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Abstract

Zn; HO, particles were prepared using the ball-milling technique in ethanol solution. Zn powder mixing with anatase-Ti0O, powder at ratio of
2:1 by mole were used as raw materials. The mixed powders were grounded in agate mortar for 2 h, subsequently transferred into the ball-milled
container with | mm zirconia balls and, then, milled for 24 h with ball-milling speeds of 200, 300 and 400 rpm. The ratio of poweders and zirconia
balls was 1:20 by weight. After that, the powders were washed using distilled water for 4 times, dried at 80 °C for 24 h and calcined at 1000 °C
for 6 h. Morphological characteristics, chemical compositions, phase formation and defect of the synthesized powder were examined. The SEM
result showed that the particle size was reduced 2s increase in the ball-milling speed, while the EDS showed that the Zn/Ti ratio was about 2. The
XRD indicated that the synthesized powders exhibited a face center cubic Zn,TiQ, phase, confirming by the Raman spectra. The Zn,Ti0O,
particles were fabricated as the thick film ethanol sensor and tested under 50 and 200 ppm ethanol concentration at 300-500 °C. Our results
suggest that the Zn,Ti0, particles can be used for detection of ethanol vapor, and the sensor cument increased with increasing of ethanol
concentation. The highest sensitivity observed at 500 °C was 3.83 for 200 rpm, 1.92 for 300 rpm and 2.36 for 400 rpm samples. This implied

that, the Zn,TiOy sensor can be a good candidate for high temperature application.
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1. Introduction

Nowadays, semiconductor gas sensors; Zn0, Ti0,, Sn0, and
S0 on; are very important sensing devices; because they can be
used for detecting several toxic gases in a wide range operating
temperature [1-4). Since nanostructured semiconductors exhibit
remarkably properties for gas sensing application, many synthetic
techniques such as sol-ge! {5], thermal oxidation [3}, sputiering
{6}, chemical bath deposition {77 and ball-milling [8] have been
investigated and proposed in order to obtain semiconducting
nanostructures. Among these, ball-milling method is one of the
simplest method for powder preparation techrology. Moreover, it
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is widely used in production lines for powders such as cement,
refractory material, glass ceramics and silicates. 1t has also been
used for producing the nanostructure materials 8101

Several works reported that some metals or metal oxide
additives soch as Ru [11], Al [12] and TiO, {i3] could be
affected the sensing properties. In our previons work, we have
reported that TiO, additive could be used for improving the
sensitivity of ZnO tetrapods sensor, lower electron concentration
resulied in widening the band gap of ZnO {3,14,15]. The TiO,
additive can be diffused to Zn0O host latiice forming Zn, _ Ti.0
complex structure and/or forming additional phase as Zn.Ti0O,,
having facecentered cubic structure. These resulted in the
enhancement of sensor sensitivity [161

Since the sensing properties of Zn,Ti0, were rarely reported, it
is very interesting to investigate its sensing properties. In this work,
Zn,Ti0), particles were prepared using the simply ball-milling
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Fig. 1. SEM image of {a and b) ZTQ200, (c and d) ZTO300 and {e and )} ZTO400 powders at different magnifications.

method and characterizations of Zn,Ti0, particles were carried out.
Also, Zn,TiQ, particles sensing properties towards ethanol gas
were investigated.

2. Experimental

Zn,Ti0, particles were prepared by a ball-milling technigue
using a mixture of Zn powder and anatase-TiO, powder as a
raw material, with the mole ratic of 2:1. The mixture powders
were grounded by hands in an agate mortar for 2 h, Then, the
mixed powders were transferred into the ball-milled container
with | mm zirconia balls and milled for 24h in ethanol
sclntion with ball-milling speeds of 200, 300 and 400 rpm.
The ratio of mixed powders and zirconia balls was 1:20 by
weight. After the milling process the powders were rinsed with

distiled water (DI} for 4 times, dried at 80 °C for 24 h and
calcined at 1000 °C for 6 h. Then powders synthesized with
ball-milling speed of 200, 300 and 400 rpm were denoted as
ZT0O200, ZTO300 and ZTO400 samples, respectively.

