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ABSTRACT: In the field of layered two-dimensional functional
materials, black phosphorus has attracted considerable attention in

many applications due to its outstanding electrical properties. It has Q, :—o
experimentally shown superior chemical sensing performance for f o-0
the room temperature detection of NO,, highlighting high A
sensitivity at a ppb level. Unfortunately, pristine black phosphorus o fg 0
demonstrated an unstable functionality due to the fast degradation |

of the material when exposed to the ambient atmosphere. In the (}Qﬂo Cﬁb%o Oé%)‘éo/
present work, a deepened investigation by density functional theory

T carried out to study hOW nickel decoration Of phosphorene can N Fast oxidation Y] Impeded oxidation Gas sensing mechanism/
improve the stability of the material. Further, an insight into the P_T op Qgp
ristine I

sensing mechanism of nickel-loaded phosphorene toward NO, was

given and compared to pristine phosphorene. This first-principles study proved that, by introducing nickel adatoms, the band gap of
the material decreases and the positions of the conduction band minimum and the valence band maximum move toward each other,
resulting in a drop in the conduction band minimum under the redox potential of O,/03, which may result in a more stable
material. Studying the adsorption of O, molecules on pristine phosphorene, we also proved that all oxygen molecules coming from
the surrounding atmosphere react with phosphorus atoms in the layer, resulting in the oxidation of the material forming oxidized
phosphorus species (PO,). Instead, by introducing nickel adatoms, part of the oxygen from the surrounding atmosphere reacts with
nickel atoms, resulting in a decrease of the oxidation rate of the material and in subsequent long-term stability of the device. Finally,
possible reaction paths for the detection of NO, are given by charge transfer analyses, occurring at the surface during the adsorption
of oxygen molecules and the interaction with the target gas.

Bl INTRODUCTION bP and evaluation of its outstanding performance in field-effect

. . 33,54
Since its discovery,' graphene has been widely studied due to its transistors was reported in 2014™"" and paved the way to the

excellent electronic, optical, and mechanical properties.”™* practical use of bP in electronic sensing devices. Indeed, these
Then, many kinds of two-dimensional (2D) materials have works have shown that small molecules such as CO, H,, H,0O,
attracted attention because of their quantum confinement effect, NH;, NO, and NO, are physisorbed on phosphorene with high
high-specific surface areas, and excellent ﬂexibility.s_H The high adsorption energies, even higher than other 2D materials, such
surface-to-volume ratio and low electrical noise made them as graphene and MoS,,*! suggesting its use as a high-
interesting materials with a great potential in many technological performance chemical sensor.

applications including gas sensing,"> ™’ in which metal-oxide New studies on phosphorene modifications highlighted that
semiconductors are the most widely investigated materials.”' ~*” its operation stability and sensitivity can be improved by
However, the gapless characteristic of graphene limits its different passivation strategies, such as doping and composite

applications, inspiring researchers to investigate other 2D 35,36
materials, which possess similar properties with a suitable
band gap.

Phosphorene is an innovative 2D material, whose band gap,
electronic structures, and reactivity can vary according to the
number of layers, surface defects, doping, and configurations of
its films.””*" Among the allotropes of phosphorus, including the
groups of red, white, and violet phosphorus,*” black phosphorus
(bP) is the most stable. The successful fabrication of exfoliated

formation with metal oxides, noble metals,*” polymers,38 or

Received: January S, 2022
Accepted: February 28, 2022
Published: March 10, 2022

© 2022 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.2c00078

v ACS Pu bl ications 9808 ACS Omega 2022, 7, 9808-9817


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Soufiane+Krik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matteo+Valt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrea+Gaiardo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Barbara+Fabbri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elena+Spagnoli"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maria+Caporali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cesare+Malagu%CC%80"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cesare+Malagu%CC%80"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pierluigi+Bellutti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vincenzo+Guidi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c00078&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00078?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00078?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00078?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00078?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c00078?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/11?ref=pdf
https://pubs.acs.org/toc/acsodf/7/11?ref=pdf
https://pubs.acs.org/toc/acsodf/7/11?ref=pdf
https://pubs.acs.org/toc/acsodf/7/11?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c00078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

