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Abstract: The adsorption and gas sensing properties of black arsenene (B-As) regarding

sulfur hexafluoride (SF6) and its six decompositions (SOF2, SO2F2, SO2, H2S, HF, and CF4)

are investigated using density functional theory (DFT) combined with the nonequilibrium

Green’s function (NEGF). The sensitivity of B-As is evaluated by considering the most stable

adsorption configuration, adsorption energy, work function, recovery time, local density of

states (LDOS), and charge transfer between the gas molecules and B-As. It is demonstrated

that B-As is more sensitive to the SO2 molecule than to the other decompositions.

Additionally, the adsorption strength can be manipulated by controlling the external electric

field (E-field). The application of tensile biaxial strain results in more isotropic electrical

conductance of B-As, and it can also effectively enhance the response toward SO2. For

example, under a 1% equibiaxial tensile strain, a 132% response can be obtained along the

zigzag direction. This work suggests the promising prospects of B-As-based gas sensors for

detecting SO2 among SF6 decompositions.
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Sulfur hexafluoride (SF6) gas, one of the most commonly used insulation gases in the

gas-insulated switchgear (GIS) and other high voltage facilities,[1] due to its

preeminent chemical inertia and outstanding dielectric strength, inevitably

decomposes under local discharge in a long-running apparatus.[2, 3] Reacting with air

or water vapor, the decompositions then generate several constituents, such as SOF2,

SO2F2, H2S, SO2, HF, and CF4.[4-6] A previous study demonstrated that these

decompositions accelerate the corrosion of the device and can even paralyze it.[4]

Furthermore, the type, concentration and formation regularity of SF6 decompositions

have a tight correlation with the seriousness of insulation failure.[7] In recent years,

photoacoustic spectrometry,[8] gas chromatography,[9] and infrared absorption

spectrometry[10] have been applied to detect the decomposition constituents of SF6.

Nonetheless, these methods can only monitor insulation status offline. Therefore, it is

of great necessity and significance to further develop online detection of these

representative decomposition gases of SF6 to evaluate the running conditions of

equipment, protecting against more serious insulation faults.

Two-dimensional (2D) materials take advantage of high surface-to-volume ratios and

immediate gas substrate charge transfer, making them suitable as gas sensors.[11, 12]

Graphene makes individual gas molecules detection possible.[13] However, the sp2

hybridization of planar pristine graphene lead to inefficient gas adsorption

performance, hindering its application as a gas sensor.[14] Optimization schemes such

as the introduction of defects or dopants have been taken into consideration.

Nevertheless, some of these modifications may be hard to control, thus affecting the

sensing resolution.[15] Therefore, it is of practical importance to look for suitable

adsorbent materials with enhanced gas adsorption capability. Lately, group V 2D

materials (P, As, Sb, and Bi) have been intensively investigated due to not only their

considerable bandgaps and high carrier mobilities[16, 17] but also their puckered or

buckled structure, which may facilitate gas adsorption.[18, 19] Black (puckered)

phosphorene (B-P) was first estimated to be a superior gas sensor toward NO2 from

DFT-NEGF[18] and was later experimentally realized.[20] Unfortunately, B-P tends
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to degrade via oxidation under ambient conditions, which heavily limits its

applications.[21, 22] Recently, metastable blue phosphorene (β-P) featuring a buckled

crystal structure was predicted to be a promising candidate for gas sensor.[23]

Buckeld antimonene (β-Sb) has been successfully exfoliated on Bi2Te3 and Sb2Te3.[24]

Besides, using a plasma-assisted process, Tsai et al.[25] synthesized the gray arsenene

(β-As) multilayer nanoribbon on an InAs surface and it was shown that β-As has a

remarkable sensing performance toward NO and NO2.[26]

