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Zn0/Sn0, composite materials are synthesized by hydrolyzing SnCl, on ZnO nanorods via the wet chem-
ical method. The gas sensing studies revealed that ZnO/SnO, exhibits a high response to NO, at room
temperature under UV light emitting diode illumination. The highest response to NO, was achieved by
the ZnO/Sn0O, composite with Zn and Sn molar ratio of 1:1 (ZS3). The resistance of sensor based on ZS3

with UV light stimulation changed 1266-fold to 500 ppb NO, gas at room temperature. Furthermore, the
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selectivity, as well as response and recovery properties, of the sensor was improved remarkably by UV
light irradiation. The ZnO/SnO; heterojunction model and the increased photo-generated electrons are
proposed to elucidate the gas sensing mechanism.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nitrogen dioxide (NO,) is a main atmospheric pollutant that
causes acid rain and photochemical smog. High performance NO,
sensor is urgently needed for detecting or monitoring ppb-level
NO, in the atmosphere [1]. Until recently, various NO, sensors have
been developed such as piezoelectric quartz [2], electrochemical
[3,4], and semiconductor sensors. Semiconductor gas sensors are
becoming more attractive in NO, detection in recent years because
of the simple structure, low cost, and long-term stability of these
sensors. The sensors based on W03, NiO, In,03 [5-7] and some
composite materials exhibit good performance in NO, detection.
However, these traditional semiconductor gas sensors are usually
operated at a high temperature. This condition should be addressed
because of the power consumption and undesirable long-term drift
problems caused by the sintering effects in the metal oxide grain
boundaries at a high temperature.

Some researchers have reported feasible approaches, such as
doping with noble metals [8], application of electrostatic field [9],
and UV light stimulation [10-13], to reduce the operating tem-
perature. UV light stimulations have drawn increasing attention
for activating the chemical reactions at a low operating tem-
perature. Saura [10] described the gas sensing properties of tin
dioxide films with and without UV irradiation. He illustrated that
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the selectivity of the sensor can be modified by UV irradiation.
Comini [11,12] reported UV-activated room temperature NO, sen-
sors based on SnO, and In, 03 thin film sensors and demonstrated
that UV light source-assisted sensors can be used to detect NO, in
ppm-level at room temperature. Prades [13] postulated a qualita-
tive model to explain the response of sensors towards oxidizing
gaseous species as well as demonstrated the equivalency between
thermal and UV light emitting diode (LED)-modulated responses.
Given that single semiconductor oxides usually exhibit poor
selectivity and reliability, the composite nanostructures ZnO/TiO,
[14], In;03/Sn0, [15], and ZnO-Sn0O, have been introduced to
enhance gas sensing properties at a high operating temperature.
ZnO-doped SnO, nanoparticles exhibit a remarkably higher sensi-
tivity to NO, than pure SnO, nanoparticles [16]. In addition, the
hetero-nanostructures have the potential to enhance the sensing
performance, such as gas response and selectivity [17-21]. Lee [22]
synthesized ZnO-SnO, core-shell nanowires and found that the
sensitivity and selective detection of NO, and C;H5OH are achieved
at200and 400 °C, respectively, and respective gas responses are 33-
and 6.8-fold higher than those of the ZnO nanowires, respectively.
To the best of the authors’ knowledge, composite material-based
sensors used to detect NO, in the ppb level at room temperature
have not been reported.

In the current paper, the composite materials of ZnO nanorods
mixed with SnO;, nanoparticles were synthesized under mild con-
dition. The gas sensors based on as-prepared ZnO/SnO, exhibited
a high response to NO, at room temperature with UV-LED stimu-
lation.
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Fig. 1. (a) Measurement system for testing gas sensors. (b) Amplified schematic diagram of sensor configuration.

2. Experimental methods
2.1. Synthesis and characterization of materials

All the chemicals used were of analytical grade and purchased
from Sinopharm Chemical Reagents Co., China.