metal—organic frameworks.”” In particular, bP modifications by
adatom doping, including transition metals and nonmetallic
atoms, e.g, S, Si, O, Ge, can tune the material band gap and
electronic properties. Lalitha et al.** demonstrated that the
addition of calcium to bP can improve the adsorption of gaseous
molecules on the surface of pristine phosphorene. Li et al.*!
studied the adsorption of H, on Li-doped phosphorene and
reached a similar conclusion. Caporali et al.** experimentally
demonstrated the ambient stability and functionality improve-
ment of nickel-decorated bP (Ni/bP) films. As a result, nickel is
a good choice for bP functionalization, as it has been shown to
improve bP ambient stability. Nickel is also well-known for its
gas sensing capabilities in a variety of structures and under a
variety of situations.””~** Furthermore, first-principles simu-
lations revealed a significant adsorption energy for Ni-decorated
bP,"” which is substantially higher than the adsorption energy of
Ni adatoms on graphene, ** implying that the functionalization is
more successful. In recent studies, our research group observed
an enhancement in the stability of electrical signals and sensing
performance of phosphorene films after decoration with Nj, i.e.,
high selectivity toward NO, in sub-ppm concentrations at room
temperature, obtained through a simple, reproducible, and
affordable deposition technique.*” The successful experimental
results of decorated phosphorene made this system appealing for
deepened theoretical studies.

Until now, only a few theoretical works deal with the
interactions between doped phosphorene and small mole-
cules.’® Among the theoretical approaches employed to
investigate the possible reactions occurring at the surface of a
gas sensor, density functional theory (DFT) calculations
represent a powerful tool to understand the physical—chemical
properties of the investigated materials under different simulated
environments by giving an overview at the microscopic level of
the elementary steps of the reaction processes. Recently, some
interesting works were published about DFT studies on gas
molecule adsorption on pristine phosphorene.” ~>* Then,
starting from these preliminary investigations, in the present
work, a first-principles study in the framework of DFT was
carried out to in-depth understanding on how nickel influences
the electronic properties of bP improving its ambient stability.
This study could be useful in all bP applications, where oxygen
impacts the stability of the film by irreversible oxidation.
Moreover, the sensing mechanism of Ni-decorated bP toward
NO, gas was studied to theoretically support the experimental
results of increased selectivity identified in our previous works.*’

B METHODOLOGY

The theoretical study was organized following these steps:

o the electronic structures and the density of states were
calculated for both materials, pristine and nickel-loaded
phosphorene, to understand the behavior of the impurity
states created by nickel addition;

the first step of the sensing mechanism of the decorated
material was studied starting by the adsorption of oxygen
from the surrounding atmosphere;

the second step was investigated by studying the
interaction with the target gas and deepening the charge
transfer occurring on the surface of the film.
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B COMPUTATIONAL DETAILS

Different approximations and parametrizations were used to
perform the calculations required for investigating the material
properties and understanding the sensing mechanism.

A plane-wave pseudopotential (PWPP) approach™ was
adopted for the solution of the Kohn—Sham equations.*® It is
based on atomic pseudopotentials and a set of plane wave basis
as implemented in the Quantum ESPRESSO code.’” This
approach was used since it is very efficient in dealing with
extended periodic systems, such as Ni-decorated bP proposed
here. The code is built on the use of periodic boundary
conditions. It allows an easy treatment of infinite crystalline
systems and fast convergence to the thermodynamic limit for
periodic but extended systems, e.g, liquids or amorphous
materials.

Periodic boundary conditions in the slab method were applied
to generate a supercell with unlimited replica along the surface
plane. Plane waves can be used to expand wave functions in this
scenario. Furthermore, a certain number of solid slices were
replicated in the perpendicular direction to recreate a real solid
structure. Adsorbates must not interact with their own periodic
duplicates, hence, in the perpendicular direction, a sufficient
vacuum must be adjusted so that the interface resembles a real
surface.

Self-consistent field (SCF) calculations were performed using
generalized gradient approximation with Perdew—Burke—
Ernzerhof parameterization (GGA-PBE)>® for the exchange—
correlation functional and ultrasoft pseudopotentials to
represent the ion nuclei. The cutoff energies for the wave
functions and charge density were optimized for the minimum
total energy of the system, and the optimized values were set to
37 and 333 Ry, respectively. A high value of the charge density
cutoff was needed to ensure the accurate estimation of the
electrostatic potential. The (6 X 1 X 4) Monkhorst-Pack grid59
was set for the number of K-points in the first Brillouin zone for
SCF cycles, and (18 X 3 X 12) was used for density of states
(DOS) calculations.

