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Synthesis and H,S sensing performance of
MoO;/Fe,(Mo00Qy,); yolk/shell nanostructurest

Xinming Gao, Chunyan Li*, Zhuoxun Yin and Yujin Chen*

H,S gas even with a low concentration in environment is very harmful to the health of human
beings. Thus, the design and fabrication of gas sensors for detecting trace H,S gas are highly
desirable. Herein we developed a facile method to fabricate MoOj3/Fe,(MoQO,); yolk/shell
nanostructures with a porous feature. As the yolk/shell nanostructures were used to fabricate
H,S gas sensors, they exhibited high sensor response, relatively rapid recovery and response
times, and good selectivity and long-term stability. The sensor response value of
MoOj3/Fe,(MoQOy); yolk/shell nanostructures to 1 ppm H,S gas was up to 1.7 even at a low
working temperature (70°C), significantly higher than those of MoO; nanorods and other types
of MoO; based nanocomposites. Our results demonstrate that the yolk/shell nanostructures

have very promising applications in high-performance H,S sensors.

1 Introduction

With the development of industry, various types of gases are
increasingly released into the air, resulting in a serious
environmental pollution. Among these gases, H,S has very
harm to the health of human beings and the environment.
According to the safety standards established by American
Conference of Government Industrial Hygienists, the threshold
limit value defined for H,S is 10 ppm. Therefore, it is very
important to develop H,S gas sensor with a good sensing
performance including strong sensor response, rapid response
and recovery times, good selectivity and long-term stability.

In the last decades chemical sensors based on metal oxide
semiconductors (MOS), such as SnO,, MoO; and In,0; etc.,! ™12
have been extensively investigated due to their low cost, good
stability and simplicity in fabricating sensors. However, most of
MOS materials had weak response towards H,S gas even at a
high working temperature. Therefore,
including loading catalyst on the surface of MOS,"* "
constructing MOS  heteronanostructures,'® and doping
foreign element in MOS,*** have been developed to improve

several approaches,

H,S sensing performances of MOS materials. As for loading
catalyst such as Au, Pt, and Pd on the surface of MOSs, the
enhanced sensing mechanism was attributed to greater and
faster degree of electron depletion of MOSs.'*!"” However, the
introduction of these precious metals would lead to the increase
MOS
heteronanostructures, their enhanced H,S sensing performance

in the costs for sensor fabrications. As for
was related to the change in the heterojunction barrier as the
MOSs are exposed to different gases as well as the synergetic

effect from different MOS sensing materials. For example, the

This journal is © The Royal Society of Chemistry 2013

sensor response of CuO-SnO, thin films was up to 4x10°
toward 50 ppm H,S at a working temperature of 140°C. The
sensing mechanism was attributed to the destruction of p-n
junctions formed at the interfaces between SnO, and CuO
induced by the sulfurization of CuO. However, the thin films
exhibited a long recovery time (240 s) due to the slow kinetics
of the desulfurization of CuS at 140°C. In addition, the sensing
properties of these MOS heteronanostructures are seriously
dependent on the sizes of the MOSs and the quality of
contacting interfaces.'®?° As for elemental doping, the doped
level and the amount of doped elements in host materials need
to be controlled carefully because they had important effects on
the sensing properties of MOSs.>*->*

MOS-based yolk-shell nanostructures have recently attracted
great attention because they have potential applications in
various fields including electrode materials of lithium-ion
battery, chemical catalysts,*® magnetic separation,*" ** and
drug delivery etc. **=*° The pore and void space presented in
such yolk-shell nanostructures may be in favor of the
improvement of their gas sensing performances. However, to
the best of our knowledge, the gas sensing properties of the
MOS-based yolk-shell nanostructures have been scarcely
rcf:portcf:d.46 Herein we report synthesis of MoOs;/Fe;(MoOy);
yolk/shell nanostructures. The materials can detect H,S gas
down to ppm level at a relatively low working temperature. The
sensor response value of MoOj3/Fe,(MoO,); yolk/shell
nanostructures to 1 ppm H,S gas was up to 1.7 even at a low
working temperature (70°C), significantly higher than those of
MoO; nanorods and other types of MoO; based
nanocomposites. Furthermore, the response and the recovery
times of the yolk/shell nanostructrues are only 20 and 70 s,
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respectively, even at 70°C. In addition, the sensors based the
MoOs/Fe;(Mo0Oy); yolk/shell exhibit good
selectivity and long-term stability. Therefore, the yolk/shell
nanostructures have very promising applications in high-
performance H,S sensors.

