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Investigation of adsorption behaviors, and
electronic and magnetic properties for small gas
molecules adsorbed on Pt-doped arsenene by
density functional calculations

Ping Wu? and Min Huang @& *®

Based on first-principles calculations, we compared the adsorption behaviors, electronic and magnetic
properties of gas molecules (CO, NO, NO,, O,, NHs, H,O, H, and N,) adsorbed on Pt-embedded
arsenene and pristine arsenene. Our calculations show the interactions between molecules and
arsenene can be enhanced by substitution of a Pt atom, suggesting the potential application of Pt-doped
arsenene in gas sensing, especially for detecting NO, gas due to the largest adsorption energy and
charge transfer between NHsz and Pt-doped arsenene. Among all the molecules considered, CO, NO,
NO,, O, and NH3z molecules chemisorb on Pt-doped arsenene (these molecules physisorb on pristine
arsenene) forming covalent Pt—C, Pt—N and Pt-O bonds, thus resulting in the elongation of C-O, N-0O,
O-0, N-H bonds in molecules. The magnetic moments of arsenene adsorbed with O,, NO, and NO,
decrease or diminish after Pt doping. Such variation on magnetism before and after Pt doping is ascribed
to significant charge transfer and strong hybridization between gas molecules and the underlying Pt
atoms, indicating the magnetic properties of arsenene can be tuned by molecular adsorption and Pt
doping. These findings suggest Pt-doped arsenene has potential applications in spintronic devices,

rsc.li/rsc-advances catalysts and gas sensors.

1 Introduction

Since the discovery of graphene in 2004," many other two-
dimensional (2D) materials including BN,? slicene,® phosphor-
ene,** transition metal dichalcogenides (TMD) monolayers®’
and MoSi,X,,* Li,B, monolayers® and B,Ps,'* as well as biphe-
nylene,"* have attracted extensive attentions in the last two
decades. Based on the intriguing physical and chemical prop-
erties, such as high carrier mobility, outstanding mechanical
performance and large surface-to-volume ratio, 2D materials
become important candidates for numerous promising appli-
cations in the fields of nanoelectronics,”** optoelectronic and
spintronic devices,*" gas sensors,"*'* chemical catalysis™ and
energy storage'® as well as photovoltaics.'™” However, the
practical application of these materials is restricted by some
shortcomings, such as graphene having zero bandgap,'® MoS,
with relative low mobility'® and phosphorene susceptible to
oxidation in ambient conditions.>® Therefore, in order to realize
the application of 2D materials in the fields of gas sensor and
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molecule catalysis, it is necessary to search and synthesize new
2D materials exhibiting properties with improved performance.
Motivated by expanding the applications, arsenene and its
analogs have been investigated by theoretical and experimental
methods.”*>* Zeng et al. predicted that arsenene monolayers
show semiconducting behaviors with wide band-gap (about
2.49 eV) and high stability in ambient conditions, which is quite
different from the semi-metallic characteristic of As bulk. They
also observed significant transition from indirect into direct
band gap semiconductor under small biaxial strain.** Subse-
quently, multilayer arsenene with good stability in air has been
successfully prepared by Tsai and Liang on InAs substrate using
plasma assisted process.*® Zhong et al. reported the mechan-
ically exfoliated b-As monolayer utilized to fabricate field-effect
transistors (FET) shows relatively high carrier mobility, and
thickness could modify efficiently the carrier transport charac-
teristics.>* Moreover, the electronic and magnetic properties of
arsenene could be modified substantially altered by selective
substitution or adsorption of foreign atoms, such as trans-
formation from a spin-nonpolarized semiconductor to metal for
Ti/Mn-doped arsenene or a half-metal upon decoration of As,
and the spin-polarized semiconducting state for V, Cr and Fe
substituted arsenene have been observed.>*” Additionally, our
previous DFT + U calculations predicted that 3d transition
metals (TM) doped arsenene (except for Cu doping) exhibits
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magnetism, which mainly contributed by the strong hybrid-
ization between 3d TM and surrounding As atoms.>®