The convergence criteria were set for all calculations to 107°
Ry for the total energy of the system and 1 mRy/Bohr for the
total force acting on each atom. The relaxation method used was
the Broyden_Fletcher Goldfarb_Shanno (BFGS) algorithm.®’

Also, to treat the van der Waals interactions, van der Waals
DFT (vdW-DF) with optB88 (optB88-vdW)*"** was consid-
ered in this work for the exchange functional during the
relaxation of the system.

B RESULTS AND DISCUSSION

Before investigating the impact of decorating phosphorene with
nickel, the crystal structure of bP was optimized and
phosphorene was cleaved and optimized, and then decorated
with nickel. The results concerning this part of the work are
discussed in the Supporting Information and reported in Figures
S1—S4 and Tables S1 and S2. These calculations were necessary
to optimize the basic model used in this work. To study the
impact of Ni adatom introduction on the physical—chemical
properties of phosphorene, a Ni atom was placed in the hollow
(H) site at h = 1.01 A as a vertical height of the adatom from the
phosphorene layer.® The H site was chosen since it is the most
stable adsorption site for Ni. Moreover, the distance between the
Ni adatom and the phosphorene layer was adopted based on the
study done by Hu et al.”> After relaxation of the system, the
calculated vertical height of the nickel adatom with respect to the

https://doi.org/10.1021/acsomega.2c00078
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closer phosphorus atoms was found to be 0.999 A, which is
coherent to the reported value in the literature (i.e., 1.01 A).%

Impact of Nickel Adatoms on the Electronic Structure
of Phosphorene. After relaxation of the system, the
GGA_PBE approximation was adopted to calculate the band
structure and the density of states of nickel-decorated
phosphorene as previously reported in ref 38. Before going
further, it is worthwhile to recall the principle of doping in
semiconductors. Indeed, a semiconductor doped with ionized
impurities contains free carriers. If the impurity states appear
close to the top of the valence band (VB)/bottom of the
conduction band (CB), they are called shallow acceptor/donor
levels, respectively. On the other hand, they are called deep
acceptor/donor levels if they appear close to the middle of the
forbidden band gap. Shallow impurities require little energy (i..,
typically, at KT thermal energy or less) to be ionized, while the
energy required for deep impurities is much greater, and only a
fraction of the impurities in the semiconductor contributes to
the free carriers. Therefore, deep impurities have very little
chance of being ionized since they are far away from both band
edges, more than five times the thermal energy. It was clear from
our previous study that the considered material is a p-type
semiconductor due to the appearance of a new band in the band
gap region, just below the Fermi level. This new energy level acts
as a shallow acceptor level since it lies between the top of the VB
and below the Fermi level. The band gap calculated after Ni
decoration turns out to be an indirect band gap with a value of
about 0.68 eV, which is decreased by 25% from the calculated
value of pristine phosphorene equal to 0.9 eV. From the DOS
graph reported in ref 38, the corresponding peak of the new band
created by nickel doping can be clearly seen.

The electronic configuration of phosphorus is [Ne] 3s*3p?,
while the nickel one is [Ar] 3d®4s”. Before the introduction of
the nickel atom, both the top of the VB and the bottom of the CB
were mainly composed of states coming from the p orbitals of
the phosphorus atoms. Due to the sp® hybridization of
phosphorus atoms in phosphorene, adsorbates can act as an
electron acceptor, facilitating the formation of bonds with P
atoms exploiting the electron lone pairs on the latter. Then, in
the case of pristine bP, oxygen atoms from the surrounding
atmosphere react with the lone pairs of P atoms at the surface,
resulting in a high oxidation rate of the material.*” Introducing
the nickel atom, hybridization of p orbitals of P and d orbitals of
Ni atoms occurred. The bond between nickel and phosphorus
atoms reduces the number of lone pairs on P atoms. This
prevents the reaction with oxygen and leads to a decrease in the
oxidation rate of the material, resulting in better stability and
performance as a gas sensor.”* For this application, the shallow
acceptor level can facilitate electron exchange between the top of
the VB and the target gas.65 Thus, the increase of hole
concentration on the VB may enhance the reactivity of the
material surface.

