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Abstract

We perform Density Functional Theory calculations to determine adsorption energies of small gas
molecules (Hp, N3, NO, and CO) on defective, vacancy-laden, black phosphorene. Different config-
urations of single and double vacancies in the monolayer structure are considered, together with
several possible adsorption sites onto them. The van der Waals interaction is considered for the
exchange-correlation functional. This research aims to provide fundamental insights into how atomic
vacancies can be engineered to tune phosphorene’s surface reactivity, offering a broader understanding
of its multifaceted applications.

Keywords: black phosphorene; single and double vacancies; small gas molecule adsorption; density
functional theory

1. Introduction

The isolation of graphene in 2004 established a new paradigm in materials science, facilitating the
broad investigation of atomically thin materials [1-4]. Within the search for alternative 2D systems,
black phosphorus has attracted significant attention, particularly in its monolayer allotrope, phospho-
rene [5]. In contrast to semi-metallic graphene, phosphorene (also called black phosphorene) exhibits a
direct and tunable band gap, a property that makes it suitable for optoelectronic applications, such as
field-effect transistors (FETs) with substantial on/off ratios [6—8]. Furthermore, its puckered honey-
comb lattice results in strong anisotropy in relation to its electronic, optical, and thermal properties, a
characteristic that has motivated significant research [9-13]. Recent studies have examined the utility
of functional phosphorene in diverse areas, including supercapacitors and nanotherapeutic platforms
[14-16].

Despite its remarkable potential, the practical implementation of phosphorene is constrained by
its inherent instability at ambient conditions. The presence of lone-pair of electrons on the phosphorus
atoms heightens chemical reactivity, precipitating degradation upon exposure to oxygen and moisture
[17]. However, this intrinsic reactivity invites a paradigm shift towards "defect engineering." Far
from being regarded as merely structural aberrations, atomic vacancies are increasingly recognized
as mechanisms to precisely modulate material properties at the atomic scale [18,19]. Theoretical
frameworks suggest that native vacancies fundamentally reshape the electronic landscape, introducing
localized in-gap states and inducing magnetism in the otherwise non-magnetic lattice [20-22]. Notably,
single and double vacancies stabilize in anionic (-1) charge states, altering local geometries; while
these defects may lower the energy barrier for oxidative degradation via O, dissociation [23], they
concurrently offer significant tunability. For example, vacancy-induced magnetic moments can be
manipulated by doping with elements such as N, Fe, or Co [24], while the emergence of quasi-flat
states near the Fermi level significantly influences optical responses [25].
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This ability to tailor the surface reactivity is particularly pertinent to gas-sensing applications.
Pristine phosphorene is generally limited by weak physisorption interactions with common analytes,
resulting in suboptimal sensitivity [26]. Defect engineering addresses this limitation by introducing
active sites—such as vacancies or heteroatom substitutions—that enhance the adsorption strength.
While mono- and di-vacancy defects significantly augment gas adsorption, it is noted that the resulting
electronic perturbations must be carefully managed to ensure sufficient sensitivity [27]. As it turns out,
when optimized, defective phosphorene not only improves adsorption kinetics but also preserves the
material’s stability and reusability, solidifying its promise for sensing platforms [28].

First-principles calculations have long predicted that phosphorene could surpass other 2D ma-
terials in sensing performance 00[29,30]. The underlying hypothesis posits that structural defects
function as reactive centers, facilitating a transition from physisorption to chemisorption characterized
by substantial charge transfer. This mechanism is well-documented in analogous systems; for example,
vacancies in graphene markedly enhance sensitivity to NO, [31], while specific defect configurations in
Tin Monosulfide (SnS) enable tunable selectivity [32]. Similarly, single vacancies in blue phosphorene
have been shown to drastically strengthen interactions with pollutant molecules [33].

Despite these advances, a systematic understanding of how specific vacancy configurations in
phosphorene govern interactions with small, environmentally relevant molecules remains elusive.
Critical questions persist regarding the comparative efficacy of single vacancies (SV) versus double
vacancies (DV), and how distinct defect geometries influence the adsorption mechanisms for simple di-
atomic molecules. Addressing this lack of fundamental comparative insight is essential for overcoming
current bottlenecks and designing phosphorene-based sensors with tailored selectivity.