Similar to phosphorene, buckled arsenene possess sizable
band gap and naturally high surface-to-volume ratio, which is
supposed to have promising applications in gas sensing,
catalysis and energy storage.”®**' Liu predicted by DFT calcula-
tion that the adsorption of NO and NO, molecules could
effectively modify the electronic properties and introduce
magnetism into arsenene, which is expected to be employed as
a chemical nanosensor for NO and NO, molecules.** Chandir-
amouli et al. found that the resistance of armchair and zigzag
arsenene varied upon adsorption of NH; and PHj, implying
arsenene nanoribbons could be utilized as nano-chemsensor to
detect the poisonous gas molecules of NH; and PH;.** However,
Ciraci et al. found that H,, O,, and H,O molecules prefer to
physically adsorb at arsenene, which indicated that the atomic
structures and electronic properties of both molecules and
arsenene have no significant changes due to weak interaction
upon gas adsorption.*” Additionally, Zheng et al. found that
ferromagnetic couplings of Crl; monolayer can be remarkably
enhanced upon the adsorption of CO, H,, H,O and N, mole-
cules, particularly, Curie temperatures of CrI; monolayer can be
miraculously improved to about 2.6 times of that for pure Crl;
monolayer due to the adsorption of N, molecule.® It is known
that vacancies, substitutional doping or adsorption of foreign
atoms could be effective strategies to dramatically enhance the
sensing ability of nanomaterials to gas molecules, such as
transition metal embedded graphene®* and phospohorene
substitutionally doped by alkali atom and transition metals
exhibiting high-performance on catalyst and small gas
sensing,* as well as TMD monolayer decorated by Pt and Au as
promising candidate for efficient gas sensors.**** Recently,
based on First-principles calculations Ren and co-workers re-
ported that atomic doping could significantly improve the
hydrogen evolution reaction (HER) performance of bipheny-
lene, such as the barrier for HER is only —0.03 eV for Fe doping
case.* Besides, Zheng et al. found that the introduction of Ga or
N vacancies can significantly facilitated the adsorption strength
of CO, NH;, NO, and NO, on defective g-GaN with larger
adsorption energy and more significant charge transfer than
that on pristine g-GaN.*® Similarly, WS, could with W defect be
utilized as an ideal reversible sensor for detecting CO and NH;
owing to short recovery times, and S defect in WS, could
beneficially capture NO by enhancing the interaction between
NO and substrate.** Especially, the noble transition metals
including Ag, Au, Pd, Pt and so on, display the strong catalytic
behavior in gas interaction, and thus is frequently selected as
a dopant to decorate the surfaces of nanomaterials in order to
enhance the chemical sensitivity and selectivity of the substrate.
Gao and co-workers found that NO, favor to chemisorb on the
Ag-doped WSe, monolayer surface due to a strong interaction
monolayer, which enable Ag-doped WSe, monolayer to be as
promising candidate for efficient NO, gas sensors,** and study
reported by Wu et al. confirmed that Ta-doped WSe, also shows
high sensitivity and selectivity to NO,.*® Similarly, the MoSe,
monolayer decorated by Pd exhibits potential application as
toxic gas sensor, which is due to strong adsorption ability and
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poor desorption performance upon four toxic gas (such as NO,
NO,, SO, and H,S).* It also has been reported that Pd doping
resulted in the transition of CO adsorption behavior from
physisorption on antimonene to chemisorption after doping, as
well as the CO gas sensitivity could be improved by external
electronic field.* Additionally, theoretical study confirmed that
decoration of Ag, Au and Pt could drastically increase the
interaction of CO and O, molecules with bismuthene, particu-
larly Pt embedded bismuthene shows high catalytic activity for
CO oxidation with reaction barrier about 0.37 eV.** Neverthe-
less, there are less theoretical study on the adsorption behaviors
of common gas molecules on Pt-doped aresene, as well as the
influence of Pt dopants on the electronic and magnetic prop-
erties of arsenene by comparing with these gas molecules
adsorbed on pristine arsenene.

In this work, we firstly investigated the stability and elec-
tronic properties of Pt-doped arsenene, and then focused on the
adsorption behaviors of various gas molecules (including CO,
NO, NO,, O,, NH3, H,0, H, and N,) on Pt doped-arsenene by
using first-principles calculations. In order to clarify the influ-
ence of embedded Pt on the adsorption behaviors of exotic gas,
we also investigated the adsorption of considered gas molecules
on pristine arsenene for comparison. Furthermore, we exam-
ined the modification of electronic and magnetic properties of
Pt-doped arsenene due to the adsorption of gas molecules by
analyzing the charge density of states and charge transfer. This
paper could not only help to comprehend the Pt doping effect
on the structural and electronic properties of arsenene, but also
provide new strategy to expand the potential applications of
arsenene in the fields of spintronic device and gas sensor as well
as scavenger for NO and NO,.

2 Computational methods

All our density-functional theory (DFT) calculations were per-
formed using Vienna ab initio simulation package (VASP)
code.*** The generalized gradient approximation (GGA) by
Perdew-Burke-Ernzerhof (PBE) functional*” is chosen to
express the electron exchange-correlation interaction in our
calculations. And all-electron projector augmented wave (PAW)
method is employed to describe the electron-ionic core inter-
action.”® The DFT-D2 method of Grimme* was adopted to
analyze the van der Waals interaction between considered gas
molecule and substrate. An energy cutoff of 450 eV for the plane
wave basis set is adopted. One arsenic atom is substituted by Pt
atom in a (4 x 4) lateral supercell to simulate the doping of Pt,
which is plotted in Fig. 1a. To sufficiently minimize the inter-
actions between adjacent supercells, the thickness of vacuum
layer in the z direction was set to be more than 20 A. 5 x 5 x 1
and 9 x 9 x 1 Monkhorst-Pack grid for k-point sampling were
used to sample the first Brillouin zone for structural optimiza-
tions and electronic calculations, respectively. The DFT calcu-
lations were spin-polarized to reveal the origin of magnetism
upon the molecular adsorption. All the geometry structures are
fully optimized until the total energy converged to 1.0 x 10> eV
and the force on each atom was less than 0.01 eV A",

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Optimized structures for Pt-doped arsenene, and (b) and (c) the electronic band and projected density of states (PDOS) for the Pt-

doped arsenene. The partial charge density distribution of impurities states for Pt-doped arsenene is shown in the insert of (c). The unit of
isosurface charge density is set to 0.007e A=3. The Fermi level (E¢) is set to be 0 eV denoted by dash lines. Arsenic and platinum atoms are

represented by green and silver balls, respectively.

