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Abstract

In order to find a new approach for screening the photoactivated gas sensing materials with high sensitivity, a comparative study was carried out.
With the simple technique of screen printing, TiO, and ZnO were used to fabricate the UV light activated gas sensors which were applied at room
temperature. To facilitate the simultaneous measurements of the current transients of the two materials, they were printed on the same alumina
substrate. Compared with ZnO, TiO, exhibited a superior performance to ethanol and formaldehyde gases. It was found that the responses of TiO,
increased with the concentration of test gas and amounted to 224 and 1700 to 100 ppm ethanol and formaldehyde gases, respectively, while the
responses of ZnO to 100 ppm ethanol and formaldehyde gases were 0.14 and 1.5, respectively. The mechanism of such a huge difference between
TiO, and ZnO was discussed in detail. Furthermore, it is suggested that metal oxide semiconductor with lower photo-to-dark current ratio can

achieve higher photoactivated gas sensitivity.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Chemical sensor is an effective way to detect pollutant, toxic
and combustible gases. Therefore, a lot of effort has been
focused on this field [1-3]. The conventional metal oxide gas
sensors are activated by heat, generally working at a
temperature between 200 and 400 °C, which limits their
applications to flammable gases and some special conditions
such as being as biosensors [2]. Compared with heat-activated
metal oxide gas sensors, photoactivated gas sensors do not need
to be heated so that they can work at room temperature, which
expands their applications and also avoids the long-term
instability caused by diffusion and sintering effects on metal
oxide grain boundaries [4,5].

So far, there are a few reports of photoactivated metal oxide
gas sensors. Comini et al. have reported the effects of UV light
illumination on the performances of SnO, and In,O3
semiconductor gas sensors toward CO and NO, [6]. After
that, some attentions have been paid to the light enhanced gas

* Corresponding author. Tel.: +86 27 8755 6544; fax: +86 27 8754 3778.
E-mail address: csxie@mail.hust.edu.cn (C. Xie).

sensing phenomenon, and most of them were focused on In,03,
SnO, [7-9]. Apart from this, there are also a lot of studies on
ZnO [4,5,10-12]. Ge et al. discovered the enhancement of the
gas-sensing performances of La-doped ZnO nanoparticle to
alcohol and benzene with UV-light excitation [10]. Jian et al.
reported UV-light activated ZnO fibers for organic gas sensing
at room temperature [4], in which the abnormal response was
discovered. Among these studies, many preparation methods
have been attempted and sensors with various morphology have
been fabricated, such as morphology with high specific surface
area (fibers [4], nanowire [5]), doping with other elements [10],
etc. However, most of them did not get gas sensor with high
sensitivity and the manufacturing processes were complex.

In this study, we have chosen two kinds of metal oxides for
comparative study. One is TiO, and the other is ZnO. Since
TiO, is a well known photocatalyst. According to the
consistency of photocatalytic reaction and photoactivated gas
sensing process, we deduced that TiO, might be an excellent
photoactivated gas sensor. And the gas sensitivity of ZnO was
widely investigated, so we selected ZnO as a comparison in
order to investigate the relationship between sensitivities and
materials so as to conduct the screening of photoactivated gas
sensing materials with high sensitivity.
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2. Experimental
2.1. Samples preparation

TiO, (Degussa P25, average grain size: 30 nm) and ZnO
(Shenzhen Zunye Nanomaterials Co. Ltd. average grain size:
80 nm) were used in this study. To gain the pastes which were
suitable for screen printing to make the sensors, we have used
ball milling technique to homogeneously mix the above two
kinds of material with a certain amount of organic solvent
(composed of terpineol, butyl carbitol, ethyl-cellulose, span 85
and din-butyl phthalate), respectively. Afterwards, the pastes
were printed by screen printing onto the Au interdigital
electrodes which were preprinted on the same alumina
substrate, and the thickness of each film which was controlled
by the screen printing machine was 10 wm [13,14]. The screen
printing method can ensure the consistency of the sensors so
they can be easily reproduced.