As a competing metastable 2D allotrope of As, B-As was first theoretically

predicted[27] and then fabricated experimentally.[28] B-As shows intriguing

properties, including in-plane anisotropies,[28, 29] tunable bandgaps,[27, 30] low

lattice thermal conductivities,[31] and potential lateral hybridizations with other

allotropes of 2D As.[32] B-As has a puckered configuration similar to that of B-P and

also obtains remarkable stability.[28, 33] Furthermore, monolayer and few-layer

B-As-based field effect transistors (FETs) have been realized, and layer-dependent

transport properties with long-term stability have been reported for these materials.[33]

Our recent work revealed that B-As shows promising anisotropic sensitivity and

selectivity toward NO, NO2, and NH3.[29] In addition, other 2D materials namely

Janus MoSSe [34] and modified green phosphorene (G-P) [35] were demonstrated to

be sensitive and selective toward the decompositions of SF6. To explore the

possibilities of detecting SF6 decompositions by B-As, a fundamental understanding

of the interactions between B-As and SF6 decompositions is critical.

In this work, to explore the use of B-As to detect SF6 decompositions, we

systematically investigated the adsorption properties, such as the adsorption energy,

adsorption distance, charge transfer, work function, and recovery time. Moreover, we

find that the adsorption strengths of the decompositions of SF6 can be effectively

manipulated by an external vertical E-field, while the adsorption strengths show

limited sensitivity to tensile biaxial strains. The adsorptions of most of these

molecules induce no obvious variations in the DOS near the Fermi level. To explore



4

the feasibility of B-As for sensing SF6 decompositions, we simulated a B-As-based

gas sensing device and obtained the current-voltage (I-V) relation using the NEGF

method. The results show that the adsorption of SO2 induces an obvious response

along the zigzag direction. We reveal that strain tunable anisotropic electrical

conductance can be realized in B-As. Furthermore, the response of B-As to SO2 can

be enhanced under a small equibiaxial tensile strain. Our results suggest potential

strategies for designing B-As-based sensors for detecting SO2 among the

decompositions of SF6.

Computational details

Spin-polarized structural optimizations and electronic structure calculations were

performed by using density functional theory (DFT), as implemented in VASP.[36]

The generalized gradient approximation (GGA) with the Perdew–Burke–Ernzerhof

(PBE) functional was employed to account the exchange correlation effects.[37] The

electron-ion interactions were described by the projector augmented wave (PAW)

method.[38] As-4s24p3, C-2s22p2, O-2s22p4, S-3s23p4, F-2s22p5, and H-1s1 were

treated as the valance electrons, while the remaining electrons were kept frozen as

core states. The electron transport properties were computed using the TRANSIESTA

package with the NEGF techniques.[39] More computational details are included in

the Supplemental Material.

Results and discussion

Figure 1 (color online) Optimized configurations of B-As with SF6, SOF2, SO2F2, SO2, H2S,
HF, and CF4 adsorption. The adsorption distance d between a gas molecule and B-As is
defined in panel (a).
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A 3×3 supercell based on a unit cell of 3.69 Å×4.75 Å is used as the substrate. To

determine the favored adsorption configurations, gas molecules are initially placed at

different positions on B-As with different orientations (see Figure S1 of Supplemental

Material). The preferred configurations of SF6, SOF2, SO2F2, SO2, H2S, HF, and CF4

molecules adsorbed on B-As are summarized in Figure 1. Detailed information,

including the adsorption energy (Eads), magnetism (Mag), Bader charge transfer (Q),

adsorption distance (d) between the gas molecule and B-As, and work function (ϕ), is

summarized in Table 1. SF6 and CF4 tend to approach the middle of the As-As bond,

as shown in Figure 1 (a, g), with distances of 2.79 Å and 3.15 Å, respectively. SOF2

and H2S tend to have their S atoms located at the center of the honeycomb, while H2S

adopts a tilt H-end down configuration with a shorter distance (d = 2.63 Å). SO2 tends

to be adsorbed on top of the As atom, with the S-O bonds parallel to the As-As bonds.

