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Abstract In this study, ZnO nanostructures with different
morphologies including nanorods, nanowires, and nano-
brushes were synthesized by a simple hydrothermal process
without using any structure-directing reagent. The samples
were characterized by X-ray diffraction, field emission
scanning electron microscopy, and transmission electron
microscopy. The influence of the preparation parameters on
the morphology of ZnO is discussed. Gas-sensing proper-
ties of the materials were investigated. The results reveal
that all the prepared nanostructured ZnO powders show
high response to ethanol, among which, the three-dimen-
sional nanobrushes show the highest response, demon-
strating excellent potentiality for ethanol sensors.

Introduction

Zinc oxide (ZnO) is an extensively studied material owing
to its non-toxicity, inexpensive production, easy to grow
nature, and more importantly, to its multifunction. ZnO is
of interest for potential applications in optoelectronic
devices such as solar cells [1], field emission displays [2],
sensors [3], and other devices [4, 5] due to its wide direct-
band gap (3.37 eV) and large exciton-binding energy of
60 meV. ZnO is an important semiconductor for sensing
toxic and combustible gases. In short, ZnO sensors hold a
large variety of advantages, such as low cost, short
response time, easy manufacturing, and small size,

W.-D. Zhang (<) - W.-H. Zhang - X.-Y. Ma

Nano Science Research Center, School of Chemistry
and Chemical Engineering, South China University

of Technology, 381 Wushan Road, Guangzhou 510640,
People’s Republic of China

e-mail: zhangwd @scut.edu.cn

compared to the traditional analytical instruments. How-
ever, its working temperature is rather high, normally at
400-500 °C, and selective response is fairly poor. Nowa-
days, efforts have been made on improving preparation
methods to synthesize ZnO with different morphologies for
sensors with low working temperature. Ethanol-sensing
properties of one-dimensional (1D) nanostructures such as
nanorods [6-9], nanowires [10], and nanotubes [11] have
been widely investigated, while gas-sensing properties of
three-dimensional (3D) hierarchical ZnO nanostructures
been rarely investigated. Recently, brush-like hierarchical
ZnO nanostructures based on individual nanorods have
shown very good ethanol gas-sensing properties at 265 °C
[12]. However, the gas-sensing properties of 3D nano-
brushes assembled from flower-like ZnO nanorods have
not yet been investigated.

Morphology control is considerably important in manu-
facturing ZnO nanostructures for specific purpose. In many
applications, both size and shape play important roles in
determining the properties and the utilities of the nanoma-
terials. For ZnO nanostructures, investigations have been
focused on the synthesis and characterization of intrinsic
ZnO, especially on 1D and 3D ZnO nanostructures. In the
past decade, 1D ZnO and 3D hierarchical nanostructures,
such as nanorods, nanowires, nanotubes, nanoribbons, and
nanobrushes, have been successfully prepared in laborato-
ries. 1D and 3D hierarchical ZnO nanostructures can be
synthesized by various methods including thermal evapo-
ration [13], pulsed-laser deposition [14], electrochemical
deposition [15], sonochemical method [16], sol-gel [17], and
hydrothermal synthesis with surfactants or other organic
compounds as capping or directing reagents [18-20]. How-
ever, these preparation methods are often limited in practical
applications due to low yields and rigorous reaction condi-
tions, such as high temperature, long reaction time, and use
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of toxic template, complex equipment, etc. Thus, it is
imperative to explore a simple, low-cost, environmentally
friendly, and high-yield synthetic method for the preparation
of ZnO nanostructures. Herein, we report a facile approach
for size-controlled synthesis of ZnO nanostructures includ-
ing nanorods, nanowires, and nanobrushes by hydrothermal
process at the low temperature of 90 °C. Their gas-sensing
properties are also investigated.

Experimental section
Preparation and characterization of ZnO

ZnO was prepared by a simple hydrothermal method. A
solution saturated with Zn(OH);~ for hydrothermal syn-
thesis of ZnO was prepared by dissolving ZnO (Aldrich,
99.5%) in a 5-M NaOH solution. Different ZnO nano-/
micro-structures were synthesized by controlling the vol-
ume ratio of the ZnO-saturated 5-M NaOH solution, NaOH
solution, and water.