This is precisely the void that the present study aims to fill. Using the SIESTA package, which is
based on Density Functional Theory [34], we rigorously investigate the adsorption of key molecules
such as Hp, N», NO, and CO [35]. Our focus is on three surface types: phosphorene with a single
vacancy (SV) and two distinct double vacancy (DV) configurations, consistent with the comparison of
the results against the pristine phosphorene case. To ensure the precision of the adsorption calculations,
the van der Waals interaction is explicitly included in the exchange-correlation functional [36]. The
ultimate goal is to provide a detailed understanding of how structural defects govern adsorption,
providing a critical piece of the puzzle to unleash the multifaceted potential of phosphorene in chemical
sensing.

2. Methodology

Our study employs first-principles calculations within the framework of Density Functional
Theory (DFT), using the SIESTA code [34] for all simulations, while the Atomic Simulation Environment
(ASE) library [37] was used for workflow management and structural setup. To accurately describe
exchange-correlation interactions, particularly the dispersive forces relevant to adsorption, we included
the KBM van der Waals functional [36]. The core electrons of the phosphorus atoms were described
using norm-conserving pseudopotentials optimized for the KBM functional. Valence states were
expanded using a linear combination of numerical atomic orbitals with a double-zeta polarized (DZP)
basis set. The spatial precision was defined by a basis-set confinement energy shift of 0.1 eV and a
real-space grid cutoff of 250 Ry. Structural relaxations were performed using the conjugate gradient
method until the maximum force component on any atom was less than 0.04eV/. For the Brillouin
zone integration, a 10 x 10 x 1 Monkhorst-Pack grid was employed for the unit cell, whilea1 x 1 x 1
sampling (I'-point) was used for supercell partition. Additionally, spin-polarized calculations were
enabled to evaluate the total magnetization in cases where adsorption induces unpaired magnetic
moments in the molecule-phosphorene complex.

To model the adsorption surfaces, we constructed a 7 x 5 rectangular phosphorene supercell.
Based on this geometry, four distinct systems were generated to assess the impact of structural defects,
as schematically shown in Figure 1. These systems include the pristine non-defective monolayer, which
serves as a baseline, and three defective configurations: the Single Vacancy (SV), formed by removing
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a single phosphorus atom; the Divacancy Type 1 (DV1), created by eliminating two neighboring
phosphorus atoms located in different (top and bottom) sub-layers; and the Divacancy Type 2 (DV2),
generated by removing two adjacent atoms from the same puckered sub-layer. After creating these
vacancies, the geometries were fully relaxed to allow local atomic reconstruction around the defect
sites.
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Figure 1. Schematic representation of the four phosphorene supercells studied. From left to right: the pristine
(non-defective) Mono Layer; the Single Vacancy (SV) system, created by removing one P atom; the Divacancy
Type 1 (DV-1), formed by removing two adjacent atoms from different sub-layers; and the Divacancy Type 2
(DV-2), formed by removing two adjacent atoms from the same sub-layer.

To quantify the stability of the interaction between molecules and the surface, the adsorption
energy (E,qs) is calculated using the following expression.

Eags = Elayer + Egas — Etotal , 1)

where Ejq,) corresponds to the total energy of the layer-adsorbed gas complex, Ej,ye; is the energy of
the isolated substrate (pristine or defective), and Eg,s is the energy of the isolated gas phase molecule.
To identify the most favorable binding configurations, we explored several potential adsorption sites
as illustrated in Figure 2. For the pristine monolayer, high-symmetry sites were considered: the top site
(directly above a P atom), the bridge site (midway between two bonded P atoms), and the hollow site
(at the center of a phosphorene ring). For the defective surfaces, additional adsorption sites near the
low-coordination atoms were thoroughly investigated to account for the unique geometries introduced
by the vacancies.
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Figure 2. Top-down view of the adsorption sites investigated for small gas molecules on each phosphorene system.
For the pristine Mono Layer, standard top, bridge, and hollow sites were considered. For the defective systems SV,
DV-1, and DV-2), additional unique sites were explored in the immediate vicinity of the vacancy to account for the
locally altered chemical environment.
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3. Result and Discussion

