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The aim of this study was to develop a novel, simple and fast route to prepare ZnO nanorods
(NRs) -Au nanoparticles (NPs) hybrids directly supported on a substrate to be used in gas sensor
devices. The ZnO NRs were promptly grown on interdigitated Au electrodes Al,O, substrates by
chemical bath deposition at a low temperature. After that, Au NPs were deposited by sputtering.
Results obtained by XRD, SEM, EDX and TEM showed the perpendicularly aligned growth of
the ZnO NRs with a hexagonal base on the substrate and the Au NPs homogeneously covered
the ZnO NRs surface. The ZnO NRs-Au NPs hybrids-based sensor exhibited an improved sensor
response for H, and O, gases compared to the ZnO NRs at 300 °C. Due to the ability to prepare
homogeneous hybrids with high surface directly supported on the substrate; the developed route
might provide a convenient approach to preparing gas sensor devices.
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1. Introduction

In the last decades, ZnO semiconductor nanostructures
have drawn significant attention, mainly for their promising
potential in the development of gas sensors'. The functioning
of gas sensors is embedded in the changes in electrical
conductivity due to adsorption / physisorption (van der
Waals forces) or chemisorption (covalent bonds) processes.
Electrical conductivity may also change due to reversible
electrostatic attractions of reactive gases on the ZnO surface.
The mechanism responsible for the semiconductors' sensitivity
to gas is driven by the electrical and chemical activity of the
oxygen vacancies found on the oxide surface’.

Despite the extensive researches made about using ZnO
semiconductor as gas sensors, there are still issues with
long response time, slow and incomplete recovery time and
low sensitivity®. It is well known that semiconductor oxide
processing is the key to enhance gas sensor's performance.
Therefore, researchers have been working in several
strategies, which involve using nanostructures, doping
or modifying the surface with noble metal nanoparticles
aiming to get higher surface area’™'?. For example, Au NPs
have widely been used in ZnO NRs as plasma resonance to
enhance the performance of ultraviolet photodetectors*!'¢.

In order to ensure higher surface-to-volume ratios and
one-dimensional electron mobility along growth directions and
improve the sensors' characteristics, researchers have focused
on making gas sensor devices from ZnO nanostructures'”?!
or ZnO nanostructures modified with Au nanoparticles
(Au NPs)*!1822-23 However, a number of steps are involved
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in preparing sensors from nanostructures or hybrids. First of
all, it is necessary to synthesis of nanostructures unsupported
on a substrate and posteriori deposition of Au NPs on the
surface of them. After that, it occurs the preparation of a paste
from nanostructures or hybrids, conformation, or deposition
of it on a sensor substrate. Finally, it is necessary to realize a
heat treatment to eliminate the solvent contained in it>7-*%.
Because of these several steps, the preparation of
homogeneous noble metal modified ZnO nanostructures with
higher surface area becomes a challenge. As a consequence,
the sensors show issues related to poor stability®. The control
of the Au NPs concentration is extremely difficult by using
conventional methodologies. Higher Au NPs concentrations blot
out the active sites of ZnO and cause a decrease in the sensor
response?. For that reason, the processing of nanostructured
gas sensors is a challenge to be overcome aiming to reduce
problems related to reproducibility and stability.
Assuming the set out above, the necessity becomes
quite clear for developing a new methodology to prepare
well-distributed Au nanoparticles on the surface of the
ZnO nanostructures with higher surface area to improve
the performance of the gas sensor based on Au NPs/ZnO
hybrids??. Chemical bath deposition (CBD) is a simple and
low-cost technique that allows synthesizing nanostructures
with distinctive morphologies at low temperatures, just by
changing conditions of synthesis. For this, it has been widely
used to grow ZnO nanostructures on different substrates®*3!.
Chemical bath can take place in aqueous solution. The
mechanism leading the formation of ZnO nanostructures
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involves the crystallization, dissolution, and recrystallization
phenomena®. On the other hand, plasma sputtering is an
effective route for synthesizing Au NPs on the surface of
nanostructures®.

