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Abstract

Porous ZnO nanosheets were synthesized by thermal evaporation. The morphology, crystal structure, and sensing properties of the ZnO
nanosheets to NO, gas at room temperature under UV illumination were examined. Au nanoparticles with diameters of a few tens of nanometers
were distributed over the ZnO nanosheets. The responses of the multiple networked nanosheet gas sensors were improved 1.8-3.3 fold by Au
functionalization at NO, concentrations ranging from 1 to 5 ppm. Furthermore, the Au-functionalized ZnO nanosheet gas sensors showed a
considerably enhanced response at room temperature under ultraviolet (UV) illumination. In addition, the mechanisms through which the gas
sensing properties of ZnO nanosheets are enhanced by Au functionalization and UV irradiation are discussed.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

7Zn0O is a functional material that is sensitive to toxic and
combustible gases [1]. ZnO gas sensors with a range of structures,
such as powders [2], thin films [3], heterostructures [4], nanopar-
ticles [5], and one-dimensional nanostructure [6] have been
demonstrated. Among these nanostructures, one-dimensional
(1ID) ZnO nanostructures are particularly useful because of their
large length-to-diameter ratio and large surface-to-volume ratio.
Studies of the gas sensing properties of ZnO 1D nanostructures
focused mainly on CO, H,S, HCHO, NHj, H,, ethanol and
humidity [7], whereas there are limited reports on the NO, sensing
properties of ZnO 1D nanostructures (Table 1) [8-12]. In
particular, Zhang et al. compared the sensing properties of brush-
like hierarchical ZnO nanostructures to many different types of
gases with those of the straight ZnO nanowires [8]. They reported
that the brush-like hierarchical ZnO nanostructures exhibited
approximately 1.5 fold stronger responses to ethanol and CcHg
gases than straight ZnO nanowires, but showed similar responses
to the other gases. Regarding the response of ZnO nanostructures
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to NO, gas, the sensitivity of ZnO fiber-mats was reported to be
more than 100 toward NO, at room temperature [13]. The fiber-
mat structure showed an order of magnitude stronger response
compared to the cauliflower structure. The difference between the
sensing properties of these two structures can be attributed to the
differences in their morphologies, because the fiber-mats have
more surface available for reaction than the cauliflower structure.

Despite the enhanced gas sensing properties of 1D nanos-
tructures compared to thin films, enhancing their sensing
performance and detection limit is still a challenge. A range
of techniques such as surface functionalization with novel
metals including Pd, Pt and Au [14-17] or doping with novel
metals [18-20], MEMS fabrication [21], nanosensing materials
[22], application of electrostatic field [23], and ultraviolet (UV)
irradiation [24-32] have been developed to reduce the operat-
ing temperature and improve the sensitivity and stability of 1D
nanostructure-based sensors. Among these techniques, the
functionalization of nanowire surfaces with catalyst such as
Pd and Pt may be the simplest and most effective technique
because the resistance of the sensor changes considerably upon
exposure to target gas at room temperature. The optical and
electrical properties of the 1D nanostructures coated with
catalyst can change upon exposure to gas and can be restored
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Table 1
Comparison of Au nanoparticles in the Au-functionalized ZnO nanosheets
prepared in this study with those in previous studies.

Nanomaterial Au
particle

Annealing NO, Response Reference
temperature concentration (%)

size (nm) (°C) (ppm)
ZnO 10-50 700 5 455 Present
nanosheets work
ZnO nanorods 5 - 5 200 [33]
SnO, 20-100 - 10 400 [34]
nanowires
In,O3 thin 20-30 600 10 140 [35]
films
CNT 10-40 200 10 110 [36]

upon reexposure to air even at room temperature [14-20].
Such low temperature-processes are desirable for detecting
toxic gases safely. UV irradiation is another simple and
effective technique. Over the past decade, many studies have
shown that UV irradiation improves the sensing performances
of semiconducting oxide gas sensors [24-32]. On the other
hand, although there have been many reports on the gas
sensing properties of one-dimensional nanostructures UV
illumination, few studies have examined those of one-
dimensional nanostructures functionalized with metal catalyst
under UV illumination. This study examined the NO, gas
sensing properties of multi-networked porous ZnO nanosheets
functionalized with Au at room temperature under UV
illumination to identify the practical use of ZnO-based gas
sensors at room temperature.

