genides (TMD). Its conductance is anisotropic, and it also has optical responses. It has high flexibility, high
mechanical strength, and anisotropic elasticity [19]. These properties distinguish the phosphorene from other
2D materials like isotropic graphene and TMDs. This makes the phosphorene a promising material for
applications in the fields of nanoelectronics and optoelectronics [20,21]. Phosphorene possesses applications
in the field of thin film solar cell [22], field effect transistors [23], and gas sensors [1].

Due to its puckered surface, phosphorene has good absorption properties for several gas molecules.
For example, Ghambarian et al. [24] investigated the adsorption of phosgene gas on pristine and defected
phosphorene through DFT HSE calculations and found that defective phosphorene is a highly suitable and
reusable gas sensor for the detection of phosgene gas. Luo et al. [6] studied the adsorption of hazardous gases
NH3, PH3, AsH3 on the graphene and rare earth metal-doped graphene. They found that pristine graphene
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show weak physisorption towards NH3, PH3, and AsH3 gas molecules. But the rare-earth metal-doped
graphene shows enhanced chemisorption toward NH3 and weakened adsorption toward AsH3. They found
the sensitivities below 40% for the detection of NH3, PH3, and AsH3. In the present work, we have studied the
sensing properties of pristine and mono-vacancy phosphorene towards ammonia, arsine, phosphine, carbon
dioxide, and methane by analyzing interaction energy, energy band gap, Bader charge transfer, sensitivity,
recovery time, and work function.

2 Computational Methods
Density functional theory (DFT) [25] based calculations were performed using the Quantum

ESPRESSO [26] package. We used generalized gradient approximation (GGA) [27] with Perdew-Burke-
Ernzerhof (PBE) functional [28] for the exchange-correlation energy of electronic interactions. The Van
der Waals (VdW) corrections were included using the Grimme-D3 [29] method to consider the long-range
interactions. The Brillouin zone was sampled employing a Monkhorst-Pack grid [30] corresponding to a
5 × 4 × 1 k-point grid for all calculations of geometric optimizations and electronic properties for a 3 × 3 × 1
supercell consisting of 36 atoms. Along the z-direction (perpendicular to 2d sheet), a 20 Å vacuum thickness
was added to avoid the neighboring interactions. The interaction energy, Eint, of different gases on the pristine
phosphorene sheet (P) and mono-vacancy phosphorene sheet (MVP) was calculated as

Eint = EX−G − (EX + EG) (1)

where EX-G, EX, and EG are the energies of a gas molecule adsorbed over the P/MVP sheet, P/MVP adsorption
substrate, and gas molecules, respectively. A value of Eint < 0 signifies that the interaction process is
exothermic, and gas interaction happens concurrently.

The sensing quality of a sensor can be determined in terms of sensitivity (S, %) [6], which is defined as

S = ∣
σ s−g − σ s

σ s
∣ × 100 (2)

where σ s−g and σ s are the electrical conductivity of the operating sensor with gas adsorption and without
gas adsorption, respectively. The electrical conductivity is related to the band gap (E g) and can be described
by Eq. (3) [1].

σ = AT
3
2 exp [−

Eg

2kBT
] (3)

here, σ is the electrical conductivity, A is a material-dependent prefactor containing density-of-states and
mobility terms, T is absolute temperature, Eg is the band gap, and kB is Boltzmann’s constant.

The recovery duration was evaluated using the Van’t-Hoff-Arrhenius equation [1] given by

τ = 1
ν0

e
⎛
⎝
−

Ea

kBT
⎞
⎠ (4)

In this equation, ν0 represents the apparent frequency factor (1012 Hz) [31], T signifies the operational
temperature, kB stands for the Boltzmann constant, and Ea indicates the energy barrier for desorption. It is
commonly assumed that Ea is equivalent to Eint, given that desorption is the opposite of adsorption. This
common practice also used by Kumar et al. [1], Kharb et al. [31], Cui et al. [32] and Kalwar et al. [33].
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The interaction of gas molecules with P/MVP sheet can lead to alterations in the work function and is
determined using Eq. (5) [1].

φ = Evac − EF (5)

where Evac represents the vacuum energy level and EF denotes the Fermi energy of the system. The efficiency
of the sensor can also be derived from the relative variation in its work function, as described by Eq. (6) [1].

ε = 100 × ∣
φX−G

φX
− 1∣ (6)

where φX−G and φX represent the work functions of P/MVP sheet following the adsorption of the gas
molecule and prior to gas adsorption, respectively.

The Bader charge [34] analysis was performed to analyze the electron transport dynamics between the
gas molecule and the P/MVP sheet. The quantity of charge transfer (Qt) indicates the changes in electronic
characteristics on the surface of P/MVP when interacting with the gas molecules, as defined below:

Qt = Qadsorbed(gas) −Qisolated(gas) (7)

In this context, Qabsorbed(gas) and Qisolated(gas) refer to the charge associated with a gas molecule after it has
adsorbed and that of an isolated gas molecule, respectively.

