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ABSTRACT Tubular ZnO microstructure arrays were fabricated on a large scale by
a two-step hydrothermal method. The porous ZnO tubular structures were then used to
construct a gas sensor for CO detection. The microtube array gas sensor showed sensi-
tive response to different concentration of CO with an optimum temperature of 250 ◦C.
Because of the large surface to volume ratio, the sensitivity of the microtube arrays
was about twice of that of the ZnO rods. Our results indicate that this simple two-step
method for fabrication of large-scale tubular microstructure arrays can be potentially
used in gas sensor applications with improved performance.

PACS 81.07.Bc; 78.55.Et; 07.07.Df

1 Introduction

Semiconductor metal oxides
have been widely used as gas sensing
materials due to their advantages of low
cost, high sensitivity and good com-
patibility with the fabrication process
of silicon microelectronics [1]. ZnO,
as a key semiconducting material, has
been applied earlier in gas sensing for
many toxic and hazard gases [2]. Since
Seiyama et al. reported the gas sensor
based on ZnO thin film in 1962 [3],
many ZnO gas sensors have been de-
veloped [4, 5]. As the adsorption is
a surface effect, the surface area is the
most important parameter to determine
the sensitivity of the gas sensor. How-
ever, the performance of traditional thin
film gas sensor is severely hampered by
the limited surface to volume ratio [6].
Though porous thin films have been
adopted to enhance the surface area,
oxide films with high porosity are dif-
ficult to synthesize [7]. In recent years,
one-dimensional (1D) microstructures
with a large surface to volume ratio
have attracted much interest [8]. In fact,
various oxide 1D structures such as

� Fax: +65 6793 3318, E-mail: exwsun@ntu.edu.sg

nanowires [9, 10], nanoflower [11] and
nanoflake [12] have been evaluated as
gas sensors for the past few years.

Among various microstructures,
tubular structures have attracted the ex-
tensive attention of researchers [13], due
to their larger surface area and unique
optical and electrical properties. Appli-
cations were extended to laser, medicine
transport and transistor [13–16]. In add-
ition, the hollow space inside the tube is
advantageous in carrying functional ma-
terials to form complicated functional
structures [17]. Though extensive ef-
forts have been made to fabricate the
tubular structures [18], large-scale syn-
thesis of oxide tubular structures is still
a challenge. In this letter, we shall re-
port a two-step hydrothermal method
to synthesis ZnO microtube arrays in
large scale. The ZnO microtube array
was used to construct a CO gas sensor
with improved performance.

2 Experimental details

The synthesis of ZnO mi-
crotubes was carried out in a two-step
hydrothermal method. In the first step,

a 5 nm-thick ZnO thin film was firstly
deposited on surface of a silicon (100)
substrate with a thin SiO2 layer, to fa-
cilitate the nucleation of ZnO nanorods
in the hydrothermal process afterwards.
The initial 5 nm ZnO film was fabricated
by rf sputtering using a commercial
Zn target (purity 99.99%). The power
used for sputtering was 25 W. The base
pressure was below 2 ×10−2 Pa. The
growth time was 15 s and the Ar and
O2 gas flows were 40 and 2 sccm, re-
spectively. Then ZnO nanorod array
was synthesized on this ZnO-coated
substrate. The aqueous hydrothermal
solution consisting of 0.05 M ZnCl2.
4H2O and 0.05 M methenamine were
mixed in a bottle with an auto-clavable
screw cap, where a ten-minute sonica-
tion was carried out. Then the ZnO-
coated silicon substrate was immersed
vertically in the solution. The hydrother-
mal decomposition was carried out at
95 ◦C for 3 h inside an oven. After re-
action, a white layer of products was
seen deposited on the silicon substrate.
In the second step, the as-prepared prod-
uct was immersed in an ammonia solu-
tion (pH = 10.5) at 80 ◦C for 6 h. Then,
the products were thoroughly washed
with de-ionized water to remove the
residual salts and amino complex. Sub-
sequently, the morphology and structure
were observed using scanning electron
microscopy (SEM, JSM-6340F), X-ray
diffraction (XRD, Siemens D5005) and
high-resolution transmission electron
microscopy (HRTEM, JEOL JEM-2010).

The gas sensing properties were
characterized using a computer-
controlled gas sensing characterization
system. A pair of interdigital Au elec-
trodes (1 mm gap between adjacent
electrodes) with a thickness of 300 nm
was deposited on the surface of the ZnO
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microtube arrays by sputtering using
a shadow mask. The testing gas was CO
with various concentrations in dry air
(relative humidity 30%). The gas sensi-
tivity S was determined by the relative
resistance, S = Igas/Iair, where Iair and
Igas are the current of the ZnO microtube
gas sensor in dry air and CO-containing
dry air, respectively.