The reaction solution was prepared using 0.1 M zinc nitrate hex-
ahydrate [Zn(NOs3),-6H;0] as the inorganic precursor and 0.1 M
hexamethylenetetramine (HMT) as the organic template as well as
counter ion source. The synthesis of ZnO nanorods was described in
detail as follows. The Zn(NOs3), solution was placed in an oil bath at
a constant temperature of 90 °C for 10 min. Then, the HMT solution
was dropped into the solution at a speed of 2 drops/s, and stirred
for 1 h. The mixture solution was kept at 90°C for 16 h. The result-
ing products were centrifuged and washed alternately by deionized
water. The products were dried at 80°C, and ZnO nanorods were
obtained.

Zn0/Sn0, composite materials were obtained by hydrolyzing
Tin (II) chloride on ZnO nanorods. First, ZnO nanorod powders
(0.324 g) were added into 20 ml polyvinyl pyrrolidone (PVP) aque-
ous solution (0.8 g/ml) and stirred for 12 h. Second, the as-obtained
ZnO suspension solution was mixed with 1 mol/l SnCl, ethanol
solution and the diluted dimethylformamide by equal volume pro-
portion (Table 1) and stirred at room temperature for 24 h. The
products were washed well, dried at 80 °C, and sintered at 600°C
for 2 h.

The morphology of the materials was characterized by scan-
ning electron microscopy (SEM; SSX-550, Shimadzu, Japan) and
transmission electron microscopy (TEM; Hitachi S-570, Japan).
The structure of the products was confirmed by X-ray diffraction
(XRD; Rigaku D/max-2500V, Japan; diffractometer with Cu Ka1
radiation, A =0.15406 nm). The photo-generated charge transfer in
the ZnO/SnO, was identified by photoluminescence (PL) emission

Table 1
Denomination and detail ingredient of the ZnO/SnO, composite materials.
ZnO/PVP 1mol/l Sn a.s. DMF/ethanol Zn/Sn molar
(ml) (ml) (ml) ratio
ZS1 5 0.1 9.9 10:1
Z52 5 0.5 9.5 2:1
ZS3 5 1 9 1:1
754 5 5 5 1:5

spectra. The Brunauer-Emmett-Teller (BET) surface area of the
nanomaterials was analyzed on a Micromeritics Gemini VII appa-
ratus (Surface Area and Porosity System; USA).

2.2. Fabrication and measurement of gas sensor

As-prepared ZnO nanorods, four kinds of ZnO-SnO, compos-
ite materials, and SnO, nanoparticles prepared by the traditional
precipitation method [23] were named as ZS0, ZS1, ZS2, ZS3, Z54,
and ZS100, respectively, according to the different molar ratios
of ZnO to SnO, (Table 1). The gas sensors were fabricated by
coating the sensing materials on the surface of the ceramic tube
attached with Au belt-shaped electrodes [24]. The thickness of
materials layer is approximately 150 wm. UV-LED (peak wave-
length =380 nm; operating voltage=3V) was chosen as the light
source, and the distance between the UV-LED and gas sensors was
2 mm. The measured power of the UV-LED at this distance was 0.7
Cd/m?2 (PR650, California, USA). The sensors were first irradiated
with UV-LED for 30 min to stabilize the electrical properties of the
sensor [25].

The sensors were operated in a static test system as diagrammed
in Fig. 1. The temperature (20°C#+1°C) and humidity (~30% + 5%
RH) within the testing room were well controlled during the mea-
surement. Each sensor was connected in series to a digit precision
multimeter (Fluke, 8846A) for data acquisition. The multimeter is
concatenated to a personal computer for data processing. The sen-
sor test was performed by measuring the resistance of the sensor
upon controlled concentration of various gases in the dark and
under UV light. A known volume of standard NO, gas (1000 ppm)
was injected into the test chamber to obtain the desired NO, gas
concentrations. A fan was used to uniformly distribute the gas
inside the chamber. The response of the sensor was defined as
(Rg —Ra)/[Ra, here, Ry and Rg were the resistances of the sensor in
the air and target gas, respectively.