3 Results and Discussions

3.1 Geometric Structure of Pristine Phosphorene (P) and Mono-Vacancy Phosphorene (MVP)
The unit cell of phosphorene consists of four phosphorus atoms in an orthorhombic space group, as

shown in Fig. 1A, with a lattice parameter of 4.61 and 3.29 Å, which is in good agreement with the previous
reports [1]. We used a 3 × 3 supercell consisting of 36 atoms to model the gas molecule interaction studies
as shown in Fig. 1B, with lattice dimensions of 13.85 Å × 9.89 Å. As can be seen, the structure of pristine
phosphorene is anisotropic along the x and y directions, which are labeled as armchair and zigzag directions,
respectively. After relaxation, the bond length of the P-P bond [d1(inter-layer distance)] was 2.26 Å in the
armchair direction and 2.22 Å [d2(intra-layer distance)] in the zigzag direction, which are consistent with
the literature [1]. Here, d1 and d2 are found to be slightly different but are very close to each other due to the
covalent bonds between phosphorus 3p orbitals.

Figure 1: Relaxed structure of (A) Unit cell of phosphorene, and 3 × 3 super cell of (B) Pristine phosphorene sheet and
(C) Mono-vacancy phosphorene sheet
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In order to investigate the mono-vacancy, we removed one phosphorus atom from the 3 × 3 supercell
structure. The structure of the MVP is shown in Fig. 1C. The formation energy (E f ) of the mono-vacancy
configuration was computed using the relation E f = EMV P − NpEp, where EMVP denotes the energy of
phosphorene containing a single vacancy, Np is the number of phosphorus atoms in the defective model,
and Ep corresponds to the per-atom energy extracted from pristine phosphorene. The calculated formation
energy is 2.07 eV, indicating that vacancy creation is endothermic but energetically feasible. This value is
in excellent agreement with earlier work by Ramachandran et al. [35], who reported a formation energy of
2.09 eV using DFT-GGA. The relatively low value implies that mono-vacancies can be introduced experi-
mentally and may play an active role in modulating the sensing performance of phosphorene.

Close to this defect, the armchair bond length of P-P bond measures 2.26 Å, while in zig-zag direction,
it was 2.34 Å. In contrast, the bond lengths away from the defect region were 2.26 and 2.22 Å along armchair
and zig-zag directions, respectively, which are comparable to those of phosphorene.

We next investigated the interaction of phosphorene sheets with different molecules by placing
molecules close to the sheet in the orientation as shown in the Fig. 2. Interaction lengths between different
gas molecules and P & MVP sheets is shown in Fig. 3, while geometry of gas molecules after interaction
with sheets is shown in the Figs. 2 and 4, respectively. First, the interaction was investigated on a pristine
phosphorene sheet, where we found almost no change in P-P bond length. We found that the interaction
length (d) between NH3, AsH3, PH3, CO2 and CH4 and the pristine phosphorene sheet was 3.01, 3.45, 3.40,
3.62 and 3.19 Å, respectively with calculated interaction energies to be −0.166, −0.163, −0.157, −0.112 and
−0.104 eVs for respective gases showing weak physisorption interactions. The interaction energy data suggest
that the interaction ability of these five gas molecules on pristine phosphorene is in the order NH3 > AsH3 >
PH3 > CO2 > CH4. In a pristine phosphorene sheet, each phosphorus atom is covalently bonded with three
neighboring phosphorus atoms. Each phosphorus atom has five valence electrons (3s23p3). Three of these
electrons form three σ bonds with adjacent phosphorus atoms. The remaining two valence electrons create
a lone pair that resides in an out-of-plane orbital. This arrangement gives rise to the distinctive puckered
honeycomb structure. When a gas molecule interacts with a pristine phosphorene sheet, then Van der Waals
interaction between the gas molecules and P sheet leads to higher values of interaction length.

Next, we studied the interaction of various gases on a mono-vacancy phosphorene (MVP) sheet by
placing a gas molecule near the vacancy of MVP and allowing the system to relax without any constraints.
The interaction lengths between gas molecules and the MVP sheet were 0.69, 1.26, 1.07, 2.58 and 2.04 Å
for NH3, AsH3, PH3, CO2, CH4 gases, respectively. In case of MVP, at the vacancy site each phosphorus
atom is bonded with only two adjacent phosphorus atoms compared to three phosphorus atoms in pristine
phosphorene sheet. This creates the local deformation and changes in orbital hybridization (Figs. S2 and S3).
When NH3, AsH3, or PH3 gas atoms interact with MVP sheet then these gas atoms covalently bind with
phosphorus atoms close to the vacancy site. This results in strong interaction and a remarkable reduction in
the interaction length. As compared to the pristine phosphorene sheet (P), we observed stronger interactions
between vacancy-defected phosphorene sheet and different molecules. The relaxed structures of the MVP
sheets after adsorption of NH3, AsH3, PH3, CO2 and CH4 gas molecules are shown in Fig. 4A–J.

