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1. Introduction

Ammonia (NH3) is a hazardous, colorless gas and is
widely used in industry, agriculture, and breeding. In
the human breath, NH3 concentration is in the range of
50-2000 ppb and could be used as an indicator of
kidney, liver dysfunctions as well as stomach diseases
[1]. Nowadays, most of the NH; gas sensor are
conductometric sensors and are based on metal oxide
semiconductors such as SnO,, WOs3, ... which have high
working temperatures (normally higher than 200°C)
[2]. The high working temperature results in the
complex design of the sensor device with the heating
part embedded in the device. Moreover, metal oxide
semiconductor-based NH3 gas sensors usually have
high resistance resulting in low readout-signal, and
require the amplification part in the device which causes
the sensor device to be more complex and consume
more power [3]. Because of the above reasons, recently
many efforts have been devoted to find the proper
nanomaterials which have suitable resistance and low-
working temperature (< 200°C) [4—7]. Carbon nanotube
(CNT) appears to be one of the promising active
materials for NH3 gas sensor which could work at low
temperatures or even at room temperature (RT) [8]. The
drawback of CNT is the poor response with NH;. To
overcome this drawback, D. Zhang et. al. composited
CNT with polyaniline and MoS; to use the high
conductivity of CNT [4]; A. G. Bannov et. al. modified
CNT surface by plasma treatment to increase the active

WOs nanoplate synthesized by acid precipitation method was composited with
commercial carbon nanotube with different weight percents (0.5, 1.0, and 1.5 wt% of
CNT). The ammonia gas sensing characteristics of composite materials at low
temperature (50°C) were investigated and compared with that of pristine materials
(WO;3 nanoplate, commercial carbon nanotube). The results showed that the
composition enhanced the gas sensing properties in comparison with the pristine
carbon nanotube-based sensor and more stable than pristine WO3 nanoplate-based
sensor. The response of gas sensors to 30 ppm of ammonia got the highest value of
45% in 0.5 wt%-CNT sensor — enhanced 100 times in comparison with carbon
nanotube-based sensor. The calculated limit of detection of 0.5 wt%CNT/WOs3 sensor
was at sub-trace-level of 3 ppb. This enhancement shows the high applicability of
composite materials in gas sensor working at room temperature

point on the CNT surface [5]; N. Q. Lich et. al.
functionalized CNT surface with Co nanoparticles to
enhance the response [7]; P. Muthukumaran et. al.
enhance the selectivity to NH3 by mixing Fe,O3 nano-
dendritic like-pine tree with CNT [9], X. Lina. et. al.
composited functionalized CNT with polyaniline to
enhance the response of CNT-based NH3 gas sensor at
RT [10].

To improve the response of CNT-based NH; gas
sensor, in this paper, commercial CNT was composited
with  WO;3; nanoplates (NPs) synthesized by acid
precipitation method with different CNT content (0.5,
1.0, and 1.5 wt%). The NH; gas sensitivity of
nanocomposite materials-based sensors was investigated
at 50°C (low temperature) and compared with that of
pristine-CNT-based, and pristine-WOs-based sensors.
The obtained results showed that nanocomposite-based
sensors had better performance parameters in compare
with CNT-based sensor, and more stable than WO3 NP-
based sensor. The detection limit and the selectivity of
the best-performance nanocomposite-based sensor was
also calculated.

2. Experiments

2.1 Synthesis WO3; NPs and composite of
CNT/WO; NPs

Dissolving 825 g sodium tungstate hydrate
(Na;WO4:2H,0) into 25 ml distilled water. A yellow
slurry solution was obtained after gradually dropping
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45 ml chlorhydric acid (HCl, 37 wt%) into the above
solution. Adding 10 ml distilled water and stirring
steadily the obtained solution for 4 h, then pouring into
100-ml Teflon lined autoclave. The acid precipitation
process was carried out by keeping the autoclave at
room temperature for 48 h. The strong yellow
precipitation obtained after acid precipitation progress
was cleaned and filtered by distilled water and filter
paper (15.0 micron). Drying the cleaned slurry at 80°C
for 24 h. The dried powder was then ground by agate
mortar and pestle. Annealing the ground powder at
300°C for 2h in ambient air to get the WO3; powder
used for further study.

