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Abstract: The high-temperature stabilization of ZnO nanorods synthesized by hydrothermal treatment was investigated. The
structure and morphologies of ZnO nanorods were characterized by XRD and SEM, respectively. The thermal stability of ZnO
nanorods was also detected by thermal gravity analyzing. Thermal annealing treatment results indicate that ZnO nanorods are
fundamentally stable when annealing temperature is lower than 600 °C. When annealing temperature is beyond 600 °C, the diameters
of ZnO nanorods obviously decrease and the aggravating tendency of nanorods between each other also increase. Annealing
treatment can greatly influence the gas sensing properties of ZnO nanorods. Comparing with ZnO nanorods without annealing
treatment, the gas sensing property of ZnO nanorods to H, with concentration of 2.5x107° can increase from 2.22 to 3.56. ZnO
nanorods annealed at 400 °C exhibit optimum gas sesing property to H, gas.
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1 Introduction

Nowadays, one-dimensional ZnO nanomaterials
have become a hotspot of researchers due to their special
properties, such as absorption of UV light, resistance to
radiation, luminescence characteristics and piezoelectric
properties [1]. Among their diverse morphologies, ZnO
nanorods hold an excellent potential in lots of
optoelectronic fields, involving UV lasing emission [2],
light emission diodes [3], gas sensors [4] and solar cells
[5]. Many techniques have been developed to fabricate
ZnO nanorods, such as chemical vapor deposition [6],
pulse laser deposition [7], radio frequency magnetron
sputtering [8], microwave heating [9], sol-gel method
[10], hydrothermal growth [11], template-assisted growth
[12] and refluxing method [13]. However, it is well
known that ZnO nanorods have low crystal quality with
lattice defects and surface defects due to low growth
temperature [14]. In order to reduce the defects and
improve the qualities of ZnO, post-annealing treatment is
an effective method to enhance the crystalline and
application qualities of ZnO nanorods by decreasing the

oxygen vacancy concentration, deep level defects and
surface defect recombination [15].

Several studies have been reported about the
annealing process of ZnO nanorods under different
ambient atmospheres and their effects on ZnO properties.
For instance, WANG et al [16] studied the effect of
annealing temperatures on the magnetic properties of
as-synthesized Zn,_,Mn,O nanorods. The result indicated
that the coercivity and saturation magnetization
increased obviously after annealing treatment. LEE et al
[17] studied the effects of annealing at 400 °C for 1 h on
the optical properties of ZnO nanorods. The result
indicated that the reason for the increase in the ratio of
UV to visible emission of ZnO nanorods annealed in
oxygen or forming gas was attributed to the reduction in
the concentration of the oxygen defects and to the less
OH groups on the surface of ZnO nanorod. Moreover,
XIANG et al [18] reported that ZnO nanorods embedded
Ag nanoparticles exhibited good gas sensing to ethanol
gas. However, the reason of morphologies change of
ZnO nanorods undergoing post-annealing treatment is
not elucidated thoroughly and the correlation of
annealing treatment dependence of gas sensing property
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of ZnO nanorods is seldom evaluated.

Thus, it is necessary to study the stabilization of
ZnO nanomaterials in order to fulfill the practical
detecting requirement. WAGN et al [19] reported that
ZnO nanorods with the diameters ranging from 100
to 200 nm and the length of several micrometers can be
properly used in oxygen gas sensing applications. Here,
the morphology changing process of ZnO nanorods with
similar sizes at different thermal annealing temperatures
is studied. The result indicates that the gas sensing
property is strong related with annealing treatment and
renders the reason for the utilization of ZnO nanorods in
gas sensors and other expanding devices.

