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We reported the highly toxic H,S sensor based on self-assembly gridding «-MoO3 nanobelts prepared by
electron beam vapor deposition method. With three dimensional surface modification of porous struc-
tures that self-assembly gridding a-MoO3 nanobelts constructed, this sensor could detect H,S gas with
the concentration of as low as 1 ppm and also possess the excellent selectivity and stability. More impor-
tantly, the ab initio molecular dynamics simulations was employed to elucidate the H,S gas adsorption
mechanisms of sensor based on MoOs nanobelts by calculating three-dimensional dynamically changing
images of electronic local functions of H,S-MoO3 interface, firstly and directly predicting the interfacing
action between H,S and MoOs. It unambiguously suggests the capability of self-assembly gridding a-
MoOs3 nanobelts acting as a high toxic H,S gas sensor for environmental monitoring and safety forecast
of poisonous gas in agricultural, industrial and medical fields, and the scientific significance in sight into

the gas mechanisms of gas sensors alike.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

As is generally known, a certain amount of H,S will be badly
dangerous to human body or even threat to life. American Confer-
ence of Government Industrial Hygienists (ACGIH) has established
H,S gas safety standards with the threshold limit value of 10 ppm
[1-3]. When the concentration of H,S is higher than 250 ppm, it
may bring about death. Therefore, it is of great interest to develop
areliable and effective H,S gas sensor.

Recently, many groups have reported H,S gas sensors which
were prepared by using different nanomaterials from various
methods. Firstly, the vertically aligned CuO nanowire array sen-
sors could detect H,S with the concentration of 500 ppb—1000 ppm
[4]. Furthermore, the novel nanosensors based on hybrid polyani-
line (PANI) [5] and single-walled carbon nanotubes (SWCN) [6]
with gold nanoparticles could sense H,S in air at room tem-
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perature. However, the response and recovery times of the
above-mentioned H,S gas sensors were as long as 2 min-8 min,
suggesting it difficult to push forward the practical applications.
To achieve this, some H,S gas sensors based on ZnO nanorods
[7,8], NiO porous nanowall arrays [9,10], different CuO nanos-
tructures [11-16], In,O3 nanoparticles [17], metals ions doping
WO3; and MoO3; nanowires [18-24] were designed to improve
the response/recovery times for detecting highly toxic H,S gas.
However, there are still many challenges toward the widely com-
mercial applications, such as the bad selectivity and stability.
More importantly, due to no systemically theoretical investiga-
tions, the adsorption process and interfacing interaction between
H,S gas and sensor materials have been greatly ambiguous to date.
Here, we reported a novel highly toxic H,S sensor based on self-
assembly gridding a-MoO3 nanobelts prepared by electron beam
vapor deposition method. The MoO3 nanobelts has been interdigi-
tally stacked to orderly form three dimensional porous structures.
With three dimensional surface modification of these porous struc-
tures, this sensor can detect H,S gas with the concentration of as
low as 1 ppm, possess the excellent selectivity in comparison with
CO, methanol, NHs, Ethanol and totriethylamine (TEA), and render
the robustness of 92% after 3000 response/recovery cycles. More
importantly, the ab initio molecular dynamics (AIMD) simulations
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was employed to elucidate the H,S gas adsorption mechanisms of
sensor based on MoO3; nanobelts. The 3-dimensional dynamically
changing images of electronic local functions (ELF) of H,S-MoO3
interfacing were firstly simulated to predict the interfacing action
between H,S and MoOs. Therefore, it evidently suggests the
self-assembly gridding a-MoO3 nanobelts could be employed to
prepare a highly toxic H,S gas sensor for environmental monitoring
and safety forecast of poisonous gas in agricultural, industrial and
medical fields, and AIMD simulations should be a potential method
to reveal the gas mechanisms of gas sensors alike.

2. Experimental and Theoretical
2.1. Preparation of self-assembly gridding a-MoO3 nanobelts

MoO5 nanobelts were deposited by electron beam evaporation
with the evaporation material MoO3 pellets (purity 99.99%). The
MoO3 powder was ball milled for 2h by using the high energy
ball mill, then dried at a 473K for 2h and then made into pel-
lets with diameter of 15 mm. The MoOs3 targets were sintered
at 673K for 1h in air. Firstly, the vacuum chamber was initially
pumped down to a pressure of 1 x 104 Pa before evaporation and
the working pressure was being controlled at about 1 x 10~3 Pa
throughout the evaporating process. The quartz substrate temper-
atures were maintained at 300°C and the distance between the
target and the substrate was about 4 cm. Subsequently, after the
substrate temperature had been steady-going at the set tempera-
ture for 10 min, the MoOs pellet was heated using an electron beam
which was collimated from the direct current heated cathode of
tungsten filament. The surface of MoOs pellet was scanned using a
270° deflected electron beam at an accelerating voltage of 6 kV. The
material evaporated from the MoOs target had been deposited on
the quartz substrates for 5 min. Finally, the samples were carefully
taken out after the substrate temperature gradually came down to
the room temperature.

