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Fig. 1. Top view and side views of optimized structure of
the pristine BN monolayer. Green and silver balls indicat-
ing B and N atoms, respectively. Three different absorp-
tion sites are considered, namely, T;, Ty, H;, and the gas
molecules are initially at these sites. T; and T, represent
the top sites above the N and B atom, respectively, and

H1 represents the hollow site.
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Fig. 2. Schematic demonstration of the nanodevice consist-
ing of left-, right-electrode and the central region. The left
and right electrodes are seamlessly connected with the cent-
ral region, and the molecule adsorption at the central re-
gion will have impacts on the electrical performance of

device.
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Fig. 3. Electronic structure of the pristine 0o-BN monolayer: (a) Band structure; (

WL (o) VIS

the density of states; (c¢) the averaged potential
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Table 1.  Adsorption energy FE,q (eV), distances between
gas and the substrate d (A) and the charge transfer Q (e).
The positive value means the gas molecule obtains elec-

tron from the BN substrate.

Eaq/eV d/A Q/e
Cco -0.151 2.999 0.032
H,S 0.186 2.488 0.014
NH, -0.222 1.762 -0.102
NO -0.258 2.284 0.133
NO, -0.893 1.679 0.780
S0, ~0.380 2.922 0.165
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Fig. 4. Top and side views of the most stable adsorption sites for (a) CO, (b) H,S, (¢) NH;, (d) NO, (e) NO, and (f) SO, molecules

adsorbed on the monolayered BN. The green, silver, brown, red, white, yellow balls indicate B, N, C, O, H and S atoms, respect-

ively.
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Fig. 5. Electronic band structures for (a) CO, (b) H,S, (c) NHs, (d) NO, (e) NO, and (f) SO, on o-BN. The red and blue lines in

panel (d) indicate spin up and down, respectively.
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(a) CO; (b) H,S; (c) NHy; (d) NOj; (e) NOy; (f) SOy; Hor 4§

{H£ 29 0.0005 e-Bohr *, B AL AITT {073 | /< HL T SR AR R AL T FE S 9 22 S
Fig. 6. Charge density difference contours for (a) CO, (b) H,S, (c) NHj, (d) NO, (e) NO,, and (f) SO, adsorbed on the o-BN mono-

layer (0.0003 e-Bohr ? is set for isosurface value). Yellow and cyan represent electron accumulation and electron depletion, respect-

ively.
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Fig. 7. Calculated densities of states (DOS) for the o-BN monolayer with (a) CO, (b) H,S, (¢) NHs, (d) NO, (e) NO, and (f) SO,

molecules adsorption, respectively.

F 2 RRTE 300—600 K 1] B AOPR R I ] (s)
Table 2. Recovery time 7(s) after gas adsorption ranging from 300 to 600 K.

Gas Temperature/K
molecule 300 400 500 600

o 3.44x10 1 7.99%10 12 3.33x10 12 1.85x10 12
H,S 1.33x10°L0 2.20x10 1 7.49%1012 3.65%x10 12
NH, 5.36x1010 6.26x10 1 1.73x10 1! 7.32x10 12
NO 2.16x10° 1.78%10 10 3.98x10 1! 1.47x10 11
NO, 100.13 0.02 1.00x10 4 3.16x10°6
SO, 2.42x10°7 6.13x10°9 6.76x10 10 1.55x10 10

126802-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 73, No. 12 (2024) 126802

> 10 > 10 > 10
3 (a) Eyae = 1.409 eV = (5) Byae =1.621 eV 5 © Frac = 1838 eV
RN S W g OF £
£ P =4.141 eV Ep= —2.732 eV 2 k]
& —10} & —10F iy
[ & &
80 P il
g —20f g —20r o
z ' = <
0 5 10 15 20
Z/A
> 10 % g
< (d) Fune = 1466 oV = 3
3 wac = 1.466 ¢ 3 =
FR = speppy W sy : :
£ ®=4.103 eV Ep = —2.637 eV < b
& —10f ~ iy
) & &
1) Ed &
: : :
g —20¢F 1) o
Z . . . z - : : z . ' '
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Z/A Z/A z/A

B8 MBI S5 F I o-BN 4 5 14134 i e 3o A

(a) CO; (b) H,S; (¢) NHg; (d) NOj; (e) NOy; (f) SO,

Fig. 8. Average potential of the 0o-BN monolayer with (a) CO, (b) H,S, (¢) NH3, (d) NO, (e) NO,, and (f) SO, molecules adsorption,

respectively.

Py L S RE A A R B M. XL, AG T S 1Y
HRAXE:

AP = ¢0-BN+gas_¢o—BNv (4)
AP
S =|———| x100%. (5)
QO—BN—&-gas

# 3 KM TFWHAE o-BN HIZF D) REL & (eV).
IR KE A (eV) FIRBIE S(%)

Table 3.  Work function @ (eV), work function differ-
ence AP (eV) and sensitivity S (%) of the gas molecules

adsorbed on the o-BN monolayer.

Adsorbed gas D /eV AP [eV S/%
CcO 4.141 0.032 0.78
H,S 4.465 0.356 8.66
NH; 4.203 0.094 2.29
NO 4.103 —-0.006 0.15
NO, 5.366 1.257 30.59
SO, 4.599 0.450 10.95
6

5F

4.465
4.203
4.599

Work function/eV
o w
4.141

0
Pristine CO HyS NHz; NO NO; SO,

Molecules adsorbed on substrate

B9 o-BN LR BRI MRS A4 5 bR &R 23 A
Fig. 9. Calculated work function of the o-BN monolayer

with adsorption of different molecules.