We first examine the electronic structure of both pristine and defective phosphorene monolayers,
with the calculated band structures illustrated in Figure 3. The pristine monolayer (NV) exhibits a
direct band gap of ~ 0.9 eV at the I point, a result consistent with previous first-principles studies [21].
The introduction of a single vacancy (SV) breaks the lattice symmetry, leading to the emergence of a
highly localized, nearly dispersionless, defect state within the forbidden region. This state is pinned at
the Fermi level (0 eV) and lies approximately 0.2 eV above the valence-band maximum. Such states
are expected to act as chemically active sites, facilitating molecular adsorption. A similar behavior is
observed in the DV-1 configuration, mainly affecting the conduction-band interval; however, a band
gap comparable to that of the pristine monolayer is preserved. In contrast, the DV-2 defect retains the
semiconducting character but results in a significantly narrowed direct band gap of ~ 0.3 eV. These
findings align well with previous theoretical reports on defective phosphorene [20]. In all defective
cases, a significant increase in the number of valence or conduction band states within the same energy
interval is observed. These distinct electronic signatures demonstrate that specific defect topologies
and coordination environments modulate the material’s electronic landscape, a critical factor that
governs subsequent interactions with gas molecules.

Sv

E-Er(eV)

Figure 3. Band structures for pristine (NV), Single Vacancy (SV), Divacancy Type 1 (DV-1), and Divacancy Type 2
(DV-2) phosphorene monolayers.

We started by studying the adsorption of Hp, Na, CO, and NO on the pristine phosphorene
monolayer to establish a baseline for comparison. For the polar molecules CO and NO, we considered
two distinct orientations: with the oxygen atom pointing towards the surface (v1) and with the
carbon/nitrogen atom pointing towards the surface (v2). The calculated adsorption energies (E,q) and
molecular bond lengths are summarized in Table 1.

Table 1. Adsorption energies (E,4 in eV) and bond lengths (d in A) for various molecules on pristine black

phosphorene.
Molecule Hollow Bridge Top
E.q d E.q d E.q d
H, -0.057 0.778 -0.058 0.778 -0.048 0.778
N, -0.031 1.118 -0.042 1.119 -0.060 1.119

CO-v1 -0.009 1.151 0.021 1.151 0.019 1.152
NO-v1 -0.391 1178 -0.383 1.179 -0.341 1.179
CO-v2 0.039 1.151 0.016 1.151 0.007 1.152
NO-v2 -0.396 1.182 -0.374 1.183 -0.396 1.185

In general, all configurations exhibit characteristic traits of weak physisorption. The strongest
attractive interaction is observed for NO at the top site, yielding a E,; of only —396 meV. For NO,
molecular orientation plays a noticeable role; specifically, the configuration with the oxygen atom closer
to the surface (NO-v1) is energetically more favorable. In stark contrast, the interaction with the CO
molecule is found to be repulsive (positive E,;) or negligible for both v1 and v2 orientations, indicating

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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that pristine phosphorene has a negligible affinity for carbon monoxide regardless of its orientation.
Regarding the Hy molecule, the adsorption energies display typical small values reported for other
2D nanomaterials, such as defective graphene doped with B/N, which exhibits adsorption energies
ranging from —0.009 to —0.080 eV depending on molecular orientation [13]. This weak-interaction
nature is further corroborated by analysis of intramolecular bond lengths. For all adsorbed molecules,
these bond lengths remain largely unperturbed, showing minimal variation across different adsorption
sites and orientations. Collectively, these findings confirm that the interactions are governed by van
der Waals forces with negligible charge transfer, establishing the pristine phosphorene monolayer as
an ineffective substrate for the sensing of these small gas molecules.