2.3. Effect of water vapor on the NO, sensor

The responses of sensor to NO, were measured at various rel-
ative humidity in static test system. The correlation between the
current and time was measured by using DC reversed circuit (Elec-
trochemical Analyzer, CH611C49011, CH Instruments, Shanghai,
China) according to references [26,27].
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Fig. 2. SEM images (top) and TEM images (bottom) of the ZS0, ZS1, ZS2, ZS3 and ZS4. The inset of TEM is the corresponding electron diffraction patterns.

3. Results and discussion
3.1. Characteristic of the materials

The SEM and TEM images of the as-prepared ZnO and ZnO-SnO,
composite materials are shown in Fig. 2. Uniform nanorods (aver-
age size: length=1.5um and diameter=0.5um) were clearly
observed. The inset in Fig. 2, a TEM image of ZS0, displays dot-
like pattern, indicating that the ZnO is a monocrystal nanorod.
The surfaces of the ZnO nanorods were partly covered with SnO,
nanoparticles in the composites. Moreover, the diameter of the
nanorods increased with an increasing amount of SnCl,. However,
when the molar ratio of Sn to Zn was increased to 5:1, the ZnO
nanorods disappeared. During this process, the pH of the isoelec-
tric point at 25 °C for ZnO in water is in the range of 8.7-10.3 [28].
Thus, excessive acid coming from the SnCl, hydrolysis could have
eroded ZnO.

The XRD patterns of ZnO nanorods and the ZnO-Sn0O, compos-
ite materials are illustrated in Fig. 3. The diffraction peaks indicate
that the materials are well crystallized, and there were only two
components, ZnO and SnO,, in the mixture. There was no other
characteristic peak corresponding to other compounds, such as
ZnSnO3 and Zn,Sn0g4. The average crystal sizes of ZnO and SnO,
were calculated by Scherrer equation.

The average crystal sizes calculated from the XRD data and the
BET surface area of ZnO-SnO, composite materials are shown in
Table 2. The crystal size of ZnO gradually decreased with increasing
molar ratio, similar to that of SnO,. Pure ZnO had a lower surface
area, which increased when this compound was covered by the
Sn0, nanoparticles with larger surface areas. Among these samples,

Table 2
Average particle size and BET surface area of ZnO/SnO, composite materials.

Average crystal size (nm) BET surface area (m?/g)

Zn0 Sn0,

ZS0 40 4
ZS1 35 6 27
752 32 10 34
783 17 11 50
754 14 32

ZS3 provides the largest surface area. ZS4 shows a lower surface
area than ZS3 because of the larger particles of the latter.

3.2. Gas sensing properties of the NO, gas sensor

The gas sensing properties of the sensors based on the ZnO/Sn0,
composite materials with and without UV light illumination were
tested at room temperature. These sensors showed consistent per-
formance during at least 10 testing periods. The molar ratio of ZnO
to Sn0, was a crucial factor that affected the response to NO,. When
the molar ratio of ZnO to SnO, was varied from 10:1 to 2:1, 1:1,
and 1:10, the response of the sensor to 500 ppb NO, changed two
orders of magnitude and was remarkably higher than those of pure
ZnO (ZS0) and SnO; (ZS100) (Fig. 4). The maximum response can
be achieved by the sensor at a molar ratio of ZnO to SnO, equal
to 1:1 (ZS3). The results show that the NO, response both in the
dark and under UV light initially increases and then decreases as
the SnO, content is increased. The sensors based on ZnO/SnO, had
an appreciable response at room temperature. This condition was
attributed to the heterostructure that was advantageous to chemi-
cal interactions, adsorption of gases, and changes in electronic bind
energies in the composite [16].
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Fig. 3. X-ray diffraction patterns of ZS0, ZS1, ZS2, ZS3 and ZS4.
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Fig. 4. Responses of the sensor based on the composite materials with the various
molar ratio of ZnO to SnO, to 500 ppb NO; at room temperature with and without
UV light irradiation.