nanostructures

2 Experimental Section

2.1 Synthesis of samples

Single-dispersive MoS, spheres were synthesized by a modified
hydrothermal method.*” *® In a typical experiment, urea (300
mg) was dispersed into ethanol (40 mL) under ultrasonication
for 30 min. Then, MoO; (15 mg), and thiacetamide (17.5 mg)
were added to the suspension under vigorous stirring. After
stirring for 1 h, the mixture was then transferred into a
Teflonlined stainless steel autoclave with a capacity of 50 mL
for hydrothermal treatment at 220°C for 24 h. The autoclave
was cooled to room temperature naturally, and then the
precipitates were separated by centrifugation, washed with
distilled water and absolute ethanol, and dried in a vacuum
oven at 40°C for 12 h.

After the single-dispersive MoS, spheres were annealed at
500°C for 4 h at air atmosphere, MoO; polyhedrons were
fabricated. 0.075 g of MoOj; polyhedrons was dispersed into
300 mL of Fe(NO;); (0.014 mol/L) aqueous solution. The
mixture above was kept at 50°C for 2 h under stirring. The
precipitates were separated by centrifugation, washed with
distilled water and absolute ethanol, dried under vacuum. The
process above was repeatedly carried out for more Fe(OH);
grown on the MoO; polyhedrons.* the obtaind sample was
named as MoO;3/Fe(OH); nanocomposites. MoO;/Fe;(MoOy);
yolk/shell nanostructures were obtained after MoO;/Fe(OH);
nanocomposites were annealed at 500°C for 4 h at air
atmosphere.

2.2 Analysis techniques

The morphology and microstructure of the samples were
characterized by scanning electron microscopy (SEM, JEOL-
JSM-6700F), and transmission electron microscope (TEM,
JEOL 2010). The compositional analysis was carried out using
an energy dispersive spectroscopy (EDS) setup attached to the
SEM. The crystal structures were measured by X-ray
diffraction (XRD, Cu Ko radiation) using D/Max-TTR III
diffractometer.

2.3 Fabrication of gas sensor and the sensing measurements

The fabrication and testing principle of the gas sensor are
similar to those described in our previous reports.”® Simply, the
sample was dissolved in absolute ethanol, and a drop was spun
on a ceramic tube between metal electrodes to form a thin film
with a thickness of about 0.1 mm. A metal alloy coil through
the ceramic tube was used to control the working temperature
of the gas sensor. Scheme 1(a) illustrates the configuration of
the sensor. The gas sensing properties were tested by ZWS1-
WS-30A system (Zhongxi yuanda Science and Technology Co.,
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Ltd., China) with a test chamber of 18 L, a gas-intake window,
30 testing channels, and temperature controlled system. Figure
S1 in ESI shows the photograph of the measurement set
up.fThe standard tested gases were purchased from Beijing
Kshergas Co., Ltd., China. A stationary state gas distribution
method was used for testing the gas sensing properties. The
sensor was placed in a test chamber full of fresh air at the
beginning, and then a given amount of test gas was injected
into the chamber by an injector. After the response reaching
a steady value, the sensor was exposed to ambient
environment by opening the chamber. Detected gases such as
H,S were injected into the test chamber and mixed with air. The
gas concentration was calculated according to the ideal gas
equation. Scheme 1(b) illustrates the measuring principle for
determining the sensor response. R; denotes a constant load
resistor, R, the resistance of the nanotubes which can be
adjusted at different gas molecule atmosphere. The voltage
drop (V) across the resistor (R|) can be measured by a voltmeter.
Thus, the sensor response of the nanotubes can be calculated
based on the measured data above. The sensor response was
measured repeatedly by five times. The sensing properties of
the H,S gas sensors were measured under atmosphere
conditions with a relative humidity of 19% and ambient
temperature of 25°C. The sensor response (S) is defined as
S=R,/R,, where R, is the sensor resistance in air and R, is the
resistance in target-air mixed gas, respectively. The response
and recovery times were defined as the time needed for 90% of
total resistance change after the sensor was exposed to the

tested gas and air, respectively.
b)
Vl
+ e
N\
K, RS
5V

Scheme 1 lllustrations of the sensor configuration and the measuring principle
for determining the sensor response.