In case of mono-vacancy phosphorene, the interaction energies of NH3, AsH3, PH3, CO2, CH4 gas
molecules were −0.343, −0.045, −0.272, −0.522, and −0.519 eV, respectively. The interaction ability of these
five gas molecules on MVP is in the order CO2 > CH4 > NH3 > PH3 > AsH3.

On comparing the interaction energies of NH3, AsH3, PH3, CO2, and CH4 gas molecules on pristine
phosphorene and MVP, it was found that vacancy could enhance the bonding strength of all the gas molecules
except AsH3. We have given a comparison of the interaction energies of NH3, AsH3, PH3, CO2, and CH4 gas
molecules on pristine phosphorene (P) (blue color) and mono vacancy phosphorene (MVP) in Fig. S1.
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Figure 2: The relaxed structures of (A, B) P-NH3, (C, D) P-AsH3, (E, F), P-PH3, (G, H) P-CO2, (I, J) P-CH4, respectively

Figure 3: Interaction length between different gas molecules and P & MVP sheets
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Figure 4: The relaxed structures of (A, B) MVP-NH3, (C, D) MVP-AsH3, (E, F), MVP-PH3, (G, H) MVP-CO2, (I, J)
MVP-CH4, respectively

This exception in the case of AsH3 arises mainly due to electronic and structural factors. The mono-
vacancy introduces unsaturated phosphorus atoms with dangling bonds that generally promote charge
transfer and covalent bonding with incoming gas molecules. However, AsH3 possesses a larger atomic radius
and weaker electronegativity compared to NH3 and PH3, leading to poor orbital overlap between As–4p
and P–3p states at the defect site. As a result, AsH3 fails to form a strong P–As bond and instead exhibits
lower interaction energy and a negative Bader charge transfer value (–0.469 e−) (discussed in next section),
indicating electron withdrawal rather than bond stabilization. Therefore, unlike other gases, AsH3 interacts
less strongly with the defective phosphorene sheet.

In the chemisorbed cases (NH3, PH3, and to a lesser extent AsH3 on MVP), the interaction is
predominantly covalent in nature. The mono-vacancy creates unsaturated phosphorus atoms with dangling
bonds, which act as active sites for adsorption. The lone-pair electrons on N or P atoms in NH3 and PH3
interact with the P-3p orbitals at the vacancy site, leading to dative (coordinate) covalent bond formation.



8 Comput Mater Contin. 2026;87(1):16

This is confirmed by the significant reduction in adsorption distance (0.69–1.07 Å), large negative adsorption
energies (−0.272 to −0.343 eV), and notable Bader charge transfer (0.256 e− for NH3 and −0.362 e− for PH3)
(discussed in next section). In contrast, AsH3 shows a weakly chemisorbed or transition-type interaction
due to poor orbital overlap between the larger As–4p orbitals and P–3p defect orbitals, which explains its
lower adsorption energy. Meanwhile, CO2 and CH4 exhibit van der Waals-type physisorption, as indicated
by larger adsorption distances (>2.0 Å), small charge transfer, and minimal deformation of the MVP lattice.

3.2 Electronic Characteristics of Pristine and Mono-Vacancy Phosphorene Sheets and the Effect of Gas
Molecule Interaction
To investigate further the gas molecule interaction and their sensing properties, we studied the

electronic properties of systems by analysing their electronic band structures (Fig. 5). Fig. 5A shows the band
structure of pristine phosphorene, while Fig. 5B–F shows the band structure of the phosphorene sheets after
their interaction with gas molecules NH3, AsH3, PH3, CO2, and CH4, respectively. We observed that due
to the weak interaction between different gas molecules and the pristine phosphorene sheet, the electronic
bands profile remains almost unaltered.

Figure 5: The band structure of (A) Phosphorene, (B) P-NH3, (C) P-AsH3, (D) P-PH3, (E) P-CO2, and (F) P-CH4
Systems

We have given the band structures of MVP sheets before and after gas molecule interaction in Fig. 6. The
presence of the defect is shown to induce hole doping within the phosphorene, evidenced by the Fermi level
shifting upwards towards the valence band. The band gap identified was indirect, measuring approximately
0.77 eV. Additionally, it was observed that the defect creates localized states in the valence band, indicated
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by the relatively flat band just below the Fermi level. These localized states act as possible active states for
interacting with gas molecules.