S1and S2 were prepared with the ratio [VZn(OH)i’ /VNaoH/
Vh,0] of 3:0:37 and 1:2:37, respectively, i.e., S1 was pre-
pared by adding 3 mL of the ZnO-saturated 5-M NaOH
solution to 37-mL distilled water; while S2 was prepared by
mixing 2 mL of the 5-M NaOH solution, 1 mL of the ZnO-
saturated solution, and 37-mL distilled water under constant
stirring. The resulting solution was transferred into a 50-mL
Teflon-lined stainless steel autoclave and sealed tightly. The
pH value of the resulting solution was about 13.5 and 14.0 for
the preparation of samples S1 and S2, respectively. Hydro-
thermal treatment was carried out at 90 °C for 10 h. After
that, the autoclave was allowed to cool down naturally.

The mixture solution for the synthesis of S3 was the
same as that for S1, i.e., a mixture of 3 mL of ZnO-satu-
rated solution and 37-mL distilled water, while 0.01-g S1
powder was dispersed in the mixture solution by ultra-
sonication for 30 min. The resulting suspension was then
heated at 90 °C for 10 h.

S4 was prepared at room temperature (about 25 °C) by
mixing 1-mL ZnO-saturated 5-M NaOH solution with 37-
mL distilled water in a 100-mL beaker for 15 min and
white precipitate was formed. The pH value of the resulting
solution was about 12.5 for the preparation of sample S4.

The prepared precipitates were separately collected,
washed with distilled water several times, and then dried at
100 °C overnight.

The crystal structures of the resulting products were
characterized by a Shimadzu XD-3A X-ray diffractormeter
(XRD) with Cu Ko radiation (4 = 1.5406 nm). XRD pat-
terns were recorded from 10° to 70° at a scan rate of
4° min~'. A field emission scanning electron microscope
(FESEM) (JEOL JSM 6700F) was used to observe ZnO
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samples. Transmission electron microscopy (TEM) obser-
vation was performed with a Philips CM 300 FEG instru-
ment operated at 300 kV. The Brunauer—-Emmett-Teller
(BET) surface area was determined by a ST-08A measur-
ing instrument (Beijing Analysis Instruments Technical
Company, Beijing, China).

Fabrication and evaluation of the gas sensors

Details of gas-sensing measurement were operated as
reported in Ref. [21]. The powder samples were dry-ground
and then wet-ground with a terpineol solution to form a
paste, respectively. The paste was coated onto an Al,O3
tube with two gold leads at each end. After dried in air, it
was sintered at 600 °C for 2 h. Finally, the electrodes were
fixed on the circuit for measurement. A heater using Ni—Cr
wire was inserted into the Al,O5 tube to supply the nec-
essary operation temperature. Resistance of the sensor was
measured in air and in sample gases, respectively. A
chamber was filled with air at 101.3 kPa, and then ethanol
was injected into the chamber. The gas concentration in the
chamber was calculated according to the amount of ethanol
injected and the chamber volume. The response (S) was
defined as the ratio (R,/R,) of the resistance in air (R,) and
in a sample gas or vapor (R,). The response/recovery time
was defined as the time to reach 90% of the final change in
resistance, when the gas was turned on or off, respectively.

Results and discussion

Crystal structure and morphology of the prepared ZnO

The XRD patterns of the as-synthesized ZnO samples are
displayed in Fig. 1. All the samples show well-crystallized
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Fig. 1 XRD patterns of (a) S1, (b) S2, (c) S3, and (d) S4



J Mater Sci (2009) 44:4677-4682

4679

diffraction peaks, and the absence of impurity peak sug-
gests high purity of the prepared samples. All the diffrac-
tion peaks are well indexed to the standard hexagonal ZnO
crystal (JCPDS 36-1451).

