
Vol.:(0123456789)1 3

Journal of Materials Science: Materials in Electronics (2018) 29:5143–5149 
https://doi.org/10.1007/s10854-017-8478-x

A controllable hydrothermal fabrication of hierarchical ZnO 
microstructures and its gas sensing properties

Xiao Qu1 · Rong Yang1 · Ye Zhao1 · Fan Tong1 · Mao‑Hua Wang1

Received: 10 November 2017 / Accepted: 22 December 2017 / Published online: 16 January 2018 
© Springer Science+Business Media, LLC, part of Springer Nature 2018

Abstract
In this paper, rod-flower like ZnO hierarchical microstructures with high uniformity are synthesized from the thermal decom-
position of Zn(NH3)4

2+ precursors, which are prepared via a surfactant-assisted hydrothermal process. The as-synthesized 
hierarchical ZnO microstructure is assembled from columnar nanorods, and the measured length to diameter ratio of the 
nanorod is about 20. The morphology of the hierarchical ZnO microstructure can be tailored by varying hydrothermal 
conditions, e.g., hydrothermal temperature, reaction time, concentration of Zn2+ and zinc salts. Moreover, based on the 
experimental results, the possible reaction mechanism for the growth of the as-synthesized hierarchical ZnO microstructures 
is also discussed in detail,and the Zn2+ concentration was found to be a crucial role in the formation and nucleation of the 
rod flower-like microstructures. In addition, the gas sensing test demonstrates that the sensors based on hierarchical ZnO 
microstructures exhibits excellent gas sensing properties due to its unique architecture.

1  Introduction

Micro/nanostructures with three-dimensional (3D) hierarchi-
cal structures have been extensively studied owing to their 
attractive physicochemical properties and potential applica-
tions. Zinc oxide (ZnO), as a typical n-type wide band gap 
semiconductor (Eg = 3.37 eV, at 300 K) and large exciton 
binding energy (60 meV) at room temperature [1], which 
exhibits outstanding catalytic, electrical and sensing prop-
erties, has wide applications in solar cells [2], photocata-
lysts [3], field-effect transistors [4] and sensors [5, 6]. The 
enormous attention in ZnO is due to its distinct construction 
and unique capability. In recent years, ZnO micro/nanostruc-
tures with diverse morphologies such as nanowires (1D) [7], 
nanosheets (2D) [8], nanocubes (3D) [9] and hierarchical 
architectures [10] have been explored by different synthetic 
routes. Among these unique architectures, hierarchical 
structures assembled from 1D and 2D nanoscale building 
blocks have attracted tremendous attention for their special 
ability of possessing structure-dependent performance [1]. 
Controllable synthesis of size, morphology and crystalli-
zation of hierarchical ZnO micro/nanostructures is highly 

desirable for a latent wide range of applications. Meanwhile, 
a controllable fabrication of 3D hierarchical architectures 
from micro/nano-scale building blocks still preserves a chal-
lenge owing to the strict demand for exact control of crystal 
growth process.

Up to date, substantial efforts have been dedicated to 
fabricate 3D hierarchical ZnO micro/nanostructures, the 
common synthetic strategies such as chemical vapor depo-
sition (CVD) [11], chemical bath deposition (CBD) [12], 
electrodeposition [13], hydrothermal method [14], thermal 
evaporation [15] and so on. Hieu et al. [16] described the 
fabrication of urchin-like ZnO hollow hemisphere through 
the sputter deposition. Hu et al. [17] reported the solution-
controlled self-assembly of ZnO nanorods into hollow 
microspheres via the hydrothermal process. Wang et al. 
[18] reported the synthesis of tower-like ZnO structures by 
a simple carbon thermal reduction method.. Among these 
ways, the hydrothermal method has been confirmed to be a 
valid and widely applied technique to prepare hierarchical 
ZnO architectures [19, 20].

In this work, we report a facile approach to synthesize 
3D hierarchical ZnO microstructures via a hydrothermal 
process. The unique constructions of the hierarchical ZnO 
microstructures provide extreme potential for gas sens-
ing application. The plausible reaction mechanism for the 
growth of hierarchical ZnO microstructures is also proposed.
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2 � Experimental section

2.1 � Chemicals and preparation

All of the reagents used were analytic grade and without 
further purification. In a typical process, the Zn(NH3)4

2+ 
precursor solution can be fabricated by mixing 0.5  M 
ZnAc2·2H2O solution and fresh ammonia (volume ratio is 
1:1, pH ~ 10). Then, 4 ml Zn(NH3)4

2+ precursor solution 
was added to 44 ml deionized water (containing 0.5 g of 
PEG6000) to form a suspension under vigorous stirring. 
Afterwards, the mixture was transferred to a 100 ml Teflon-
lined stainless steel autoclave, and maintained at 180 °C 
for 12 h. Following, the autoclave was cooled down to 
room temperature naturally, the white precipitate was col-
lected by centrifugation, washed with distilled water and 
ethanol several times, and finally dried at 80 °C for further 
characterization.