Figure 6: The band structure of (A) MVP, (B) MVP-NH3, (C) MVP-AsH3, (D) MVP-PH3, (E) MVP-CO2, and (F)
MVP-CH4 systems

The band gaps of P-sheet, MVP sheet, and the ad-systems are shown in Table 1. The band gap of the
pristine phosphorene sheet was found to be 0.87 eV, which reduces to 0.77 eV in the MVP sheet as a result of
vacancy. As in the case of pristine phosphorene sheet all gases show weak physisorption interactive nature
with no chemical bond formation between molecule and the sheet, a similar interaction is reflected in the
electronic band gap analysis, where we observed that band gap remains almost unaltered after different gas
molecules interaction (Table 1) indicating very low amount of charge transfer between pristine phosphorene
sheet and gas molecules. We have presented a comparative chart of the band gap in Fig. 7. In the case of gas
molecules interacting with the MVP sheet, we see significant changes in the band gap values as a result of
molecule interaction. The band gap of MVP changes from its original value of 0.77 eV to 0.66, 0.41, 0.65, 0.87,
and 0.88 eV after interaction of gas molecules NH3, AsH3, PH3, CO2, and CH4, respectively, which reflects
larger charge transfer compared to that in the pristine phosphorene sheet. This was again confirmed through
the Bader charge transfer analysis, where a considerable amount of charge transfer is observed between
different molecules and the MVP sheet.

In order to gain a deeper insight into the electronic characteristics, the density of states (DOS) plots
for all systems were analyzed (Fig. 8). We found that when NH3, AsH3, PH3 gas molecules interact with
pristine phosphorene, there is a slight change in DOS of pristine phosphorene and the Bader charge transfer
are −0.039, −0.011, and −0.013 e−, respectively, which shows that there is less transfer of charge from the
sheet to gas molecules, behaving NH3, AsH3, PH3 are electron acceptors. While in the case of CO2 and CH4
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gas molecules interaction with pristine phosphorene, there are significantly higher values of DOS in the
conduction band, and CO2 and CH4 gas molecules interaction show the electron donor characteristics, as
the Bader charge transfer are 0.017 and 0.006 e−, respectively.

Table 1: Fermi energy (EF), band gap (Eg), work function (φ), interaction energy (Eint), and bader charge transfer (Qt)
and interaction length (d) of phosphorene, MVP, and their ad-systems

Structure EF (eV) Eg (eV) φ(eV) Eint (eV) Qt (e−) d (Å)
P −1.73 0.876 4.506 — — —

MVP −2.5 0.77 5.199 — — —
P-NH3 −1.51 0.893 4.281 −0.166 −0.039 3.01

MVP-NH3 −1.81 0.657 4.545 −0.343 0.256 0.7
P-AsH3 −1.61 0.881 4.446 −0.163 −0.011 3.45

MVP-AsH3 −1.64 0.408 4.396 −0.045 −0.469 1.26
P-PH3 −1.58 0.886 4.401 −0.157 −0.013 3.4

MVP-PH3 −1.71 0.65 4.471 −0.272 −0.362 1.07
P-CO2 −1.64 0.867 4.492 −0.112 0.017 3.62

MVP-CO2 −2.2 0.875 4.989 −0.522 0.021 2.58
P-CH4 −1.67 0.871 4.478 −0.104 0.006 3.2

MVP-CH4 −2.3 0.878 5.049 −0.519 0.014 2.04

Figure 7: The comparative chart of band gap variations in pristine (P) and mono vacancy pristine (MVP) sheets as a
result of interaction with different gas molecules

The DOS of the MVP sheet underwent significant modifications after the sheet’s interaction with NH3,
AsH3, PH3, CO2, and CH4 gases. After NH3 interaction, DOS of MVP increases significantly towards the
lower energy side near the Fermi level, which further leads to a higher Bader charge transfer of 0.256 e−
showing electron donor properties of ammonia gas. AsH3 and PH3 interactions increase the DOS values in
the vicinity of the Fermi level and lead to large Bader charge transfer of−0.469 and−0.362 e−, respectively that
indicating the electron acceptor behavior of AsH3 and PH3 gas molecules. While CO2 and CH4 interaction
slightly changes DOS of MVP towards the higher energy side near the Fermi level, and an increase in peak
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value of DOS in the conduction band leads to a smaller Bader charge transfer with values 0.021, and 0.014
e−. Hence, CO2 and CH4 molecules show the behavior of an electron donor.

Figure 8: Comparison graph of DOS of (A) P and (B) MVP with their ad-systems.

Significant changes of DOS in the vicinity of the Fermi level are anticipated to lead to marked changes
in the associated electronic properties. This is highly advantageous for gas sensing purposes. Therefore, the
MVP demonstrates greater suitability for sensing NH3, AsH3, PH3, CO2, and CH4 compared to pristine
phosphorene. We have given projected-density-of-states (pdos) of NH3 and AsH3 molecules interacting
with pristine and MVP sheets in Figs. S2 and S3, respectively. We note that a stronger overlap occurs, with
noticeable As-sp3 mixing with defect-P (s–p hybrid) orbitals, indicating significant hybridization (Fig. S3).