Then, the samples were dried for 30 min at 80 °C in an oven.
After drying, in order to eliminate the organic solvent, these
samples were heat treated successively for 30 min at 250 °C. In
the end, the printed samples were transferred into the furnace
and sintered at 550 °C for 2h in air. All the preparation
procedures were the same as our previous work [13], the
purpose of these procedures were to improve the mechanical
bond of particles of the sensors so that the films could not fall
off easily. A flat-plate type device printed with two sensors was
obtained as shown in Fig. 1.

2.2. The testing process of gas sensing response

Fig. 2 shows the schematic diagram of the platform for the
test of gas sensing response. The platform was consisted of gas
channels and electric circuits.

Gas channels. Dry air was supplied by air generator (Beijing
Keep-Science Analysis SCI&TECH Co.) and each kind of test
gas was prepared by mixing the test liquid into compressed air.
The gas fluxes of test gas and dry air were controlled by
computer through the mass flow controllers.
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Fig. 1. The flat-plate type device printed with ZnO and TiO,.

Electric circuits. Data acquisition card (PCI-6225, National
Instrument Co.) provided 5V biases on the sensors and
measured the current transients of them. LED array light source
(Shenzhen Ti-Times Co.) which was controlled by computer
provided the ultraviolet (365 nm, 36 W/mz).

Before each test, the sensors must be heated and blown with a
dryer for 10 min, with the heating temperature of ca. 38 °C,
which could not only eliminate effects of the humidity or
reactions on the testing process but also minimized the effects of
heat on recovery process. Afterwards, we kept the mass flow
controller which controlled dry air opened for 10 min to flush out
the test chamber. Then the testing processes began and computer
started recording data. Take Fig. 3 (current transients of TiO, and
ZnO under 75 ppm formaldehyde gas) as an example to illustrate
the testing process. Initially, the dry air was opened and kept
flowing throughout the subsequent testing process; 5 V bias
voltages were loaded at 15 s; at 30 s, the light source was on; at
180 s, mass flow controller which controlled test gas was opened
so as to introduce the test gas into the test chamber; at 330 s, test
gas was closed; at 500 s, the light source was off; at 600 s, the bias
voltages were unloaded and the test was finished. The response
value of the sensors were defined as § = (I, — 1,,)/I, (where I, and
I, were the photocurrents amplitude before and after the
introduction of test gas, which were obtained at 180 s and 330 s,
respectively.). During the tests of TiO, it was found that I, were

Air generator FE‘ Mass flow contl'ollerl__ [

UV LED light source

I Q

uartz glass

C | Yy Y YYYYYY
sas inlet.
T =  ZnO film TiO: film —>
/"Il Gas outlet|
Test gas Mass flow controller[= Alumina Test chamber
substrate
He—5 - He—S5 V-

Data acquisition card

Computer

Fig.2. Schematic diagram of the platform for gas sensing response testing. Red arrows denote gas fluxes, violet arrows denote UV light, and blue lines denote electric
wires. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. The testing process (current transients of TiO, and ZnO under 75 ppm
formaldehyde gas) and the definition of 1, and I,.

nearly a constant, whereas I, increased more and more as the tests
were repeated and finally reached saturation. Hence, to avoid the
effect of the number of tests on /,, we only take the maximum of
I, in the determination of S.
3. Results and discussion

3.1. Structure characterization

Fig. 4(a) and (b) show the scanning electron micrograph
(SEM) images of TiO, and ZnO, respectively. As seen that the

e

500nm

Fig. 4. The scanning electron micrograph (SEM) images of (a) TiO, and (b) ZnO.
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g. 5. X-ray diffraction (XRD) patterns of (a) TiO, and (b) ZnO.

average grain sizes of TiO, and ZnO were ca. 30 nm and 80 nm,
respectively, which were consistent with raw materials.
Therefore, the ball milling and screen printing techniques
barely changed the morphology of raw materials. The films
fabricated by screen printing were porous structures which
were suitable for reacting with test gases. Fig. 5(a) and (b)
exhibit the X-ray diffraction (XRD) patterns of TiO, and ZnO,
respectively, indicating that, in common with the phases of raw
materials, TiO, was consisted of anatase and rutile while ZnO
was consisted of wurtzite.