In the composites of Zn0O/Sn0O,, ZnO nanorods acted as active
light absorption centers. SnO, nanoparticles on the surface
increased surface area and chemisorption ability to NO,. The
responses of all sensors to NO, were obviously enhanced under UV
light illumination. In particular, the response of the sensor using
ZS3 to 500 ppb NO, increased from 13.4 without UV light illumina-
tion to 1266 under UV light illumination.

The dependence of the response on the NO, concentration for
the sensor based on ZS3 with and without UV light illumination at
room temperature is shown in Fig. 5. The response to NO, increased
with increasing gas concentration. ZS3 showed a high response to
NO, at room temperature, which may facilitate the application of
semiconductor NO, sensors operated at room temperature.

The selectivity of the sensor was investigated, and results are
shown in Fig. 6. The sensor based on ZS3 exhibited a remarkably
higher response to NO, than the other gases with UV light stimu-
lation. These results prove that the sensor based on ZS3 has a high
response and selectivity to NO, gas at room temperature under UV
light illumination and may be applied to detect or monitor the NO,
gas in the atmosphere. The normalized resistance change with time
under different NO, gas concentrations is shown in Fig. 7, demon-
strating that UV light illumination accelerates the response and
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Fig. 5. Response of the ZS3 sensor vs. NO, concentration at room temperature with
and without UV light irradiation.
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Fig. 6. Cross-response of the sensor based on ZS3 to various gases at room temper-
ature (20°C) with and without UV light irradiation.

recovery speeds of the sensor. For example, the response time of
the ZS3 sensor to 200 ppb NO, was reduced from 12 min (without
UV) to 7 min (with UV), and the recovery time was shortened from
14 min (without UV) to 8 min (with UV) (inset of Fig. 7).

3.3. Effect of water vapor on the response

The effect of humidity on the response of the sensor based on ZS3
to 500 ppb NO, at room temperature is illustrated in Fig. 8(a). The
responses almost have a linear relationship with relative humidity,
and moisture evidently has a negative influence on the response to
NO,. The active site on the material surface was covered gradually
by water vapor [29], leading to a decrease in the response to NO,
in dark. Under UV light illumination, the physisorbed water on the
surface was decomposed by the photo-generated charges as reac-
tion (1) [30], so the response to NO, is higher than that in dark at
the same relative humidity.

HyO0 + e~ +hT= Hy +0, (1)

Fig. 8(b) gives the effect of humidity on the sensor resistance in
air (Ry). It can be seen that R, decreases in dark and increases under
UV light with the increasing of the relative humidity.

In order to deduce which kind of the carriers (ion or electron) in
the sensing materials is domain in different humidity conditions,
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Fig. 7. Transient response and recovery characteristic of ZS3 sensor under continu-
ous operation mode at various concentrations from 200 to 350 ppb of NO, diluted in
air at room temperature (20 °C) under UV light irradiation. The inset is the response
and recovery of ZS3 sensor to 200 ppb of NO, with and without UV light.
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the correlation between current and time was investigated by using
the DCreversed circuit, according to references [26,27]. When a DC
voltage is applied to the semiconducting oxide in wet atmosphere,
the ions, such as H*, OH~ and NO3—, will be driven to the two elec-
trodes and form fixed charges. When the DC voltage is reversed,
these fixed charges will be released and result in the decreasing of
the current with time. The result of measurement is shown in Fig. 9.
In the case of dark, the current is almost independent on time in dry
air, but in wet air, the currents significantly change with time. Such
behavior can be attributed to the polarization of the physisorbed
water on the surface of the sensing material and ion accumulations
in the electrodes. In other word, the sensing material and the two
electrodes formed a capacitance which was charged and discharged
when a plus and minus DC voltages were applied. The changing cur-
rent can be ionic current. On the other hand, the residual current
can be electronic current. It can be concluded that the mixing con-
ductivity for the sensor using SnO,-ZnO composited oxide exists
without illumination in wet air.