3.3 Sensor Sensitivity, Recovery Time and Efficiency
The sensor responses for all the ad-systems were determined by analyzing the band gap before and after

the interactions with the gases. Fig. 9 illustrates the sensitivity (S%), while Table 2 provides the sensitivities
measured for NH3, AsH3, PH3, CO2, and CH4 to be 39.65%, 10.34%, 17.7%, 15.62%, and 9.28%, respectively.
For pristine phosphorene, the band gap shows nearly no changes following the interaction of AsH3 and CH4.
However, there is a slight change in band gap noted after the interaction of NH3, PH3 and CO2. Therefore,
pristine phosphorene demonstrates a higher sensitivity towards NH3, PH3 and CO2, while it has lower
sensitivity towards AsH3 and CH4.

In case of MVP, the sensitivity for NH3, AsH3, PH3, CO2, and CH4 are 88.71%, 99.9%, 90.13%, 86.82%
and 87.56%, respectively. In this case, the increased value of S can be attributed to a significant alteration
in the band gap. The changes in the band gap occur due to the interaction of NH3, AsH3, PH3, CO2, and
CH4 gas molecules on the MVP sheet, which leads to enhanced Bader charge transfer between the MVP and
the gas molecules with values 0.256, −0.469, −0.362, 0.021, and 0.014 e−, respectively in contrast to −0.039,
−0.011, −0.013, 0.017 and 0.006 e− in pristine phosphorene. Upon AsH3 interaction with MVP, although the
interaction energy is low, the sensitivity is very high. This indicates that AsH3 is better sensed by MVP. The
sensitivity of NO2-doped graphene and Ti3C2 MXene is found to be 25.3% and 6.13%, respectively for NH3
gas [36].
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Figure 9: Sensitivity of NH3, AsH3, PH3, CO2, and CH4 adsystems

Table 2: Sensitivity (S), estimated lower-bound recovery time (, ), and sensor efficiency () of different systems

Structure S (%) τ ε (%)
P-NH3 39.65 0.61 ns 4.99

MVP-NH3 88.71 0.56 μs 12.58
P-AsH3 10.34 0.54 ns 1.15

MVP-AsH3 99.9 5.68 ps 15.44
P-PH3 17.7 0.43 ns 2.33

MVP-PH3 90.13 36.38 ns 14
P-CO2 15.62 75.51 ps 0.31

MVP-CO2 86.82 0.57 ms 4.04
P-CH4 9.28 55.45 ps 0.62

MVP-CH4 87.56 0.50 ms 2.88

We have also computed the recovery time using Eq. (4). A short recovery time is crucial because it
ensures that the sensor is prepared for further measurements, improving the overall efficiency and reliability
of gas detection, particularly in applications where gas concentrations fluctuate quickly. The recovery times
for various ad-systems are presented in Table 2. The recovery time ranges from milliseconds to picoseconds.
At room temperature, physisorbed systems (e.g., CO2, CH4 on P and on MVP) exhibit short lower-bound
recovery times in the ps–ms range within the desorption energy, approximation. By contrast, chemisorbed
cases on MVP (notably NH3, PH3) can involve additional barriers arising from bond formation and local
deformation; hence their practical recovery can be considerably longer than the lower-bound reported here
and may benefit from temperature- or light-assisted desorption. The overall trend across gases and substrates
remains unchanged. Consequently, both phosphorene-based sensors can be classified as reusable sensors,
with MVP being slightly favored for its stable performance. This observation supports the conclusion that the
MVP monolayer can be regarded as a highly sensitive and reusable sensor for these gases. For comparison,
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the recovery time of Zr3C2O2-based gas sensor for NH3 gas was found to be 1 ms and for W-doped graphene
it was 10 s for CH4 gas molecules [31].

The interactions between the surface and the adsorbate result in modifications to the work function of
the nanomaterial. Therefore, we further determined the work function values and found that the interaction
of these gas molecules on both P and MVP sensors caused a reduction in the work function. The work
function values are presented in Table 2. The gas molecules NH3, AsH3, PH3, CO2, and CH4 tend to exhibit
weaker physisorption on pristine phosphorene, leading to only minor changes in the work function, although
some modulation occurs due to decreased charge transfer. Consequently, the work function of pristine
phosphorene sheet in the presence of these gases is found to be low. In contrast, the covalent adsorption
of NH3, AsH3, and PH3 on MVP leads to significant charge transfer, resulting in significant work function
changes. Moreover, the physisorption of CO2 and CH4 on MVP causes lower charge transfer and, as a result,
lower work function changes as well.