2. Experimental

Au-functionalized ZnO nanosheets were synthesized using a
three-step process: the synthesis of ZnO nanosheets by the
thermal evaporation of Zn powders followed by the sputter-
deposition of Au and thermal annealing. First, Au-coated
sapphire was used as a substrate for the synthesis of ZnO
nanosheet structures. A ~3 nm thick Au thin film was deposited
on the (0001) sapphire substrate by direct current (dc) sputter-
ing. A quartz tube was mounted horizontally inside a tube
furnace. The 99.99% pure Zn powder was placed on the lower
holder at the center of the quartz tube. The Au-coated sapphire
substrate was placed on the upper holder approximately 5 mm
apart from the Zn powder. The furnace was heated up to 700 °C
and maintained at that temperature for 1 h in N,/3 mol%-O,
atmosphere with constant flow rates of oxygen (O,) (3 sccm)
and N, (100 sccm). The total pressure was set to 1.0 Torr. For
the second stage, Au thin film was deposited on the surfaces of
some of the as-synthesized ZnO nanosheet samples by direct
current (dc) sputtering (substrate temperature: room temperature,
power: 20 mA, working pressure: 1.9 x 107 Torr, and process
time: 100 s). Subsequently, the Au-coated nanosheets were
annealed at 700 °C for 1 h in air.

The collected nanosheet samples were characterized by scan-
ning electron microscopy (SEM, Hitachi S-4200), transmission

electron microscopy (TEM, Philips CM-200) equipped with an
energy-dispersive X-ray spectrometer (EDS) and X-ray diffrac-
tion (XRD, Philips X'pert MRD diffractometer). The crystal-
lographic structure was determined by glancing angle XRD using
Cu K, radiation (0.15406 nm) at a scan rate of 2°/min. The
sample was arranged geometrically at a 0.5° glancing angle with
a rotating detector.

For the sensing measurements, Ni (~10 nm in thickness)
and Au (~50 nm) thin films were deposited sequentially by
sputtering to form electrodes using an interdigital electrode
(IDE) mask. Multiple networked Au-functionalized ZnO
nanosheets gas sensors were fabricated by pouring a few
drops of nanosheet-suspended ethanol onto oxidized Si sub-
strates equipped with a pair of IDEs and a gap length of
20 pum. The electrical and gas sensing properties of the pristine
ZnO nanosheets and Au-functionalized ZnO nanosheets were
measured using a home-built computer-controlled character-
ization system consisting of a test chamber, sensor holder,
Keithley sourcemeter-2612, mass flow controllers and a data
acquisition system. During the measurements, the nanosheet
gas sensors were placed in a sealed quartz tube with an
electrical feed through. The test gas was mixed with dry air to
achieve the desired concentration, and the flow rate was
maintained at 200 sccm using mass flow controllers. The
working temperature of the sensors was adjusted by changing
the voltage across the heater side. The gas sensing properties
of the Au-functionalized ZnO nanosheets were measured at
room temperature in a quartz tube placed in a sealed chamber
with an electrical feed through. The sensor test was performed
by measuring the resistance of the sensor upon controlled
concentration of NO, gas in the dark and under UV
(4=365 nm) illumination at 1.2 mW/cm?®. The response of the
Au-functionalized ZnO nanosheets is defined as R./R, for
NO,, where R, and R, are the electrical resistances in the
sensors in air and target gas, respectively.

3. Results and discussion

Fig. 1 shows a SEM image of the Au-functionalized ZnO
nanosheets synthesized in this study. The synthesis scheme
adopted in this study can grow equilateral triangular shaped ZnO
nanosheets with a mean base and height of ~0.5 pm and ~1 pm,
respectively. The ED spectra obtained by focusing on Au
nanoparticle (Fig. 2(a)) and on the ZnO nanosheet (Fig. 2(b))
in Au-functionalized ZnO nanosheet confirmed that the Au-
functionalized ZnO nanosheet was composed of Zn, O and Au.
The Cu and C in the spectrum were attributed to the TEM grid.
The EDS elemental map (Fig. 2(c)) of a typical Au-
functionalized ZnO nanosheet showed that Au nanoparticles
were distributed sparsely over the surface of the ZnO nanosheet.