To elucidate the stability and sensing improvement of Ni-
decorated bP, its work function values were compared to pristine
bP ones. The work function (®) is defined as the minimum
energy needed for an electron to move from the surface to the
vacuum level,’® which can be expressed as @ = V. — Eg, where
Vi is the electrostatic potential in the vacuum region and Ef. is
the electrostatic potential at the Fermi level. The work function
values were calculated for pristine and nickel-decorated
phosphorene to elucidate the stability improvement of the
sensor device due to an increase of the material stability. The
calculated work functions of pristine and nickel-decorated
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phosphorene were about 4.59 and 4.49 eV, respectively. The
obtained value, in the case of pristine phosphorene, is in good
agreement with other reported values using the GGA_PBE
approximation (ie., 4.50 eV).°° These values are slightly
underestimated using the GGA PBE approximation, but it
still gives an accurate description of the trend.””*® Based on the
study reported by Zhou et al,”’ phosphorene can produce
excitons under ambient light due to its large band gap. In other
words, since the redox potential of O,/O; is included inside the
forbidden band gap region, in the case of monolayer bP, the
photogenerated electrons will pass from the bP CB to adsorbed
O, on the surface, generating O3. This might involve irreversible
oxidation of the p-doped phosphorene, causing its degradation
and forming oxidized phosphorus species (P,0O,), fundamentally
altering the electronic properties of phosphorene. However,
Zhou et al.”” reported that, by increasing the number of layers,
the band gap decreases and both the valence band maximum
(VBM) and conduction band minimum (CBM) move close to
each other, until the CBM overlaps or even goes under the redox
potential of O,/0O5. This can improve the ambient stability of
the material since, in our case, the trend of the band gap and
work function, comparing pristine and nickel-decorated
phosphorene, is similar to the previously reported study.””
Therefore, it is possible to assume that, by introducing the nickel
atom, the CBM shifts toward the redox potential of O,/O53, as
schematized in Figure 1. Indeed, in our calculated DOS,

Vacuum level
(DI (DZ
3
= N U — -——— CBM1
ml» CBM2
= E, E,
EFZ
_— VBM2
[~ _EFl
e VBM1
bp Ni@bp

Figure 1. Scheme illustrating the movement of band level before
(VBMI, CBMI, Eg,, By, @,) and after (VBM2, CBM2, Eg,, Eyy, ;)
the introduction of the nickel atom.

reported in ref 49, the movement of the top of the VB toward
high energies is clearly visible as well as the CBM that slightly
shifts down to low energies. Considering the applied
approximation, this band movement can be considered even if
it consists of a small shift. The overall conclusion from these
analyses can be translated to the improved stability of the
sensors fabricated using nickel-loaded phosphorene rather than
the one based on pristine phosphorene.

Sensing Mechanism of Nickel-Decorated Phosphorene
Toward NO,. The reaction mechanism occurring at the film
surface related to the interaction between gaseous compounds
and the principle at the basis of NO, detection are proposed
here. First, oxygen molecules from the surrounding atmosphere
can be adsorbed and transformed into oxygen ions by trapping
electrons located at the surface of the active material.”’ This
results in a creation of a hole accumulation layer and in an
increase of carrier concentration, which lowers the overall
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Figure 2. Models used to simulate the interaction between oxygen molecules and pristine phosphorene.

\
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Figure 3. Models used to simulate the adsorption of oxygen molecules on nickel-loaded phosphorene.

resistance of Ni/bP. When NO, is introduced, the gas molecules
react with nickel atoms on the surface of the layer acting as an
oxidizing agent, therefore increasing the hole density. Since the
electrons participating in this reaction are coming from the
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phosphorene layer, the result is an increase of conductance,
which is discussed in detail in the Charge Transfer Analyses
section. Moreover, possible adsorption processes on pristine and
on nickel-decorated phosphorene were theoretically studied by

https://doi.org/10.1021/acsomega.2c00078
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Figure 4. Models used to simulate the adsorption of NO, molecules on nickel-loaded phosphorene with preadsorbed oxygens.

means of DFT calculations. Finally, the charge transfer process
that occurs during the reactions was considered at both stages:
(i) the adsorption of oxygen molecules from the surrounding
atmosphere and (i) the interaction of NO, molecules with and
without the preadsorbed oxygen. In Figure S4, the adsorption
sites considered in this work are reported.