2 Experimental

The starting materials of zinc nitrate,
hexamethylenetetramine (HMTA) and sodium hydroxide
were purchased from Yaohua Co. Ltd., Tianjin, China.
All reagents were analytic a grade. In a typical
experimental procedure, 25 mL aqueous solution of zinc
nitrate (Zn(NOs),"6H,0) with the concentration of 0.09
mol/L was mixed with isometric solution of HMTA with
the concentration of 0.09 mol/L. Then 25 mL aqueous
solution of sodium hydroxide (0.9 mol/L) was slowly
dropped into the above solution with vigorously
magnetic stirring. Afterwards, the mixture solution was
ultrasonic irradiated for 30 min with the power of 400 W
and transferred into a stainless-steel autoclave with the
capacity of 100 mL. The autoclave was then sealed and
put into a vacuum drying oven maintained at 100 °C for
24 h. After cooling to room temperature, the white
powders were collected and washed for several times
with distilled water to remove the impurities and
subsequently dried at low temperature of 60 °C.
Post-annealing treatment of the obtained precursors was
carried out at different temperatures of 400, 600, 800,
and 1000 °C for 2 h in muffle furnaces with controlling
accuracy of £5 °C.

The crystal structures of the as-synthesized powders
were examined by X-ray diffraction (XRD, Philips
X’Pert MPD) with Cu K, radiation (1=0.15406 nm). The
Bragg angle used in the measurement was ranging from
5°to 90° in steps of 0.02 (°)/s. The morphologies and
size distributions of the products were further observed
by scanning electron microscopy (SEM, FEI-Sirion 200)
operating at an acceleration voltage of 20 kV. Thermal
analysis was performed by the instrument of TG/DSC
STA409 (Netzsch, Germany) with the heating rate of 10
K/min under a nitrogen atmosphere. Thermo-gravimetric
analysis was performed by a SHIMADZU TG-20
instrument with the heating rate of 10 K/min under static
atmosphere.

The gas sensing properties of ZnO nanorods after
annealing treatment were also investigated. The method
and instruments of gas sensing test were similar to those
reported in Ref. [20]. Firstly, the nanomaterials were
dispersed with terpineol and H,PtCls by a slightly
grinding in an agate mortar to form a slurry suspension.
The mixture suspension was then coated onto the surface
of ceramic tubes without covering the electrodes at the
terminal part of tubes. Four Au electrodes were
connected with the founder of sensor by welding process.
A resistance heater was then inserted into the ceramic
tubes to render the working temperature of the sensors.
The structure illustrator of as-prepared sensor is shown
in Fig. 1.
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Fig. 1 Structure illustration of side-heating gas sensor

Afterwards, the gained sensor was dried at 100 °C
and then put into an oven at the temperature of 450 °C
for 2 h to remove the organic. To improve the stability
and repeatability, the sensors were aged at 5 V voltages
for 10 d in air prior to use. Finally, the gas sensing of
ZnO nanomaterials sensor to different gases was carried
out and the data of gas sensitivity were recorded by a
Labview recording system. The relative response
sensitivity (S) is defined as S=R./R;, where R, is the
resistance in carrier air gas; Ry is the resistance in the
mixture gas of target gas with carrier gas.

3 Results and discussion

3.1 Effect of annealing temperature on morphology

and size of ZnO nanorods

SEM images of ZnO nanorods treated by different
annealing temperatures are shown in Fig. 2. It can be
seen that the morphologies of ZnO nanorods have no
obvious change when annealing temperature is lower
than 400 °C. With the increase of temperature, the
morphology of ZnO nanorods changes apparently. The
diameter of nanorods increases from ~120 nm to ~200
nm and the length becomes shorter from ~1.4 um to ~0.8
pm. At 800 °C, the diameter of ZnO nanorod increases to
~230 nm, simultaneously, the edges of nanorods become
passivation. When the temperature is higher than 1000
°C, the rod-like morphology completely disappears and
aggregated particle morphology occurs.
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Figure 3 shows the typical XRD patterns of the
as-obtained ZnO nanorods under different annealing
temperatures. The diffraction peaks are individually
(100), (002), (101), (102), (110), (103) and (112) lattice
planes corresponding to the literature (PDF 36-1451). All
diffraction peaks can be attributed to wurtzite structured
ZnO (P6iymc: a=0.3249 nm, ¢=0.5206 nm). No other
peaks are detected within the detection limit of the XRD
instrument. The intense and sharp peaks demonstrate that
the as-obtained products are well-crystallized. It can also
be found that the diffraction peak height exhibits a
descending trend when the products were annealed at
1000 °C.