2.2. Fabrication and gas measurement of gas sensor

For gas sensing measurements, gas sensor device was con-
structed. Firstly, the copper thin film as gas sensor electrode was
deposited on MoO3; nanobelts/quartz substrates by direct current
magnetic sputtering method. Then, as-grown gas sensors was put
in the tube furnace. Finally, gas sensors were measured by SMU
(Agilent B2901A) in sealed chamber at the working temperature
ranging from 300K to 600 K and under the humidity of 20%.

2.3. Theoretical simulations details

The AIMD simulations were performed with the CP2 K molecular
simulation software suite [25]. All the simulations were performed
in the canonical (NVT) ensemble at 450K and zero pressure. The
supercell contained 7 MoOs3 layers and 15 H,S molecules with
24 A vacuum. The motions of ions and electrons in the AIMD sim-
ulations were realized by the Born-Oppenheimer approximation.
The interatomic potentials were calculated on the fly by directly
solving the Schrédinger equation. A 300Ry cutoff was tested to
sufficiently converge the total energy to 10-8 Ry. The simulation
supercell contained 493 atoms in total (112 MoOs and 15H5S). The
I" point in the reciprocal space is tested to be sufficient to converge
the pressure and temperature well [26]. The optimized double zeta
valence polarized basis set [27] was used for all atoms. We applied
the local-density approximations (LDA) exchange-correlation func-
tional parametrized by Goedecker, Teter and Hutter (GTH) [28].
We have tested the GGA functional and found that the process of
adsorption was much slower, and it yielded the similar end adsorp-
tion characteristics as the LDA. While, the LDA is much cheaper than

Fig. 1. (a) The sketch of H,S gas sensor setup, (b) SEM image and (c) enlarged SEM
image of self-assembly gridding a-MoO3 nanobelts.

the GGA with the cp2k code, and thus we mainly adopted the LDA to
qualitatively described the dynamic adsorption process. The pseu-
dopotentials of Mo, O, S, and H atoms were generated with valence
configurations 4d>5s!, 2s22p?, 3s23p%, and 1s', respectively. The
time step of 1 fs and total run time of 5 ps were used to equilibrate
the system adequately in our AIMD simulations. As shown in Fig.
S5, using much shorter run time (2.5 ps) we can also simulate the
adsorption process qualitatively. The wavefunction convergence
criterion of 10~4 Ry can converge pressure and temperature well.

3. Results and discussions
3.1. Morphology characterization and crystal structure

Fig. 1 presents the diagram of gas-testing setup and morphol-
ogy characterization of gridding «-MoO3 nanobelts. Fig. 1a shows
a sketch of gas-testing setup, in which, the heater, commercial
temperature sensor and gridding «-MoO3 nanobelts gas sensor
were integrated in chamber. The copper thin films as an electrode
were deposited by DC magnetron sputtering techniques. Fig. 1b
and 1c present the SEM image and its enlarged view of a-MoOj3
nanobelts, in which, a-MoO3 nanobelts were orderly stacked and
self-assembly grown on the quartz substrates. The relatively well-
distributed «-MoO3 nanobelts with the thickness of about 100 nm
and the length of about 2 wm were regularly interconnected to form
the stable three-way supports. These supports were orderly stacked
to construct 3D porous gridding honeycomb, which is in favor of the
fine performance of gas sensor due to the remarkably increasing
contact area between H,S gas and a-MoO3 nanobelts. Addition-
ally, this kind of unique 3D porous gridding honeycomb structure
and the longer MoO3 nanobelts can dramatically decrease the con-
nection point numbers to cut down the contact resistance (R¢) and
effectively to lower down the total resistance of sensors (R=R¢ + Ry,
Ry, is the bulk resistance of materials). [29-31] The detailed deriva-
tion of R was presented in Fig. S1. To our knowledge, such an
interesting structure as self-assembly gridding MoO3 nanobelts has
been never reported to date.