Sensing films

Metal electrode

Heating wire Ceramic tube

3 Results and discussion

3.1 Structure characterization of samples

SEM images (Figure 1(a)) show that single-dispersive MoS,
spheres can be obtained through the present method. The
diameter of the uniform and single-dispersive MoS, spheres is
about 500 nm. After the heating of MoS, spheres at 500°C for 4
h at air atmosphere, MoO; with an irregular polyhedron-like
morphology were obtained (Figure S2, ESI).f XRD peasks of
the product (Figure 2(a)) can be indexed to orthorhombic MoO;
(JCPDs 35-0609;
orthorhombic symmetry with lattice constants a = 0.3963 nm, b
= 1.3856 nm and ¢ = 0.3697 nm). The intensity of the
diffraction peak of (021) plane is higher than that of
corresponding (040) plane, indicating the anisotropic growth of

card number space group pbnm(62),

This journal is © The Royal Society of Chemistry 2012
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the MoO5 polyhedrons in (0kl) planes.'"** No other diffraction
peaks are detected, indicating a high crystal purity of MoO;
polyhedrons. The SEM image (Figure 1(b)) displays the
average length and thickness of MoOj; polyhedrons are about
240 and 80 nm, respectively. The transformation of MoS, to
MoO; is due to the oxidization of MoS, at a high temperature
under ambient atmosphere, as described by Equation 1. During
the transformation process the crystalline structures were
changed, leading to the different morphologies of the samples
before and after the transformation.

2MoS, + 70, — 2Mo0O; + 4SO, (1

Figure 1(c) is a typical SEM image of MoO;/Fe(OH);
nanocomposites. It can be found that many Fe(OH); nanosheets
were grown on the surfaces of MoOj; polyhedrons. The length
of the MoO5/Fe(OH); nanocomposites is in range of 250-850
nm. Similar to the previous results,” 2 Fe(OH); is amorphous,
which evidenced by the selected area electron diffraction
(SAED) measurements. In the SAED pattern (Figure 1(d)), only
diffraction spots coming from MoOj; can be observed. There are
not the diffraction peaks from other materials except those from
MoO; in XRD pattern (Figure 2(b)), which further confirms
that Fe(OH); is amorphous. Notably, no obvious change in the
relative intensities of the diffraction peaks is observed,
suggesting similar predominant direction growth of MoOj in
the composite to that of the initial MoO5 polyhedrons.'" **
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peaks marked by the Miller indices in Figure 2(c) can be
indexed to the monoclinic Fe;(MoO,); (JCPDS card number
83-1701, cell parameters: a = 15.70 A, b =9.231 A, ¢= 18.20 A,
p=125.2°). Besides, the peaks labeled by the black frames come
from (021), (041), (061) and (081) planes of orthorhombic
MoOs;, respectively. The results above reveal that the yolk/shell
nanostructures consist of crystalline Fe,(MoQOy); and MoOs;.
Notably, the intensities of the diffraction peaks of (0kO) planes
of MoOj in the yolk/shell nanostructures are relatively weak.
On one hand, it shows no change in its predominant direction
after the annealing process; on the other hand, it reveals that the
content of MoOj in the yolk/shell nanostructures is smaller than
that of Fe,(MoQy);. According to the Scherrer equation the
calculated the crystal size of Fe,(MoQ,); crystals in the
are
the
yolk/shell nanostructure, as shown in Figure S3.f Statistical
results show that the atomic ratio of Fe to Mo is aroud 1: 1.93,
and thereby the content of Fey(MoO,); in the yolk/shell
nanostructures is about 90.53 wt%.

yolk/shell nanostructures is 36.4 nm. EDS analyses
conducted to determine the compositional content of

Figure 1 a) SEM image of single-dispersive MoS, spheres, b) SEM image of MoO3
polyhedrons, ¢) SEM image of MoOs/Fe(OH); nanocomposites, and d) SAED
pattern of MoOs/Fe(OH); nanocomposites.
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Figure 2 XRD patterns of a) MoOs; polyhedrons, b) MoOs/Fe(OH)s

nanocomposites, and c) MoOs/Fe,(Mo0,); yolk/shell nanostructures. The peaks
highlighted by the black frames display no obvious change in the predominant
growth of MoOs in (0kl) in different samples.