The low-magnification TEM image (Fig. 3(a)) shows a
typical Au-functionalized ZnO nanosheet. Black and white
particles with various sizes were observed on the nanosheet.
The white round particles are not real particles but pores,
whereas the black round particles are Au nanoparticles.
Therefore, the ZnO nanosheet is porous. The diameters of
the Au particles ranged from 10 to 50 nm. Table 1 compares
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Fig. 1. SEM image of Au-functionalized ZnO nanosheets. Inset, enlarged
SEM image of a typical Au-functionalized ZnO nanosheet.

the size of Au nanoparticles and responses of the Au-
functionalized ZnO nanosheets sensor fabricated in this study
to NO, gas with those of other Au-functionalized nanomaterial
sensors reported previously [33-36]. The size of Au particles
in this study is smaller or comparable to others and the
response of the sensor to NO, gas measured in this study is
higher than those obtained by others. Therefore, we may
conclude that the size of Au nanoparticles in the Au-
functionalized ZnO nanostructure sensors fabricated in this
study is appropriate for efficient gas sensing. Fringe patterns
were observed over the entire HRTEM image of the ZnO
nanosheet (Fig. 3(b)). The resolved spacing between two
neighboring parallel fringes is approximately 0.25 nm, which
is in good agreement with the {101} planes of bulk ZnO
crystals (JCPDS no. 89-1397, a=0.3253 nm, and ¢=0.5213
nm). The corresponding selected area electron diffraction
(SAED) pattern recorded perpendicular to the long axis, was
indexed to the [010] zone axis of ZnO. The reflection spots in
the corresponding selected area electron diffraction (SAED)
pattern (Fig. 3(c)) were identified as the (101), (103) and (002)
reflections of wurtzite-structured ZnO, indicating that the ZnO
nanosheet in the TEM image is a single crystal. Fig. 4 shows
the XRD pattern of the as-synthesized Au-functionalized ZnO
nanosheets. The main diffraction peaks in the pattern of the as-
synthesized nanosheets were indexed to the lattice planes of
wurtzite-structured single crystal ZnO, suggestting that the
nanomaterial is ZnO.

Fig. 5(a) shows the dynamic responses of the Au-fun-
ctionalized ZnO nanosheets at room temperature to NO, gas
under UV illumination at 1.2 mW/cm?. The resistance increased
instantaneously to a maximum resistance, which was maintained
at the maximum resistance upon exposure to NO, and recovered
completely to the initial value upon the removal of NO,. The
sensor responses to NO, gas were also stable and reproducible for
repeated test cycles. Multiple networked pristine ZnO nanosheets
showed responses ranging from ~111 to ~137% at NO,
concentrations of 1-5ppm (Table 2). In contrast, the Au-
functionalized ZnO nanosheets showed responses ranging from
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Fig. 2. (a) ED spectrum of a typical Au-functionalized ZnO nanosheet
obtained by focusing on an Au nanoparticle. (b) ED spectrum of a typical
Au-functionalized ZnO nanosheet obtained by focusing on the ZnO nanosheet.
(c) EDS elemental maps of a typical Au-functionalized ZnO nanosheet.

~205 to ~455% over the same concentration range. Therefore,
the response of the nanosheets was improved 1.8-3.3 fold at
1-5ppm NO, by the functionalization of ZnO nanosheets
with Au.

Fig. 5(d) shows the responses of pristine ZnO nanosheets and
Au-functionalized ZnO nanosheets as a function of the NO,
concentration under UV illumination. The response of an oxide
semiconductor is commonly expressed as R=A[C]"+B, where
A and B, n, and [C] are constants, exponent and target gas
concentration, respectively [37]. Data fitting provided the
following equations for the pristine ZnO nanosheets and
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Fig. 3. (a) Low magnification TEM image, (b) high-resolution TEM image, and (c) selected area electron diffraction pattern of Au-functionalized ZnO nanosheets.
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Fig. 4. XRD patterns of Au-functionalized ZnO nanosheets.

Au-functionalized ZnO nanosheets: R=6.564[C]+102.168 and
R=62.332[C]+129.636, respectively. The response of the Au-
functionalized ZnO nanosheets tended to increase more rapidly
with increasing NO, gas concentration than that of the pristine
nanosheets, suggesting that the response of the former would be
much higher than that of the latter at high NO, gas concentra-
tions, such as at a few thousand ppm of NO,, even though the
response of the Au-functionalized ZnO nanosheets was exam-
ined only over the NO, concentration range 1-5 ppm.