Dispersing 0.1 g of annealed WO3 powder into 5
ml Dimethyl Formamide (DMF) to get a solution of
WO;. A solution of CNT was obtained by dispersing
0.1 g commercial multi-walled CNT (Shenzhen
Nanotech, diameter: 60-100 nm, length: 2 pm).
Mixing two solutions of WOs; and CNT with different
volume ratio to get mixing solutions of CNT/WO;
with different CNT contents (0.5, 1.0, and 1.5 wt%).

2.2 NHs gas sensor: fabrication and charac-
terization

Using Micropipette (0.5-10 ul, Phoenix Germany
Instrument) to drop 0.5 pul of CNT/WO3 mixed solutions
on SiO»/Si substrate which had been patterned with Pt
electrodes (fabricated by microelectronic technology).
Then drying for 10 mins at 80 °C. Repeating the above
process two more times. The obtained samples were
then annealed at 200 °C for 2 h to burn out DMF. The
CNT-based and WO;3 nanostructure-based sensor were
also fabricated by the same progress.

The NH3 gas sensitivity characteristic of sensors
was characterized by the revolution of sensor resistance
when exposing to analytic gas — NHj. Keithley 6487
was used to measure the resistance of sensors. The
testing NH3 concentration was determined by Canadian
BW Gas Alert device. The humidity of the environment
was stabilized at approximately ~50% during the
measurement. The crystal properties of WO3; powders
were analyzed by X’pert Pro MPD using Cu-Ka source
(A=1.54056 A), scanning rate 0.03°/2s, with the angle
range of 20-70°.

The field effect scanning electron microscope
(FESEM) JEOL JSM-7600F was utilized for morphology

analysis. Micro Raman spectra of samples observed by
Renishaw Invia Raman Microscope using 633-nm
laser, 12.5-mW excitation power was used to
qualitatively analyze the component of composite
materials.

3. Results and discussion

3.1 Structure and morphology of WO; nano-
plates

Figure 1(a) was FESEM image of as-grown WO;
sample. The as-grown WO; had uniform morphology
of nanoplate with the mean dimensions of 150x150x40
nm. After annealing at 300°C, the obtained WO3 also
had uniform square nanoplate morphology of the size
150150 nm but a smaller thickness of ~10 nm (Figure
1(b)). The annealed WOs nanoplates were well
separated and had sharper corners. The change from
thick nanoplate to thin nanoplate was explained by the
delamination of the thick plate during the annealing
process.

The annealing not only caused the change of
morphology but also make the transition of crystal
structure which was observed in X-Ray diffraction
(XRD) analysis. Figure 1(c) manifested the XRD spectra
of as-grown WOs powder and annealed WOs3 powder.
The XRD analysis using HighScore Plus software with
ICDD database showed that as-grown WOj3; powder was
orthorhombic WO;.H,O (card no ICDD 01-084-0886)
having (111) dominant plane; the annealed WO3 powder
was WO; having the stable monoclinic phase (ICDD
card no 01-083-0951)[11]. The changing from
orthorhombic WO;3.H>O to monoclinic WO3; was caused
by the dehydration process happening during the
calcination at 300°C for 2 h, which also caused the
delamination of thick nanoplates WO3.H,O into thin
nanoplates WO3 observed in FESEM analysis. The
monoclinic WOz had three dominant planes: (002),
(020), and (200) which had high surface energies in
comparison with plane (111) [12]. The transfer from
orthorhombic WOs3.H,O nanoplate to monoclinic WOs
nanoplate through annealing at 300 °C is similar to the
results reported by Ng et al. [13] and Sanasi et al. [14].
The thin square nanoplate morphology with dominant
high surface-energy planes was very promising for NH3
gas sensor application [12].
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Monoclinic (ICDD 01-083-0951)

WO,H,0 - as grown
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Figure 1. FESEM images of as-grown WO3 nanostructures (a) and WO3 nanostructures after annealing at 300°C
for 2h (b). XRD spectra of as-grown WO3 powder and annealed WO3 powder (c).
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The annealing not only caused the change of
morphology but also make the transition of crystal
structure which was observed in X-Ray diffraction
(XRD) analysis. Figure 1.c manifested the XRD
spectra of as-grown WO3 powder and annealed WO;
powder. The XRD analysis using HighScore Plus
software with ICDD database showed that as-grown
WO; powder was orthorhombic WO3.H2O (card no
ICDD 01-084-0886) having (111) dominant plane; the
annealed WO3 powder was WO; having the stable
monoclinic phase (ICDD card no 01-083-0951)[11].
The changing from orthorhombic WO;.H,O to
monoclinic WO; was caused by the dehydration
process happening during the calcination at 300°C for
2 h, which also caused the delamination of thick
nanoplates WO3.H,O into thin nanoplates WOs3
observed in FESEM analysis. The monoclinic WO3
had three dominant planes: (002), (020), and (200)
which had high surface energies in comparison with
plane (111) [12]. The transfer from orthorhombic
WO;3.H,O nanoplate to monoclinic WO; nanoplate
through annealing at 300°C is similar to the results
reported by Ng et al. [13] and Sanasi et al. [14]. The
thin square nanoplate morphology with dominant high
surface-energy planes was very promising for NH3 gas
sensor application [12].
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3.2 Nanocomposites analyzing

