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One-dimensional (1D) semiconductor nanostructure has been widely used for gas sensor devices. In
this work, a high performance gas sensor based on Au-functionalized ZnO nanorods was fabricated. Au
nanoparticles were successfully immobilized onto the surface of ZnO nanorods to serve as a sensitizer by
a facile solution reduction process. The hybrid Au/ZnO nanorods have been systematically characterized
by XRD, SEM, EDS, TEM and optical absorption spectrum. Gas sensing tests reveal that the Au/ZnO sensor
has remarkably enhanced performance compared to pure ZnO. It could detect ethanol gas in a wide

Iz(%wordS: concentration range with very high response, fast response-recovery time, good selectivity and stable
Nanorods repeatability. The possible sensing mechanism is discussed. The superior sensing features indicate the
Au present Au/ZnO nanorods are promising for gas sensors.

Sensor © 2014 Elsevier B.V. All rights reserved.

High performance

1. Introduction

One-dimensional (1D) oxide semiconductor nanostructures,
such as nanowires, nanorods, nanotubes, nanofibers and nanobelts,
have been widely used for various applications, like gas sensors
[1-3], solar cells [4], lithium ion batteries [5] and other optoelec-
tronic nanodevices [6-9], which benefit from the advantageous
high surface-to-volume ratio and high electron mobility along
the growth direction of 1D nanostructure. Furthermore, the good
chemical and thermal stability of 1D nanostructure could ensure
stable device performance, because the 1D structure is not easily
sintered at a relatively high temperature. In particular, when used
for gas sensor, the 1D nanostructure has proven to exhibit good
performances [2,10-12]. In order to satisfy the increasing demand
in gas sensors for high quality application, it is of great importance
to further improve the sensor performance to acquire lower detec-
tion limit, higher response, faster response and recovery time and
better selectivity. Moreover, practical applications also require a
sensor that is able to detect target gases over a wide concentration
range.

Sn0,, ZnO and Fe,;03 nanomaterials have been widely investi-
gated for gas sensor due to their nontoxicity, stability and low cost.
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Though they manifest good performance, some problems still exist.
Mandayo et al. [13] have reported that SnO, thin film tends to sta-
bilize after approximate 25 days, but the selectivity to target carbon
monoxide seems to decrease during the test. Ramgir et al. [14] have
shown that the response of ZnO modified with Au nanoparticles
exhibits small fluctuation to 50 ppm ethanol in less than two weeks.
The response of different a-Fe;O3 nanoparticles synthesized by
Cao’s group [15] shows decrease after 30 days. The common prob-
lems they encounter are low response and poor stability that cannot
ensure a long sensor life [1,13-15]. Furthermore, chemresistive gas
sensors based on metal oxide semiconductors usually suffer from
a narrow detection range of target gas concentration, because they
show severe saturation when the gas concentration is over 300 ppm
[16-18]. For example, the sensor response of a-Fe;03 urchin-like
spheres synthesized by Sun [18] only shows a linear increase to
ethanol concentration less than 200 ppm. This will restrict their
application in high gas concentration environment. A promising
solution to these problems is to functionalize metal oxides with cat-
alytic metal nanoparticles [3,19-21]. As we all know, Au is a typical
noble metal with some superior properties, which could promote
the gas sensor performance of various ZnO nanostructures includ-
ing nanorods [22,23], nanowire [24,25], hollow spheres [26] and
nanoflowers [27]. However, these gas sensors failed to exhibit a
satisfactory response to gas concentration over 500 ppm.