3 Results and discussion

Figure 1a shows the SEM
image of the product synthesized in
the first step. The inset of Fig. 1a is
the corresponding cross-sectional SEM
image. Rod-like structures with an aver-
age diameter of about 1 µm was found
grown on the substrate. It can be seen
also from the inset of Fig. 1a that the
thin layer of ZnO underneath the rods
becomes thicker (100–200 nm) com-
pared to the initial thickness of 5 nm.
Figure 1b–d show the planar-, titled-
and enlarged-view SEM images of the
as-prepared sample in the second step,
respectively. The XRD data of the ZnO
microtubes and rods arrays are shown
in Fig. 2. All the diffraction peaks are
in good agreement with the standard
values for wurtzite ZnO (JCPDS 79-

FIGURE 1 (a) SEM images
of ZnO microrods array. (b–d)
SEM images of ZnO microtubes
array with the planar-, titled- and
enlarged-view, respectively. The
inset in (a) is the cross-section
SEM image of the ZnO micro-
rods array

FIGURE 2 XRD pattern of ZnO microtubes array and ZnO microrods array

2205). The high intensity of (0002) peak
in the XRD pattern of ZnO microrods
indicates that the ZnO microrods array
is preferentially oriented along (0002)
direction. Compared to ZnO microrods
array, the relative intensity of the (0002)
peak of microtubes is low, which indi-
cates absence of (000 n) planes in the
hollow microtubes [19]. From the SEM

images, we can see hexagonal ZnO
tubular structures grow vertically on the
substrate and form a dense array. The
diagonal size of the hexagonal micro-
tubes ranges from 200 nm to 2 µm with
the average diameter of about 1 µm. The
thickness of the wall of ZnO microtubes
is about 100–200 nm, and the length of
the microtubes is about 10 µm.
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Further insight into the detailed
structure of the ZnO microtube was
gained by TEM analysis. A typical TEM
image of the microtube is shown in
Fig. 3a. The inset of Fig. 3a is the corres-
ponding select area electron diffraction
(SAED) pattern. The sharp and bright
dots in SAED pattern indicate that the
microtubes is single crystalline. The
growth direction of microtubes can be
indexed to be [0001] direction. Fig-
ure 3b gives an HRTEM image taken
at the top of the ZnO tube. The clear
fringes correspond to the (0001) and
(011̄0) planes of hexagonal ZnO, re-
spectively. HRTEM results further con-
firm the single crystalline feature of the
ZnO tubes.

The growth mechanism of ZnO mi-
crotubes is discussed below. In the first
step of synthesis process, Zn2+ ions and
the NH2+

3 ion produced by dissolution of
methenamine formed Zn2+ amino com-
plex first, was then thermally decom-
posed to form ZnO rods [20, 21]. In
the second step, the ZnO rods were im-
mersed in the ammonia solution at the
80 ◦C. The hexagonal ZnO rod was con-
fined by two (0001) plane and six {101̄0}
planes. Because of the higher concen-
tration of NH2+

3 and lower temperature,
the reaction moved in the reverse di-
rection, and resulting in dissolution of
ZnO [22]. It is well known that wurtzite
ZnO is a polar crystal. The (0001) polar
plane is metastable while the six non-
polar planes {101̄0} are more stable. The
fast growth direction [0001] is also the
fast dissolution direction. Therefore, the
preferential dissolution of ZnO (0001)
plane finally resulted in the formation
of hollow tubular structures along the
[0001] direction.

Figure 4a shows the sensitivities
of the ZnO microtubes [Fig. 1b] and
microrods [Fig. 1a] gas sensors as
a function of temperature exposed to
a 250 ppm CO testing gas. The sensitiv-
ity of both ZnO tubes and rods increases
initially with the increase of temperature
reaching the maximum at 250 ◦C, and
then decreases with further increase in
temperature. However, the sensitivity of
ZnO tubes is obviously higher than that
of ZnO rods with almost the same diam-
eter. The maximum sensitivity of micro-
tubes at 250 ◦C, is about 2.1 times of that
of rods, indicating the improved sensi-
tivity of the ZnO tubes array. Based on
the results shown in Fig. 4a, 250 ◦C was

