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Abstract

The gas sensing characteristic of MoS,-MoO, composite yolk-shell spheres were investigated. MoOs-carbon composite
spheres were prepared by ultrasonic spray pyrolysis of aqueous droplets containing Mo-source and sucrose in nitrogen,
which were converted into MoO; yolk-shell spheres by heat treatment at 400°C in air. Subsequently, MoS,-MoO, composite
yolk-shell spheres were prepared by the partial sulfidation of MoO;. The MoS,-MoO, composite yolk-shell spheres showed
relatively low and irreversible gas sensing characteristics at < 200°C. In contrast, the sensor showed high and reversible
response (S=resistance ratio) to 5 ppm NO, (S = 14.8) at 250°C with low cross-responses (S = 1.17-2.13) to other interference
gases such as ethanol, CO, xylene, toluene, trimethylamine, NH;, H,, and HCHO. The MoS,-MoO, composite yolk-shell

spheres can be used as reliable sensors to detect NO, in a selective manner.
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1. INTRODUCTION

Molybdenum disulfides (MoS,) with 2-dimensional (2-D)

layered nanostructures show distinctive electrical and
electrochemical properties, which can be used for various
applications such as Li-ion battery [1], field effect transistor [2],
and gas sensors [3]. In particular, the MoS, nanostructures with
high surface area to volume ratio and thinness are regarded as
promising platform to design chemiresistors that can be operated
at relatively low sensing temperature [3].

Various form of MoS, nanostructures were investigated as
which chemically or
mechanically exfoliated flakes [3,4], thick oriented film [5], and

atomic layer prepared by chemical vapor deposition [6]. However,

chemiresistive  materials, include

the researches of high performance gas sensors using MoS,

nanostructures are still in the nascent stage.
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Yolk-shell nanostructures, thin hollow spheres containing
movable single or multiple yolks, are superior electrode materials
for Li ion batteries on account of their high surface area,
nanoarchitectures to buffer the structural strain, and short diffusion
length of Li ion [7]. Moreover, the reforming of specific analyte
gas within yolk-shell micro reactors can provide a new strategy to
design selective and sensitive gas sensors [8-10].

In this contribution, MoS,-MoO, composite yolk-shell
spheres are prepared by the partial sulfidation of MoOj; yolk-
shell spheres and their gas sensing characteristics are
investigated. Main focus of the study is directed at the
selective and reversible detection of specific gas using MoS,-

MoO, composite yolk-shell spheres.

2. EXPERIMENTAL

2.1 Preparation of MoS,-MoQO), yolk-shell spheres

The MoO;-carbon composite spheres were prepared by the
ultrasonic spray pyrolysis of aqueous droplets containing 0.1 M of
MoO; (Kanto Chemical Co., Inc., 99.5%), 0.1 M of sucrose
(Sigma-Aldrich, 99.5%), and H,O, (Sigma-Aldrich, 29.0-32.0%)
at 900°C (carrier gas: nitrogen, flow rate: 10 L/min). The MoOs-
carbon composite spheres were converted into multiple-shelled
MoO; yolk-shell spheres by heat treatment at 400°C. The

oxidation of Mo-source and the partial combustion of carbon at
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the outer part, the contraction of inner MoOj;-carbon composite
spheres, and repetition of these procedures leaded to the formation
of MoO; yolk-shell spheres. The MoO; yolk-shell spheres were
placed in crucible and converted into MoS,-MoO, composite
yolk-shell spheres by flowing H,S (generated by flowing H,/Ar to
Thiourea) at 400°C for 6 h.

2.2 Gas sensing characteristics

The MoS,-MoO, composite yolk-shell spheres were dispersed
in ethanol and small amount of slurry was coated on the alumina
substrate (1.5 mmx 15 mmx0.25 mm) with two Au electrodes.
The sensor was dried at room temperature for 2 h and heat treated
at 250°C for 6 h to remove the residual water solvent in the
sensing materials. A flow-through technique with a constant flow
rate of 500 cm’min” was used and a 4-way valve was used to
switch the gas atmospheres. The responses of the sensors (R/R,
for NO, and R/R, for other reducing gases: R,: resistance in gas,
R, resistance in air) were measured with varying sensor

temperature using electrometer interfaced with a computer.

3. RESULTS AND DISCUSSIONS

3.1 Materials characterization

The X-ray diffraction pattern of powders by sulfidation of
MoO; yolk-shell spheres through flowing H,S at 400°C for 6 h

Fig. 1. X-ray diffraction pattern (XRD) of MoS,-MoO, composite
yolk-shell spheres.
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Fig. 2. Scanning electron microscopy (SEM) images of MoS,-MoO,
composite yolk-shell spheres.

was shown in Fig. 1. The powders were identified as the
composite between MoS, (JCPDS #37-1492) and MoO, (JCPDS
#32-0671). The reduction of Mo® into Mo*" and the formation of
MoS, phase were attributed to the partial sulfidation reaction. The
MoS,-MoO, composite powders showed the spherical morphology
(Fig. 2a). The diameters of spheres ranged from 0.2 to 2.0 mm.
The yolk-shell morphology was frequently observed in broken
spheres (arrow in Fig. 2a), which was confirmed again by the
different contour within a sphere in high magnification SEM
image (Fig. 2b). It is known to convert MoO; phase into phase
pure MoS, phase by heat treatment under H,S atmosphere [11].
Thus, the co-existence of MoO, and MoS, in the present study can
be attributed to the lower heat-treatment temperature and

insufficient heat treatment time [12].