In this study, we report a simple and fast route, just
using two steps, for producing ZnO nanorods (NRs)
arrays- Au NPs hybrids directly supported on alumina
substrates with interdigitated comb-like gold electrodes.
Chemical bath deposition was used to grow vertically
aligned ZnO nanorods supported on a substrate. Sputtering
technique was used to prepare Au-NPs homogeneously
distributed on the surface of the ZnO nanorods. We also
investigate the enhanced resistance response of ZnO
NRs-Au NPs hybrids-based sensor to H, and O, gases.

2. Experimental details

2.1 Schematic of a sensor substrate

Figure 1. Schematics of a sensor substrate

Figure 1 shows a picture of the sensor substrate. It
consists of interdigitated comb-like Au electrodes on
the frontal side of an alumina substrate.

2.2 Synthesis of ZnO NRs-Au NPs hybrids

A solution of zinc citrate was prepared by Pechini
method®. Zinc acetate dihydrate ((CH,CO,),Zn.2H,0)
was dissolved in citric acid solution and ethylene glycol
in the ratio 1:4:16, respectively, with heating and stirring.
The films were deposited on interdigitated Au electrodes
on the alumina substrates by spin coating at 5000 rpm
for 30 s. After that, the films were heat treated at 400
°C for 3 h to be used as a seed layer.

ZnO nanorods were grown on the interdigitated Au
electrodes on the alumina substrates by CBD. Potassium
hydroxide solution and zinc acetate were mixed in a
Teflon cup, and the sensor substrate was immersed in the
solution. After, the Teflon cup was placed in a silicone
bath with stirring and heating at 90 °C for 1 hour.
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Aiming to prepare ZnO NRs- Au NPs hybrids, the
samples obtained by CBD were sputtered with Au for
5 seconds and heat treated at 400 °C for 1h.

2.3 Characterization

The X-ray diffraction measurements (XRD) were
taken using a diffractometer XRD Rigaku 2000 with
monochromatic graphite radiation.

The microscope JEOL - JSM 7500F was used to carry
out the high-resolution scanning electron microscopy and
energy dispersive X-ray spectroscopy (FEG - SEM/EDX).
For measurements of transmission electron microscopy
(TEM) a microscope Philips CM 200 was used.

Sensing tests were performed in a test chamber. High-
purity hydrogen or oxygen gas was passed through it at
different flows (0.30, 0.60, 1.51, 3.06, 6.25, 16.67 cm?/
min.), controlled by a mass flow controller. Dry air (for
H, test) or nitrogen (for O, test) flux of 150 cm’/min.
were used as balance gas. The sensor substrates were
equilibrated in the dry air for 12 h before the beginning
of gas sensor measurement to ensure a stable and
reproducible baseline resistance. The electrical resistance
was measured using a high-voltage source (Keithley,
model 237) for all sensors. The temperature in situ was
measured using a Pt/Pt-Rh (type S) thermocouples. The
gas sensor measurements were performed at 200, 250
and 300 °C for H, and O, gases. Gas sensing tests were
carried out by monitoring changes of resistance during
cyclic exposure to different concentrations of testing gas.

3. Results and Discussions

Figure 2 (a) shows the XRD pattern of the bare sensor
substrate before the growth of the ZnO nanorods. The
diffraction peaks are indexed to Ti, Au, and A1203 phases.

Figure 2. X-ray diffraction patterns of (a) bare sensor substrate and
(b) ZnO nanorods on the substrate after chemical bath deposition

Ti and Au phases are attributed to the interdigitated gold
electrode and Ti film (used to get better adhesion of the Au
layer). The Al O, phase is related to the sensor substrate.
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After ZnO nanorods growth by CBD, it is possible
to identify new peaks in the XRD pattern of the sensor
substrate, Figure 2 (b). The Diffraction peaks in this
pattern are indexed to the hexagonal wurtzite structure
ZnO, according to JCPDS 36-1451. It is possible to
observe a preferential growth along the (002) plane that
is characteristic of ZnO nanorods. A typical wurtzite ZnO
crystal has polar faces [(002) plane] and non-polar faces
[(100) and (101) planes]. The polar faces with surface
dipoles are thermodynamically less stable than nonpolar
faces, which tend to rearrange themselves to minimize
surface energy**. As a result, the growth along the (002)
plane shows a faster growth rate than that along other
directions. This polarity causes the (002) face of the
crystal to become either positively or negatively charged.
In either case, the surface will attract ions O% or Zn?" to
it. Then, this surface covered with ions attracts other ions
of opposite charges, which cover the surface, thereby
resulting in the growth of the ZnO nanorods™.