It is noteworthy that the current is stable under UV light in
wet air. As we know, When ZnO was illuminated by UV light, the
electron and hole were generated in the sensing materials. These
photo-generated carriers will enhance the decomposition of the
physisorbed water on the surface as reaction (1) and greatly reduces
the physisorption of water vapor. The increasing of the resistance
for the sensor has been examined with the increase of the relative
humidity under UV light [Fig. 8(b)]. Therefore, the reversed current
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Air with UV light

Current (A)
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Fig. 9. Correlation between the current and time measured by using DC reversed
circuit under different conditions.

is almost unchangeable under UV illumination in wet air and can
be considered to be electronic current.

Although a part of the photo-generated electron and hole have
been used for decomposing the adsorbed water, the residual part
of them can activate the NO, molecule and partly enhance the
response to NO, even in high humidity atmosphere under UV
illumination. However, the response to NO, decreases with the
increasing of the relative humidity under UV light. From the above
descriptions, it can be concluded that in the case of dark, ionic con-
ductivity of water and HNOj greatly affected the sensing properties
of the obtained sensor at room temperature, but in the case of UV
light, the ionic conductivity of the water and HNOs is negligible.

3.4. Mechanisms of gas sensing under UV light

A proposed mechanism for the enhanced NO, response of
the ZnO/SnO, composite under UV light illumination is shown
schematically in Fig. 10(a). When the sensor based ZnO/SnO, com-
posite is exposed to NO,, the electrons on the surface of SnO, will
be captured by the NO, gas, resulting in the increasing resistance of
Sn0,. This phenomenon indicates that an abundance of electrons
on the surface of SnO, will beneficial to the chemisorptions of NO,
[31,32]. After the semiconductor absorbs the UV light, photogener-
ated carriers will be produced. When the photogenerated electrons

-
- -~
-

~
~ ~

Fig. 10. Schematic diagram: (a) the carriers transport with UV light stimulated,
(b) energy band structure and electron-hole pair separation in the ZnO/SnO; het-
erostructure in the area marked with a dashed circle.
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Fig. 11. PL emission spectra of ZS0, ZS1, ZS2, ZS3 and ZS4.

and holes move to the surface of semiconductor, some of these par-
ticles will recombine at bulk and/or on the surface. The remaining
part of photogenerated electrons and holes will participate in the
reaction with testing gas.

Generally speaking, because the sensors are operated in ambi-
ent air, oxygen molecules will trap the electron on the surface of
the semiconductor materials and turn to oxygen ions O,~ [31,33].
When the O, chemisorption becomes balanced, many photogener-
ated electrons remain on the surface of the semiconductor material
under UV light illumination. During the exposure of the sensor to
NO, gas, the remaining photogenerated electrons will be trapped
by NO,, and the reaction occurs as Eq. (2) [25]. Thus, the resistance
of the sensor increases with an increase in NO, concentration.

2NO,(g) + e~(hv) — 2NO(hv) + 0, (hv) (2)

The photoinduced NO(hv) and O, (hv) are weakly bound to the
materials and can be easily removed. Thus, the UV light used in
the present study has sufficiently large energy to cause the adsorp-
tion and desorption of NO,, resulting in the improved response and
recovery rate.

A type of heterojunction that formed in the ZnO/Sn0O, interface
is depicted in Fig. 10(b). Considering that ZnO has a smaller band
gap (approximately 3.2 eV) than SnO, (approximately 3.8 eV) [34],
ZnO will absorb fully the UV light emitted from the light source and
play a role as photo catalyst. The Fermi energy level of ZnO is higher
than that of SnO, because of its smaller work function, so that elec-
trons will transfer from the conduction band of ZnO to that of SnO,.
Conversely, the hole will transfer from the valence band of SnO, to
that of ZnO [35]. The efficient charge separation increases the life-
time of the charge carriers, enhances the efficiency of the interfacial
charge transfer to SnO,, and accounts for the higher NO, response
of the composite ZnO/SnO,. The enhanced separation of electrons
and holes in the ZnO/SnO, heterostructures was confirmed by PL
emission spectra of the ZnO/Sn0O, composite materials shown in
Fig. 11. The ZnO/SnO, composite materials exhibited remarkably
lower emission intensity than ZSO0, indicating that the recombina-
tion of photogenerated charge carriers is inhibited greatly in the
Zn0/Sn0, heterostructures. ZS3 has the highest efficiency of the
interfacial charge transfer. Therefore, the ZnO/SnO, heterostruc-
tures reduced bulk recombination and increased the conductivity
of materials. Photogenerated electrons migrated to the surface of
Sn0, and enhanced the chemisorptions of NO,, contributing to a
higher response to NO, under UV light.