8w, SF X s 3 A 10 ALh A BRI
F o-BN HLZA B}, 1 H A ME /NG HGE T R
FEW BRI T, AT AR 3, SO, W B 51 2 1Y)
PAE T R N B, T A LR SRR B 5 A ) 34
REREE AR . IR 9 ITUiEEE], CO, NH;, NO
a3 WS A R 0 2 eR R B B AR Y 0-BN
DI RR AL (4.109 V), AR 3, EATH ) & EE
FAE S 51K 0.032 eV, 0.094 eV F1-0.006 eV.

AR B E, NO-BN R 48 1) R 81 A &
ZEH T o-BN HLZMELRI NO 43 2 [H] /4 H fap
A%, 145 Be 800, RIS SRR 5 R 0 525 AR
PR, IWTTRREARTI R AL AH T HABA R R,
THA B NO W Bt R S8 0.15%, K8 T e/
{H. 1M HyS-BN, NO,-BN £l SO,-BN Z 4t i) Jj bR
W38, R0 NO, W BHA 5 19 2 R B 1k i
FT 1.257 eV. YJpREAIE R I 51 R bk
PRITE—4E o-BN ZKA RN, 1A, NO,-BN Fi
SO,-BN 1K £ 1) RABE S 43514 30.59% #i1 10.95%.
W 58 45 S 32 B o-BN HLJZ 2 K I A 3K NO, I
SO, AMRSF 1A R, L o-BN HZFE R
S MAL AR A e i N Y ).

TATL LI TV FetE AR T 1
W B e o-BN A& Z 1 H fivis et ni&l 10 s, AR
i (3) 2, XFBESRET (B, Vo) #4753 7] LIS 2
— i T A B AR . K] 10(a) R,
Bl Vi = 0.6 VI, il HAH o-BN HZ [ H
it G K, % R AUE S RB B AR X 5 AR
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Fig. 10. Electrical performance of I-V4, curves of (a) pristine o-BN monolayer device and (b) gas molecule adsorbed o-BN monolay-

er devices. The inset in panel (b) exhibits the I-V4 curve of the NO, adsorbed o-BN monolayer device.

126802-9


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 12 (2024) 126802
1.0
(b) —he &
0.8+ -
Yy
i % 0.6
() ~
= S04t
s 20
g % 0.2
0F
k E
2 4é —0.2F
3 S —0.4Ff
@ 0
o} g}
< < —0.6¢f
—0.8}
1.56 1 1 1 1 —~1.0 1 1 n 1 1
—4 -2 0 2 4 —4 -2 0 2 4
Uniaxial strain/% Uniaxial strain/%
5.56 0.785
(c) —te € (d) e
5.54 - ¢, 0.780 | -0,
5.52 0.775
% 5.50) <
= £ 0770+
S 5.48+ S
g = 0.765
2 546 5
& ® 0.760 |
T 544t k: .
g 542} g 0Ty
5.40 0.750 |
5.38 0.745 -
»
5.36 : : : : 0.740 : : : : .
—4 -2 0 2 4 —4 -2 0 2 4

Uniaxial strain/%

Uniaxial strain/%

B 11 o-BN BLEXF NO, IR B ERERE S B0 L4k (a) WHTERE RS (b) WM BE; (c) DhER%K; (d) i ATHER

Fig. 11. Adsorption performance of BN-NO, system as a function of uniaxial strain along = and y axis, respectively: (a) Adsorption

distance; (b) adsorption energy; (c¢) work function; (d) electron transfer based on Bader analysis.
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Abstract

The adsorption properties of toxic gases on the surface of low-dimensional nanomaterials are a research hot
topic and key issue for developing semiconductor sensors to detect toxic gas molecules. Recently, a novel
orthorhombic BN monolayer has attracted extensive attention from researchers. Using first principles
calculations, we investigate the adsorption properties of typical toxic gas molecules, such as CO, H,S, NH;, NO,
NO,, and SO, molecules, on the surface of two-dimensional (2D) orthorhombic BN monolayer adsorption. The
calculated adsorption energy show that the adsorptions of the above six molecules on the surface of BN
monolayer are energy-favorable exothermic processes. It is found that NO, and NHz; molecules are of chemical
adsorption, while other systems are of physical adsorption, and NO adsorbing system exhibits a spin-polarized
electronic band structure. The calculated density of states reveals that the adsorption of NO molecule and SO,
molecule have significant influences on the electronic structure near the Fermi level. Moreover, the adsorption of
the NO, molecule on the substrate exhibits remarkable variation of the work function, suggesting that the o-BN
monolayer possesses excellent selectivity and sensitivity to NO, molecule. In addition, we use first principles
combined with non-equilibrium Green’s function to simulate the electrical transport properties of monolayered
0-BN semiconductor based nanodevice with adsorption of typical toxic gas molecules. The I-V;, curve shows
that the current through the nanodevice is 6500 nA for the NO, molecule adsorbing system under 1 V bias
voltage. The calculation results reveal that the adsorption of NO, molecule on the o-BN monolayer can
significantly enhance its electrical transport performance, and the o-BN monolayer possesses excellent sensitivity
and selectivity to the NO, gas molecule. The work function and the charge transfer can be effectively
manipulated by tensile strain, indicating its potential application in anisotropic electronics. Our results indicate
that the o-BN monolayer has excellent adsorption performance to toxic gases, showing its practical application

in capturing toxic gas molecules as a gas sensor in future.
Keywords: adsorption, orthorhombic BN, first-principles, electrical transport, gas sensor
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