Fig. 6 shows the dynamic responses of the Au-functionalized
ZnO nanosheets to 5 ppm NO, gas at room temperature under
UV illumination with different illumination intensities. The
dynamic response of the the Au-functionalized ZnO nanosheets
at room temperature without UV light illumination (UV intensity
of 0 mW/cm?) is not shown in Fig. 6 because the change in
resistance was negligible and unstable. Table 3 shows that the
response of the Au-functionalized ZnO nanosheets to 5 ppm NO,
increased from ~133 to ~455% with increasing UV illumination
intensity from 0.35 to 1.2 mW/cm®. These high responses at
room temperature showed the strong influence of UV light
irradiation on the response of the nanosensor to NO, gas. This
supports previous reports that the UV light irradiation technique
enables the realization of room temperature-gas sensors [21-29].

Responses of pristine and Au-functionalized ZnO nanosheet
gas sensors to different kinds of gases were compared to examine
the selectivity of the gas sensors. The pristine ZnO nanosheet gas
sensor showed little difference in response between different
gases (Fig. 7), i.e. low selectivity. In contrast, the response of the

Au-functionalized ZnO nanosheet sensor to NO, gas was far
higher than those to CO, H,S and C,HsOH gases. This result
shows that selectivity is significantly enhanced by functionalizing
Zn0O nanosheet with Au. The result also suggests that selectivity
is more influenced by Au-functionalization than UV irradiation.
The NO, gas sensing mechanism of the Au-functionalized ZnO
nanosheets under UV light illumination can be depicted as follows:
When the nanosheets are exposed to air, they interact with
oxygen by transferring electrons from the conduction band to
the adsorbed oxygen atoms, forming ionic species, such as O™,
0% and O3, as shown in the following reactions [38,39]:

0, (g) =0, (ads) ey
O, (ads)+e™ — O3 (ads) 2)
O3 (ads)+e™ — 20" (ads) 3)
O™ (ads)+e” -0~ (ads) Q)

A depletion layer is created in the surface region of the
nanosheets because electrons in the surface region of the
nanosheets are consumed, resulting in a decrease in electrical
resistance in the nanosheets. Upon exposure to UV light with
photon energy larger than the energy band gap of ZnO,
electron-hole pairs will be generated in the ZnO nanosheets.
On their way to the surface of the ZnO nanosheets, some of the
photo-generated electrons and holes will recombine each other
and many of the photo-generated holes react with negatively
charged adsorbed oxygen ions on the surface as in the
following reactions [30]:

h*(hv)+0%(ads) - Ox(g),
h*(hv)+O~(ads) — 1/20,(hv),
or

2h* (hv)+0> (ads) — 1/204(hv). ™)

As a result of these reactions the width of the surface
depletion layer in the nanosheets is reduced. Oxygen species
are photodesorbed from the surface. On the other hand, the
photo-generated electrons will contribute to the decrease in
depletion layer width and resistance.

Upon exposure to NO, gas, NO, gas adsorbs on the ZnO
nanosheets and the remaining photo-generated electrons are
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Fig. 5. (a) Dynamic responses of pristine and Au-functionalized ZnO nanosheets to NO, gas at 1-5 ppm at room temperature under UV light illumination. (b)
Enlarged part of the pristine ZnO nanosheets curve in Fig. 5(a) at 5 ppm NO,. (c) Enlarged part of the Au-functionalized ZnO nanosheets curve in Fig. 5(a) at 5 ppm
NO.. (d) Responses of pristine and Au-functionalized ZnO nanosheets as a function of the NO, gas concentration.

Table 2
Responses measured at different NO, concentrations for the Au-functionalized
ZnO nanosheet sensor at room temperature under UV illumination at 1.2 mW/

Cl’l’lz.

NO, concentration (ppm). Response (%)

ZnO Au-ZnO
1 110.78 205.25
2 113.98 251.06
3 120.07 296.90
4 127.76 375.02
5 136.71 45493

released from the nanosheets, and are attracted to the adsorbed
NO, molecules because an oxidizing gas, such as NO,, acts as
an electron acceptor, as shown in the following reaction [27]:

NO, (g)+e~ (hv)—2NO (hv)+0; (hv) (8)

This reaction broadens the surface depletion layer in the
ZnO nanosheets, resulting in an increase in the resistance of
the nanosheet sensor. Therefore, the depletion layer width and
electrical resistance of the sensor increases with increasing
NO, concentration and UV illumination intensity because the
number of electrons participating in the above reaction
increases. Undoped ZnO is an n-type semiconductor. There-
fore, Au-functionalized ZnO nanosheets have a typical metal-
n-type semiconductor contact as shown in the energy band

b NO, On NO, Off <> 1.2 mW/cm?
A 085 mW/em?