The sign and the value of the adsorption energy can be used to
determine the probability of an adsorption mode to occur. The
following eq 1 is used to calculate the adsorption energy

Eads = EL + Emol - EL+mol (1)

where E; . is the total energy of the relaxed system containing
the layer and the molecule, E; and E_ are the energy of the
relaxed layer, pristine or nickel-decorated phosphorene, and the
relaxed isolated molecule (O, or NO,), respectively.

On the one hand, and according to this equation, positive
adsorption energy indicates that the adsorption process is
exothermic and the adsorption system is thermodynamically
stable. On the other hand, a negative value indicates
endothermic and unstable adsorption.

Adsorption of Oxygen Species. Six models, from Al to
A6, were considered to simulate the possible interactions
between oxygen molecules and the surface of pristine
phosphorene. Parallel adsorptions of the O, molecule on the
layer of phosphorene in the top (T), hollow (H), and bridge (B)
sites (Al, A2, and A3 modes, respectively) and perpendicular
adsorptions in the same sites (A4, AS, and A6 models,
respectively) are illustrated in Figure 2. Moreover, Figure 2
shows the initial and final states of the systems after the
relaxation. Table S3 summarizes the calculated adsorption
energies for each model. The resulting negative adsorption
energy of A2, AS, and A6 models means that the proposed
reactions cannot occur (i.e, the adsorption process is
endothermic, and the adsorption system is thermodynamically
unstable). Instead, the calculated adsorption energies for models
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Al, A3, and A4 gave positive values indicating that the systems
are thermodynamically stable, and the adsorption processes are
exothermic or extremely exothermic (E,4 ~4 eV per O,
molecule), i.e., 3.76, 3.9, and 3.76 eV, respectively. The obtained
numerical results are coherent with previously reported values.”*
In addition, the results highlight that the physisorbed O,
molecules are in a metastable state, which involves the formation
of two dissociated oxygen atoms, adsorbed on the black
phosphorus monolayer surface through the so-called dissocia-
tive adsorption. One can also observe that the adsorption
energies for models Al and A4 are equal, which means that the
adsorption energy is not affected by the orientation of the O,
molecule. On the contrary, the adsorption site clearly impacts on
the adsorption energy, which means that the O, molecules
cannot be adsorbed in the hollow site, whereas the bridging and
top sites are preferred. In particular, the bridging site has an
adsorption energy of about 3.9 eV. Such a high adsorption
energy may allow the oxidation of phosphorene at room
temperature, involving the degradation of the material.

For nickel-decorated phosphorene, eight models (N1-N8)
were considered to investigate the adsorption of oxygen
molecules on its surface (Figure 3). First, perpendicular
adsorptions of the O, molecule on the Ni atom, B, H, and T
sites were considered (case of N1, N2, N3, and N4,
respectively). Then, parallel adsorptions with one atom of the
oxygen molecule coordinated to the same sites, as for the
perpendicular adsorption, were considered (case of NS, N6, N7,
and N8). The relaxed structures are shown in Figure 3, while the
adsorption energies for each model are reported in Table S4.
Positive adsorption energies were obtained for all models
proposed in this part, which means that the systems are
thermodynamically stable, and the adsorption processes are
exothermic. Investigating the values obtained for each model, it
can be seen that in the case of adsorption using models N1, N2,
NS, N6, and N8, the adsorption energies are lower than the
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Figure S. Models used to simulate the adsorption of NO, molecules on nickel-loaded phosphorene without preadsorbed oxygens.

other cases, and the oxygen molecule does not dissociate
reacting only with the nickel adatoms. Otherwise, using N3, N4,
and N7, the adsorption energies are higher and the oxygen
molecule dissociates on the surface. Looking at the behavior of
the oxygen molecule in the three models (N3, N4, and N7), it
can be noticed that one O atom reacts with nickel on the surface
and the other one reacts with a phosphorus atom from the layer.
This may explain the improved stability and less degradation of
nickel-decorated phosphorene. Indeed, by introducing nickel,
some of the oxygen molecules from the surrounding atmosphere
adsorb on the Ni atoms, decreasing the oxidation rate of the Ni/
bP layer compared to pristine phosphorene. From Table S4, it
can also be concluded that the model N7 is the most probable
and stable model for the adsorption of O, molecules on the Ni/
bP layer since it has the highest adsorption energy (E,q4 = 3.34
eV). Discussing the interaction between oxygen and Ni atoms,
we can summarize this reaction as follows: when oxygen atoms
meet the Ni ones, they first take electrons and adsorb on the
surface of the material. The discussion of this reaction in detail is
reported later in the Charge Transfer Analyses section, where we
calculated the amount of charges lost from Ni atoms as well as
the one gained by oxygen atoms.