The properties of Zn,Ti0, particles were characterized by
using scarming electron microscope (SEM), energy dispersive
X-ray specirometer (EDS), X-ray diffractrometer (XRD) and
Raman spectrophotometer (RS) for morphology, chemical com-
positions, phase formation and crystal defect investigation.
Zn,TiO, particles were assembled as thick film sensors by
screened onto alumina substrate with comb-type gold inter-
digital electrodes. Current-voltage characteristic curve (I-V
curve) of the sensors was monitored under ethanol gas condition
with a concentration of 50 and 200 ppm at operating temperatire
of 300, 330, 400, 450 and 500 °C. The applied voltage was




varied from OV to 10V using precision source unit and the
sensor ctrrent was measured using high accuracy picoammeter.
The sensor sensifivity was calculated from sensor current under
ethanol gas divided by semsor current under normal air, at 5V
applied voltage, which was similar to our previous work {17}

3. Resuits and discussion

The morphology of the synthesized powders was examined
by using SEM and (he SEM images of the synthesized powders
were shown in Fig. 1 with 5000 (Fig. 1{a, ¢ and e)) and 20,000
{Fig. I(b, d and {)} magnification. Fig. 1{a, b}, {c, d) and (e,
corresponded to the ZTO200, ZTO300 and ZTO400 samples,
respectively. It was clearly seen that all ZTO200, ZTO300 and
ZTO400 samples showed similar SEM images and the size of
the synthesized particles was in the range of micrometer scale.
The particle size was measurad to be (.33-1.60, 0.26-1.43 and
0.25-1.30 pm for ZTO200, ZT0O300 and ZTO400 samples,
respectively. It should be noted that the particle size was
reduced as the increasing of the ball-milling speed since the
higher ball-milling speed provides more energy impacted the
powders during the milling process. The EDS analysis was
performed for chemical compositions inspection. The result
showed that those three samples of the synthesized products
composed of Zn, Ti and O elements and the mole ratio of Zn/Ti
was about 2 which closed to the Zn/Ti stoichiometry ratio of
Zn;Ti0,4 compound.
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Table 1
List of the vibration modes of the synthesized Zn,TiO, particles in RS spectra.

Vibration modes ~ Wavenumber {cm ™)

ZTO200 ZTOB0 ZTO400 Ref{l0i Ref [20]
Faq 256.2 2544 254.2 2579 263
E, 3075 307.2 307.4 3095 311
Fa, 354.9 354.8 156 3496 344
Fag 1767 4762 4763 477.1 -
A 7146 7145 7143 2.1 -
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Fig. 3. The vibration modes of ZTO200, ZTO300 and ZTO400 powders in RS

specira,

Phase formation and crystal defects were carried out by XRD
and RS. The XRD spectra were shown in Fig. 2 compared with
commercial ZnO powder and commercial anatase-Ti0, powder,
tecording in the range of 10-80°. It was observed that those three
samples showed similar XRD pattems. The XRD data revealed
that all synthesized powders exhibited a face-centered cubic
Iy 10, strucnure corresponding to JCPDs file no. 86-0155. The
lattice parameter was calculated to be 8.4698, 8.4638 and 8.4684 A
corresponding to the ZT0200, ZTO300 and ZTQ400 samples,
respectively. The formation of the face-centered cubic Zn,TiO4
phase detected in XRID> spectra was confirmed by RS results as
shown in Fig. 3. As indicated in Fig. 3, three vibration modes so
called F, {locared at 254.2-2362, 354.8-3360 and 476.2-
4767 cm™ i), E, (located at 307.2-307.5 cm™ Y and A, g (located
at 714.5-714.6 cm™ ") were observed in RS spectra for all those
three Zn,Ti(; samples, in good agreement with the previous
reports {18,19], This result was also shown in Tabie 1. The peaks
observed below 200 cm ™' was originated from plasma induced of
the laser source, while that observed around 580 cm ™! was created
from order-disorder of Zn and Ti ions in octahedral and fetrahedral
sites inside crystal strocture [19,20].

Thick fikn gas sensors based on Zn,TiQ, particles were
fabricated and tested under ethanol gas concentration as described
above. As indicating in Fig. 4, under testing condition at 500 °C,
a linear relationship between the applied voltage and the sensor
corrent was detected. ‘The sensor current was improved as the
increasing of ethanol concentration. In the case of ZTG20{ sensor
{Fig. 4a), for example, the sensor current in air was measured to
be 74.6 nA and increased up to 214.9 nA in 50 ppm of ethanol
gas. Similarly, as 200 ppm ethanol gas injected into test chamber,
the sensor current was increased up to 275.8 nA. Similar results
and the same trend were obtained for those ZTO300 (Fig. 4b) and
ZT0400 (Fig. 4c) sensors. Also, a similar tendency of the I-V
characteristics curve were found for other operating temperatures.