Figure 2(a) was FESEM image of 0.5%CNT/WO;
nanocomposite-based sensor. The image clearly showed
that CNTs was well dispersed into the matrix of WO;
NPs, and the mixing process did not affect the
morphology of WO; NPs. The similar results were also
observed in other nanocomposite-based sensors. The
appearance of CNT in the nanocomposites was also
confirmed through analyzing the Raman spectra of
composite samples (Figure 2(b)). In the Raman spectra
of composite samples, the co-appearance of the typical
peaks of monoclinic WO3 and multi-walled CNT were
clearly shown. The typical peaks of monoclinic WO;
were at 270.6, 711.9, and 804.8 cm™! corresponding to
the bending vibration - 6(0O-W-O) - and stretching
vibrations - v(O-W-0) - of O-W-O binding in monoclinic
WO;s structure, respectively [13,14]. The bands at 1327.0
and 1571.5 cm were typical D-band and G-band
originating from the vibration of dis-ordered defects
and graphite layer in CNT, respectively [17]. The ratio
between the intensity of peaks of CNT and peaks of
WOs increased with the increasing of CNT content in
the nanocomposite. The Raman analysis confirmed the
co-appearance of CNT and WOj3 in the nanocomposite.
The position of typical peaks of WOs3 and CNT in
nanocomposites were extracted and reported in Table 1.
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Figure 2. (a) FESEM image of the surface of 0.5%CNT/WO3; nanocomposite-based sensor; (b) Micro Raman
spectra of CNT-based, WO3 nanoplate-based, and CNT/WO3; nanocomposite-based sensors; (c) I-V curves of
CNT/WO3 nanocomposite-based sensors at 50°C; (d) The scheme of nanocomposite.
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Table 1. The position (cm™!) of typical peaks of WO3 monoclinic and CNT in pristine and nanocomposite samples.

Raman vibration 100%CNT 1.5%CNT/WO3  1.0%CNT/WO0O3 0.5%CNT/WO0O3 WO3
5(0-W-0) - 265.7 266.4 267.1 270.6
v(0-W-0) - 707.7 708.3 710.2 711.9
- 803.0 803.5 804.2 804.8
G-band 1571.5 1574.9 1575.6 1574.1 -

From data in Table 1, the shifts of typical peaks of
both WO; and CNT were clearly observed. The G-band
signal of CNT was up-shifted from 1571.5 cm™ in
pristine CNT to 1574.9, 1575.6 and 1574.1 cm in
nanocomposite with 1.5, 1.0 and 0.5 % CNT,
respectively. The peaks of stretching vibrations v(O-W-
0) of WO; were down-shifted to lower wavenumber:
peak at 804.8 in pure WO; was transfered to 804.2,
803.5 and 803.0 cm™'; peak at 711.9 cm™ in pure WO;
was moved to 710.2, 708.3 and 707.7 cm™ in 0.5, 1.0
and 1.5%CNT nanocomposites, respectively. The peak
ofbending vibration of WO3 6(O-W-0) was also shifted
from 270.6 to 267.1, 266.4 and 265.7 cm™' when CNT
content increased from 0 to 0.5, 1.0 and 1.5% in
nanocomposite. These shifts confirmed that there was
interaction — charge transfer - between CNT and WO;3
NP in the CNT/WO3 NP nanocomposite [18].