In this contribution, a high-performance gas sensor was fabri-
cated using Au sensitized ZnO nanorods. ZnO nanorods prepared by
hydrothermal method were functionalized with Au nanoparticles


dx.doi.org/10.1016/j.snb.2014.04.010
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2014.04.010&domain=pdf
mailto:mse_zhangj@ujn.edu.cn
mailto:mse_caobq@ujn.edu.cn
dx.doi.org/10.1016/j.snb.2014.04.010

340 J. Guo et al. / Sensors and Actuators B 199 (2014) 339-345

ZnO (

~ + Ve
Vh %—o%sensor
- Vout
RL

a) Au/ZnO

(b)

Fig. 1. (a) Optical image of gas sensors based on ZnO and Au/ZnO nanorods, (b) working principle of gas sensing measurement, Vy,, Ve, Vout, and Ry are heating voltage, circuit

voltage, output voltage, and loading resistance, respectively.

by a solution reduction procedure using lysine as the capping and
linker regents. The as-synthesized Au/ZnO hybrid nanorods possess
the advantages of 1D nanostructure and the unique properties of
Au nanoparticles. Gas sensing tests show that the Au/ZnO sensor
manifests higher response (33.6-100 ppm ethanol at 380 °C), faster
response and recovery time (3 s and 1s) and better selectivity to
ethanol in comparison to pure ZnO. The Au/ZnO sensor also has
a wide detection range for ethanol concentration of 2-1000 ppm.
The gas sensing mechanism of Au/ZnO hybrid nanorods is also dis-
cussed.

2. Experimental
2.1. Chemicals

Chemicals including zinc nitrate (Zn(NOs),-6H,0), sodium
dodecastyle benzene sulfonate (CigH;g9NaO3S, SDBS), sodium
hydroxide (NaOH), lysine, sodium borohydride (NaBH4) as well
as HAuCl4-4H,0 used in the experiments were analytic grades
without further treatment and purchased from Sinopharm, China.
Distilled water (resistance higher than 18.2MS2cm) was used
throughout the experiments.

2.2. Synthesis of ZnO nanorods

ZnO nanorods were synthesized via a modified hydrothermal
process [28]. In a typical synthesis process, 1.19 g Zn(NO3),-6H,0,
1.39g SDBS and 4.0g NaOH were dissolved into 40 mL ethanol
under stirring. After 10 min, the solution was transferred into a
50 mL Teflon-lined autoclave, which was maintained at 100 °C for
10h. Then the autoclave cooled down to room temperature nat-
urally. The precipitates were washed several times with distilled
water and ethanol alternatively, and dried at 60 °C overnight.

2.3. Synthesis of Au/ZnO hybrid

The synthesis of Au/ZnO hybrid nanorods followed the litera-
ture method [11]. Due to its abundant functional groups, lysine
was utilized as both linker and capping agents to attach the Au
nanoparticles onto the surface of ZnO nanorods. 0.3 gZnO nanorods
was dispersed in 40 mL water under stirring, at the same time, 1 mL
(0.01 M) lysine was added into the aqueous solution. After stirring
for 10 min, 0.2 mL (0.01 M) HAuCl4 was introduced into the reac-
tion system. Meanwhile, 5 mL(0.01 M) freshly prepared NaBH4 was
added into the mixture. After stirring for 30 min, the solution was
centrifuged in order to obtain the samples. After drying at 60 °C, the
purple powder was calcined at 300 °C for 30 min to remove lysine.

2.4. Characterizations

Phase identification was performed by power X-ray diffraction
(XRD) using a Bruker diffractrometer (D8-Advance) with Cu Ka
radiation of 1.5418 A. The morphologies of the prepared ZnO as well
as Au/ZnO nanorods were observed by scanning electron micro-
scope (SEM, Quanta FEG 250, 30kV) and transmission electron
microscope (TEM, JEOL-1400, 100kV), respectively. The elemen-
tal composition is tested by energy dispersive X-ray spectroscopy
(EDS). The optical absorption property of Au/ZnO was characterized
with UV-VIS-NIR spectrometer (UV-3600, Shimadzu).

2.5. Gas sensor fabrication and test

Details of gas sensor fabrication can be found in our former work
[29]. A small amount of sample was ground in an agate mortar with
several drops of distilled water to make the powder into a homo-
geneous paste. Then the paste was coated on an aluminum tube
with length of 4 mm and diameter of 1 mm. Two Au electrodes and
four Pt wires were positioned on both ends of the tube and a Ni-Cr
alloy coil through the tube worked as a heater. For comparison, two
gas sensors were fabricated using Au/ZnO and pure ZnO nanorods,
respectively. Fig. 1(a) shows the optical photographs of the two
Sensors.