4 Conclusion
In this work, the adsorption behavior of NH3, AsH3, PH3, CO2, and CH4 on pristine and mono-vacancy

phosphorene sheets was systematically investigated using first-principles DFT calculations. Pristine phos-
phorene exhibits weak physisorption toward all gas molecules, resulting in negligible structural distortion,
minimal charge transfer, and almost unchanged electronic properties. However, the introduction of a mono-
vacancy significantly enhances the interaction strength for all gases (except AsH3), due to the presence of
unsaturated phosphorus atoms with dangling bonds and localized defect states near the Fermi level. These
active defect sites promote stronger charge transfer, shorter adsorption distances, higher sensitivity, and
noticeable modifications in band structure and density of states. Among all gases, CO2 and CH4 showed
the highest interaction energies on MVP (–0.522 and –0.519 eV, respectively), while NH3 and PH3 induce
significant modulation in the electronic properties. The MVP-based systems also exhibit high sensitivity (up
to ~99.9%) and ultrafast recovery times ranging from picoseconds to microseconds, making them highly
suitable for reusable room-temperature gas sensors.

Overall, the study reveals that mono-vacancy engineering in phosphorene dramatically improves
its gas-sensing performance. Therefore, defective phosphorene, particularly MVP, can be considered a
promising candidate for sensitive, selective, and reusable detection of NH3, AsH3, PH3, CO2, and CH4 at
room temperature.

Acknowledgement: Naresh Kumar is grateful to the Principal, D. N. (P.G.) College Gulaothi, Bulandshahr for allowing
him to pursue Ph.D.

Funding Statement: Dr Abhishek K. Mishra (A. K. M.) received the financial support to conduct this research from
the Science and Engineering Research Board (SERB) through a state university research excellence (SURE) grant
(SUR/2022/004935).

Author Contributions: Conceptualization: Naresh Kumar, Anuj Kumar and Abhishek K. Mishra; methodology:
Naresh Kumar, Anuj Kumar and Abhishek K. Mishra; software: Naresh Kumar and Abhishek K. Mishra; validation:
Naresh Kumar, Anuj Kumar and Abhishek K. Mishra; formal analysis: Naresh Kumar; investigation Anuj Kumar and
Abhishek K. Mishra; resources: Anuj Kumar and Abhishek K. Mishra; data curation: Naresh Kumar; writing—original
draft preparation: Naresh Kumar; writing—review and editing: Anuj Kumar and Abhishek K. Mishra; visualization:
Naresh Kumar, Anuj Kumar and Abhishek K. Mishra; supervision: Anuj Kumar and Abhishek K. Mishra; project
administration: Abhishek K. Mishra; funding acquisition: Abhishek K. Mishra. All authors reviewed the results and
approved the final version of the manuscript.



14 Comput Mater Contin. 2026;87(1):16

Availability of Data and Materials: Data are contained within the article.

Ethics Approval: Not applicable.

Conflicts of Interest: The authors declare no conflicts of interest to report regarding the present study.

Supplementary Materials: The supplementary material is available online at https://www.techscience.com/doi/10.
32604/cmc.2025.074430/s1.

References
1. Kumar N, Mishra S, Gautam YK, Kumar A, Mishra AK. NH3 gas sensing over 2D phosphorene sheet: a first-

principles study. Int J Comp Mat Sci Eng. 2024; 2450029. doi:10.1142/s2047684124500295.
2. Behera SN, Sharma M, Aneja VP, Balasubramanian R. Ammonia in the atmosphere: a review on emission sources,

atmospheric chemistry and deposition on terrestrial bodies. Environ Sci Pollut Res Int. 2013;20(11):8092–131. doi:10.
1007/s11356-013-2051-9; 23982822

3. Tang X, Debliquy M, Lahem D, Yan Y, Raskin JP. A review on functionalized graphene sensors for detection of
ammonia. Sensors. 2021;21(4):1443. doi:10.3390/s21041443; 33669589

4. Li R, Jiang K, Chen S, Lou Z, Huang T, Chen D, et al. SnO2/SnS2 nanotubes for flexible room-temperature NH3
gas sensors. RSC Adv. 2017;7(83):52503–9. doi:10.1039/c7ra10537a.

5. Buasaeng P, Rakrai W, Wanno B, Tabtimsai C. DFT investigation of NH3, PH3, and AsH3 adsorptions on Sc-, Ti-,
V-, and Cr-doped single-walled carbon nanotubes. Appl Surf Sci. 2017;400(3):506–14. doi:10.1016/j.apsusc.2016.12.
215.

6. Luo H, Xu K, Gong Z, Li N, Zhang K, Wu W, et al. NH3, PH3, AsH3 adsorption and sensing on rare earth metal
doped graphene: DFT insights. Appl Surf Sci. 2021;566:150390. doi:10.1016/j.apsusc.2021.150390.