The morphologies of the synthesized ZnO in various
conditions were visualized by SEM, as depicted in Fig. 2.
Uniform flower-like ZnO, which consists of many hexag-
onal nanorods with smooth surfaces, is observed in Fig. 2a.
The diameter and the length of S1 are about 300 nm and
2.4 um, respectively. Inset in Fig. 2a shows the zoom-in
observation on the right corner. One can see a hexagonal
nanorod with other six hexagonal nanorods attached on
each side near the root. Each nanorod is almost the same
size and shape, and is with a sword-like tip. When the ratio
[VZn(OHﬁ* /Vnaon/Vm,0] being changed to 1:2:37, the
obtained ZnO is also flower-like, but the 1D ZnO is much

Fig. 2 FESEM images of a S1;
b S2;¢,d S3; and e, f S4

thinner, grown to be needle-like nanowires (Fig. 2b). The
diameter and the length of S2 are about 300 nm and 10 pm,
respectively. It is very interesting that ZnO nanowires can
grow from the sidewalls of the nanorods by another
hydrothermal process. As shown in Fig. 2c and d, the
morphology of S3 is nanobrushes and these ZnO nano-
brushes are composed by many small nanowires growing
on every nanorod, forming hierarchical structure. Addi-
tionally, the size and shape of the original nanorods is not
changed.

The formation of self-assembly ZnO nanostructures in
aqueous solution could be explained by the homogeneous
and heterogeneous nucleus mechanism [22, 23]. The
overall reaction procedure for growing 1D ZnO nano-
structures in an aqueous alkaline solution is proposed
below:
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ZnO + 20H™ + H,0 — Zn(OH); (1)
Zn(OH); — ZnO + H,0 + 20H"~ (2)

A solution saturated with Zn(OH);~ for hydrothermal
synthesis of ZnO nanorods or nanowires was prepared by
dissolving commercial ZnO powders in a 5-M NaOH
solution. The above saturated solution was diluted to dif-
ferent concentrations with H,O. At an early stage, initially
grown ZnO nuclei from the decomposition of Zn(OH); ™,
acted as seeds. The newly formed species adsorbed onto
them enhanced the anisotropic growth, resulting in the
formation of nanorods. Under the aqueous alkaline condi-
tion, polar growth of ZnO crystal along the [001] directions
proceeds through the adsorption of growth units of
Zn(OH);~ onto the (001) plane, resulting in an anisotropic
growth [22]. The growth of ZnO nanowires could be
attributed to the low concentration of Zn(OH);~ solution
during the hydrothermal process. The thickness of the
nanorods could be tuned by varying the concentration of
Zn(OH); ™ solution, but the pH value of the solution must
be kept at 13.5 or higher. ZnO nanorods can also act as the
heterogenous nuclei sites for the adsorption of newly

Fig. 3 TEM images of a, b S1;
¢ S2; and d S3
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formed species from the decomposition of Zn(OH)3~, and
then epitaxially grow on the nanorods along the six side-
walls to be nanowires [20], resulting in the formation of
ZnO nanobrushes with 6-fold symmetry configuration
[Fig. 2¢c, d; 23-25]. It is worth pointing out that we can
prepare ZnO nanorods and nanowires in large amount by
this hydrothermal process using large volume autoclaves.
The pH value of the solution is critically important for the
growth of ZnO nanorods or nanowires. The pH values of
the solutions for the synthesis of nanorods and nanowires
were adjusted to about 13.5. Otherwise, ZnO microparti-
cles were formed soon at room temperature. As shown in
Fig. 2e, the morphology of S4 is microparticles which
seem to be consists of aggregates of nanoplatelets (Fig. 2f).
The mean grain size was 5 pm. Our experimental results
obviously indicate that the thickness of the 1D ZnO can be
controlled by varying the concentration of Zn(OH);~ with
maintaining pH of 13-14.

Further insight into the detailed structure and morphol-
ogies of the products were gained by TEM analysis, as
indicated in Fig. 3. The flower-like structure of S1 is
depicted in Fig. 3a, which is consistent with SEM
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observation. The HRTEM image of a nanorod shown in
Fig. 3b clearly indicate the fringes corresponding to the
(001) planes of hexagonal ZnO. The growth direction of
nanorods can be indexed to [001] direction. The nanorods
are single crystal [26]. Figure 3c shows the thinner ZnO
nanowires prepared in diluted Zn(OH);~ solution. The
brush-like hierarchical structure of S4 is depicted in
Fig. 3d. One can see several nanowires attached on a
nanorod. The average diameter and the length of nanowires
grown on the nanorod are about 90 nm and 850 nm,
respectively.