The devices performances were evaluated on a WS-60A gas
sensing system at a relative humidity of 17% and the measur-
ing principle is shown in Fig. 1(b). The sensors were placed into
a transparent testing chamber whose volume is 20 L. Target gas
was injected into the chamber by a microsyringe. During the gas
sensing test, atmosphere air was used as the reference and diluting
gas. The sensor response is defined as S=Ra/Rg, where R, and Rg
are the electrical resistance of the sensor in air and in target gas,
respectively.

3. Results and discussion
3.1. Characterization

The phase and crystal structure of the samples have been iden-
tified by XRD. Fig. 2 shows the XRD patterns of the ZnO and Au/ZnO
nanorods. The diffraction peaks in Fig. 2(a) can be well indexed to
the wurtzite ZnO with hexagonal structure (JCPDS No. 80-0075).
ZnO nanorods are well crystallized and no peaks for other impuri-
ties are found. Fig. 2(b) shows that the hybrid sample has a similar
diffraction pattern to that of pure ZnO. By close observation three
weak diffraction peaks can be seen at 38.2°, 44.4° and 64.6°, which
can be attributed to metallic Au (JCPDS No. 89-3697). The weak
diffraction peaks of Au indicate a small amount and a nanometer
size in the hybrid materials.

The morphology and structure of the samples were investigated
by SEM and TEM. In Fig. 3(a), ZnO nanorods show a 1D structure
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Fig. 2. XRD patterns of the ZnO (JCPDS 80-0075) and Au/ZnO nanorods. Weak peaks
in (b) are from Au (JCPDS 89-3697) nanoparticles.

with clean surface. The nanorods have a diameter of 30-50 nm and
a length ranging from 200 to 600 nm. Fig. 3(b) displays the SEM
image of Au/ZnO nanorods. In contrary to the smooth surface of
ZnO nanorods, there are many Au nanoparticles coating on the
ZnO nanorods, making the nanorod surface very rough. To prove
the existence of Au nanoparticles on ZnO, we further use TEM to
observe the hybrid nanorods. Fig. 3(c-e) shows the TEM images of
Au/ZnO nanorods with different magnifications. A large amount of
Au nanoparticles are seen to uniformly cover on the ZnO nanorods.
From Fig. 3(e) the diameter of Au nanoparticles is estimated to be
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Fig. 4. UV-vis absorption spectra of ZnO and Au/ZnO nanorods.

in the range of 3-6 nm. The content of Au in the hybrid materials
has been tested by EDS. Fig. 3(f) is the EDS corresponding to sample
in Fig. 3(b). It reveals that the nanorods are composed of Zn, O and
Au, and the atomic percentage of Au in the hybrid sample is about
0.7%, corresponding to a mass content of 3.4%.

The presence of Au nanoparticles in the hybrids was further
proved by UV-vis absorption spectrum. Fig. 4 is the absorbance
spectra of ZnO and Au/ZnO nanorods. As can be seen from the plots,
both the two curves show an absorption band at 365 nm which is
known as the band edge absorption of ZnO. In addition, Au/ZnO
shows another peak at 538 nm, which is due to the surface plasmon

Element | Atom percentage (%)
o 51.15
Zn 48.15
Au 0.70
0
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S, T i A
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Fig. 3. SEM images of (a) ZnO nanorods and (b) Au/ZnO nanorods, (c-e) TEM of Au/ZnO nanorods, and (f) EDS analysis.
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Fig.5. Response of ZnO and Au/ZnO nanorods sensors to 100 ppm ethanol measured
at the temperature range from 80°C to 420°C.

resonance of Au nanoparticles [30]. This further clearly indicated
the successful loading of Au nanoparticles on the ZnO surface.