7. Kou L, Frauenheim T, Chen C. Phosphorene as a superior gas sensor: selective adsorption and distinct I-V response.
J Phys Chem Lett. 2014;5(15):2675–81. doi:10.1021/jz501188k; 26277962

8. Cai Y, Ke Q, Zhang G, Zhang YW. Energetics, charge transfer, and magnetism of small molecules physisorbed on
phosphorene. J Phys Chem C. 2015;119(6):3102–10. doi:10.1021/jp510863p.

9. Aldhafeeri T, Tran MK, Vrolyk R, Pope M, Fowler M. A review of methane gas detection sensors: recent
developments and future perspectives. Inventions. 2020;5(3):28. doi:10.3390/inventions5030028.

10. Donarelli M, Ottaviano L. 2D materials for gas sensing applications: a review on graphene oxide, MoS2, WS2 and
phosphorene. Sensors. 2018;18(11):3638. doi:10.3390/s18113638; 30373161

11. Hidalgo-Jiménez J, Akbay T, Ishihara T, Edalati K. Investigation of a high-entropy oxide photocatalyst for hydrogen
generation by first-principles calculations coupled with experiments: significance of electronegativity. Scr Mater.
2024;250:116205. doi:10.1016/j.scriptamat.2024.116205.

12. Milowska KZ, Majewski JA. Graphene based sensors: theoretical study. arXiv:1404.0052. 2014.
13. Kumar R, Goel N, Hojamberdiev M, Kumar M. Transition metal dichalcogenides-based flexible gas sensors. Sens

Actuat A Phys. 2020;303:111875. doi:10.1016/j.sna.2020.111875.
14. Zhao S, Xue J, Kang W. Gas adsorption on MoS2 monolayer from first-principles calculations. Chem Phys Lett.

2014;595:35–42. doi:10.1016/j.cplett.2014.01.043.
15. Chen WY, Jiang X, Lai SN, Peroulis D, Stanciu L. Nanohybrids of a MXene and transition metal dichalcogenide for

selective detection of volatile organic compounds. Nat Commun. 2020;11(1):1302. doi:10.1038/s41467-020-15092-
4; 32157089

16. Leenaerts O, Partoens B, Peeters FM. Adsorption of H2O, NH3, CO, NO2, and NO on graphene: a first-principles
study. Phys Rev B. 2008;77(12):125416. doi:10.1103/physrevb.77.125416.

17. Xia W, Hu W, Li Z, Yang J. A first-principles study of gas adsorption on germanene. Phys Chem Chem Phys.
2014;16(41):22495–8. doi:10.1039/c4cp03292f; 25227907

18. Wang P, Lin L, Xie K, Ge W, Xue C, Li X, et al. Environmental gas adsorption on SnGe2N4: a theoretical perspective.
Langmuir. 2025;41(28):18532–43. doi:10.1021/acs.langmuir.5c01384; 40624987

https://www.techscience.com/doi/10.32604/cmc.2025.074430/s1
https://doi.org/10.1142/s2047684124500295
https://doi.org/10.1007/s11356-013-2051-9
https://doi.org/10.1007/s11356-013-2051-9
https://doi.org/10.3390/s21041443
https://doi.org/10.1039/c7ra10537a
https://doi.org/10.1016/j.apsusc.2016.12.215
https://doi.org/10.1016/j.apsusc.2016.12.215
https://doi.org/10.1016/j.apsusc.2021.150390
https://doi.org/10.1021/jz501188k
https://doi.org/10.1021/jp510863p
https://doi.org/10.3390/inventions5030028
https://doi.org/10.3390/s18113638
https://doi.org/10.1016/j.scriptamat.2024.116205
https://doi.org/10.1016/j.sna.2020.111875
https://doi.org/10.1016/j.cplett.2014.01.043
https://doi.org/10.1038/s41467-020-15092-4
https://doi.org/10.1038/s41467-020-15092-4
https://doi.org/10.1103/physrevb.77.125416
https://doi.org/10.1039/c4cp03292f
https://doi.org/10.1021/acs.langmuir.5c01384


Comput Mater Contin. 2026;87(1):16 15

19. Sahoo G, Biswal A. Strain engineered structural, mechanical and electronic properties of monolayer phosphorene:
a DFT study. Phys B Condens Matter. 2025;697:416742. doi:10.1016/j.physb.2024.416742.

20. Liu H, Neal AT, Zhu Z, Luo Z, Xu X, Tománek D, et al. Phosphorene: an unexplored 2D semiconductor with a
high hole mobility. ACS Nano. 2014;8(4):4033–41. doi:10.1021/nn501226z; 24655084

21. Akhtar M, Anderson G, Zhao R, Alruqi A, Mroczkowska JE, Sumanasekera G, et al. Recent advances in synthesis,
properties, and applications of phosphorene. npj 2D Mater Appl. 2017;1(1):5. doi:10.1038/s41699-017-0007-5.