3 400 - O 0.6 mW/em?
<
2 O 035 mW/em?
s 300 -
? No UV = Not detected
&

200 -

100 -

0 200 400 600 800 1000
Time (sec)

Fig. 6. Dynamic responses of Au-functionalized ZnO nanosheet gas sensors to
NO, gas at 5 ppm for a range of UV light illumination intensities.

diagram of which is shown in Fig. 8. The depletion layer width
(Wyy) in the surface region of a ZnO nanosheet under UV
illumination is larger than that in the dark (Wg,,) as shown in
Fig. 8.

After the NO, gas supply is stopped, the electrons are released
to the ZnO nanosheet. This results in an increase in carrier
concentration in the ZnO nanosheet and a decrease in the surface
depletion layer width. In other words, the electrons are returned to
the conduction band, which results in a sharp decrease in
electrical resistance in the ZnO nanosheet sensors (Fig. 5(b)).

The significant enhancement in the response of the ZnO
nanosheets to NO, gas by UV irradiation was attributed to the
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increased change in resistance due to the photo-generation of
electrons and holes. Briefly, the significant improvement in the
response of the ZnO nanosheets to NO, gas by UV irradiation
was attributed to the increased change in resistance due to an
increase in the number of electrons participating in the reactions
with NO, molecules by photo-generation of electron—hole pairs.

On the other hand, the enhancement of NO, gas sensing
properties of ZnO nanosheets by Au-functionalization can be

Table 3
Responses of the Au-functionalized ZnO nanosheet sensor to 5 ppm NO,
measured at room temperature for different UV illumination intensities.

UV power (mW/em?) Response (%)

0.35 132.86
0.6 280.11
0.85 388.31
1.2 454.93

500 4 mmm Au-ZnO NS
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Fig. 7. Comparison of responses of pristine and Au-functionalized ZnO nanosheets
gas sensors to different kinds of gases.
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explained based on the model proposed for the metal catalyst-
enhanced gas sensing of nanomaterials [40]. In the case of Au-
functionalized ZnO nanosheets, the NO, gas was spilt over the
ZnO nanosheet surface by Au nanoparticles and the chemisorp-
tion and dissociation of NO, gas was enhanced on the Au
nanoparticle surface due to the high catalytic or conductive nature
of Au. Consequently, the number of electrons attracted to the gas
increases. In addition, localized surface plasmon forms in an Au
nanoparticle at the surfaces of Au-functionalized ZnO nanosheets
as shown in Fig. 8. Therefore, electrons transfer from the defect
states in ZnO nanosheets to the Au nanoparticles in Au-
functionalized ZnO nanosheets. This electron transfer from the
defect states to the Au nanoparticles not only results in an
increase in resonant electron density, but also creates energetic
electrons in higher energy state [41,42]. These resonant electrons
are so active that they can escape from the surface of Au
nanoparticles to the conduction band of the ZnO nanosheets.
Therefore, the electron density in the conduction band of ZnO is
increased significantly by Au-functionalization. Briefly, the
increase in the number of electrons by the transfer of electrons
from the localized surface plasmon in Au nanoparticles to the
conduction band of ZnO as well as combination of the spillover
effect and the enhancement of chemisorption and dissociation of
gas results in the enhanced electrical response of the Au-
functionalized ZnO nanosheet sensor to NO, gas.

4. Conclusions

Au-functionalized porous ZnO nanosheets were synthesized
using a three-step process: synthesis of ZnO nanosheets by the
thermal evaporation of Zn powders followed by Au sputter-
deposition and thermal annealing. The multiple networked
pristine ZnO nanosheets showed responses ranging from ~111
to ~137% at NO, concentrations ranging from 1 to 5 ppm

After Equilibrium
Au
ZnQ
—— K
q®=51ev| | |
1=4.09e¢

Trapped
electrons

Fig. 8. Energy band diagrams of the Au—ZnO system before and after equilibrium.
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(Table 1). In contrast, the Au-functionalized ZnO nanosheets
showed responses ranging from ~205 to ~455% over the same
concentration range. Therefore, the response of the nanosheets
was increased 1.8-3.3 fold at 1-5 ppm NO, by the functiona-
lization of ZnO nanosheets with Au. The response of the Au-
functionalized ZnO nanosheets increased from ~133 to
~455% with increasing UV illumination intensity from 0.35
to 1.2 mW/cm®. The significant enhancement in the response
of the ZnO nanosheets to NO, gas by UV irradiation was
attributed to the increased change in resistance due to the
photo-generation of electrons and holes.
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