3.2. Gas sensing performance

Considering the hybrid Au/ZnO nanorods possess both the
advantages of 1D nanostructure and catalytic Au nanoparticle, it is
thus very interesting to apply the Au/ZnO nanorods to gas sensing.
The working temperature plays animportant role in the response of
agas sensor, because the temperature influences the reaction kinet-
ics and the category and concentration of surface oxygen species
[31]. Parallel tests to 100 ppm ethanol were carried out in the range
of 80-420°C in order to find out the optimum operating tempera-
ture of the sensors. In Fig. 5, the response of both sensors increases
with the increasing working temperature. At arelative low temper-
ature of 80°C, the two sensors exhibit weak response to ethanol.
Before 240°C, the two curves are almost parallel, while after this
temperature, the response of Au/ZnO increased significantly and
reached a maximum value (33.6) at 380 °C, which is nearly 10 times
higher than that (3.7) of ZnO. Moreover, the Au/ZnO has a much
higher response than that of ZnO sensor at all temperatures, which
is probably due to the sensitization of Au nanoparticles. Therefore
we defined 380°C as the optimum operating temperature of the
Au/ZnO sensor and all the following tests of both sensors were
performed at 380°C.

Fig. 6(a) plots the response curves of sensors in real-time at
380°C to different concentrations of ethanol. With the increase of
ethanol concentration, the value of real-time response of both sen-
sors increases apparently. The existence of Au makes the response
amplitude changing extremely huge and far more in evidence. The
response-recovery time is also an important parameter for appli-
cation of sensors. Herein, we define these two parameters as the
time required to reach 90% of the response change. Fig. 6(b) is the

Table 1
Performance comparison of various ZnO-based gas sensors toward ethanol.
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Fig. 6. (a) Sensor response curves to different concentrations of ethanol at 380°C,
and (b) corresponding response-recovery time to 100 ppm ethanol. Red and blue
curves are for Au/ZnO and ZnO sensors, respectively. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of
this article.)

response curves of the two sensors to 100 ppm ethanol at 380°C.
The response time of ZnO nanorods is 5s and the recovery time is
6 s. This performance is better than the results reported in literature
[32,33]. Although the ZnO nanorods have fast response and recov-
ery, the Au/ZnO sensor works even faster. Its response and recovery
time areonly 3 sand 1 s, respectively. Table 1 presents a comparison
between the gas sensing performances of the Au/ZnO nanorods and
former reported results. As shown in Table 1, although the operat-
ing temperature of the Au/ZnO sensor in this work is 380°C, higher
than or comparative to that of literature results, the Au/ZnO sensor

Operating temperature (°C)

Ethanol (ppm)

Sensor response Response time (s) Recovery time (s)

Au-doped ZnO nanowires [25] 240 1000
ZnO spheres [32] 280 100
ZnO nanorods [33] 400 1000
ZnO nanotube [34] 300 100
Ti/ZnO nanotetrapods [35] 240 100
ZnO/Al thin film [36] 250 400
Au/ZnO nanorods [23] 300 100
ZnO microsphere [37] 420 5

Au/ZnO in this paper 380 100

37 - -
25 >10 >15
360 17 6
24.1 3 (90%) 30 (98%)
115 90 186
~20 ~180 ~180
~5 - -
~22 4 6
33.6 3 1
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Fig. 7. The relation between the sensor sensitivity and ethanol concentration mea-
sured at 380 °C. Square dots and circle dots are experimental data for Au/ZnO and
ZnO sensor, respectively, and the straight lines are the corresponding linear fit
results.

demonstrates a much higher response to 100 ppm ethanol and very
fast response-recovery speed.

Fig. 7 shows the sensor response as a function of ethanol concen-
tration. It can be seen the Au/ZnO sensor has much higher responses
than that of ZnO. To study the response dependence on the target
gas concentration, the curves are linearly fitted as shown in Fig. 7.
Obviously, the response increases in proportion to the gas con-
centration. The slope of Au/ZnO nanorod sensor is 0.3513, which
is 20 times of ZnO sensor (0.0169). This implies that the Au/ZnO
nanorod sensor is more sensitive than the ZnO sensor. When the
ethanol concentration is changed, the alteration in sensor response
of Au/ZnO is much larger than pristine ZnO. Furthermore, we can
also find that the fitted response plot exhibits good linearity in a
wide concentration from 2 to 1000 ppm, which is highly desirable
for practical application.