Fig. 2a suggests that MoOs3 should be a typical a-MoOs3 phase
due to its characteristic peaks (0k0) (k=2, 4 and 6), which can
be indexed with the orthorhombic structure with the lattice con-
stants of a=3.962 A, b=13.858 A, c=3.697 A and Pbnm (62) space
group (PDF# 05-0508) [32-35]. Moreover, the a-MoO3 nanobelts
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Fig. 2. The crystal characterization of self-assembly gridding a-MoQ3 nanobelts. (a) XRD pattern. (b) TEM image. (c) HRTEM image. (d) The image of selected-area electron

diffraction pattern.

had a preferred orientation with the b-axis normal to the quartz
substrates. Besides, the nanobelts-like a-MoO3 was further charac-
terized and confirmed by transmission electron microscopy (TEM)
technique (Fig. 2b) and the high-resolution transmission electron
microscopy (HRTEM) image (Fig. 2c). The selected-area electron
diffraction (SAED) (Fig. 2d) pattern was recorded with the incident
electron beam perpendicular to [010] of ®-MoO3 nanobelts, indi-
cating its growth direction, top/bottom surfaces and side surfaces
should be [001], [010] and [100], respectively.

3.2. Gas sensing properties of a-MoQ3 sensors

The responses of a-Mo0Os3 sensors to highly toxic H,S gas with
different concentrations were measured at the different operating
temperatures of 300 K-600 K. Fig. 3 demonstrates the applications
of self-assembly gridding a-MoO3 nanobelts as highly toxic H,S
gas sensors at the temperature of 300K, 450 K and 600 K. We mea-
sured the H, S gas detecting performance of a-MoO3 nanobelts with
the gas concentrations from 1 ppm to 100 ppm. The sensitivity S is
defined as, [29-31,36].

S=Ra/Rg x 100% (1)

where R, and Rg are the resistance of a-MoOs3; nanobelts sen-
sor in air and in the target gas H,S mixed with air, respectively.
From Fig. 3al-c1, this gas sensor can effectively detect the toxic
H,S gas with the concentration of as low as 1ppm. Their sensi-
tivities S are shown in Fig. 3a2-c2, obviously revealing that the
operating temperature should dramatically affect the toxic H,S gas
detecting performance of «-MoO3 nanobelts sensor. As we know,
at relatively low temperature, the surface of nanobelts preferen-
tially adsorbs O, and its sensitivity is consequently poor due to
the lower reactiveness of O,~. Furthermore, when the operating
temperature increases, the surface of materials mainly adsorbs O~

(or 0%2) with the higher reactiveness. However, if the temperature
increases too much, lots of oxygen ionic species adsorbed previ-
ously will desorb ahead of schedule, resulting in the decreasing
sensitivity of materials for target gas [36]. From Fig. 3, the best oper-
ating temperature of MoO3 nanobelts for target gas H,S should be
about 450 K, which is lower than that of other n-type metal-oxides
for the same target gas HsS, such as In,03 nanofibers (533 K) [37]
and SnO, nanofibers (573 K) [38]. Such low optimal operating tem-
perature may be ascribed to the relatively fewer connection point
numbers of the unique 3D porous gridding honeycomb structure.
Additionally, the sensitivity of this sensor gradually increases with
the concentration of H;S gas ranging from 1.23 to 223. And the
corresponding sensitivity S at 450 K is as high as 223 at the concen-
tration of 100 ppm, evidently promising a supersensitive toxic H,S
gas sensor based on the self-assembly gridding a-MoO3 nanobelts.

Similar to all the other gas sensors, the selectivity and stabil-
ity are still two great challenges for the practical application of
H,S sensor. Fig. 4a presents the selectivity of H,S to NHs, ace-
tone, methanol, CO and TEA with the concentration of 100 ppm at
the operating temperatures of 450 K. This result obviously reveals
that this sensor not only shows the higher sensitivity to H,S but
also exhibits the better selectivity to NH3, acetone, methanol, CO
and TEA. Though all these target gases are the reducing gas, the
optimal operating temperature (450 K) of H,S should be quite dif-
ferent from that of other five reducing gases. Additionally, it may
be attributed to different reaction dynamics of other gases and H,S
with adsorbed oxygen species on the surfaces of the sensing mate-
rials (please see the Supplementary materials). From Fig. 4a, the
sensitivity of as-grown samples for TEA is comparatively high for
the selectivity properties and we further expanded the working
temperature measurement. As shown in Fig. S2, the optimal work-
ing temperature for TEA is 550K and different from the working
temperature for H,S gas (450K), which is in good agreement with
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Fig. 3. Temperature depended sensing performance. (al-c1) The responses of a-MoOs sensors to highly toxic H,S gas with different concentrations were measured at
the different operating temperatures of 300K, 450K and 600 K. (a2-c2) The sensitivity of «-MoOs; nanobelts with various H,S concentrations at the different operating

temperature of 300K, 450K and 600 K.