In order to verify the stability of Pt-doped arsenene, we
calculated the formation energy of Pt-doped arsenene according
to the following formula:

Ef = EPt-arsenene + EAs - Earsenene - EPU (1)
where Ep arsenene ad Earsenene are the total energies of Pt-doped
arsenene and pristine arsenene, respectively. E,s and Ep
represent the energy of an isolated As and Pt atom in a supercell
of 20 A x 20 A x 20 A, respectively.

In order to examine the chemical reactivity of the Pt-doped
arsenene, we have comparatively investigated the adsorption
properties of considered gas molecules on the pristine arsenene
and Pt-doped arsenene. The adsorption energy (E.q) and the
amount of the charge transfer (AQ) are two key indicators used
to describe the strength of interactions between gas molecules
and adsorbent surface. We respectively defined the adsorption
energy of small gas molecule on two surface as following:

- Egasa (2)

Ead = Egas@arsenene - Earsenene

Ead = Egas@Pt-arsenene - EPt-arsenene - Egas’ (3)

where Egrsenene aNd Epiarsenene are the respective energies of the
uncovered pristine arsenene and Pt-doped arsenene after full
structure Optimizati0n1 Egas@arsenene and Egas@Pt-arsenene are the
total energies of the most stable configuration of arsenene and
Pt-doped arsenene upon gas molecule adsorption, respectively.

And Eg,, is total energy of an isolated gas molecule.

3 Results and discussion

3.1 Structures and electronic properties of pristine and Pt-
doped arsenene monolayers

The calculated results show that the pristine arsenene adopts
buckled honeycomb structures with thickness of 1.39 A and

© 2023 The Author(s). Published by the Royal Society of Chemistry

indirect band gap of 1.61 eV, which is in good agreement with
previous calculations.*** After full relaxation, the three bond
angles of As-Pt-As are all enlarged from 92.00° for pristine
arsenene to 106.05° for Pt-doped arsenene with Pt atom moved
downwards by 0.67 A related to upper As layer (shown in
Fig. 1a). The bond length of Pt and surrounding As atoms
significantly decreased to 2.41 A from 2.51 A for da,_as Of pris-
tine arsenene. The three As-Pt-As bond angles and bond length
of three Pt-As bonds are equivalent implying that the doping of
Pt impurity atoms does not break the C;, symmetry, which is
consistent with our previous studies about TM-doped arsenene
systems.”® The decreasing of Pt-As bond length compared with
As-As bond length is mainly caused by stronger ionic charac-
teristic of Pt relative to As. And the calculated formation energy
of Pt-doped arsenene is about —7.12 eV higher than —0.45 eV for
Cr-doped arsenene,” which indicated Pt-doped arsenene
system show relatively higher stability.

To explore the modulation effects of Pt dopants on the
electronic and magnetic properties of arsenene, we calculated
spin-polarized band structures (as shown in Fig. 1b) and spin-
polarized projected density of states (PDOS) of Pt and
surrounding As atoms in Pt-doped arsenene as depicted in
Fig. 1c. As shown in Fig. 1b and c, the identical majority and
minority states indicate the non-magnetic ground state of Pt-
doped arsenene. Obviously, it has been observed two new gap
states emerged simultaneously around the Ey upon As replaced
by foreign Pt atom, resulting in significant transformation from
semiconducting arsenene to metallic Pt-doped arsenene.
According to the analyzing the partial charge density distribu-
tion (PDOS) of impurity states shown in the insert of Fig. 1c, it is
found that the impurity states is mainly contributed by Pt and
surrounding As atoms. The DOS results further confirmed that
the impurity states origin from the strong hybridization
between 5d states of Pt dopant and 4p states of surrounding As
atoms. The similar modulation mechanism of Pt doping on
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electronic properties of blue phosphorene also has been re-
ported,* the Pt-doped system shows metal behavior with
impurities states crossed the Fermi level.

3.2 The adsorption behavior of gas molecules on Pt-doped
arsenene

In order to explore the effect of Pt impurities on the adsorption
properties and catalytic activities of arsenene, we further
examine the adsorption behaviors of some small molecules
(CO, NO, NO,, O0,, NH3, H,0, H, and N,) on the Pt-doped
arsenene monolayer. To obtain the most favorable binding
configurations, the gas molecules are initially placed at
different sites or orientations above Pt-doped arsenene with
different height and then relax all the structures. For considered
gas molecules with free standing phase, the bond lengths are
1.14, 1.17, 1.21, 1.23, 1.02, 0.97, 0.75 and 1.15 A for CO, NO,
NO,, O,, NH3, H,0, H, and N, gas molecules, respectively.
Optimized adsorption configurations of considered small gas
molecules on Pt-doped arsenene are shown in Fig. 2. For
comparison, the adsorption behaviors of gas molecules on
prefect monolayer arsenene and the interactions between
molecules and substrate are also explored in this work. Table 1
summaries the calculated adsorption energies E,q and the
distance between the adsorbed molecule to substrate, charge
transfer between gas molecules and arsenene for the most
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stable adsorption configurations of considered molecules on
arsenene with and without Pt-doping.