To enhance the adsorption properties of phosphorene, we systematically evaluated the interaction
of gas molecules within the vicinity of the three defective structures illustrated in Figure 1, considering
all adsorption positions detailed in Figure 2. Figure 4 summarizes the maximal absolute adsorption
energy (|E,4|) calculated for each molecule in different structural configurations.
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Figure 4. Absolute adsorption energy (|E 4| in eV) for Hy, N, CO, and NO molecules on Pristine (NV), Single
Vacancy (SV), Divacancy Type 1 (DV-1), and Divacancy Type 2 (DV-2) black phosphorene monolayers. The height
of the bars represents the absolute magnitude, while the labels above indicate the exact calculated adsorption
energy values and the corresponding most stable adsorption site.

For homonuclear diatomic molecules, Hy and Ny, the adsorption energetics are largely insensitive
to surface defects. As shown in Figure 4, the maximal adsorption energy for H, remains comparable
between the pristine and defective monolayers, peaking slightly at —0.066 eV in the Single Vacancy
(SV) system (Hollow-1 site). A similar trend is observed for Ny, which exhibits a consistent adsorption
energy hovering around —0.060 eV regardless of the type of defect. These low energy values indicate

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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a physisorption mechanism dominated by weak van der Waals interactions, suggesting that neither
pristine nor defective phosphorene significantly retains these gases.

In contrast, the adsorption behavior of the heteronuclear molecules, CO and NO, is strongly
influenced by the surface topology. Structural defects significantly enhance the interaction strength
for these species. For CO, the maximal adsorption energy increases from —0.039 eV on the pristine
surface to —0.116 eV in the presence of a Single Vacancy (SV, Top-2 site). The effect is most pronounced
for NO, where the introduction of defects triggers a dramatic transition from weak physisorption to
strong chemisorption. Although NO is weakly adsorbed on the pristine surface (E,; = —0.021 eV),
the binding energy increases to —1.785 eV for the SV system (Top-1 site) and reaches a maximum of
—2.280 eV for the Divacancy Type 2 (DV-2) system (Hollow-1 site). A comprehensive analysis of the
adsorption energies, including values for all considered positions, is provided in the Supplementary
Material.

The analysis suggests that while most gas molecules (H, Nj, and CO) undergo physisorption
with relatively low binding energies, the NO molecule is a notable exception. The substantial energies
observed for NO on defective surfaces (exceeding —1.0 eV) imply the formation of strong chemical
bonds. This increased adsorption probability is likely correlated with significant structural distortions
in the adsorbate, such as bond elongation, particularly at the highly active sites identified in the SV
and DV-2 systems. Consequently, based on these calculations, defective phosphorene monolayers

—especially those containing Single Vacancies or Type-2 Divacancies— appear to be highly suitable
candidates for the capture or detection of gaseous nitric oxide.

To gain a deeper understanding of the electronic consequences of adsorption, we calculated
the Total Density of States (TDOS) for the previously identified most stable configurations. Figure 5
presents the DOS for the molecule-phosphorene complexes. The shadowed gray regions at the bottom
of each panel represent the reference DOS of the isolated phosphorene substrates (pristine or defective)
prior to adsorption.

Upon gas adsorption, the electronic structure undergoes discernible modifications. For homonu-
clear molecules (H; and Ny), the interaction remains largely non-invasive regarding the metallicity
of the system. As shown in the upper panels of Figure 5, the presence of H, induces a rigid shift
of the energy states; however, the band gap is preserved across all defect types (NV, SV, DV-1, and
DV-2), indicating that the system retains its semiconductor character with the Fermi level (Er) located
within the gap. A comparable behavior is observed for N, where the DOS profiles show that the
semiconducting nature of the phosphorene monolayer is largely unaffected by the physical adsorption
of nitrogen.

In heteronuclear molecules, the electronic response is more complex. For CO adsorption, the
system generally maintains a semiconductor band gap, similar to the pristine case. However, significant
changes occur with NO adsorption. The NO molecule introduces states within the band gap, and,
notably, induces a symmetry breaking in the electronic states. As evidenced in the bottom-right panel
of Figure 5, the DOS for NO becomes spin-polarized (asymmetry between solid and dashed lines),
particularly for defective substrates. This interaction leads to the emergence of impurity states near the
Fermi level, effectively doping the material.