Fig. 4. The study of a-MoOj3 sensors toward selectivity and stability. (a) The sensitivity toward H,S in comparison to other toxic species (CO, Methanol, NH3, Ethanol and
TEA); (b) Robustness values at the H,S gas concentration of 100 ppm; (c) the detailed response/recover times to H,S gas at the operating temperature of 450 K.

the results that Li-Hua Huo group reported [39]. Therefore, the as-
grown samples generously presents the good selectivity for H,S
gas. Such a good sensitivity may be ascribed to the reason that
molybdenum oxide react with H,S at the working temperature
of 450K to form the molybdenum sulfide-oxide heteronanostruc-
tures. [40,41] As shown in Fig. 4b, the sensitivity of this sensor is
still 92% of its initial value after 3000 recycles, evidently presenting
its excellent stability. Moreover, from the SEM images of nanobelts
after 3000 cycles in Fig. S3, the main structure of 3D porous gridding
honeycomb did not change except for a little change of nanobelts
surface due to the interfacing interaction of MoO3; nanobelts and
target gas H,S. Besides, Fig. 4c shows the response and recover
time to H,S gas at the operating temperature of 450 K are controlled
within 10-21 s and 8-31 s, respectively. Therefore, these excellent
performances of H,S gas based on self-assembly gridding a-MoOs3
nanobelts unambiguously renders great potential applications for

environmental monitoring and safety forecast of poisonous gas in
agricultural, industrial and medical fields.

3.3. Sensing mechanism of a-MoQ3 sensors

Fig. S4 sketches the sensing mechanism of sensors. When the
sensor is exposed to air, oxygen molecules can adsorb on the sur-
face of MoO3 nanobelts and form chemisorbed oxygen species
(0-2,0~ and 02-) by capturing electrons from the adsorption sites
on the oxide surface, resulting in the thicker surface depletion
region. [29-31,36]. Once the sensor is exposed to the toxic H,S
gas, this gas may interact with the pre-absorbed oxygen species
and release a few trapped electrons back to the conduction band,
which results in the rapid decrease of surface depletion region and
the quick increase of conductance region. This will eventually lead
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to a decrease in the surface resistance of self-assembly gridding
«-MoO3 nanobelts.

In order to further understand the dynamic absorption process
of H,S on the (0001) surface of ®-MoO3, we conducted systematic
AIMD simulations, equivalent to the experimental environment. In
detail, we first fully relaxed the positions of all the atoms in the unit
cell with 16 atoms. Then, we built the supercell by expanding the
unit cell with the multiplications of 2 x 2 x 7. The 15 H,S molecules
were then placed on the (0001) surface of a-MoQO3 supercell with
the distance of 3 A. It was verified that the initial positions of the
H,S molecules do not affect the simulation results. The relaxation
of atoms and chemical reactions was performed in the canonical
(NVT) ensemble at 450 K. The pressure of system fluctuated around
0GPa.

The electronic localization functions (ELF) is a measure for the
likelihood of finding an electron in the neighborhood space of a
reference electron located at a given point and with the same spin.
The ELF is defined by ELF(r)=1/[1+x(r)], where x(r) is the func-
tion of electron density and a dimensionless localization index that
expresses electron localization with respect to the uniform electron
gas. The value of ELF is then located in the range of [0, 1]. ELF=1
corresponds to perfect localization and ELF=0.5 corresponds to
the uniform electron gas. The ELF of the whole H,S-Mo0Os3 system
were also carefully calculated and analyzed. The slices of the ELF
H,S-MoOs interface can help to discover the evolution process of
electronic surface states.