Similar configurations are observed when SO2 is adsorbed on B-P and IV-VI group

compounds (IV = Ge, Sn; VI = S, Se).[40] SO2F2 and HF are atop near the As atom.

Similar to H2S, the H-end down configuration is favored for HF, which has the

shortest adsorption distance (1.94 Å) among all the gas molecules investigated here.

The adsorption energies for the quantitative determination of the gas adsorption

strength are given in Table 1. CF4 has the lowest adsorption strength (Eads = -0.07 eV).

The interaction between SO2 and B-As is much stronger (Eads = -0.48 eV), suggesting

that B-As has a higher selectivity for SO2. This adsorption strength on B-As is also

comparable to that on B-P [40], GeS [40], and MoSSe [34], higher than that on G-P

[35] as summarized in Table S1, indicating a potentially high sensitivity for SO2

adsorption on B-As.

Table 1 Adsorption energy (Eads), magnetism (Mag), Bader charge transfer (Q) with positive
values indicating accepting electrons, adsorption distance (d) between the gas molecule and
B-As, and work function (ϕ), as calculated from DFT.

SF6 SOF2 SO2F2 SO2 H2S HF CF4
Eads (eV) -0.13 -0.22 -0.21 -0.48 -0.24 -0.25 -0.07
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Mag (μB) 0 0 0 0 0 0 0
Q (e) 0.05 0.06 0.04 0.28 0.001 0.08 0.02
d (Å) 2.79 2.99 2.95 2.63 2.63 1.94 3.15
ϕ (eV) 4.31 4.63 4.23 4.57 4.36 4.63 4.24

Figure 2 (color online) Electron localization function (ELF) of (a) SF6, (b) SOF2, (c) SO2F2,
(d) SO2, (e) H2S, (f) HF, and (g) CF4 adsorbed on B-As. Charge density difference (CDD)
plots for (h) SF6, (i) SOF2, (j) SO2F2, (k) SO2, (l) H2S, (m) HF, and (n) CF4 adsorbed on B-As;
the yellow (blue) region represents an accumulation (depletion) of electrons. The isosurface
value is taken as 0.3×10-3 eÅ-3.

Adsorption-induced charge transfer is critical for the adsorption strength and may

result in the alteration of the resistivity, making the detection of even a single

molecule possible.[18, 29] Accordingly, charge transfer for the adsorption system is

determined via Bader charge analysis, and the results are given in Table 1. All the

molecules are found to be acceptors, and significant charge transfer is observed in

SO2, as also visualized in the charge density difference (CDD) shown in Figure 2(k).

A noticeable change in the conductivity is expected due to the variation in the charge

of the substrate induced by SO2. To obtain further insight into the interaction between

gas molecules and B-As, we depict the electron localization function (ELF) in Figure

2(a-g). There are no obvious electron localization overlaps between the gas molecules

and B-As, suggesting a physisorption feature for these molecules, and their

adsorptions may be reversible. The bond lengths of the physically adsorbed molecules

are slightly longer than those of the free molecules (see Table S2). From the

conventional transition state theory, the recovery time at 300 K of the molecules on

B-As is given in Table S3. The adsorbed gas molecule may also be distinguished by

the variation in the work function (ϕ), which is defined as ϕ = Vvac – Ef (Vvac:

electrostatic potential of vacuum level; Ef: Fermi level). Pristine B-As has ϕ = 4.24 eV;
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upon the adsorption of SOF2, SO2 or HF molecules, the work function is noticeably

enhanced.

Figure 3 (color online) (a) Schematic of SO2 adsorbed on B-As under an external positive
E-field. Adsorption energy (b), charge transfer (c), and adsorption distance (d) as functions of
the external E-field for SF6, SOF2, SO2F2, SO2, H2S, HF, and CF4.