The thermal gravity (TG) and differential scanning
calorimetry (DSC) curves of ZnO nanorods at different
annealing temperatures are depicted in Fig. 4.

Fig. 2 SEM images of ZnO nanorods annealed
at different temperatures: (a) As-grown; (b) 400
°C; (¢) 600 °C; (d) 800 °C; (e) 1000 °C
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Fig. 3 XRD patterns of ZnO nanorods annealed at different

temperatures
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Fig. 4 DSC and TG curves of ZnO nanorods

It can be seen that there is no emergence of
absorption or radiate peak in DSC curve when the
temperature is lower than 650 °C. But when temperature
is over 650 °C, the DSC curve slightly fluctuates. When
the temperature is up to 820 °C, the DSC curve begins to
descend slightly, which implies the morphology and
structure of ZnO nanomaterials change at this point.
When the temperature exceeds 900 °C, the curve begins
to climb up again. From TG curve, it can be seen that the
TG curve continuously descends when the temperature is
lower than 670 °C and then slowly descends. It indicates
that the mass loss may come from the loss of water and
organic substance evaporating from ZnO nanorods.

During the annealing process at high temperature,
the microstructures and the stoichiometric ratio of
materials will change [21]. Moreover, the migration of
grain boundaries of ZnO nanorods is stimulated and the
crystalline atom gains more activation energy due to the
effect of annealing treatment. In this case, the activated
atoms will overcome thermal barrier between crystal
grains and freely move to the correct sites in the crystal
lattice through diffusion [22]. Hence, the rod-like
morphology of ZnO will gradually dissolve and convert
to another nanoparticle with round-edge morphology. If
the temperature continuously rises up, the grains with
lower surface energy will further grow larger, which
results in the final nanoparticle with aggregated
morphology. Moreover, when the annealing temperature
is relative high, the densities of the crystallographic
defects, including dislocations, interstitials and vacancies
in ZnO nanorods, can also be decreased rapidly [23].
During thermal processing, the highly activated
neighboring defective sites between single nanorods will
be combined, fractured or broken, finally resulting in the
apparent morphological Considering the
above results, the morphology and characteristic of ZnO
nanorods will keep stable when the thermal annealing

evolution.

temperature of ZnO nanorods is lower than 600 °C. In
this case, the crystal structure and surface state of ZnO
nanorods will be perfectly improved, which renders the
reference for subsequent application for gas sensor.

3.2 Gas sensing properties of ZnO nanorods

To investigate the effect of annealing treatment on
the gas sensing of ZnO nanorods, the curve of gas
sensing dependence of annealing temperature is firstly
depicted, as shown in Fig. 5.
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Fig. 5 Gas sensing comparison of ZnO nanorods undergoing
different annealing temperatures to 25x10~® H, gas

It can be seen that with increasing annealing
temperature, ZnO nanorods show a gas sensing
discrepancy. The gas sensing value is only 2.25 without
annealing treatment. After 400 °C annealing treatment,
the gas sensing of ZnO nanorods can reach 3.56. With
increasing the temperature from 600 to 1000 °C, the gas
sensing decreases from 3 to 1.85.

As mentioned in previous researches, ZnO nanorods
directly hydrothermal grown without post-annealing
treatment show a large defect concentration and
absorption of OH at the surface, which introduces an
electron accumulation layer at the surface [24]. In this
case, the transfer rate of electron will be limited in the
existing layer. It is well known that the size and
morphologies determine the properties of ZnO materials.
When annealing treatment is initially used, the electron
accumulation layer will be reduced for the broken of
thermal barrier. In spite that ZnO nanorods maintain
previous rod-like appearance, the gas sensing of ZnO
nanorods will be significantly improved with increasing
temperature. While, with the increasing of annealing
temperature up to 600 °C, the atoms of crystals can gain
more energy to get across the barrier of grain boundary,
so ZnO nanorods exhibit coarse rod-like morphology. In
this case, the grain size becomes larger, resulting in the
decrease of surface-to-volume ratios of ZnO nanorods.
When n-type ZnO is exposed to the oxidizing gas, the
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position to absorb oxygen molecules will be dramatically
reduced. Moreover, during the process of annealing
treatment, the oxygen vacancies on the surfaces of ZnO
nanorods begin to reduce which are electrically and
chemically active [25]. These surface defects also affect
the adsorption behaviors of gas molecules on metal oxide
surfaces [26], so the gas sensing properties of ZnO
nanorods will decline. When annealing temperature rises
up to 800 °C, possible oxidation reactions may occur
during the annealing treatment. Oxygen atoms will
evaporate out of the ZnO lattice, so the Vp-related
defects will be significantly increased, which will lead to
the decrease of adsorption sites for gas molecules. In this
case, the gas-sensing properties of ZnO nanorods will be
further deteriorated. In this experimental condition, 400
°C is the optimum annealing temperature for ZnO
nanorods.