The snapshots at different absorption stages in the whole
dynamic process are illustrated in Fig. 5. As shown in Fig. 5al, the
first stage of H,S interaction with MoOs is the absorption of H,S on
its (0001) surface, highlighted by the reaction of the H°™ with the
02~ jon. The physical absorption between H atom and 0%~ starts
shortly according to the nonbonding ELF image as shown in Fig. 5a4.
Then, in the second stage the H—O bonds form and are stabilized
with time, just as shown in Fig. 5b3 and b4. Fig. 5c1 and d1 imply
that H,S dissociation ratio increases and the number of H—O bonds
grows with simulation time. In the final stage, the bonding forma-
tion of H atom and 02~ extend to the internal 0%~ layer adjacent
to the outmost one as illustrated in Figs. 5c1-f1. It is also observed
that, wherever the bonding of H—0 occurs, it is strengthened and
stabilized when the system goes to equilibration, as is reflected in
the illustration of Fig. 5d3,d4,e3,e4,f3, and f4. This can be evidenced
from the time evolution of the H—O bond length as shown in Fig.
S5. This indicates the high activity of 0%~ ions in the MoO3; with
respective to H atoms from the H,S molecules. The H,S molecules
mainly dissociate to H and HS, but further dissociation of HS is much
difficult, as we did not observe the isolated S atom in the whole sim-
ulation process by analyzing the ELF image around S element. The
average H—0 bond length is 1.07 A, implying the chemical adsorp-
tion nature. For the more elaborate adsorption process, please see
Movies S1.

It is also interesting that the (0001) surface reconstructed con-
siderably after the dissociation and reaction of H,S on a-MoOs3
(Fig. 6). From the comparison of the «-Mo03 (0001) surface struc-
tures before (Fig. 6a and b) and after (Fig. 6¢ and d) the reaction
of H,S with ®-Mo03, we note very large dislocations of 02~ ions
shown in the dashed blue circles in Fig. 6¢c and d. The (0001) surface
becomes obviously rugged after the reaction of H,S on it (Fig. 6c and
d). Furthermore, such reconstructions of atomic dislocations not
only take place on the outmost layer, but also on the adjacent inner
layers. Just as we have seen from the comparison of the a-Mo03
inner layer structure before (Fig. 6e and f) and after (Fig. 6g and h)
structural reconstruction. More importantly, as shown in Fig. 6e-h,
these dislocations on the surface layers also bring about voids in
the MoOQs. The mobility of 0%~ ions are much higher than that of
Mo®* ions, as is the main driven force of the surface reconstruc-
tion and the formation of voids. The reconstruction of the a-MoO3

Fig. 5. The dynamic absorption and dissociation evolution process of H,S on the
(0001) surface of MoOs from ab initio molecular dynamics simulations at 450 K and
zero pressure, along with the electronic local functions (ELF). The slices of the ELF
of H—0 bonds are also shown.

(0001) surface observed in the AIMD simulations well explains
our experimental SEM observations (Fig.S2) that nanobelts sur-
faces change slightly resulting from the interfacing interaction of
a-MoO3 nanobelts and target gas H,S. This reasonable explana-
tion evidently demonstrates the AIMD simulation is a potentially
effective method to investigate the gas mechanism of gas sensor
alike.
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Fig. 6. The structures comparison of a-MoO3 (0001) surface before and after H,S absorption. The top panel: the comparison of the a-MoO3 (0001) surface structures before
[(a)and (b)] and after [(c) and (d)] structural reconstruction viewed along the [100] direction. The bottom panel: the comparison of the ®-MoO3 adjacent inner layer structures
before [(e) and (f)] and after [(g) and (h)] structural reconstruction viewed along the [010] direction.

4. Conclusions

In summary, we successfully presented a novel highly toxic H,S
sensor based on self-assembly gridding a-MoO3 nanobelts pre-
pared by electron beam vapor deposition method. This sensor could
detect H,S gas with the concentration of as low as 1 ppm and also
possessed the excellent selectivity and stability due to three dimen-
sional surface modification of porous structures that the gridding
a-MoOj3 nanobelts constructed. More importantly, by calculating
three-dimensional dynamic changing images of electronic local
functions (ELF) of H,S-MoOs3 interface, the AIMD simulations was
employed to elucidate the H,S gas adsorption mechanisms of sen-
sor based on MoO3 nanobelts, firstly and directly predicting the
interfacing reaction between H,S and MoOs. The reported work
provides an innovative approach to effectively broaden the scope
of toxic gas sensors and extend the framework for its potential
applications in environmental monitoring and safety forecast of
poisonous gas in agricultural, industrial and medical fields.
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