It is found that CO adopts a nearly perpendicular alignment
with C-Pt bond length of 1.65 A (Fig. 2a), while NO prefers to
adsorb on Pt-doped arsenene through N atom-oriented site with
Pd-N bond titled to As surface (Fig. 2b). Interestingly, it can
been seen form Fig. 2¢ that NO, adopts an inverted V-type bend
structure with both oxygen atoms connect to Pt atom with the
shorter Pt-O distance of 2.29 A, which could be explained by the
interaction between the electron-rich oxygen atoms and Pt
dopant. The similar V-type configuration of NO, at pristine
arsenene also has been observed that two O directly interact
with As atoms, however, theoretical study carried out by
Gaussian 09 reported the NO, on arsenene adopted V-type
orientation with N actively participated with arsenene surface,
which is attributed to the overlapping of non-bonding lone pair
orbitals of As with empty valence p-orbital of N.>* O, molecule
adopts a flat configuration almost parallel to As surface with Pt-
O distance of 2.23 A (Fig. 2d), while 0-O bond length is enlarged
from 1.23 A for free O, and O, adsorbed at pristine arsenene to
about 1.33 A for Pt-doped arsenene. In the case of NH;
adsorption (Fig. 2e), N atom points toward to Pt dopant with
hydrogen atoms on the next end, while H,O favors to lie nearly
parallel to the Pt-doped arsenene with the O atom captured by
Pt dopant and the O-Pt distance is measured to be 2.48 A as

Fig. 2

(@)—(h) Top (upper panel) and side views (lower panel) of the most favorable configurations of Pt-doped arsenene with gas molecules CO,

NO, NO,, O,, NH3, H,O, H, and N, adsorbed, respectively. The pink, brown, blue and red balls represent the H, C, N and O atoms, respectively.
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Table 1 Adsorption energy E,q. the distance d from the adsorbed molecule to the surface, the amount of charge transfer Ag, and the donor/
acceptor characteristics of the molecular adsorbed at pristine or Pt-doped arsenene surface. Note that a positive (negative) Ag indicates a loss
(gain) of electrons from each molecule to substrates. We also list the total magnetic moment (M) of the adsorbed system as well as the local

magnetic moments of molecule (Mg,s)

Pt-doped arsenene

Prefect arsenene

Molecule d (A) Aq (e) DOpiIlg nature Ead (CV) Mtot (,uB) Mgas (:u'B) d (A) Aq (e) Doping nature Ead (eV) Mtot (/‘B) Mgas (IU'B)
(o]6] 1.65 —0.104 Acceptor —-1.22 0 0 3.36 —0.013 Acceptor —0.02 0 0

NO 1.50 —0.252 Acceptor —1.48 0 0 2.80 —0.077 Acceptor —0.18 1.00 0.99
NO, 2.00 —0.591 Acceptor —1.54 0 0 2.58 —0.21  Acceptor -0.29 1.00 0.91

O, 1.95 —0.458 Acceptor —0.74 1.00 0.89 3.11  —0.027 Acceptor —0.05 2.00 1.98
NH;3 1.86  0.165 Donor —0.80 0 0 2.69  0.067 Donor —0.22 0 0

H,0 1.99 0.038 Donor —-0.37 0 0 2.21  —0.037 Acceptor —-0.18 0 0

H, 2.01  0.017 Donor —0.11 0 0 2.89  —0.011 Acceptor —0.04 0 0

N, 2.65 0.008 Donor —-0.15 0 0 3.34 —0.013 Acceptor —0.02 0 0

shown in Fig. 2f. In Fig. 2g, H, molecule prefers to adopt an end-
on configuration with one H atom standing on the top site of Pt
with a distance of 2.01 A between H, and Pt-doped arsenene.
Similar to the case of O,, N, molecule also tends to a flat
configuration on Pt-doped arsenene with a distance of 2.65 A
towards to the substrate surface (Fig. 2h), while no significant
change in N-N bond length was observed.

