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1. Text

Black phosphorus (BP) has sparked immense interests among two-
dimensional (2D) nanomaterials since its first mechanical exfoliation
from bulk BP in 2014 [1]. The atoms in BP are not distributed in the same
plane, where the lone pair electrons of P atoms are highly reactive, and
the structural anisotropy leads to many distinctive physical properties [2,
3], like highly anisotropic effective masses and tunable electronic prop-
erties [4]. Particularly, it possesses thickness-dependent direct bandgap
values from 0.3 eV (bulk) to 1.5 eV (monolayer) [5]. Owing to its unique
structural and electronic properties, BP shows potential applications in
electronic or optoelectronic devices [6-8]. However, BP is reported to be
unstable and easy to decompose in ambient conditions, which hinders its
wide applications [9]. Layered BP can rapidly transform into oxides, and
further degrade into acids or salts within hours [10]. Therefore, it is
necessary to take some measures to inhibit the degradation of BP.

Since the electronegativity and atomic radii of As and P are very close,
2D AsP binary materials have gained great interests [11,12], and it is
expected to have better oxidation resistance than BP. Recently, a stable
single-layer Janus AsP has been theoretically predicted, which has a
puckered lattice consisting of two different atomic layers, showing
stronger in-plane anisotropy in Poisson ratio [12]. To further explore the
unique properties of this novel Janus structure, in this communication,
we have investigated the defective structures and oxidation properties of
Janus AsP based on the first-principles calculations. Our work finds a new
strategy to improve the oxidation resistance in phosphorus-related ma-
terials and provides them potential applications in photoelectric devices.

Similar to BP, which is prone to produce vacancies during the syn-
thesis or transfer process [13], the Janus AsP could also possess defective
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structures. Since it is composed of two types of atoms, P and As, as shown
in Fig. 1a, there are more possibilities of defective structures than BP. We
have systematically investigated the possible point defect structures in
Janus AsP, including the Stone-Wales (SW) defect, single vacancy (SV),
and double vacancies (DVs).

As shown in Fig. 1b, a SW-I defect is formed by rotating an As—P bond.
The As-P bonds are rotated by 90° to produce a 5577 structure. The top
five-membered ring consists of two P and three As atoms, while another
five-membered ring contains three P and two As atoms. The As-P bond
changes to 2.339 A after rotation, which is shared by two seven-
membered rings. Similarly, we could also rotate the P-P or As—-As bond
to obtain the SW-II and SW-III structures, respectively, which are shown
in Fig. 1c and d. Among these three SW defects, the formation energies of
SW-II and SW-III are 1.677 and 1.343 eV, respectively, and SW-I pos-
sesses the smallest formation energy of only 0.103 eV, which is the
easiest to form.

There are five possible SV structures, formed by removing one P or As
atom. The SV-59-I and SV-5566-1 structures are created by removing a P
atom. As shown in Fig. le, the five-membered ring shares an As-P bond
with a nine-membered ring. As the As-P distance decreases from 4.08 to
2.77 [o\, the SV-59-1 transforms into SV-5566-1 (Fig. 1g). Similarly,
removing an As atom leads to three defective structures of SV-59-II, SV-
5566-11 and SV-5566-1II (Fig. 1f, h and i). The SV-59-I and SV-59-II
possess very close formation energies (1.239 and 1.218 eV) due to the
similar structures. SV-5566-II possesses a unique structure of five As
atoms at the top atomic layer connecting with the bottom P atoms to form
two five- and two six-membered rings. It is found that the SV-59-II defect
could easily transform into SV-5566-II by overcoming a small barrier of
0.51 eV.
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Fig. 1. Optimized structures for perfect and defective Janus AsP with SW and SV defects. The P and As atoms are labeled by purple and green balls, respectively. (a)
Perfect. (b) SW-I. (c) SW-IL (d) SW-IIL (e) SV-59-L. (f) SV-59-IL. (g) SV-5566-1. (h) SV-5566-II and (i) SV-5566-III structures.

The DV defects are formed by removing two atoms. There are nine
kinds of DV defects in Janus AsP. The DV-585-I and DV-585-II are pro-
duced by removing two P or two As atoms, respectively. The DV-585-III
and DV-585-1V are formed by removing one As and one P atoms. These
four DV-585 structures (Fig. 2a-d) are very similar, and the major dif-
ference is the number of As and P atoms contained in the defect. The DV-
5775 and DV-4104 are formed by removing one As and one P atoms. As
shown in Fig. 2e—f, the DV-4104 has a symmetric structure, consisting of
two four- and one ten-membered rings. The DV-555777-1, DV-555777-11
and DV-555777-III are constructed by removing two As, two P or one As
and one P atoms, respectively, as shown in Fig. 2g—i. Among these nine
DVs structures, DV-555777 structures possess relatively high formation
energies more than 2 eV, which are relatively difficult to form. The DV-
4104 defect possesses the smallest formation energy, which is calculated
to be 0.90 eV, relatively easy to form on the Janus AsP surface.