The SEM images show the morphologies of growing
ZnO nanorods on Al O, substrate with interdigitated gold
electrodes (Figure 3). It is possible to see that ZnO nanorods
are vertically arranged, show a hexagonal shape with average
diameters around 70-80 nm and length around 500 nm.

After deposition of Au film by sputtering, the samples
were heated in different conditions of temperature and
time. During the heated, the gold film is agglomerated
to Au NPs. The distribution and size of Au nanoparticles

on the surface of ZnO nanorods may be controlled by
changing the temperature of heat treatment (Figure S1).
Figures 4a, 4b, 4d and 4¢ show the images of the ZnO
NRs after Au deposition by sputtering and heated at 400
°C. It is possible to see the presence of Au nanoparticles
(black spots in TEM images) with a diameter around 5
to 10 nm on the surface of the ZnO nanorods. The Au
nanoparticles homogeneously covered the ZnO nanorods
surface without evidence of aggregation. The simple
route developed here lead to obtain more homogenous
gold particle size, and better coverage of the ZnO NRs
surface compared with other methods reported throughout
the literature for unsupported nanostructures’ 222426,
EDX analysis, Figure 4.d, revealed the presence of Zn,
O and Au on the sample composition. This result confirmed
the presence of Au nanoparticles on the surface of the ZnO
nanorods. High-resolution TEM images also confirmed these
results (Figures 4.d and 4.e). The nanoparticles clearly show
the crystalline structure of Au with an interplanar distance
of 0.24 nm corresponding to Au (111) planes (Figure 4.d).
Response curve measurements carried out at 200 and
250 °C showed no relevant fast response-recovery speed.
So, the gas sensor measurements were performed at 300
°C. The temporal responses of the ZnO NRs or ZnO
NRs -Au NPs hybrid sensors upon exposure to different
fluxes of H, and O, measured at 300 °C are shown in
Figure 5. The ZnO is a typical n-type semiconductor, and
its conductivity is influenced by the surface depletion

Figure 3. Scanning electron microscopy images: (a) and (b) as-prepared ZnO nanorods and (c) side view of the ZnO nanorods arrays
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Figure 4. (a) and (b) scanning electron microscopy images of ZnO NRs- Au NPs hybrids supported on substrates, (c) energy dispersive
X-ray spectroscopy spectrum of the ZnO NRs- Au NPs hybrids, (d) HRTEM image of ZnO NRs-Au NPs hybrids and (¢) HRTEM Electron

Diffraction of Au NPs

layer. Therefore, the mechanism of ZnO nanorods gas
sensor is based upon the change of resistance. The target
gas molecules adsorb onto or desorb from the working
material surface (ZnO nanorods in our case), which can
cause its resistivity change. Figure 5 shows the changes in
resistance that are mainly induced by the adsorption and
desorption of gas molecules on the surfaces of the ZnO.

In the case of exposure to H, reductive gas, the
hydrogen molecules react with the oxygen species on

the ZnO surface. The result is a decrease in resistance
(Figure 5.a). On the other hand, the oxygen molecules
are adsorbed on the surfaces of ZnO to form O, O, and
O?* ions by capturing electrons from the conduction
band of ZnO during exposure to air. So, it is possible to
observe a high-resistance state in the air?>*°. The well-
known sensing mechanism of a reduced gas is based
on the interaction between adsorbed oxygen on ZnO
nanorods surface and hydrogen gas. The reaction between
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Figure 5. Resistance versus time plot for the ZnO NRs and ZnO NRs-Au NPs samples supported on Al,O, in the presence of (a) H, and

(b) 0, at 300 °C

hydrogen and oxygen ions produces H,0 molecules and
consumes adsorbed oxygen on the surface by releasing
electrons (Equation 1)¢. These electrons will return
to the conduction band and cause an increase in the
current of ZnO nanorods. These electrons also provide
areduction of the surface depletion region and increase
the conductivity of the nanorods (Equations 2 and 3).