The gas adsorption energies can be tuned by an external E-field or lattice strain. The

effect of the E-field is evidenced in a recent investigation of the adsorption of CO2 on

h-BN,[41] and the strain effect has been evaluated in the adsorption of NH3 on

Ti2CO2.[42] Our previous work revealed that E-fields and biaxial strain can modulate

the adsorption strengths of NO and NO2 on B-As.[29] Herein, we study the adsorption

behaviors of the decompositions of SF6 on B-As under an external E-field and

in-plane equibiaxial tensile strain, as shown in Figures 3 and 4. The adsorption

strengths of SO2, SOF2, and HF can be significantly enhanced under a positive E-field,
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and their affinities can be effectively tuned by changing the direction and intensity of

the E-field. In contrast, nonmonotonic dependences are found for CF4, SF6, SO2F2,

and H2S, of which the adsorption strengths decrease first and then increase as the

E-field changes from -0.5 VÅ-1 to 0.5 VÅ-1. Notably, there is a sudden increase in the

adsorption strength of SF6 when the intensity of the E-field is larger than 0.2 VÅ-1,

which may be related to the distinct change in the charge transfer, as shown in Figure

3(c). Interestingly, H2S can switch from a donor to an acceptor as the E-field changes

from negative to positive. A similar phenomenon was reported regarding when NH3 is

adsorbed on B-As.[29] The adsorption distances of these gas molecules are shown in

Figure 3(d); a weak dependence on the E-field is found for most molecules except

H2S, which approaches B-As as the E-field changes from -0.5 VÅ-1 to 0.5 VÅ-1.

Figure 4 (color online) (a) Schematic plot of B-As under an equibiaxial tensile strain. (b)
Adsorption energies, (c) charge transfers, and (d) adsorption distances of gas molecules as
functions of the applied equibiaxial strain. Strained B-As has a lattice constant of a = (1 + ε%)
× ao (ao represents the lattice constant of pristine B-As along the x- or y-direction.).
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Moreover, we have investigated the adsorption property of these gas molecules on

B-As under equibiaxial tensile strains. As depicted in Figure 4(b) and (c), the

adsorption strength and charge transfer of SO2 decrease slightly under strain. In

contrast, the adsorption of other molecules on B-As is less sensitive to the tensile

strains; insignificant changes are found in the adsorption energy, charge transfer, and

adsorption distance, as shown in Figure 4(b), (c) and (d), respectively.

As gas adsorption may modify the electronic properties of 2D materials, we calculate

the total density of states (TDOS) as well as the local density of states (LDOS)

projected on the gas molecules (see Figure S2). The presence of SOF2, SO2F2, H2S,

HF, or CF4 does not lead to noticeable changes in the electronic states in the vicinity

of the Fermi level, whereas SO2 and SF6 significantly alter the electronic states near

the bottom of the conduction bands. In addition, strong hybridization is observed

between SO2 and B-As, as shown in Figure S2(e).

Figure 5 (color online) (a, c) Schematic models of the transport devices along the armchair or
zigzag direction. I-V relations of B-As without and with gas adsorption along the armchair (b)
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and zigzag (d) directions (here, the current is half of the total current).

Adsorption-induced alternation in resistivity can also be determined experimentally

and used to evaluate the performance of sensor. To allow online monitoring and direct

comparison with experimental results, we explicitly calculate the I-V relations before

and after the adsorptions of the decompositions of SF6. Due to the anisotropic feature

of B-As shown in Figure 5, two-terminal transport models along both armchair and

zigzag directions are considered. Perpendicular to the transport direction, periodic

boundary conditions are imposed. Supercells of 2×3 (3×2) and 5×3 (3×5) are

used for the electrode and scattering regions, respectively, for the armchair (zigzag)

direction. Generally, the electron transport properties of 2D materials are determined

by the band alignments and the inter- and intraband transitions around the Fermi

level.[43] On the one hand, current can only be generated from the electronic states

within the bias window;[44] on the other hand, the dispersion of the bands[33] and

parity limitations,[45] are also critical for the electron transport properties. Our

previous work[29] systematically studied the transport properties of pristine B-As and

revealed its anisotropic characteristics along the armchair and zigzag directions.