FIGURE 3 (a) A typical TEM image of the ZnO microtube, the inset is the corresponding SAED
pattern. (b) HRTEM image of ZnO microtube taken on the tip of the microtube

FIGURE 4 (a) The sensitivity of
the ZnO microtubes and ZnO nano-
rods gas sensors as a function of
temperature when the sensors were
exposed to 250 ppm CO. (b) The re-
sponse of ZnO microtubes gas sensor
to 250 ppm CO at 250 ◦C. (c) The
gas sensing performance of the ZnO
microtubes in response to different
concentration CO gas at temperature
250 ◦C
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chosen to measure CO sensing proper-
ties of the ZnO microtube arrays. Fig-
ure 4b shows the switching response of
ZnO microtube gas sensor to 250 ppm
CO testing gas at 250 ◦C. The microtube
gas sensor shows a reversible yet stable
response to CO gas at this temperature.
The conductivity of the ZnO sensor in-
creases when it is exposed to CO and
recovers to the baseline when the gas is
turned off. The response time of the sen-
sor to 250 ppm CO was estimated to be
54 s, indicating a fast response. Though
the ZnO is reported not sensitive to CO
gas as other oxides such as SnO2 and
In2O3 [6, 23], it is worth mentioning that
the sensitivity of our ZnO tube sensor is
significantly higher than that of the CO
sensors constructed by ZnO films and
ZnO nanoparticles [24–26].

It is also worth mentioning that, with
a dense nanostructure (Fig. 1), the Au
electrodes were able to form a continu-
ous layer for gas sensing measurement.
So the Au electrodes are not in direct
contact the thin layer underneath the
ZnO tube/rod array (inset of Fig. 1a).
The current signal containing gas sens-
ing information should pass through the
ZnO tubes/rods, with tunneling in be-
tween them and possibly a small portion
from the underlying ZnO thin layer con-

FIGURE 5 Schematic model of the CO sensing process of ZnO tube sensor

nected to the tubes/rods. The different
gas sensing responses from ZnO rods
and tubes is a clear indication of this
hypothesis.

Figure 4c shows the gas sensing
performance of the ZnO microtubes in
response to various concentrations CO
testing gas at 250 ◦C. Following the in-
crease of the gas concentration, the ZnO
microtubes sensor shows an increas-
ing response initially and saturates for
higher CO concentration. Many models
have been proposed to describe the sens-
ing behavior of metal oxides [1]. When
the process is mainly controlled by dif-
fusion, the sensitivity of semiconduct-
ing oxide gas sensor can be empirically
represented as S = 1 + Ag(Pg)

β, where
Pg is the target gas partial pressure,
which is proportional to the gas con-
centration, Ag is a prefactor, and β is
the exponent on Pg [11, 27, 28]. Gener-
ally, β has an ideal value of either 0.5
or 1, which is derived from surface in-
teraction between chemisorbed oxygen
adions and reducing gas (CO, H2) to the
N-type semiconductors [27–29]. In our
case, the value of β for microtubes ar-
ray is about 0.197 ±0.013, determined
by the fit using the empirical formula.
The deviation of the β may be due to
the disorder and some insensitive area

(vacancy between tubes) existing in the
sensor [1, 27].

The sensing performance of semi-
conductor oxides is usually attributed to
the adsorption and desorption of oxy-
gen on the surface of the oxides [23, 29].
The absorbed oxygen captures free elec-
trons and thus reducing the conductance
of the oxide. When the oxides exposed
to a reducing gas (CO in our case),
the CO molecules react with the ab-
sorbed oxygen to form CO2 molecules.
This process causes the release of elec-
trons from the oxygen ions, and thus
increases the conductance. Figure 5
schematically depicts the sensing pro-
cess of CO gas on the surface of a ZnO
tube. The improved CO gas sensing per-
formance of ZnO tubes over that of
rod may be attribute to (1) the tubu-
lar structures improve the surface to
volume ratio of the CO sensor and (2)
the tubular structure form a real porous
films that allow the gas molecules to
diffuse deeply into the end of the film,
thus exposing the so-called full sur-
face of the microstructures to the testing
gas.

4 Conclusions

In summary, we have synthe-
sized ordered tubular ZnO microstruc-
ture arrays using a simple two-step hy-
drothermal method. The tubular array
was used to fabricate a CO gas sensor
with improved sensitivity compared to
rod array in a comparative study. Our
two-step process is simple and can be
easily scaled up for tubular microstruc-
ture arrays fabrication in large scale,
which helps to realize various applica-
tions, for example the gas sensor shown
here, with low costs.
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