Generally, NO, response increased with an increase in
SnO, content in the nanocomposites for the heterojunctions,

favoring electrons to flow from ZnO nanorods to SnO, nanopar-
ticles. However, excessive SnO, nanoparticles coverage on ZnO
surface decreases the photo active sites of the ZnO surface, reducing
the charge carrier density of the composite materials. Moreover, the
BET surface area of ZS4 is lower than that of ZS3 (Table 2), consistent
with well-known reports that the surface area of the sensing mate-
rials is an important factor that affects the gas properties. Therefore,
the NO, response of ZnO/SnO, composites will decrease when the
SnO, content is loaded up to a certain level.

4. Conclusions

The Zn0O/Sn0, heterostructure gas sensing materials have been
prepared via moderate synthesis. SEM and TEM reveal a uniform
distribution of SnO, nanoparticles on the surface of ZnO nanorods
and an intimate contact between these nanomaterials. The exper-
iments on the gas sensing properties show that the ZS3 sensor
exhibits a higher response to NO; gas at room temperature under
UV light irradiation. The resistance of sensor based on ZS3 with
UV light stimulation changed 1266-fold to 500 ppb NO, gas at
room temperature. The ZnO/Sn0O, heterojunction model and the
increased photo-generated electrons are beneficial for testing NO,
gas.

Acknowledgment

This research work was supported by the National Science Fund
of P.R. China, under Grant Nos. 60906036 and 61074172.

References

[1] J. Tamaki, High sensitivity semiconductor gas sensors, Sens. Lett. 3 (2005)
89-98.

[2] W.P. Carey, B.R. Kowalski, Chemical piezoelectric sensor and sensor array char-
acterization, Anal. Chem. 58 (1986) 3077-3084.

[3] C.O.Park, J.W. Fergus, N. Miura, J. Park, A. Choi, Solid-state electrochemical gas
sensors, lonics 15 (2009) 261-284.

[4] J.W. Fergus, Materials for high temperature electrochemical Nox gas sensors,
Sens. Actuators B: Chem. 121 (2007) 652-663.

[5] J. Tamaki, Y. Okochi, S. Konishi, Effect of oxide-electrode interface on dilute
NO; sensing properties of W05 thin film nanosensors, Electrochemistry (Tokyo,
Jpn.) 74 (2006) 159-162.

[6] V.V.Plashnitsaa, V. Guptab, N. Miurac, Mechanochemical approach for fabrica-
tion of a nano-structured NiO-sensing electrode used in a zirconia-based NO,
sensor, Electrochim. Acta 55 (2010) 6941-6945.

[7] P.C. Xua, Z.X. Cheng, Q.Y. Pan, J.Q. Xu, Q. Xiang, WJ. Yu, Y.L. Chu, High aspect
ratio In, O3 nanowires: synthesis, mechanism and NO, gas-sensing properties,
Sens. Actuators B: Chem. 130 (2008) 802-808.

[8] A.Kolmakov, X.H.Chen, M. Moskovits, Functionalizing nanowires with catalytic
nanoparticles for gas sensing application, ]. Nanosci. Nanotechnol. 8 (2008)
111-121.

[9] Y. Zhang, A. Kolmakov, Y. Lilach, M. Moskovits, Electronic control of chemistry
and catalysis at the surface of an individual tin oxide nanowire, J. Phys. Chem.
B 109 (2005) 1923-1929.

[10] J. Saura, Gas-sensing properties of SnO, pyrolytic films subjected to ultraviolet
radiation, Sens. Actuators B: Chem. 17 (1994) 211-214.