In order to quantitatively evaluate the sensitivity of B-As, the sensor response (S) is

introduced and defined as S = [|R - R0|/R0]×100%, where R and R0 are the resistances

of B-As with and without gas adsorbate, respectively.[46, 47] The I-V relations before

and after gas adsorption under bias from 0 to 2 V along both directions are depicted in

Figure 5(b) and (d). As seen from the inset of Figure 5(b), there is a current increase

from 6.95 to 7.23 μA at a bias of 1.8 V with a response S = 3.9% after the adsorption

of SO2 along the armchair direction. A comparably higher response is found for SF6 at

1.8 V as the current increases from 6.95 to 7.48 μA. On the other hand, a significantly

higher S = 18% is found for SO2 along the zigzag direction with a current increase

from 0.141 to 0.172 μA under a bias of 1.8 V. This response can be further enhanced

to 20.4% under a bias voltage of 2.0 V.
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In addition to defects and doping, lattice strain has been shown to be an effective

approach for manipulating the electronic,[30] transport,[48, 49] optical,[50] and

thermal properties[51, 52] of 2D semiconductors. Herein, we study the effects of

equibiaxial tensile strain, which is applied to both the electrode and the central

scattering regions. Figure S3 (a, b) shows that for a given value of bias voltage, the

resulting current depends strongly on the applied strain. The I-V characteristics along

both directions show a nonmonotonic dependence on strain, which is similar to the

behavior of graphene nanoribbons under uniaxial strain.[48] A similar variation in

anisotropic electrical conductance was reported for B-P.[53] Based on the above

discussion on the adsorption energy, charge transfer, work function, recovery time,

and I-V relations, B-As is found to be very promising for SO2 detection. Therefore, we

further discuss the strain effects on sensing SO2 molecules.

Figure 6 (color online) I-V relations of B-As without and with SO2 adsorption along the (a)
armchair and (b) zigzag directions under different equibiaxial tensile strains (here, the current
is half of the total current)

Figure 6 shows that the strain response of the I-V relation along the armchair direction
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is relatively weak. However, the current passing through the zigzag direction can be

increased from 8.62 to 20 nA at 2.0 V bias voltage, which corresponds to a response S

= 132%, under a 1% equibiaxial tensile strain. The large response of B-As to an SO2

molecule under strain may facilitate the corresponding sensing applications, whereas

delicate strain control is needed as the predicted large S only exists in a narrow range

of strain. The I-V relations under larger strains can be found in Figure S4 of the

Supplemental Material.

Conclusion

In summary, we investigated the structural, electronic, and transport properties of

B-As adsorbing the decompositions of SF6 based on first-principles calculations

combined with NEGF. Our results show that SO2 has a relatively strong adsorption

strength, which may be attributed to the significant charge transfer between SO2 and

B-As. Moreover, the adsorption strengths of SO2, SOF2, and HF can be enhanced

under an E-field, and their adsorption can significantly increase the work function.

The I-V characteristics show that the adsorption of SO2 can induce a larger response

than the other decompositions of SF6, especially along the zigzag direction. The

response of B-As to SO2 can be significantly enhanced under a small equibiaxial

tensile strain. These results may offer perspectives on the application of B-As as a

sensor for SO2 molecules among the decompositions of SF6.

Supplemental Material

Potential adsorption configurations before and after structural optimization;
adsorption properties of SO2 on different 2D materials; bond lengths of the gas
molecules before and after adsorption; recovery time at room temperature; TDOS and
LDOS projected on the gas molecules; adsorption properties of gas molecules using
different supercells; I-V relations of B-As under different equibiaxial tensile strains;
I-V relations of B-As without and with SO2 adsorption under strains.
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