One of the criteria for gas sensing nanocomposite
material was having the proper conductivity, which
could, in consequence, reduce the resistance of the
sensor to the range of tens kQ to employ in low-power
consumption and high signal-readout sensor [3]. In
Figure 2(c), there are the I-V curves of nanocomposite-
based sensors at 50°C. All I-V curves of nano-
composite-based sensors showed the characteristic of
Ohmic contact. The resistances of nanocomposite
sensors were in the range of hundreds of Ohms to
several kilo-Ohms. When the CNT content in the
sample increased from 0 to 0.1, 0.3 and 0.5%, the
resistance decreased from 1040 to 15.1, 1.0 and 0.64
kQ, respectively. This decreasing was due to the
dispersing of CNT in WO3; NPs matrix as shown in
Figure 2(d). These results showed that CNT/WO3 NPs
nanocomposite materials were suitable for active
material in low-power consumption gas sensor.
Moreover, from the revolution of resistance of
nanocomposite-based sensor with CNT content, we
could infer that in the nanocomposite CNT acted as
conductive part and kept the vital role in the modulating
the resistance of the nanocomposite-based sensors.

3.3 Ammonia gas sensing properties

The gas sensitivity of the sensor was characterized
by the response, response time and recovery time. The
response was determined by the ratio (Rgas-Rair)/ Rair
where Rair and Rgas were resistances of the sensor in dry
air and when exposing to the analyte gas — NHs,
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respectively. Response time and recovery time were the
time it takes to take 90% of the change of resistance in
the response and recovery process, respectively. The
time evolution of responses of all investigated sensors
with 30 ppm NH3 at 50°C were presented in Figure
3(a)-3(e). All sensors showed the p-type response in
which resistance increased when exposing to reducing
gas NHs. The response of pristine-CNT-based sensor
was 0.45%. The responses of 0.5%CNT/WOs3,
1.0%CNT/WOs3, 1.5%CNT/WO3 nanocomposite-based
sensors were 46, 0.8, and 1.4%, respectively. The WO3
NPs-based sensor responded well with NH3 but not
steadily as CNT-, or nanocomposite-based sensors
(Figure 4(e)). In comparison with the CNT-based
sensor, all nanocomposite-based sensor had higher
responses, especially 0.5%CNT/WO3 nanocomposite-
based sensor having 100-time higher response than that
of CNT-based sensor (Figure 4(f)). The response time
and recovery time of 0.5%CNT/WOj3 sensor were also
shorter in comparison with these time of CNT-based
sensor. The response, response time and recovery time
of sensors were all showed in Table 2.

In the nanocomposite-based sensors, the sensor
made of 0.5%CNT/WO3 nanocomposite showed the
highest performance with the highest response, shorter
response and recovery times than CNT-based sensor
(Table 2). When CNT content increased to 1.0%, the
response was 2-times higher and response time was 2-
times shorter than CNT-based sensor, but had longer
recovery time. Continuing increased CNT content to
1.5%, the response increased to 3-time higher, but
both response and recovery time are longer than CNT-
based sensor. These difference enhancements were
due to the content of CNT which resulted in the
different time for analyte gas dispersing into the
sensor.

We continued to investigate NH; gas sensitivity at
RT of the 0.5%CNT/WO; nanocomposite-based
sensor which showed the highest performance
parameters. Figure 4.a was the revolution of response
with different testing gas NH3 concentration in the
range from 30 to 70 ppm. The results showed that, at
RT, the response of 0.5%CNT/WO;3 was remarkably
higher than working at 50°C (125% in comparison
with 45%). These results implied that 0.5%CNT/WO;
with simply synthesis method could be a promising
material for NH3 gas sensor at RT.
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Figure 3. The time evolution of response of sensors with 30 ppm NH; at 50°C: (a) CNT-based sensor, (b)
0.5%CNT/WO03, (c) 1.0%CNT/WOs3, (d) 1.5%CNT/WO; nanocomposite-based sensor, and (¢) WO3; NP-based
sensor. (f) The comparison of the response of CNT-based and nanocomposite-based sensors.
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Figure 4. (a) The revolution of the response of the 0.5wt% CNT/WO; NP nanocomposite-based sensor with different
concentration of NH3 gas. The inset picture is the fifth-grade polynomial fitting of the baseline of the response line;
(b) The linear fitting of response versus NH3z concentration of 0.5wt% CNT/WO3 NP nanocomposite-based sensor.
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Figure 5. The response of 0.5wt% CNT/WO3 NP nanocomposite-based sensor with 300 ppm of different testing
gas at room temperature: NH3, acetone, ethanol and LPG.