Adsorption of NO, Gas Molecules. To study the second
stage of the sensing mechanism of Ni/bP toward NO, gas, two
possibilities were investigated. First, the adsorption of NO,
molecules on the layer containing the preadsorbed oxygen
(model N7) was studied. Then, adsorption on the layer without
preadsorbed oxygen was investigated. The second case was
considered since NO, molecules may react with the free nickel
atoms on the Ni/bP surface rather than with the preadsorbed
oxygens. For this purpose, 12 models for each case (Figures 4
and 5) were considered (M1—M12 and S1—S12 for the first and
the second case, respectively). In M1, M2, M3, and M4, we
proposed adsorption of the NO, molecule in the Ni, B, H, and T
sites with one oxygen atom coordinated to the adsorption site
considered. Then, two other orientations of the NO, molecule
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were proposed, i.e., M5—M8 adsorption in the same sites with
the N atom facing the layer, whereas for M9—M12, the oxygen
atoms constituting the NO, molecule face the layer. The same
approach was adopted for the second case but without the
preadsorbed oxygens. The NO, molecule was placed in all cases
at a starting distance of about 2.6 A from the layer. Figure 4
displays the systems considered for the first case before and after
relaxation, and the corresponding adsorption energies are
summarized in Table SS. All calculated adsorption energies
present positive values, resulting in the possible adsorption of
the NO, molecule on the Ni/bP layer with the preadsorbed
oxygen from the atmosphere. Analyzing the calculated
adsorption energies, one can easily conclude that the NO,
molecule might prefer the M5, M7, M10, and M11 models for its
adsorption on Ni/bP, with an adsorption energy of 2.27, 1.77,
1.55,and 1.51 eV, respectively. From Figure 4, it can also be seen
that using M5, M7, M10, and M11, bonds were created between
the NO, molecule and layer, while the other models lead to NO,
physisorption on the layer, with quite small adsorption energies
(ranging from 0.25 to 0.48 eV). Another point to highlight from
Figure 4 is how the NO, molecule establishes its bonds on the
layer in the four most probable models. Indeed, the NO,
molecule always creates its bonds with the nickel atoms at the
surface regardless of its initial position. From this consideration,
the need to study the adsorption of NO, on the layer without the
preadsorbed oxygens arises. As already mentioned, the S1—S12
models shown in Figure 5 were adopted for this purpose. From
the calculated adsorption energies, summarized in Table S6, it is
clear that they are much higher than in the case of M models, and
for the most probable case (i.e., S9 model), the calculated value
was about 3 eV, which makes the process extremely exothermic
and the system more stable. One can therefore conclude that the
interaction of NO, with free nickel at the surface is more likely
than with the preadsorbed oxygen on Ni atoms. At this stage, it is
proposed that the sensing mechanism of Ni/bP toward NO, is
divided into two main steps, where eq 2 stands for the
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interaction of oxygen with the sensing layer and eq 3 for the
interaction with the analyte. To confirm that, the models N7 and
S9 were considered to study the charge transfer, analyzed in the
next paragraph, occurring on the layer at both stages.