As shown in Table 1, the adsorption energies for all mole-
cules considered adsorbed on Pt-doped arsenene are larger and
the distance between molecules and Pt-doped arsenene are
shorter than the corresponding molecule adsorbed on pristine
arsenene, indicating Pt dopant can enhance the interactions
between molecules and arsenene. For the adsorption of CO, NO,
NO,, O, and NH3;, the adsorption energies are —1.22, —1.48,
—1.54, —0.74 eV and —0.80 eV, with distance between gas
molecules and substrate of 1.65, 1.50, 2.00, 1.95 and 1.86 A,
respectively, implying chemisorption between CO, NO, NO,, O,
and NH; with Pt-doped arsenene. Differently, the calculated
results shown that all considered molecules favor to physically
adsorb at pristine arsenene via van der Waals interactions with
the adsorption energies in the range of —0.02-—0.29 eV. Obvi-
ously, as listed in Table 1 the bond length of O-O and N-O is
remarkably elongated to 1.33 A and 1.28 A (from 1.23 A and 1.21
A for free O, and NO, molecules, respectively) upon O, and NO,
adsorption, and bond length of C-O or N-O increases to 1.16 A
and 1.20 A (from 1.14 A and 1.17 A for free CO and NO mole-
cules) for adsorption of CO and NO on Pt-doped arsenene,
respectively. And conversely, the E,q are —0.37, —0.11 and —0.15
eV upon the adsorption of H,O, H, and N, on Pt-doped arsen-
ene, which are slightly larger than these of adsorbed on pristine
arsenene, indicating the physisorption for H,O, H, and N,
molecules occurs both on pristine and Pt-doped arsenene.
Meanwhile, no significant change in bond length was observed
in the cases of H,0, H, and N, adsorption. The above calculated
results predicted that the introduction of Pt dopant could
enhance the adsorption of considered gas to some extent and
significantly improve the reaction activity of CO, NO, NO,, O,
and NH; instead of the weak physisorption of these upon
pristine arsenene. To explore the effect of the concentrations,
we consider one NO, molecule adsorbed on the 2 x 2,3 x 3 and

© 2023 The Author(s). Published by the Royal Society of Chemistry

4 x 4 supercells of arsenene with one As atom replaced by Pt
atom. Our calculations show that the interaction between NO,
molecule and the Pt-doped arsenene is slightly changed with
coverage, resulting in similar E,q and bandgap value. So we
could conclude that the concentrations of Pt doping have no
significant influence on the adsorption behaviors of gas mole-
cules on arsenene, which is similar to the previous studies re-
ported by Safari et al.>

3.3 Electronic properties for gas adsorption systems

To further gain insight into how gas molecules adsorption affect
the electronic properties of Pt-doped arsenene, we calculated
the spin-polarized band structures as shown in Fig. 3 and pro-
jected density of states (PDOS) of gas molecule, Pt dopants and
neighboring As atoms for Pt-doped arsenene systems shown in
Fig. 4. The symmetric band structure indicated that the ground
state of gas/Pt-doped arsenene systems exhibit nonmagnetic
characteristic, except for the case of O,/Pt-doped arsenene (as
shown in Fig. 3d) with magnetic moment of 1 ug. It is reason-
able to expect that Pt-doped arsenene may be considerable
polarized due to the charge transfer upon the adsorption of O,
molecule, which promoted O, attaching to the substrate to
some extent, thus induce the formation of stable configurations
with higher adsorption energy. Regarding to CO adsorption on
Pt-doped arsenene in Fig. 3a, there is no additional CO-induced
states within the band gap, while the band that initially located
at 0.0-0.5 eV above Ep shifted up about 0.30 eV upon the
adsorption of CO. By analyzed the DOS as shown in Fig. 4a, it
can be seen that the molecule orbital of adsorbed CO is delo-
calized with respect to isolated CO, which is caused by mixture
between 27* antibonding of CO molecule and 5d of Pt dopant
as well as 4p of surrounding As atoms. Upon the adsorption of
NO and NO, on Pt-doped arsenene (in Fig. 3b and c), obviously,
new band states emerge at about 1.0 eV above the Fermi level
and —0.25 eV below the Fermi level, respectively. Combined
with the DOS results (shown in Fig. 4b and c), it is found that the
impurities states mainly originate from the contribution of
hybridization between 2p orbital of N or O attached to Pt and 5d
orbital of Pt as well as 4p orbital of neighbor-nearing As atoms.
However, it is observed that transformation of Pt-doped

RSC Adv, 2023, 13, 3807-3817 | 3811
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Fig. 3 Spin-polarized band structures for (a) CO, (b) NO, (c) NO,, (d) O,, (e) NH=, (f) H,O, (g) H, and (h) N, adsorbed at Pt-doped arsenene,
respectively. The red and black lines show spin up and spin down band structures, respectively. E is set to be 0 eV denoted by the black dash
lines. The partial charge density distribution of gap states for Pt-doped arsenene adsorbed with H,O, H, and N, are plotted in the insert of (f)—(h),

respectively. The unit of isosurface charge density is set to 0.007e A=>.

arsenene transform from metal to semiconductor upon the
adsorption of NO, and O,, such as NO,/Pt-doped arsenene
exhibited an indirect band gap of 0.67 eV, while for O,
adsorption system, the majority and minority states display an
indirect band gap of 0.73 and 0.64 eV, respectively, which are
mainly resulted from the shift down of Fermi level caused by the
loss of electron for arsenene. According to the DOS results of O,/
Pt-doped arsenene system (Fig. 4d), it is significant that the
impurity states (flat band) near 0.40 eV above Fermi level in
spin-down channel mainly come from the contribution of
strongly orbital hybridization between two O atoms and
underlying Pt. By analyzing the band structure (Fig. 3e)
combined with PDOS results (Fig. 4e), it is found that adsorp-
tion of NH; affect the gap states and valence-band maximum
(VBM) of Pt-doped arsenene, which is related to orbitals over-
lapping between N 2p and 5d of Pt dopant. This finding indi-
cated the occupied nitrogen lone-pair orbital of N interacts with
the valence bands of underlying Pt, which weaken the orbital
hybridization between Pt and surrounding As atoms.
Conversely, the band structure of Pt-doped arsenene systems in
the range of —1.0 to 1.0 eV both did not significantly change