Ha) + 05 < Hy,O + Vo (1)
Vi V,+e (BC) Q)
V, - V', +e (BC) (3)

For O,oxidative gas, the efficiency of using ZnO NRs or
ZnO NRs-Au NPs hybrids was examined by the first time
in this study (Figure 5.b). Similar to the observed in the
presence of hydrogen molecules, the resistance increases
due to ion adsorption of oxygen species (O, O and O%),
the spillover effect and the influence of the Au NPs on
enlarging surface space charge layer’*3. The interactions
between adsorbed oxygen on ZnO nanorods surface and
oxygen gas are the keys for the sensing mechanism of an
oxidative gas (Equations 4, 5 and 6). The adsorption of
O, molecules, which tend to trap electrons, will lead to
an increase in resistance. The existence of Au makes the
response amplitude changing hugely and far more evident °.

OQ(g) g O2(adsorbcd) (4)
OQ(udsmbed) + 67 > O; (5)
O;+e <20 (6)

Figure 6 shows the gas sensing mechanism for the
sensors considering a relative change in the depletion
region of ZnO NRs and ZnO NRs- Au NPs hybrids in
the presence of air, H, and O, gases.

Figure 7 shows the sensor responses as a function of
H, and O, gas flow. The sensitivity or sensor response
is defined as the ratio between the sensor resistance in
clean air and the sensor resistance in exposed gas®.

Compared to pure ZnO nanorods, an increase of
the sensor response for the nanohybrids is observed
for both gas sensors (Figure 7). This implies that ZnO
NRs- Au NPs hybrid sensor is more sensitive than ZnO
NRs. That's meant, ZnO NRs-Au NPs hybrid sensor has
a higher degree of responsiveness to resistivity change
in the presence of the gas. The improved performance
of the sensor based on ZnO NRs-Au NPs hybrid is due
to the highly distributed catalytic Au NPs on the ZnO
nanorods. The Au NPs enhance the ionic adsorption of
oxygen species (O, O and O*) and the molecule-ion
conversion rate***%. This occurs due to the well-known
spillover effect. Furthermore, the Au NPs possess a high
charge storage function and act as strong acceptors of
electrons*-*. These Au NPs's properties can induce an
enlarged surface space charge layer, further resulting in
the depletion of electrons near the interface.

It is possible to observe in Figure 7.a that the sensitive
results obtained for the H, gas sensors were similar in
the lowest and the highest gas flow. The difference
between our results and other reported for unsupported
nanostructures?>*** until now, may be correlated with
the thinner thickness of our device (around 800 nm)
(Figure 3.c). There are, probably, enough oxygen
molecules adsorbed on the surfaces of ZnO nanorods
that can react with all reductive gas inside the chamber,
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and it is observed no difference between the two devices
at the lowest concentration. On the other hand, the Au
sites become saturated quickly by the reductive gas in
the highest concentration due to the thinner thickness
of the device.

Although the ZnO NRs-Au NPs hybrids based-sensors
show higher sensitivity to hydrogen, they also work to
detect oxygen. The sensor response to O, gas obtained
here was better than the reported throughout the literature
for sensors based on Ga,0, multiple nanowires*.The
higher sensitivity to oxygen is probably due to the Au
NPs trap more free electrons to ZnO surface during
gas-sensing measurements®®-3%,

The good results obtained for sensor measurements
indicate that a novel, simple and fast route developed
here to prepare ZnO nanorods (NRs)-Au nanoparticles
(NPs) hybrid supported on a substrate is compatible with
manufacturing and process integration of gas sensor
devices with excellent reproducibility, which are critical
challenges in ZnO nanostructured gas sensor devices®.
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4. Conclusion

A simple, fast route was developed to prepare ZnO
NRs-Au NPs hybrids supported on an alumina substrate
with interdigitated comb-like Au electrodes. The Au-
NPs presented diameter around 5 to 10 nm and were
homogeneously distributed on the surface of the ZnO
nanorods without aggregation. The prepared ZnO NRs-
Au NPs hybrids -based sensor exhibited an improved
sensor response for H, and O, gases compared to ZnO
NRs. Due to the ability for growing high surface and
homogeneous nanostructures directly on the substrate,
the here developed route will provide a convenient
approach to enhance the performance of the sensors.
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