According to the above thermal stability results of
ZnO nanorods, aging temperature of gas sensor is set
near to the optimum annealing temperature of 400 °C.
Then, the gas sensing property of ZnO nanorods having
experienced thermal treatment at 400 °C is evaluated by
selecting H, as the target gas. In order to study the effect
of operating temperature on the gas sensing value, the
concentration of H, is maintained as 25x10°°. The curve
of sensitivity correlation with different operating
temperatures is firstly depicted, as shown in Fig. 6. It can
be seen that the sensing value of gas sensor is influenced
by the heating temperatures. The sensing value of ZnO
sensor firstly increases from 2.22 at 250 °C to 3.56 at
425 °C and then decreases to 2.56 at 490 °C. At 425 °C,
the gas sensing can reach maximum value of 3.56. Hence,
the operating temperature is finally chosen at 425 °C by
adjusting the working voltage of heating resistance near
to 5.0 V.

Figure 7 depicts four response curves of nanorods
sensors to H, gas with different concentrations at 425 °C.
At the first stage, the resistance of gas sensor maintains a
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Fig. 7 Gas sensing of ZnO nanorods to H, with different
concentrations: (a) 2.5 x107% Hy; (b) 5%107% Hy; (c) 10x107% Hy;
(d) 25x10°° H,

stable value under the circumstance of continuously
introducing the purified air. With the introduction of H,
gas, all response curves firstly climb up rapidly and then
keep up to a stabilized level. Afterwards, when H, is
unloaded, all the curves begin to decline to the initial
platform. It can also be seen that the sensitivity of gas
sensor increases with the increase of gas concentration.
The gas sensing value is 1.95, 2.63, 3.28 and 3.56
corresponding to H, concentration of 2.5%10°%, 5x10°°,
10x10°%, and 25%10°°, respectively. But when H,
concentration increases to 10X1076, the increase of
response sensitivity has no obvious increment, indicating
near maximum adsorption of H, onto ZnO nanorods
sensor. Moreover, with the increase of gas concentration,
the response time of ZnO nanorod sensor increases from
15 s at 2.5x10° to 19 s at 25x10 °and the recover time
of ZnO sensor also increases from 1038 s at 2.5x10° to
1180 s at 25x10°°.

This phenomenon could be explained with the
adsorption competition between ambient molecular
oxygen and analyte vapors on the surface and the adverse
effect of adsorbed analytes on the mobility of free charge
carriers [25]. The adsorbates on the surface of ZnO
nanorods may function as active scattering centers, thus
suppressing the electrical conduction of free carriers,
leading to the resistance increase for both oxidizing and
reducing analyte exposures. In view of the dynamic
detection method differing with condition stationary
examination, the results demonstrate that ZnO nanorods
after annealing treatment can be reckon as a promising
material for fabricating low-cost and high performance
gas sensor.

4 Conclusions

1) Annealing temperature affects the morphologies
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sizes of ZnO nanorods. With the increase of

annealing temperature, the grain size of ZnO nanorod
increases progressively. When the temperature is over
800 °C, ZnO nanorods will change into aggregated
morphology.

2) The results of DSC and TG analyses indicate that

there is a conversion step for ZnO nanorods when
annealing temperature gets to 820 °C. At the same time,
ZnO nanorods will not maintain initial rod morphology.

3) Annealing treatment can improve the crystal

quality and result in enhanced gas sensing properties to

Ho.
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