3812 | RSC Adv, 2023, 13, 3807-3817

before and after the adsorption of N,, H, and H,O as shown in
Fig. 3f-h, which is consistent with the PDOS results as plotted in
Fig. 4f-h, respectively. And the charge density distribution of
band gap states are plotted as shown in the insert of Fig. 4f-h
for H,O, H, and N, adsorption, respectively. It is remarkable
that the charge density distributions of gap states mainly focus
on the Pt and surrounding As atoms accompanied with tiny
contribution of gas molecules, which indicated that these small
gas have little effects the electronic properties of Pt-doped
arsenene, which is corresponding with physical adsorption
characteristic of H,0, H, and N, molecules.

To quantitatively determine the amount of charge transfer
from molecule to Pt-doped arsenene systems, we calculated the
Bader charges®** and summarized the results as listed in Table
1. In here, the negative and positive values mean that the
adsorbed gas obtain charge from substrate or provide charge to
substrate, respectively. It is noted that CO, NO, NO, and O,
acting as strong accepter attract 0.104, 0.252 and 0.458e from
the substrate of Pt-doped arsenene, respectively, especially for
NO, obtained 0.591e, while 0.168e is transferred form NH;
molecule to the arsenene decorated by Pt. For comparison, we

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a)—(h) Projected density of states (PDOS) for considered gas molecules CO, NO, NO,, O,, NH3, H,O, H, and N, adsorbed at Pt-doped
arsenene. E is set to be 0 eV denoted by dash lines.

found most of considered gas molecules acting as weak gained about 0.21e from arsenene, while NH; acting as weak
donor slightly donated about 0.067e to arsenene. As known that

acceptor received charge smaller than 0.08e from pristine
arsenene, except for NO, which acting as a strong acceptor

© 2023 The Author(s). Published by the Royal Society of Chemistry
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molecules and adsorbent surface are important characteristic
as chemisorption. Compared with gas molecules adsorbed at
pristine arsenene, remarkable charge transfer indicated that
above five molecules interact strongly with Pt-doped arsenene
surface and maybe engage in notable chemical interaction with
the embedded Pt atom. That is why most considered molecules
favor to chemically adsorb at Pt embedded arsenene monolayer
with higher adsorption energies and shorter distance between
gas molecules and adsorbent surface as listed in Table 1. For the
adsorption of H,0, H, and N,, charge transfer between gas
molecules and substrate has slight change before and after the
doping of Pt, which confirmed that H,0, H, and N, molecules
still belonged to physisorption on substrate via van der Waals
forces. In other words, the doping of Pt slightly enhances the
interaction between H,O, H, and N, with substrate, which is in
good agreement with the calculated adsorption energies and
distance between molecules and arsenene listed in Table 1. In
order to test the accuracy of DFT-D2 method for describing
weak dispersion forces in current work, we took NO,, O, and N,
molecules as examples to investigate the adsorption properties
of these molecules on Pt-doped arsenene by using D3-BJ
method®**® implemented in VASP. It is found that our DFT-D2
results are generally in accordance with D3-BJ results, the
charge transfers obtained by two methods are almost identical.
Although the values of the adsorption energies are slightly
different for the corresponding molecule by using DFT-D2 and
D3-BJ, the variation trend is the same from N, to NO,
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Paper

adsorption (N, with lowest adsorption energy and NO, with
highest adsorption energy). And we could make the same
conclusion that N, prefers to physically adsorb at Pt-doped
arsenene, while O, and NO, favor to chemisorption with both
DFT-D2 and D3-BJ. Therefore, we can expect that our DFT-D2
results and our conclusions in our work are basically reliable.
To visualize clearly the charge transfer and the bonding
mechanism between gas molecules and Pt-doped arsenene, we
also plotted the corresponding charge density difference images
as shown in Fig. 5. According to Fig. 5a-d, we not only observed
noticeable charge redistribution between molecules and Pt-
doped arsenene, but also found the charge obtained by CO, NO,
NO,, and O, mainly come from underlying Pt atom and
surrounding As atoms, which correspond with the noticeable
change in the DOS near the Fermi level as depicted in Fig. 4a-d.
This strong interaction between above four molecules and
substrate is identified as the main reason for the significant
elongation of bond length and enhancement of adsorption
behavior of gas molecules on Pt-doped arsenene. Differently,
the charge accumulation occurs around underlying Pt and
surrounding As atoms, whereas charge depletion appears near
NH; molecule for NH; adsorbed on Pt-doped arsenene as
shown in Fig. 5e. The significant charge redistribution upon
NH; adsorption indicated N atom participated in the strong
hybridization with underlying Pt and formed covalent bonds
with ionic bond characteristics, which arising mainly from the
ionization of the lone electron pair at the N atom. The total

Fig. 5

(a)—(h) Top (upper panel) and side views (lower panel) of the charge density difference plots for all considered gas molecules adsorbed at