3.2 Gas sensing characteristics

The sensor using MoS,-MoO, composite yolk-shell spheres
showed the low response to analyte gases at <200°C.
Moreover, the sensor resistance did not completely recover to
original resistance in air after gas sensing reaction (not shown).
Thus, it was difficult to measure the reliable gas sensing
characteristics at <200°C. Accordingly, the gas sensing
characteristics were measured at 200 and 250°C. Fig. 3 shows
the sensing transients to 5 ppm NO,, C,H;OH, CO, xylene,
toluene, trimethylamine (TMA), NH;, H,, and HCHO at
250°C. The R, value at 250°C was ~ 0.2 MQ. It increased upon
exposure to oxidizing gas such as NO,, while it decreased upon
exposure to all other reducing gases. This indicates that the
MoS,-Mo0O, composite yolk-shell spheres in the present study
show n-type gas sensing behaviors. It is natural considering
that MoS, and MoO; show the n-type gas sensing behaviors in
the literature [3,13]. It should be noted that the sensor

resistance was recovered completely upon exposure to air. The
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Fig. 3. Gas sensing transients to 5 ppm (a) NO,, (b) C;HsOH, (c) CO,
(d) p-xylene, (e) Toluene, (f) Trimethylamine, (g) NH;, (h)
H,, and (i) HCHO of MoS,-MoO, composite yolk-shell
spheres at 250°C.

sensing transients at 200°C were also reversible. This says that
the sensing temperature higher than 200°C is necessary to
achieve reliable and reversible gas sensing characteristics in
the sensor using MoS,-MoO, composite yolk-shell spheres.

The gas responses at 200 and 250°C were summarized in Fig.
4. At both sensing temperatures, the variation of sensor resistance
upon exposure to NO, is opposite to those upon exposure to
reducing gases. Accordingly, in principle, NO, can be detected in
a selective manner. However, when both NO, and reducing gases
co-exist, the increase of sensor resistance by NO, can be nullified
by the decrease of sensor resistance induced by other reducing
gases. In particular, this problem becomes more significant when
the cross-responses (R./R,) to other interfering reducing gases are
comparably high. In this perspective, the R,/R, values to reducing
gases should be negligibly low to achieve selective NO, sensing.
The response to 5 ppm NO, (R/R,) at 200°C is 4.9, while those
(R/R,) to other 8 different analyte gases ranged from 1.04 to 2.66
(left in Fig. 4). In particular, high cross responses to CO (S=2.36),
TMA (S=2.66), NH; (S=2.10), and H, (S=1.71) increase the
possibility of sensor malfunction. In contrast, the response to 5
ppm NO, at 250°C (S=14.8) is significantly higher than those
toward other 8 different reducing gases (S=1.17-2.13).
Accordingly, the operation of sensor using MoS,-MoO, composite
yolk-shell spheres at 250°C is advantageous for selective, sensitive
and reliable detection of NO,.

Fig. 4. Gas responses (S=R/R, or S=R,/R,) to 5 ppm NO, (N),
C,H;OH (E), CO (C), pxylene (X), Toluene (T), Trime-
thylamine (TMA), NH; (A), H, (H), and HCHO (F) of MoS,-
MoO, composite yolk-shell spheres and at (a) 200°C and (b)
250°C.

3.3 Discussion

The sensor using MoS,-MoO, composite yolk-shell spheres
showed the reversible sensing behavior at 200 and 250°C, while it
showed incomplete recovery at low sensing temperature.
Donarelli et al. [3] measured NO, sensing characteristics of
chemically exfoliated MoS, flakes annealed at 150 or 250°C. They
observed n-type NO, sensing behavior (i.e. increase of sensor
resistance) from the specimen annealed at 250°C and p-type
sensing behavior from the specimen annealed at 150°C. They
observed the incomplete recovery from sensing reaction at the
sensor temperature of 25, 100 and 150°C. These results are
consistent with those in the present study.

The increase of sensor resistance upon exposure to NO, can be
explained by the adsorption of NO, with negative charge (NO,’
(ads)) and consequent decrease of charge carrier concentration
near the surface. Thus, the incomplete recovery from NO, sensing
reaction means the sluggish kinetics of NO, desorption reaction.
Thus, the rapid and complete recovery from NO, sensing at 200
and 250°C can be attributed to the thermal promotion of NO,
desorption.

The selective detection of NO, is a key result in the present
study. Yue et al. [14] reported the calculation that NO, and NH;
weakly adsorbed on the monolayer MoS, played roles of acceptor
and donor, respectively. This is consistent with Cho’s report [6]
and explains the decrease of sensor resistance upon exposure to
NH; in the present study. However, the sensing mechanisms of
other gases such as C,H;OH, CO, xylene, toluene, trimethylamine
(TMA), H,, and HCHO remain unclear and should be studied
further. The sensor resistance was decreased upon exposure to

reducing gases. Thus, the adsorption of oxygen with negative
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charge and their reaction with reducing gases to produce electrons

can be considered as a plausible explanation.

4. CONCLUSIONS

The MoS,-MoO, composite yolk-shell spheres were prepared
by the partial sulfidation of MoO; yolk-shell spheres and their gas
sensing characteristics were investigated. The sensor showed low
and incomplete gas responses at < 200°C, while it showed high
and reversible gas sensing characteristics at 200 and 250°C. The
response to 5 ppm NO, was 14.8 at 250°C, which is significantly
higher than those towards other 8 different interference gases. The
sensors MoS,-MoO, composite yolk-shell spheres can be used to
detect trace concentration of NO, in a highly selective, sensitive,

and reversible manner.
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