Fig. 8(a) and (b) are the response curves of the Au/ZnO sen-
sor for 7 cycles to 100 ppm ethanol at 380°C before and after
two months. Both the two curves exhibit good repeatability with
fast response and recovery, although the response value after two
months declines obviously. We suppose the decrease in response
may be caused by the sintering of active materials after a long time
working at 380°C.

Beside ethanol, the Au/ZnO nanorod gas sensor was also tested
for methanol and acetone sensing to evaluate the sensor selectivity.
Fig. 9 compares the Au/ZnO sensor responses to various concentra-
tions of different gases. Response value increases obviously to all
the target gases with the increase of gas concentration. To ethanol,
it has the largest response value to all the test concentrations, indi-
cating the Au/ZnO sensor is more sensitive and selective to ethanol.
The high response of Au/ZnO gas sensor manifested the potential
application in ethanol detection.

3.3. Gas sensing mechanism

ZnO is a typical n-type semiconductor and its conductivity is
influenced by the surface depletion layer, especially for nanostruc-
tures. Therefore, the mechanism of ZnO nanorod gas sensor is based
on the change of resistance [3]. The target gas molecules adsorb
onto or desorb from the working material surface, which can cause
its resistivity change. That is the sensor response and recovery
process. The nanorod shows high surface-to-volume ratio, high
mobility of electrons along the axial direction which is beneficial for
the sensing reactions occurring on the ZnO surface. When the sen-
sor is placed in air, oxygen molecules will adsorb on the surface of
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Fig. 8. The stability of Au/ZnO gas sensor, (a) response curve to 100 ppm ethanol
of the as-prepared sensors measured at 380°C and (b) similar data measured after
two months.
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ZnO and capture electrons from the surface layer and change into
oxygen species (0,7, O~ and 0%~). At the same time an electron
depletion layer forms on the surface, as shown in Fig. 10(a). Here,
the concentration of electrons, as majority carrier, is very low and
the resistance is relatively large. When ethanol is injected into the
test chamber, oxygen species (O, ~, O~ and 02~) would react with
the reducing gas. The reaction can be depicted as follows [23]:

C,HsOH + 60~ — 2C0, + 3H,0 + 6e~

Oxygen species react with ethanol and release electrons back to
the conduction band of ZnO. The width of electron depletion layer
decreases, leading to decrease in the sensor resistance, as shown in
Fig. 10(b).

Compared with the ZnO gas sensor, the loading of Au nanopar-
ticles onto ZnO nanorods improves their gas sensing performance.
Firstly, Au nanoparticles on nanorods could increase the adsorption
of oxygen molecules due to its spillover effect. This chemical mech-
anism of Au nanoparticles will make more electrons be trapped and
the electron depletion layer will be thicker. It will generate more
oxygen species and more reactive sites compared with the pristine
ZnO, as shown in Fig. 10(a) and (c). When Au/ZnO was exposed to
ethanol, more electrons will be fed back to the conduction band
and decrease the width of electron depletion layer as illustrated in
Fig.10(b)and (d). Secondly, the electron mechanism could interpret
the formation of depletion region around the noble nanoparticles
which improve the modulation of nano-Schottky barriers during
the oxidation of ethanol [38]. In addition, Au nanoparticles are also
extensively used for catalysis. During the gas sensing test, Au might
also plays the role of catalyst, which accelerates the kinetics of
surface sensing reactions, leading to fast response-recovery.

4. Conclusions

In summary, a high performance gas sensor based on
Au/functionalized ZnO nanorods was fabricated and demonstrated
superior gas sensing performance in comparison to ZnO. The suc-
cessful decoration of Au nanoparticles on ZnO nanorods plays a
crucial role in improving the gas sensing properties. The Au/ZnO
sensor manifests high response, fast response-recovery time and

good repeatability, resulting from the combination of 1D nano-
structure with unique properties of Au nanoparticles. The superior
sensing features indicate the present Au/ZnO nanorods are promis-
ing for gas sensors.
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