Pt-doped arsenene, respectively, in which yellow and green regions refer to the charge accumulation and depletion, respectively. The isosurface

level is in the unit of 0.001e A3,
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amount of transferred charge from NH; to Pt-doped arsenene is
0.165e, while NH; acting as a weaker donor by transferring only
about 0.067e to pristine arsenene. By comparison, the increase
of charge transfer mainly caused by the stronger orbital over-
lapping between 2p of N and 5d of underlying Pt atom, which is
consistent with the results on PDOS (Fig. 4¢) and band structure
(Fig. 3e). Compared with the cases of CO, NO, NO, and O,, the
atomic structure of NH; is nearly unchanged after adsorption
and the adsorption energy (—0.80 eV) is moderate on Pt-doped
arsenene, implying that the desorption of NH; from Pt-doped
arsenene can be readily achieved by annealing or short UV
irradiation, which is an essential target for efficiency gas
sensors. Therefore, Pt-doped arsenene can be expected to detect
NH; with better desorption performance than detecting CO,
NO, NO, and O,. Interestingly, the roles of gas molecules of
H,0, H, and N, changed from weak donors when adsorbed at
pristine arsenene to weak acceptors upon adsorption on Pt-
doped arsenene as listed in Table 1. Upon the adsorption of
H,O0, H, and N, on Pt-doped arsenene as shown in Fig. 5f-h, the
Pt dopant did not induce noticeable variation in charge density
for gas molecules and substrate, implying a weak physisorption
between these three gas molecules and substrate. In most of
considered cases, Pt dopant acting as an electron localization
center displays high carrier mobility, e.g. NO, system, the Pt
dopant accumulate electron from the arsenene and then
provide to NO,, while Pt dopant obtained electron from NH;
and delivered it to arsenene, indicated that Pt dopant plays
important role to bridge the charge-transfer between the
arsenene and the gas molecules. Actually, embedded Pt is the
intermediary of arsenene to interact with target molecules,
which apparently enhances the chemical activity and sensitivity
of arsenene upon CO, NO, NO, and O, adsorption. We can
conclude that this bonding mechanism between gas molecules
and arsenene suggested the embedded Pt atom is vital in
stability and electronic properties of gas/Pt-arsenene systems.
It is demonstrated that the charge transfers occurred
between gas molecules and Pt-doped arsenene are larger than
those of pristine arsenene (shown in Table 1). It is well-shown
that the charge carrier concentration induced by gas molecule
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adsorption can lead to the variation of the resistance of arsen-
ene when it is exposed to these gases. The strong interactions
between gas molecules and Pt-doped arsenene with large charge
transfer compared to pristine arsenene can lead to remarkable
conductivity change, which also provides basic for the potential
application of making highly sensitive sensors, even with the
possibility of detecting an individual molecule. On comparing
the adsorption behaviors of small molecules (CO, NO, NO,, O,,
NH3, H,0, H, and N,) on pristine arsenene, it is clear that Pt
impurity can enhance in varying degrees the interactions
between all the molecules and arsenene with higher adsorption
energy and shorter distance between molecules and arsenene.
Therefore, Pt-doped arsenene can be used as gas sensors
detecting such molecules with enhanced sensitivity compared
with pristine arsenene, which is similar to previous reports for
Ag-doped and Ta-doped WSe, monolayer show high sensitivity
and selectivity to NO,.**** Among all the molecules considered,
Pt-doped arsenene show highest sensitivity in detecting NO, gas
than other molecules due to the largest adsorption energy and
charge transfer upon NO, adsorption.

3.4 Magnetic characteristics analysis for gas adsorption
systems

We found that NO and NO, adsorbed at pristine arsenene
exhibit magnetic ground states with total magnetic moments
(Mor) of 1 up per supercell, which is similar to NO and NO,
adsorbed at WS,,** and arsenene with adsorption of O, display
magnetic characteristic with M, of 2 ug as listed in Table 1.
More interestingly, M. of O,/Pt-doped arsenene reduced to 1 ug
due to the introduction of Pt dopant, while magnetic moment
nearly diminishes for NO/Pt-doped arsenene and NO,/Pt-doped
arsenene systems. According to the change on magnetism of
adsorption system, Pt-doped arsenene can be used to distin-
guish O, from other gas molecules in the field of gas sensing. To
achieve deeper insight into the origin of magnetism and influ-
ence of Pt dopant on magnetism variation of adsorption
systems, the corresponding magnetization density distribution
for perfect arsenene with NO, NO, and O, adsorbed and Pt-