We have further investigated the influence of these defects on the
electronic properties of Janus AsP, which is crucial for the future ap-
plications in electronic devices. The band gaps are summarized in
Table S1 and the band structures are plotted in Fig. S1. Under the
computational level of PBE functional, the band gap of perfect
Janus AsP is calculated to be 0.80 eV. By introducing the defects, the
band gaps are modulated with a small range. The Janus AsP with SW
defects are all indirect band-gap semiconductors with the band gaps of

0.84, 0.73 and 0.80 eV, respectively. By introducing the DV-585-1, DV-
4104 and DV-555777-11 defects, the Janus AsP still remains direct band-
gap property with the band gaps of 0.78, 0.87 and 0.68 eV, respectively.
Compared with BP [14], the defects formation in Janus AsP has less
impact on the electronic structures, especially for SW and DV defects.
However, the SV induces the defect states around the Fermi level.

Considering the electric device applications, the existence of defect
states will make the carriers recombined, and then affect its performance.
It is necessary for us to adopt some strategies to avoid this. Previous
studies have shown that two SVs are energetically favored to coalesce to
form a DV defect in BP [15], so here we also considered the coalescing of
two SV defects to eliminate the defect states. As shown in Fig. S2, the
initial state is two SV-59-1 defects, and the final state is a DV-5775 defect.
It is found that these two SV defects are easy to transform into a DV by
overcoming a small barrier of 0.82 eV, which could efficiently eliminate
the defect states produced by SV defect in Janus AsP.

The BP is prone to be oxidized in air condition, leading to the per-
formance degradation of the devices based on BP. Here we propose the
Janus AsP could enhance the oxidation resistance and prevent the surface
oxidation of P atoms in AsP under the condition of air. To prove this, we
have considered the O, adsorption and dissociation processes on defec-
tive AsP surface, and calculated the O, dissociation barriers. Once O is
adsorbed on the BP surface, it spontaneously dissociates into two O atoms



H. Zhang et al.

Chinese Journal of Structural Chemistry 42 (2023) 100103

(a) DV-585-1 E, =

1.078 eV (b) DV-585-II E; =

1.022 eV () DV-585-I E; = 1.310 eV

(d) DV-585-1V E; = 1.458 eV

(g) DV-555777- 1 E; =

(e) DV-5775 E;= 1 153 eV

=2.681 eV(h) DV-555777 II Ef

: V.
fole e
™S
.\(.i.\r

\ 4 4

..- .-

(f) DV-4104 o4 Ef = 0.900 eV

3.355 eV(I) DV-555777-I0 E; = 2.055 eV

Fig. 2. Optimized structures for DVs. (a) DV-585-I. (b) DV-585-II. (¢) DV-585-IIL. (d) DV-585-IV. (e) DV-5775. (f) DV-4104. (g) DV-555777-1. (h) DV-555777-II and (i)
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Fig. 3. The O, dissociated process and barriers on different defective structures of Janus AsP.

without any barrier, so the surface P atoms are easily to be oxidized.
However, as we expected, the O, on Janus AsP surface does not dissociate
spontaneously. Taking the defective SV-5566-I structure as an example,
initially, Oy adsorbs on the defective structure with the adsorption dis-
tance of 2.85 A, and then it goes closer to the P atoms on the AsP surface
and dissociates into two O atoms bonded with P atoms by overcoming a
barrier of 0.93 eV, which indicates that it is relatively difficult for O, to

dissociate on the AsP surface. We have calculated and examined nine
different defective structures, obtaining the same conclusion (see Fig. 3).
Among these defective structures, the SW-I defect exhibits the highest
barrier of 0.98 eV and the DV-5775 defect has the lowest barrier of
0.57 eV. Therefore, compared to BP, the Janus AsP exhibits distinctive
oxidation resistance in air condition, even though the defects exist on the
AsP surface.
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2. Conclusion

We have performed DFT calculations to explore the defective struc-
tures and oxidation properties of Janus AsP. By comparing the structural
stabilities of these defective structures, the SW-I possesses the smallest
formation energy of only 0.103 eV, which is easy to form on the Janus
AsP surface, while DV-555777 defects have relatively high formation
energies due to the larger structural distortion. The SV defects induce the
electronic defect states near the Fermi level, but SW and DVs defects do
not. Different from BP, where the O, molecule will dissociate spontane-
ously on its surface, the dissociation of Oy molecule on Janus AsP needs to
overcome a large barrier, i.e., 0.98 eV for SW-I and 0.93 eV for SV-5566-1.
Our work has indicated that the Janus AsP possesses better oxidation
resistance than BP, and even with surface defects, they provide wide
applications in electronic and optical devices.
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