This spin polarization is quantified in Table 2. Although adsorption of Hy, N>, and CO results in
non-magnetic ground states (0 yp) across all structural defects, the NO molecule induces a significant
magnetic moment. This confirms that the distinct split observed in the NO DOS plots corresponds to a
net magnetization arising from the unpaired electrons of the nitric oxide molecule interacting with the
localized defect states of the phosphorene lattice.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 5. Calculated density of states (DOS) for all considered black phosphorene monolayer/adsorbed molecule
complexes. The solid lines represent the total DOS (or Spin Up for magnetic systems), while the dash-dotted lines
represent the Spin Down component, and the dashed lines represent the reference DOS for the clean substrates.

Table 2. Total magnetic moment (y15) for molecule adsorption at the most stable sites on defective phosphorene

monolayers.

Defect Type H, N, CO NO

SV 00 0.0 0.0 1.000
DV-1 00 0.0 0.0 1.000
DV-2 00 0.0 0.0 1.000

The optical properties of the phosphorene-molecule complexes were analyzed by calculating
the imaginary part of the dielectric function €;(w), which is directly related to the optical absorption
spectra. This analysis provides a spectroscopic signature that complements the discussion of electronic
structure provided above. Figure 6 displays the absorption spectra for both X (armchair) and Y (zigzag)
light polarizations, summing over spin components to capture the total optical response.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 6. Calculated optical absorption spectra for Hy, Np, CO, and NO molecules adsorbed on Pristine (NV),

Single Vacancy (SV), Divacancy Type 1 (DV-1), and Divacancy Type 2 (DV-2). The left and right panels correspond
to light polarized along the X-direction (armchair) and Y-direction (zigzag), respectively.

Consistent with the intrinsic anisotropy of black phosphorene, all systems exhibit a marked
polarization-dependent behavior. The absorption profiles along the X-direction generally show broad
absorption bands starting in the visible range, while the Y-direction is characterized by sharper features
and distinct low-energy transitions.

For the physisorbed molecules (Hj, N») and CO, the optical spectra largely mirror the behavior
of the host phosphorene lattice. As observed in Figure 6, the absorption edges for these species are
located above 1.5 eV. This is in excellent agreement with the DOS analysis, where these systems were

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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identified as semiconductors with preserved band gaps. The lack of optical absorption in the infrared
region (< 1.0 eV) confirms that the adsorption of these gases does not introduce new intragap states
capable of mediating low-energy excitations. Consequently, the optical transparency of phosphorene
in the low-energy regime remains intact upon exposure to Hp, N», and CO.

A strikingly different behavior is observed for the NO molecule. Correlating with the DOS results,
where NO adsorption induced spin-polarized impurity states within the band gap and near the Fermi
level, the optical spectra exhibit distinct new absorption peaks in the low-energy range (0.0 — 1.0 eV).
These features are particularly prominent in the Y-polarization for the defective systems (SV, DV-1, and
DV-2), appearing as sharp peaks or "pre-edges" below the main absorption band. These transitions
correspond to electronic excitations involving the localized mid-gap states generated by the strong
chemical interaction between nitric oxide and the defective phosphorene surface. The emergence of
these unique optical signatures in the infrared region suggests that optical spectroscopy could be an
effective method to selectively detect NO, distinguishing it from other common gases.

4. Conclusions

We have performed DFT calculations to investigate the features of small gas-molecule adsorption
on black phosphorene. In particular, we have assumed that the adsorbent surfaces can be defect-
laden, with single and double atomic vacancies in the two-dimensional lattice of otherwise pristine
monolayers. Given the structure’s geometry, several adsorption sites can be identified, which are more
numerous when double vacancies are present. In all cases, the adsorption energy was evaluated for
each of the gases considered: Hy, Ny, CO, and NO. It has been found that adsorption energies tend
to be small (only a few tens of meV) for three of the species included in the study. The only one that
exhibits rather significant values of the adsorption energy is NO, and this happens only in the case
of a defective adsorbent surface with single phosphorus atom vacancies. Here, the obtained values
suggest that this particular defective substrate is suitable for practical nitric oxide capture. In addition,
magnetic response due to spin polarization is predicted for NO adsorption on double-vacancy-laden
black phosphorene monolayers.

Supplementary Materials: The following supporting information can be downloaded at the website of this paper
posted on Preprints.org.
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