After MoOs/Fe(OH); nanocomposites were annealed at
500°C for 4 h at air atmosphere, MoO5/Fe,(Mo0O,); yolk/shell
nanostructures were then obtained. Figure 2(c) shows XRD
pattern of MoO3/Fe,(Mo0Q,); yolk/shell nanostructures. All the

This journal is © The Royal Society of Chemistry 2012

The morphology and the structure of MoOs/Fe;,(M0Oy)s
yolk/shell nanostructures were investigated by SEM and TEM
analyses. Figure 3(a) shows a typical SEM image of the product.
It can be seen that MoO;/Fe,(Mo00O,); yolk/shell nanostructures
have similar morphologies and size to those of MoO;/Fe(OH);
nanocomposites. TEM image (Figure 3(b)) reveals that the
product exhibits a character of yolk/shell structure. In the
SAED pattern, besides the diffraction spots from MoO;, the
diffraction rings attributed to Fe,(Mo0Q,); can be observed. This
further confirms that the product is composed of crystalline
Fe,(MoO,); and MoO;. The spacing labeled in the HRTEM
image taken from the outside region of the nanostructures is
about 0.287 nm, corresponding to (024) crystal plane of
Fe,(MoOy);. In addition, in the HRTEM image many white

J. Name., 2012, 00, 1-3 | 3
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spots can be observed, suggesting there are small pores in the
yolk/shell nanostructures. The results above suggest that
Fe(OH); and part of MoOj; are transformed into Fe,(MoO,);.
The transformation process is similar to one based on the
nanoscale Kirkendall effect which usually used to fabricate
hollow inorganic nanocrystals.”’ At a temperature above 100°C,
Fe(OH); is transformed into Fe,O; gradually. At a high
temperature, MoO; diffused outward and reacted with Fe,Os3,
and then Fe,(MoOQO,); gradually produced. Because MoOj;
diffused outward faster than Fe,O; did inward, the void spaces
would be left in the inner of the nanostructures. Finally, the
yolk/shell nanostructures are formed.

Figure 3 Structural characterization of MoO /Fez(M004)3 yolk/shell
nanostructures. a) SEM image, b) TEM image, c) SAED pattern, and d) HRTEM
image.

Journal Name

3.2 gas sensing performances of MoO;/Fe;,(M0Q,); yolk/shell
nanostructures

Because the MoOs;/Fe,(MoQy); yolk/shell nanostructures have
similar structural character to that of the hollow nanostructures,
they may show good gas sensing performances.’” Figure 4
shows sensor responses of MoO;/Fe,(MoQOy); yolk/shell
nanostructures to H,S gas with different concentrations at
various working temperatures. It can be found that the
MoOs/Fey(Mo0O,); yolk/shell nanostructures have very close
sensor response to 1 ppm H,S gas at all the tested temperatures,
but the sensor responses to H,S with a concentration of higher
than 5 ppm increase with the increase of the working
temperature. It may be related to the sensing mechanism of the
yolk/shell nanostructures, which will be discussed later. The
sensor response value of the MoOs;/Fe;(MoO,); yolk/shell
nanostructures to 1 ppm H,S gas is about 1.7 at a working
temperature of 70°C, greatly higher than those of other sensing
materials. > 2> ?* For example, MoO; nanorods and MoO5/ZnO
cage-like nanocomposites have almost no response to 5 ppm
H,S gas at a working temperature of 80°C.
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Figure 5 Time-dependent sensor responses of MoOs/Fe,(Mo0O,); yolk/shell
nanostructures at various working temperatures. a) 70°C, and b) 220°C.
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Figure 4 Sensor responses of MoOs/Fe,(Mo0Q,)syolk/shell nanostructures to H,S
gases with different concentrations at various working temperatures.
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The enhanced sensing performance of the MoOs/Fe;(MoO,)3
yolk/shell nanostructures may be related to their sensing
mechanisms. Previous results reported by Illyaskutty et al
showed that unlike to other metal oxide semiconductors such as
SnO,, the gas detection process with MoO3; mainly directed by
the surface lattice oxygen (oxygen vacancy in MoOj) rather
than the chemisorbed oxygen.'" ** 3 Lattice oxygen from
MoO; the surface layer catalytically oxidized the analyte gas,
and it was simultaneously reduced, which determined the
change in conductivity. Therefore, MoO; exhibited good
sensing performance towards reducing gases such as ethanol
and H,S. On the other hand, Fe,(MoQ,); is also a kind of
oxidation catalyst.>* 3 Thus, the synergistic effect may be
attributed to the enhanced sensing performance of the
MoOs/Fey(MoO,); yolk/shell nanostructures. The catalytic
ability of MoOj; can be improved by the increase of the
temperature, leading to the increase of sensor response with
increase of the working temperature.'"” ** * Furthermore,
Fe,(MoO,); exhibited strong catalytic properties even at a
temperature below 160°C, 34 55 \whereas MoO; had sensor
response toward ethanol vapor at a temperature above 200°C.'"
3 1n the present work, the content of Fe,(MoO,); is greatly
higher than that of MoQO;, leading to the enhanced sensing
performance of the MoO3/Fe,(MoQy); yolk/shell nanostructures