Gas-sensing properties of the prepared samples

Gas-sensing properties of the prepared samples with dif-
ferent morphologies were studied. In general, gas sensors
are affected by the working temperature. Response of the
ZnO sensors to 50 ppm ethanol at 150-330 °C is illustrated
in Fig. 4. Upon increase of the working temperature, the
response of S1, S2, and S4 sensors to 50 ppm ethanol all
increased from 150 to 270 °C and reached the maximum of
9.2, 7.1, and 16.5 at 270 °C, respectively. However, the
response of S3 sensor increased from 150 to 240 °C and
reached the maximum of 23 at 240 °C. The working
temperature was controlled at 240 °C for testing the per-
formance of the sensors. In addition, one can see from
Fig. 4 that the nanowires (sample S2) exhibited the lowest
response at the testing temperature ranging from 150 to
270 °C, and effect of temperature on the response of the
nanorods (sample S1) was limited.

The response/recovery time is an important parameter
for characterizing sensors. The response/recovery time of
the ZnO sensors to 50 ppm ethanol at 240 °C is summa-
rized in Table 1. The response time of S1, S3, and S4
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Fig. 4 Response of ZnO sensors to 50 ppm ethanol at different
working temperature
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Table 1 Response/recovery time of sensors at 240 °C
Sample number S1 S2 S3 S4
Response time/s 14 37 16 15
Recovery time/s 38 49 56 59

sensors was less than 18 s, while the response time of S2
sensor was 37 s. The recovery time of all the ZnO sensors
was less than 60 s. All the four sensors based on ZnO
nano-/micro-structures show rapid response and recovery.

The gas-sensing mechanism of ZnO-based sensors
belongs to the surface-controlled type. Its response is rel-
ative to grain size, surface state, oxygen adsorption quan-
tity, active energy of oxygen adsorption, and lattice
defects. Normally, the smaller its grain size is, the higher
its response is; the higher specific surface area and oxygen
adsorption quantity are, the higher its response is [27, 28].
The absorbed oxygen captures free electrons, thus reducing
the conductance of ZnO. When ZnO is exposed to a
reducing gas (ethanol in our case), the ethanol molecules
react with the absorbed oxygen. This process causes the
release of electrons from the oxygen ions, thus increases
the conductance. 1D ZnO nanostructures have a loosely
packed structure, which provides larger channels or pores,
and a higher surface area than the film of spherical or
granular particles, which are usually aggregated tightly
when being sintered to be films for fabricating sensors [29].
1D ZnO nanostructures are favorable for conducting the
charge induced when being exposed to the sample gases or
vapors, and target gas molecules can access the inner of the
1D nanostructures film as well. The gas-sensing properties
of 1D ZnO nanostructures are affected by the morphology
and size. S1 sensor based on ZnO nanorods showed better
gas-sensing properties than S2 sensor based on ZnO
nanowires. It is noticed that the specific surface area of the
ZnO nanorods (0.5 m> g_l) is smaller than that of nano-
wires (2.1 m* g~ "), while the aspect ratio of the nanorods
is lower than that of the nanowires. Therefore, the sensing
element based on nanorods may induce more cavities that
allow the target gas molecules to access the inner of
nanorods film quickly. S3 sensor based on ZnO nano-
brushes, a combination of the nanorods and nanowires,
showed better gas-sensing properties than S1 sensor and S2
sensor. The improved ethanol gas-sensing performance of
ZnO nanobrushes over that of nanorods and nanowires may
be attribute to (1) the nanobrushes structures improve
specific surface area (19.6 m? g~ ') and (2) the nanobrushes
structures form a film with more cross-linking structure
that allows the gas molecules to diffuse deeply into the
film. It is very interesting that the microparticles with nano-
folds on the surface also exhibited good response to etha-
nol. This could also be attributed to the larger surface area
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(13.3 m? g_l) because of the hierarchical structure on the
surface of the microparticles. More details of gas-sensing
properties of the ZnO nanostructures need further
investigation.

Conclusion

In summary, morphology-controlled ZnO nanostructures
including nanorods, nanowires, and nanobrushes were
successfully synthesized through controlling the prepara-
tion parameters by hydrothermal process without any
organic additive. Sensors based on the hierarchical ZnO
nanomaterials, including nanobrushes and microparticles
with folds on the surface showed higher response to etha-
nol at 240 °C, demonstrating the potential application of
the ZnO nanostructures for ethanol sensors with high
performance.
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