(b) NOo/arsenene

(a) NO/arsenene

%?.
%

?pq o
gHﬂ
M o—o

VA

(¢) O,/arsenene

(d) O,/Pt-doped arsenene

Fig. 6

(a)—(c) Top (upper panel) and side views (lower panel) of the magnetization charge density difference plots for NO, NO, and O, adsorbed

on pristine arsenene, and (d) for O, adsorbed at Pt-doped arsenene, in which blue and red regions correspond to up and down magnetization,
respectively. The magnetization charge density isosurface value is 0.001e A=3.
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doped arsenene with O, adsorbed are plotted in Fig. 6. For cases
of NO adsorbed at pristine arsenene as shown in Fig. 6a, the
magnetism of systems mainly comes from the contributions of
gas molecules, which is caused by the unpaired electron of NO
and O, and weaker interaction between gas molecules and
arsenene. Upon the adsorption of NO, on pristine arsenene
(Fig. 6b), the magnetism mainly originates from NO, with
unpaired electron, as well as underlying and second nearest-
neighboring As atoms also have minor contributions to total
magnetism, which is corresponding to the 0.21e charge trans-
ferred from arsenene to the NO, molecule. It is found that
magnetism of NO/Pt-doped arsenene and NO,/Pt-doped arsen-
ene system disappeared, which is due to the orbital overlapping
and dramatic charge transfer between NO and NO, with
underlying Pt atom. As shown in Fig. 6c, O, still remains
paramagnetic character with 2 ug upon adsorbed at arsenene,
which is basically unaffected by the adsorbent substrate with
weak interaction and slight charge transfer. As shown in Fig. 6d
the magnetization density distributions of Pt-doped arsenene
with O, adsorbed mainly involved in O, molecule and under-
lying Pt dopant, which is quite different with the case of O,/
arsenene system (Fig. 6¢). The significant decrease of magne-
tism from 2 ug for O, adsorbed arsenene to 1 ug for O, adsorbed
Pt-doped arsenene could be explained by the formation of
covalent bond between O and Pt atoms, which is accompanied
by the elongation of O-O band and charge transfer (0.458e)
between O, and Pt dopant, further indicating that O-Pt bond is
a mixture of ionic and covalent characteristics. Additionally, the
redistribution of spin-charge density could further confirm the
stronger hybridization between 2p orbitals of O atom and the 5d
orbitals of underlying Pt atom, which is consistent with the
results obtained by PDOS in Fig. 4d. Therefore, our calculations
indicate that the magnetic properties of Pt-doped arsenene can
be effectively tuned by the molecular adsorption thus Pt-doped
arsenene can be a promising avenue to design nanoscale
spintronic devices.

4 Conclusions

In summary, we investigated the adsorption behaviors, elec-
tronic and magnetic properties of small gas molecules
(including CO, NO, NO,, O,, NH3, H,0, H, and N,) on pristine
and Pt-doped arsenene using density-functional theory (DFT).
Compared with the cases of adsorption on pristine arsenene
with adsorption energy from —0.02 to —0.29 eV, most of
considered gas (except H,0, H, and N,) prefer to chemisorption
at the Pt-doped arsenene with E,q higher than —0.80 eV. The
calculated band structure results show that Pt-doped arsenene
transforms from metal to semiconductor upon the adsorption
of O, and NO, caused by the shifting down of Fermi level, while
other adsorption systems still exhibit metallic behavior. Upon
CO, NO, NO,, O, and NH; adsorption, the redistribution of
charge density manifested the strong orbital hybridization
between some gas molecules and Pt-decorated arsenene
accompanied by the formation of covalent bond of gas mole-
cules with underlying Pt dopant. Taken O,/Pt-doped arsenene
as example, the 2p of O strongly hybridize with 5d orbitals of

3816 | RSC Adv, 2023, 13, 3807-3817
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underlying Pt atom showing that O, is highly activated, which is
corresponding to the elongation of O-O bond length.
Conversely, the electronic properties of Pt-doped arsenene
basically unchanged before and after H,O, H, and N, adsorp-
tion, which is related to the physical adsorption mechanism
and little charge transfer between molecules and substrate. It is
noticeable that the embedded Pt in general can remarkably
enhance the adsorption of gas molecules, suggesting that the
Pt-doped arsenene can be used as gas (such as O,, CO, and NH3;)
sensor, or even as scavenger such for NO and NO,, with higher
sensitivity than pristine arsenene due to the large charge
transfer between molecules and substrate.

Interestingly, the magnetic moment properties of gas mole-
cules adsorbed systems also change significantly. The magnetic
moment of NO, NO, and O, adsorbed at pristine arsenene is
calculated to be about 1, 1 and 2 ug, respectively, which is
caused by the unpaired electrons of gas molecule and hardly
interaction between gas molecule and substrate. However, for
the case of O, adsorbed at Pt-doped Arsenene, the magnetic
moment decreases drastically to 1 up, while the magnetic
moment fully diminishes for NO and NO, adsorption. The
magnetisms of O,/Pt-doped arsenene arise from the main
contributions of O, molecule and underlying Pt atom as well as
minor contributions of surrounding As atoms, which is quite
different with O,/arsenene. It is reasonable to explain the vari-
ation on magnetism before and after the introduction of Pt by
dramatic charge transfer and strong hybridization occurred
between gas molecule and arsenene by embedded Pt atoms as
bridge, which indicated that magnetic properties of Pt-doped
arsenene can be effectively tuned by the molecular adsorption,
as well as Pt-doped arsenene may be used to realize the single
O, molecule detection by magnetic method. Therefore, our
calculated results suggest that Pt-doped arsenene can be
a promising avenue to design nanoscale spintronic devices,
catalysis and gas sensors.
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