This journal is © The Royal Society of Chemistry 2012
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compared to pure MoO; material.”® In addition, The
MoOs/Fe;(Mo0O,); yolk/shell nanostructures have small pores,
as shown in Figure 3(b). The small pores allow more gas
molecules to diffuse into/outward the sensing material layers
effectively. Moreover, the pores can act as active sensing sites,
which offer additional advantages of high sensitivity. '3+

To further investigate the H,S sensing performances of the
MoOs/Fe;(Mo0O,); yolk/shell nanostructures, we also measured
their time-dependent responses to H,S gases with different
concentrations. The response and recovery times were defined
as the time needed for 90% total resistances change after the
sensor exposed to the tested gas and air, respectively. Figure
5(a) shows the response and recovery times of the
MoOs/Fe;(Mo0O,); yolk/shell nanostructures at 70°C are about
20 and 70 s, respectively. The recovery time at the temperature
is relatively long, but it can be decreased if the working
temperature is increased. For example, the recovery time
decreases to about 25 s as the working temperature is increased
to 220°C, as shown in Figure 5(b).

— g)H
i ()Y
1 1

Sensor response (R /R
C
1

—_
(=4
1

[ 1 [ 1 [
T v T

H, ethanol

1|
T e T

acetone NH}

T
H,S
Figure 6 Selectivity of MoOs/Fe;(MoO,)syolk/shell nanostructures. The working
temperature is 70°C and the concentrations of all detected gases are 1 ppm.

The gas sensors for practical applications are required not
only to have strong sensor response, and quick response time
and recovery time, but also to have very good selectivity to the
targeted gas. Therefore, the responses of the
MoOs;/Fe;(Mo0O,); yolk/shell nanostructures to 1 ppm Ho,,
ethanol vapor, acetone, and NH; at 70°C were measured to
their the
MoO;/Fe,(Mo00O,); yolk/shell nanostructures have almost no

sensor

evaluate selectivity. As shown in Figure 6,
responses to those gases at the working temperature. It reveals
that the MoOs/Fe,(Mo00,); yolk/shell nanostructures have good
selectivity to H,S gas. It may be related to the different surface
reaction dynamics of the yolk/shell for different gases. For
Pd/ZnO

ethanol.*® In addition, the gas concentration has an effect on the

example, sensors have excellent selectivity to
sensor response. For example, the sensor responses of the
yolk/shell nanostructures to 100 ppm ethanol and H,S are 5.0
and 8.6, respectively, as shown in Figure S4.1 The long-term
stability of the yolk/shell nanostructures was also measured. As
shown in Figure 7, The sensor responses of the yolk/shell
nanostructures to 1 ppm H,S at 70°C are kept almost the same

values for 60 days of testing, suggesting they have a good

This journal is © The Royal Society of Chemistry 2012
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stability as they are used as H,S gas sensors. The high sensor
response, relatively rapid recovery and response times, good
selectivity and stability of the yolk/shell
demonstrate that they have very promising applications in H,S
gas sensors.

nanostructures
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Figure 7 Stability of MoOs/Fe,(Mo00Q,); yolk/shell nanostructures as H,S sensors.
The working temperature is 70°C and the concentration of detected H,S gas is 1
ppm.

4 Conclusions

In summary, the MoOs/Fe;(MoO,); yolk/shell nanostructures
with a porous feature were successfully fabricated by a facile
method. As the yolk/shell nanostructures used as H,S gas
sensors, they exhibited high sensor response, relatively rapid
recovery and response times, good selectivity and stability.
Importantly, the MoOs/Fe,(MoQ,); yolk/shell nanostructures
could detect 1 ppm H,S gas at a relatively working temperature
(70°C). Furthermore, compared to pure MoOj3; and some MoOj3-
based sensing materials, the yolk/shell nanostructures exhibited
enhanced H,S sensing properties, which can be attributed to the
synergistic effect of MoO; and Fe,(MoO,); and the porous
feature of the yolk/shell nanostructures. Our results indicate
that the yolk/shell nanostructures are good candidates for high-
performance H,S sensors.
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A facile method was developed to fabricate MoOs/Fe;(MoQOs)s yolk/shell nanostructures with small

pores, exhibiting good H,S gas sensing performance including high sensor response, short recovery

and response times, and good selectivity and stability.

Sensor response (R /R )
-
|

o
1

H,  ethanol acetone  NH, HS
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