[11] E.Comini, G. Faglia, G. Sberveglieri, UV light activation of tin oxide thin films for
NO; sensing at low temperatures, Sens. Actuators B: Chem. 78 (2001) 73-77.

[12] E. Comini, A. Cristalli, G. Faglia, G. Sberveglieri, Light enhanced gas sensing
properties of indium oxide and tin dioxide sensors, Sens. Actuators B: Chem.
65 (2000) 260-263.

[13] ]J.D. Prades, R.]J. Diaz, F.H. Ramirez, S. Barth, A. Cirera, A.R. Rodriguez, S. Mathur,
J.R. Morante, Equivalence between thermal and room temperature UV light-
modulated responses of gas sensors based on individual SnO, nanowires, Sens.
Actuators B: Chem. 140 (2009) 337-341.

[14] Y.H. Gui, S.M. Li, ].Q. Xu, C. Li, Study on TiO,-doped ZnO thick film gas sen-
sors enhanced by UV light at room temperature, Microelectron. J. 39 (2008)
1120-1125.

[15] A. Forleo, L. Francioso, M. Epifani, S. Capone, A.M. Taurino, P. Siciliano, NO,-
gas-sensing properties of mixed In;03-SnO; thin films, Thin Solid Films 490
(2005) 68-73.

[16] L.Y.Chen,S.L. Bai, GJ. Zhou, D.Q. Li, A.F. Chen, C.L. Chung, Synthesis of ZnO-SnO,
nanocomposites by microemulsion and sensing properties for NO,, Sens. Actu-
ators B: Chem. 134 (2008) 360-366.

[17] X.Song, Z. Wang, Y. Liu, C. Wang, L. Li, A highly sensitive ethanol sensor based
on mesoporous ZnO-SnO, nanofibers, Nanotechnology 20 (2009) 075501.



88 G. Lu et al. / Sensors and Actuators B 162 (2012) 82-88

[18] X.Song, L. Liu, Characterization of electrospun ZnO-SnO; nanofiber for ethanol
sensor, Sens. Actuators A: Phys. 154 (2009) 175-179.

[19] S.W. Choi, J.Y. Park, S.S. Kim, Synthesis of SnO,-ZnO core-shell nanofibers via
a novel two-step process and their gas sensing properties, Nanotechnology 20
(2009) 465603.

[20] J.A. Park, J.H. Moon, S.J. Lee, S.H. Kim, H.Y. Chu, T.H. Zyung, SnO,-ZnO hybrid
nanofibers-based highly sensitive nitrogen dioxides sensor, Sens. Actuators B:
Chem. 145 (2010) 592-595.

[21] L.C. Tien, D.P. Norton, B.P. Gila, S.J. Pearton, H.T. Wang, B.S. Kang, F. Ren, Detec-
tion of hydrogen with SnO,-coated ZnO nanorods, Appl. Surf. Sci. 253 (2007)
4748-4752.

[22] 1.S. Hwang, SJ. Kima, J.K. Choi, J. Choi, H. Ji, G.T. Kim, G.Z. Cao, ].H. Lee, Synthe-
sis and gas sensing characteristics of highly crystalline ZnO-SnO, core-shell
nanowires, Sens. Actuators B: Chem. 148 (2010) 595-600.

[23] K.C. Song, Y. Kang, Preparation of high surface area tin oxide powders by a
homogeneous precipitation method, Mater. Lett. 42 (2000) 283-289.

[24] P.Sun,L.You,D.W.Wang,Y.F.Sun,].Ma, G.Y.Lu, Synthesis and gas sensing prop-
erties of bundle-like a-Fe; 03 nanorods, Sens. Actuators B: Chem. 156 (2011)
368-374.

[25] S.W.Fan,AK.Srivastava, V.P. Dravid, UV-activated room-temperature gas sens-
ing mechanism of polycrystalline ZnO, Appl. Phys. Lett. 95 (2009) 142106.

[26] A.Kudo, H. Kato, I. Tsuji, Strategies for the development of visible-light-driven
photocatalysts for water splitting, Chem. Lett. 33 (2004) 1534-1539.