OZ(ads) +2 — zoaxds) ()

©)

Charge Transfer Analyses. Léwdin charge analysis models’”
were used to study the charge transfer occurring on the surface
of the sensing film. Projecting the density of states on the atomic
orbitals, more precisely, on angular momentum channels, which
are present in the corresponding pseudopotentials, the Lowdin
charges can be calculated only on the valence charge density.
Hence, using the Lowdin charges, it is possible to calculate the
differences between the charge values of atoms composing the
system before and after interactions. The obtained trends
generally correspond to the correct trends of charge transfer. In
other words, relative trends are usually physically sensitive for
most methods and systems including the Lowdin method that
can only qualitatively estimate what is happening to the
interacting molecule, and the trend is generally in agreement
with experiments.”’ In our case, when the oxygen molecule is
adsorbed on the surface layer, it withdraws electrons from the
nickel atom gaining 1.64 lel, meanwhile, the nickel atoms and the
phosphorus layer lose 0.66 lel and 1.0749 lel, respectively. The
number of electrons lost from the surface went to the adsorbed
oxygen molecule, confirming that the reaction mentioned before
(eq 2) for the first stage of the sensing mechanism of nickel-
loaded phosphorene can occur. Indeed, before the interaction
with the molecule, the total charge of phosphorus and nickel
atoms constituting the layer was 79.1 lel and 19.4 lel,
respectively. While after the interaction, the total charge of
phosphorus and Ni atoms was 78.02 lel and 18.74 lel,
respectively. The electrons involved in these reactions
accumulate at the surface and decrease their density in the
Ni/bP layer, which results in the creation of a depletion zone. By
studying the charge transfer occurring during the interaction
reported in the model S9, the proposed reaction in eq 3 can be
confirmed, where the NO, molecule is adsorbed on the surface
of Ni/bP and oxidized the sensing material. In other words,
during the interaction, the NO, molecule gains 0.57 lel, which is
coming from Ni atoms since the latter are losing 0.38 lel,
meanwhile, the phosphorus atoms composing the layer lose 0.16
lel. This means that the mechanism involved in this reaction is
the Fermi level control mechanism”* (see Figure 6). In this
mechanism, the nickel atoms are partially oxidized and the
phosphorus layer loses electrons, causing an increase in the hole
density in the material. This results in an increase of the
conductance of the sensing material, which is transduced to Ni/
bP sensing response.

NOZ(gas) +e — NO;(ads)

B CONCLUSIONS

The impact of nickel decoration on the physical—chemical
properties of phosphorene and the gas sensing mechanism of the
material toward the NO, molecule was theoretically investigated
using ab initio calculations and applying DFT.

The results showed that, by introducing Ni atoms, the value of
the material band gap decreased due to the new energy level
created below the Fermi level. This new energy level behaves as a
shallow acceptor level since it is located between the top of the
VB and the Fermi level. This decrease in the band gap may
enhance the sensitivity and the response time of the produced
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Figure 6. Mechanism involved in the interaction between the NO, gas
molecule and nickel-decorated phosphorene (the Fermi level control
mechanism). Electrons are going from the P atoms to Ni atoms leaving
holes (step 1) and then going to NO, molecules (step 2).

sensors. The motivation of this phenomenon lies in the carrier
mobility of the sensing material, which plays a crucial role to
improve the sensing performance of the final device. Indeed, in
our case, when nickel is introduced in phosphorene, it captures
electrons from the sensing layer as an acceptor, enriching the
quantity of adsorbed oxygen and consequently enhancing the
carrier mobility in the material. Exchanging electrons with
environmental oxygen and NO, molecules, the electron
depletion region changes significantly obtaining a variation in
the film resistance, thus enhancing the performance of the
sensing material compared to pristine phosphorene.

Furthermore, a proposed explanation of the ambient
stability*” of Ni/bP was given, i.e., decreasing the band gap
and the work function of the material may lead to a decrease of
the CBM below the redox potential of O,/03, limiting in this
way the production of excitons under ambient light. Indeed, this
results in enhanced ambient stability and lower degradability of
the material as already demonstrated experimentally.

Finally, charge transfer analysis was carried out to
theoretically explain the sensing mechanism of Ni-decorated
phosphorene toward the NO, molecule. The results revealed
that the mechanism involved in this interaction is led by the
Fermi level control mechanism. This would involve the electron
transfer between the nickel additive and the phosphorene layer.
Therefore, nickel is oxidized by the oxygen species from the
surrounding atmosphere and in turn accepts electrons from the
sensing layer creating a depletion zone. In conclusion, the
theoretical investigation proposed here has elucidated the role of
nickel decoration on the stability of phosphorene-based sensors
in the NO, detection mechanism, which was previously
observed in our experimental study. With a deep understanding
of the phenomenological aspects behind the sensing material
functionality, it is possible to lean toward optimization of its
features as a function of the application field.
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