3.2. UV light activated gas sensing process

Fig. 6 shows under UV light irradiation, current transients
(Fig. 6(a)) of TiO, under different concentrations of ethanol gas
as well as the corresponding response values (Fig. 6(b)).
Meanwhile Fig. 7 shows those of TiO, under different
concentrations of formaldehyde gas. All the current transients
consist of four characteristic regions: (i) a low current region
before UV light irradiation, (ii) under UV light irradiation, a
fast but small increment and then falls to a steady state value
that is around 10 times the dark current, (iii) a quasi-linear
increase under test gas exposure, (iv) a quasi-linear decrease
after turning off the test gas. Region (iii) and (iv) suggest good
response and recovery capacity of TiO, sensor. It is observed
that the responses increased with the concentration of test gases
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Fig. 6. (a) Current transients of TiO, under different concentrations of ethanol
gas and UV light irradiation, (b) the variation of the response values with the
concentration of ethanol gas.

increasing and have achieved 224 and 1700 to 100 ppm ethanol
and formaldehyde gases, respectively. The response to
formaldehyde gas is much larger than that of ethanol gas of
the same concentration, which might be owing to that the
photocatalytic reaction of formaldehyde is rapid than that of
ethanol.

In marked contrast to the behavior of TiO,, the simultaneous
measured current transients of ZnO were very different. Under
UV light irradiation, the currents of ZnO increased about 200—
1000 times than in the dark. However, the photocurrents
increased slightly with the concentrations of test gases. The
responses of ZnO to low concentrations (30-75 ppm) of ethanol
gas were so low that they could not be detected clearly.
Consequently, Fig. 8 only shows the current transient of ZnO
under 100 ppm ethanol gas. As shown in Fig. 9(a), in the tests of
ZnO to formaldehyde gas, I, were different, so in the
determination of response values they were replaced by I,
which was calculated by averaging I, of four different
concentrations. The maximum response was 1.5 as shown in
Fig. 9(b). The results are consistent with other studies of ZnO,
in which the response values at similar conditions were from ca.
0.1 [5] to no more than 4 [10], indicating that the photoactivated
sensitivities of ZnO are low. Furthermore, the references cited
in the introduction have reported various photo-activated gas
sensors with different particle sizes and morphologies of ZnO
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Fig. 7. (a) Current transients of TiO, under different concentrations of formal-
dehyde gas and UV light irradiation, (b) the variation of the responses values
with the concentration of formaldehyde gas.
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Fig. 8. Current transient of ZnO under 100 ppm ethanol gas.

particles. However, the sensitivities of ZnO are all much lower
than those of TiO, in this study. In our opinion, the slight
difference in particle size (ZnO ca.80 nm, TiO, ca. 30 nm)
should not be responsible for major differences in gas sensing,
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Fig. 9. (a) Current transients of ZnO under different concentrations of formal-
dehyde gas and UV light irradiation; (b) the variation of response values with
the concentration of formaldehyde gas.

and possibly also in photo to dark responses of porous ZnO and
TiO, films.

3.3. Explanations on the differences between TiO, and ZnO
sensors

According to the test process, we divided the differences
between ZnO and TiO, sensors into two parts: photo response
process and photocatalytic reaction process which happened
before and after the introduction of test gas, respectively.

3.3.1. Photo response process

Photo response process is a preparation of the photocatalytic
reaction process, so it is helpful to elucidate this matter before
discussing the photocatalytic reaction process. Fig. 10 shows
the schematic of double Schottky barrier models of porous
sensing films under different conditions. As shown in
Fig. 10(a), before UV light irradiation, due to the reaction

e +05(g) — O, (ad) (D)

a Built-in electric field

TiO,

ZnO

Ebv

Fig. 10. Schematic of surface reactions and the corresponding energy barriers
(gVrand ¢V, in which ¢ is electron charge and Vr, V are potential barriers of
TiO, and ZnO, respectively) under different conditions: (a) in dry air and in the
dark, (b) in dry air and with UV light illumination, (c) in test gas and with UV
light illumination.
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large amount of O,  absorbed on the surface of the sensors
[15], which induced the formation of depletion layers, built-in
electric fields [16,17] and energy barriers (¢Vr and gVz, in
which ¢ is electron charge and Vry, V are potential barriers of
TiO, and ZnO, respectively). Hence, sensors exhibited low dark
currents. Upon UV irradiation, photogenerated holes and elec-
trons appeared, and then they were separated under the effect of
the built-in electric fields, which is shown in Fig. 10(b). Due to
the built-in electric fields, electrons migrated inside of the
particles while the holes remained on the surfaces or migrated
to the surfaces and reacted with O,  [17], which induced the
desorption of O, , described by reaction

h*t 4+ 0, (ad) — 0,(g) (2)

resulting in diminishments of depletion layers and increments
in currents. Eventually, the currents reached saturations due to
the competition between reaction (1) and reaction (2).