[27] W.M. Sears, The effect of DC polarization on the humidity sensing characteris-
tics of bismuth iron molybdate, Sens. Actuators B: Chem. 107 (2005) 623-631.

[28] ].P. Brunelle, Preparation of catalysts by metallic complex adsorption on min-
eral oxides, Pure Appl. Chem. 50 (1978) 1211-1229.

[29] D.S. Vlachos, P.D. Skafidas, ].N. Avaritsiotis, The effect of humidity on tin-oxide
thick-film gas sensors in the presence of reducing and combustible gases, Sens.
Actuators B: Chem. 24-25 (1995) 491-494.

[30] Y.C.Yeh, T.Y. Tseng, Analysis of the d.c. and a.c. properties of K, O-doped porous
Bag5Sro5TiO3 ceramic humidity sensor, J. Mater. Sci. 24 (1989) 2739-2745.

[31] N. Barsan, U. Weimar, Conduction model of metal oxide gas sensors, J. Electro-
ceram. 7 (2001) 143-167.

[32] K. Anothainart, M. Burgmair, A. Karthigeyan, M. Zimmer, 1. Eisele, Light
enhanced NO, gas sensing with tin oxide at room temperature: conductance
and work function measurements, Sens. Actuators B: Chem. 93 (2003) 580-584.

[33] N.Yamazoe, Oxide semiconductor gas sensors, Catal. Surv. Asia 7 (2003) 63-75.

[34] R.L Bickley, Photoadsorption and Photodesorption at Gas Solid Interface, Wiley,
New York, 1997 (Chapter 3).

[35] J. Peral, X. Domenech, D.F. Ollis, Heterogeneous photocatalysis for purifica-
tion, decontamination and deodorization of air, Chem. Technol. Biotechnol. 70
(1997) 117-140.

Biographies

Geyu Lu received the B.Sc. degree in electronic sciences in 1985 and the M.Sc. degree
in 1988 from Jilin University in China and the Dr. Eng. degree in 1998 from Kyushu
University in Japan. Now he is a professor of Jilin University, China. Presently, he is
interested in the development of functional materials and chemical sensors.

Jing Xureceived her BS degree from the Electronics Science and Engineering depart-
ment, Jilin University, China in 2010. She is currently studying for his M.E.Sci. degree
in College of Electronic Science and Engineering, Jilin University, China. Presently,
she majored in microelectronics and solid state electronics.

Jianbo Sun received his MS degree from College of Electronic Science and Engineer-
ing at Jilin University, China in 2010. He entered the PhD course in 2010, majored
in microelectronics and solid state electronics. Now, he is engaged in the synthesis
and characterization of the semiconducting functional materials and gas sensors.

Yingshuo Yu received her BS degree from the Electronics Science and Engineering
department, Jilin University, China in 2010. Presently, she majored in microelec-
tronics and solid state electronics.

Yiqun Zhang received the BE degree in Department of Electronic Sciences and
Technology in 2009. She is currently studying for his M.E Sci. degree in College
of Electronic Science and Engineering, Jilin University, China.

Fengmin Liu received the BE degree in Department of Electronic Science and Tech-
nology in 2000. She received his Doctor’s degree in College of Electronic Science and
Engineering at Jilin University in 2005. Now she is an associate professor in Jilin Uni-
versity, China. Her current research is preparation and application of semiconductor
oxide, especial in gas sensor and solar cell.



	UV-enhanced room temperature NO2 sensor using ZnO nanorods modified with SnO2 nanoparticles
	1 Introduction
	2 Experimental methods
	2.1 Synthesis and characterization of materials
	2.2 Fabrication and measurement of gas sensor
	2.3 Effect of water vapor on the NO2 sensor

	3 Results and discussion
	3.1 Characteristic of the materials
	3.2 Gas sensing properties of the NO2 gas sensor
	3.3 Effect of water vapor on the response
	3.4 Mechanisms of gas sensing under UV light

	4 Conclusions
	Acknowledgment
	References