From the revolution of response with different
concentration of testing gas at RT, we calculated the
theoretical detection limit (DL) of 0.5%CNT/WO;
nanocomposite-based sensor at RT. The DL was
determined based on the condition of the ratio of
signal to noise, in which DL was calculated using the
following formula:

—3x rms 1

DL (ppm)=3 Slope 1
where rms was determined through fitting the baseline
of response with fifth-grade polynomial (inset of Fig.
4°); slope was determined from linear fitting the
response of sensor with different concentration of
testing gas (Figure 4(b)) [3]. Our calculation showed
that, at RT, 0.5%CNT/WOs; nanocomposite-based
sensor had rms =0.00517, slope =5.19, and DL =0.003
ppm = 3 ppb. With the detection limit of 3 ppb, the
0.5%CNT/WO;3 nanocomposite showed a promising
applicability in detecting trace-level of NH3 gas such as
in human breath to early diagnose the disease of kidney,
liver [1].

Table 2. The response time, recovery time, and
response of CNT-based and nanocomposite-based
sensors with 30 ppm of NHj at 50°C.

Samples Response Recovery Response
time (s) time(s) (%)
100% CNT 200 515 0.45
0.5%CNT/WO3 170 350 46
1.0%CNT/WOs 100 600 0.8

The selectivity of sample 0.5% CNT/WO3 NP with
NH3 in comparison with acetone, ethanol and LPG
(Liquefied Petrolium Gas) at Rt was also studied.
Figure 5 manifested the response of nanocomposite
sample 0.5% CNT/WOs NP with different gas (NHs,
acetone, ethanol and LPG) with the same concentration
of 300 ppm. The response of sensor with 300 ppm
testing gas of NH3, acetone, ethanol and LPG were 983,

J. Met. Mater. Miner. 29(4). 2019

142, 55 and 38 %, respectively. These results showed
that 0.5% CNT/WOs3 sensor was more selective to NH;
than other testing gas (acetone, ethanol and LPG). This
selectivity to NHz of 0.5% CNT/WO; NP sample was
similar to the selectivity of Co-decorated CNT reported
by Lich et al. [7].

3.4 Gas sensing mechanism of nanocomposite
materials

The enhancement of ammonia gas sensing of
nanocomposite materials might be explained as
following: WO; was a natural n-type sensing material,
but at low temperature, the inversion layer appeared on
the surface of WO; nanostructures which change the
behavior of WO; from n-type to p-type [16,17]. The
inversion layer strongly depended on oxygen and water
concentration in the environment, this was the reason
for the instability of WOs; based sensor at low
temperature [16,18]. In composition with CNT, the
inversion effect was stabilized through same type
contact - p-p contact - in which CNT acted as hole tank
to conciliate the hole from the inversion layer on surface
WO3; nanostructure [2,16]. The reinforcement of carrier
— charge transfer - from the WOs inversion layer was
the reason for the enhancement of nanocomposite-
based sensor in comparison with CNT-, and WO3 -
based sensor. The charge transfer beween WOj; and
CNT was confirmed by the shifts of typical Raman peaks
of WO; and CNT in nanocomposites mentioned above.
Moreover, due to the typical morphology of WO3; NPs —
large thin plate with dominant active planes — (002),
(020), and (200) - the responses of nanocomposite-based
sensors were improved in comparison with pristine CNT-
based sensor[12].

4. Conclusions

In summary, we have synthesized nanocomposite
materials of WO;3 nanoplates and commercial multi-
walled CNTs with different weight contents of CNT
(0.5, 1.0, and 1.5 wt%) by a simple mixing process.
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Nanocomposite-based sensors responded well to NH3
gas at low temperature (50°C). The responses of
nanocomposite-based sensors were higher than the
pristine-CNT-based sensor and were more stable than
pristine-WO3 NP-based sensor. 0.5wt%-CNT nano-
composite-based sensor showed the highest response
of 45% which was 100-times higher than the pristine-
CNT-based sensor. At RT, 0.5wt%-CNT-based sensor
showed higher exploitation parameters: the response
reached to a higher value of 125%, the theoretical
detection limit was 3 ppb, the selectivity to NH; gas in
comparison with acetone, ethanol and LPG. This
enhancement of the NHj3 sensitivity was assigned to
the synergistic effect in nanocomposite materials. The
mechanism of the synergistic effect is still needed
more research to make clear. Our results showed that
CNT/WOs3 NP-based nanocomposite had prosperous
potential in NHz gas sensor working at room
temperature.
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