For a resistive gas sensor, the sensing mechanism is nomnally
controlled by adsorbed oxygen species on a sensor surface. As the
sensor baring to the air, O, molecules adsorbed onto the sensor
surface by capturing electron from the conduction band of Zn,Ti0,
forming 05, O~ or O oxygen species, which depends on
temperature. This resulted in decreasing of the semsor current.
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Fig. 4. The I~V characteristic curve of (a) ZT0200, (b} ZT0300 ard (c) ZT0400 sensors measured at the operating temperature of 500 °C under, air atmosphere,

50 ppm and 200 ppm ethanol gas.
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Fig. 5. Sensor sensitivity of the Zn,TiQ, sensors under 200 ppm sthanol gas
the operating temperamres of 300, 350, 400, 450 and 500 °C.

‘When ethanol gas was injected into the test chamber, ethanol vapor
reacted with the oxygen species and returned captured electron
buck to the conduction band of Zn,TiQ,. The sensor cument,
therefore, was increased. The meaction can be written as the
following equation.

R+0~ = RO+e” 1)

In this equation, R is a reaction gas, RO is product gas from
reduction gas and adsorbed oxygen species and e~ is an
electron. The sensor sensitivity tested under operating tem-
peratures of 300, 350, 400, 450 and 500 °C at 200 ppm ethanol
gas was plotted together as shown in Fig. 5. Tt was observed
that those ZTO200, ZTO300 and ZTO400 sensors showed a
similar tendency of sensitivity towards ethano} gas. The sensor
sensitivity decreased from 300°C w0 400°C and, then,
increased at operating temperature above 400 °C. However,
in case of ZT0400 sensor, the sensor sensitivity at 350 °C was
higher than the sensor sensitivity at 300°C and 400 °C.
Furthermore, the highest sensitivity was found at 500 °C. It
was calculated to be 3.83, 1.92 and 2.36 for ZTO200, ZTO300
and ZTO400 sensors, respectively. This result suggested that
the operating temperature of 300°C is the best suitable
temperature for detecting ethanol gas, providing the activation
energy for highest reaction rate between oxygen ions and
ethanol molecnles. As a result, the highest sensitivity was
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Fig. 6. Sensor resistance of ZT0400 sensor at different temperature.

detected at 500 °C. This result implies that Zn,Ti0, sensor is
proper for operating under high temperature condition.
Previously, we have proposed a sensor response formula for
the sensor based on ZnO nanostructures as the following
equation {21}

b
Tk en(TY 0%}
S, = MC§+1, (2)

)
where I}, is proportional constant and &z, (7) is a reaction rate
constant between adsorbed oxygen species and the ethanol
vapor depending on the operating temperature. 027 is the
adsorbed oxygen species concentration and Cg is the ethanol
concentration. While b is nomally 0.5 or 1 for O eor O~
adsorbed surface oxvgen species, ny is electron concentration
of the sensor in air. It was clearly seen that the sensor
sensitivity can be improved by reduced electron concentration
of the sensor in air and/or enlarged a reaction rate constant, the
adsorbed oxygen species concentration and the ethanol
concentration.

Fig. 6 showed the sensor resistance in the air of ZT0400
sensor. It was observed that the sensor resistance was very
high, indicaring a very low eleciron concentration of the sensor
in air as mention above. The sensor resistance of 684.7 MQ
measured at operating temperature of 300 °C  decreased
exponentially as the increasing of operating temperature. It
was enormously deceased to 111.3 MQ at 400 °C. After tha, it




was slowly decreased to 41.6 MQ at 450 °C and subsequently
reached 35.4 MQ at 500 °C.

Reported earlier in our previous work, the TiO, additive
could improve ethanol sensitivity of ZnO tetrapods. Ti may be
diffused into ZnQO host lattice forming Z, _,Ti,O complex
phase or forming a small fraction of Zn,TiQ4 phase by reacts
with ZnO [3,14]. Since the tesistance of Zn,TiQs sensor is
very high, indicating in Fig. 6, the sensor resistance of ZnQ
tetrapods with TiQ, additive is enriched. Subsequently, redu-
cing of electron concentration of the sensor in air was cbserved
and the improving of sensor sensitivity was noted. This infor-
mation is considerably important and useful for theoretical
study of the gas sensor technology.

4, Conclusions

The Zn,Ti0Q, particles were successfully synthesized using
the bail-milling technique at different ball-milling speeds
following by heat treatments at high temperature. The resulis
showed that 7n,Ti0, particles exhibited good single crystal
properties. The Zn, TiO,, particles were fabricated as the ethanol
gas sensor showing an impressive sensitivity, with very high
resistance in air. ZTO200 sensor exhibited the highest sensitiv-
ity. These rernarkable results suggested that the Zn;TiQ, sensor
coukd be used as an effective tool for the high temperature
apphication and for theoretical study, well agreed with the
previous works.
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