In this study, under UV light irradiation, the current
increments of TiO, are much smaller than that of ZnO,
indicating that there are large amount of O, on the surface of
TiO, sensor while there are only small amount of O, on the
surface of ZnO sensor. The results are consistent with other
studies where although there are some differences in
morphology and light intensity, which can be ignored in view
of their dramatic difference in photo-to-dark current ratios, the
photo-to-dark current ratio of TiO, is ca. 10 [18,19] while that
of ZnO is ca. 10° [20]. Because of the similar band structures of
TiO, and ZnO [21] and their large difference in carrier mobility
[18,22], we ascribe the difference to the latter which influence
the rate of electrons move to the inside of the particles and holes
move to the surface of the particles, which might affect the rate
of reaction (1) and (2). However, further study is still needed.

3.3.2. Photocatalytic reaction process

In Fig. 10(c), with UV light irradiation, test gas was
introduced into the test chamber and reacted with O,  as
follows [23]:

CH;CH,0H + 0, (ad) — CO, + H,0 + ¢ 3)

CH,O + 0, (ad) — CO, + HyO+ ¢~ 4)

These reactions released electrons, which could enhance the
carrier densities. Moreover, before the introduction of test gas,
there had been a large amount of O,  reserved on TiO,
particles, so when the test gas was introduced, O, were
removed greatly, which induced a great thinning of depletion
layer and a high increase of current. Therefore, TiO, exhibited
large response to test gas. In contrast, there were small amounts
of O, on the surface of ZnO particles before the introduction
of test gas, so the depletion layer on ZnO was thin and the
removal of O, on ZnO particles by photocatalytic reaction
have only a small effect on the thickness of depletion layer,
which induced a small response value.The response values in
this study are in good agreement with the enlargements of
photocurrents under vacuum reported by other investigations,
in which the photocurrents of ZnO under vacuum were about
several times [24,25] of magnitude larger than in air, indicating

that there were only a small amount of O, absorbed on the
surface of ZnO sensor to be removed under vacuum. In contrast,
the photocurrents of TiO, under vacuum were about 10° [19] to
10° [26] times larger than in air, indicating that there were many
residual O, on TiO, particles when TiO, were exposed in air
and with UV light illumination. Therefore, the removals of O,
by irradiation under vacuum have the same effects as photo-
catalytic reactions. The more O, is absorbed by the surface of
the sensor, the higher sensitivity it is. From this point of view, as
well as taking the relationship between photo-to-dark current
ratio and the amount of absorbed O,  into account, we con-
cluded that the sensor with lower photo-to-dark current ratio is
more likely to get higher photoactivated gas sensitivity.

4. Conclusion

In this study, with the purpose of directing the choice of
photoactivated gas sensing materials, we have fabricated two
kinds of UV light activated gas sensors working at room
temperature with TiO, and ZnO, using the simple technique of
screen printing. The response values of TiO, to ethanol and
formaldehyde gases were much larger than those of ZnO and
the response values of TiO, to 100 ppm ethanol and
formaldehyde gases have achieved 224 and 1700, respec-
tively. Consequently, TiO, might be a hopeful material for the
photo-activated gas sensor.

The different gas sensing responses between TiO, and ZnO
were caused by the different quantity of O, absorbed on the
surfaces of the sensors under UV light irradiation, which was
educed from their huge difference in photo-to-dark current
ratios. There were large amounts of residual O, reserved on
the surface of TiO, sensor under UV light irradiation, so the
significant reduction of them by photocatalytic reaction results
in a tremendous growth in photocurrent. However, there were
few O, reserved on the surface of ZnO sensor, so the
diminishment of them cannot have an huge impact on the
photocurrent. Through comparing TiO, and ZnO, and referring
to other investigations, a novel conception that the material
with low photo-to-dark current ratio is more likely to get high
photoactivated gas sensitivity, is proposed.
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