22. Dai J, Zeng XC. Bilayer phosphorene: effect of stacking order on bandgap and its potential applications in thin-film
solar cells. J Phys Chem Lett. 2014;5(7):1289–93. doi:10.1021/jz500409m; 26274486

23. Das S, Demarteau M, Roelofs A. Ambipolar phosphorene field effect transistor. ACS Nano. 2014;8(11):11730–8.
doi:10.1021/nn505868h; 25329532

24. Ghambarian M, Azizi Z, Ghashghaee M. Remarkable improvement in phosgene detection with a defect-engineered
phosphorene sensor: first-principles calculations. Phys Chem Chem Phys. 2020;22(17):9677–84. doi:10.1039/
d0cp00427h; 32329502

25. Geerlings P, De Proft F, Langenaeker W. Conceptual density functional theory. Chem Rev. 2003;103(5):1793–874.
doi:10.1021/cr990029p; 12744694

26. Giannozzi P, Baroni S, Bonini N, Calandra M, Car R, Cavazzoni C, et al. QUANTUM ESPRESSO: a modular and
open-source software project for quantum simulations of materials. J Phys Condens Matter. 2009;21(39):395502.
doi:10.1088/0953-8984/21/39/395502; 21832390

27. Grimme S. Semiempirical GGA-type density functional constructed with a long-range dispersion correction. J
Comput Chem. 2006;27(15):1787–99. doi:10.1002/jcc.20495; 16955487

28. Perdew JP, Burke K, Ernzerhof M. Generalized gradient approximation made simple. Phys Rev Lett.
1996;77(18):3865–8. doi:10.1103/physrevlett.77.3865; 10062328

29. Moellmann J, Grimme S. DFT-D3 study of some molecular crystals. J Phys Chem C. 2014;118(14):7615–21. doi:10.
1021/jp501237c.

30. Monkhorst HJ, Pack JD. Special points for Brillouin-zone integrations. Phys Rev B. 1976;13(12):5188–92. doi:10.
1103/physrevb.13.5188.

31. Kharb AS, Kumar K, Chawla AK, Mishra AK. Selective NO gas sensing over TiVCO2 MXene: a realistic
computational prediction. Nano Ex. 2025;6(2):025009. doi:10.1088/2632-959x/adda69.

32. Cui H, Gao C, Wang P, Li L, Ye H, Wen Z, et al. DFT study of Zn-modified SnP3: a H2S gas sensor with superior
sensitivity, selectivity, and fast recovery time. Nanomater. 2023;13(20):2781. doi:10.3390/nano13202781; 37887932

33. Kalwar BA, Wang F, Soomro AM, Naich MR, Saeed MH, Ahmed I. Highly sensitive work function type room
temperature gas sensor based on Ti doped hBN monolayer for sensing CO2, CO, H2S, HF and NO. A DFT study.
RSC Adv. 2022;12(53):34185–99. doi:10.1039/d2ra06307g; 36545633

34. Bader RFW. A quantum theory of molecular structure and its applications. Chem Rev. 1991;91(5):893–928. doi:10.
1021/cr00005a013.

35. Ramachandran S, Sai Srinivasan KV, Sujith R. Nickel-decorated single vacancy phosphorene-a favourable candi-
date for hydrogen storage. Int J Hydrogen Energy. 2021;46(54):27597–611. doi:10.1016/j.ijhydene.2021.05.206.

36. Joshi M, Ren X, Lin T, Joshi R. Mechanistic insights into gas adsorption on 2D materials. Small. 2025;21(7):2406706.
doi:10.1002/smll.202406706; 39562164

https://doi.org/10.1016/j.physb.2024.416742
https://doi.org/10.1021/nn501226z
https://doi.org/10.1038/s41699-017-0007-5
https://doi.org/10.1021/jz500409m
https://doi.org/10.1021/nn505868h
https://doi.org/10.1039/d0cp00427h
https://doi.org/10.1039/d0cp00427h
https://doi.org/10.1021/cr990029p
https://doi.org/10.1088/0953-8984/21/39/395502
https://doi.org/10.1002/jcc.20495
https://doi.org/10.1103/physrevlett.77.3865
https://doi.org/10.1021/jp501237c
https://doi.org/10.1021/jp501237c
https://doi.org/10.1103/physrevb.13.5188
https://doi.org/10.1103/physrevb.13.5188
https://doi.org/10.1088/2632-959x/adda69
https://doi.org/10.3390/nano13202781
https://doi.org/10.1039/d2ra06307g
https://doi.org/10.1021/cr00005a013
https://doi.org/10.1021/cr00005a013
https://doi.org/10.1016/j.ijhydene.2021.05.206
https://doi.org/10.1002/smll.202406706

	DFT Insights into the Detection of NHSub 3, AsHSub 3, PHSub 3, COSub 2, and CHSub 4 Gases with Pristine and Monovacancy Phosphorene Sheets
	1 Introduction
	2 Computational Methods
	3 Results and Discussions
	4 Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [612.000 792.000]
>> setpagedevice