2.2 � Characterization

The as-fabricated products were characterized by field-
emission scanning electron microscopy (FESEM, JEOL 
JSM-6360LA, Japan) and X-ray diffraction (XRD; Rigaku 
D/MAX-YA). Gas-sensing properties toward n-butanol were 
measured using a static system controlled by a computer 
under laboratory conditions. The gas response of sensor was 
defined as Ra/Rg, where Ra is the resistance in ambient air 
and Rg is the resistance in test gas atmosphere.

2.3 � Sensor fabrication and test

The as-synthesized ZnO microstructures were mixed with 
ethanol and ground. And then, polyethylene glycol 600 
(PEG600) as a binder, was added to the mixture to form 
a paste. The paste was coated on an alumina substrate 
(20mm × 10mm × 0.635 mm) with 14 pairs of Au interdigi-
tated electrodes (electrodes width and distance: 0.15 mm) to 
form a sensing film, then the substrate coated ZnO products 
were dried at 80 °C for 2 h. Subsequently, the substrate was 
sintered at 450 °C for 30 min.

3 � Results and discussion

3.1 � Morphology and phase structure analysis

A low magnification FESEM image (Fig. 1a) shows that 
the products consist of large-scaled, uniform, rod flower-
like architectures with an average diameter of ~ 5 μm. Fig-
ure 1b, c are the magnified FESEM images of two individual 
hierarchical ZnO microstructures marked by white boxes 
in Fig. 1a, which reveal the detailed features of two differ-
ent aggregation patterns. The medium magnification view 
in Fig. 1b clearly displays that the architecture exhibits a 
structural symmetry [9]. Interestingly, the two different pat-
terns are composed of many nanorods, and each nanorod 
has a prismatic shaft and a sharp-like end. Figure 1d shows 
the typical XRD pattern, all of the diffraction peaks can be 
indexed to the hexagonal ZnO structure with lattice consists 

Fig. 1   a Low magnification view of the products; b, c the magnified images of two individual ZnO marked with a white box in a; d XRD pat-
tern; e the individual ZnO microrod
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of a = 3.249 Å and c = 5.206 Å, which matched with the 
standard XRD database (JCPDS Card No. 36-1451). No 
diffraction peaks of any impurities were observed, indicat-
ing the well crystallization. Figure 1e shows an individual 
ZnO microrod of this as-prepared pattern with a length to 
diameter ratio of 20, which the length and diameter of ZnO 
microrod are approximately 20 and 1 μm, respectively. From 
the images, it can be observed that the surface of microrod 
is very rough.

3.2 � Influence of the molar concentration of Zn2+

In addition, the concentration of Zn2+ plays a crucial role 
in the morphology of the products. Figure 2a–c shows the 
FESEM of the samples obtained at 180 °C for 12 h under 
different molar concentrations of Zn2+. When the concentra-
tion of Zn2+ is as low as 0.25 M (shown in Fig. 2a), only sin-
gle nanorods and several branches on the column-like facets 
of primary rod can be observed, the branches have an aver-
age diameter of ~ 500 nm and the primary rods have an aver-
age diameter of ~ 1 μm. After increasing the concentration 
to 0.75 M, many branches grow from the middle part of the 
primary rods, almost all of the primary rods and branches 
aggregate into 3D hierarchical microstructures (shown in 
Fig. 2b). As the concentration is further increased to 1 M 
(Fig. 2c), there are more and more branches growing from 
the middle part of the primary rods, the hierarchical ZnO 
microstructures are composed of bigger cone-like rods with 
more rough surfaces and smaller prismatic shaft, it indicates 

that the branches have an intense trend to grow from the 
middle part of the column-like facets of the primary rods. 
The corresponding XRD patterns of the samples synthesized 
at different concentration of Zn2+ are shown in Fig. 2d. The 
obtained products (Fig. 2b, c) display a low diffraction peak 
owing to the existence of poor crystallization, but sample 
(c) shows the intensity of (002) peak is stronger. However, 
it can be noticed that the XRD pattern of sample (a) shows 
relatively stronger diffraction peak compared to the sample 
(b and c), and its intensity decreases with the appearance of 
ZnO branches.

3.3 � Gas sensing properties

A lot of studies proved that hierarchical structures are excel-
lent materials for applications in gas sensor [21]. Further-
more, the complex hierarchical structures can provide high 
surface areas, which are good for the adsorption of gas 
molecule on sensor materials. In this study, the gas sensing 
performance of the hierarchical ZnO microstructures was 
investigated toward n-butanol.

Figure 3a shows the response of the sensor to 100 ppm 
n-butanol as a function of the testing temperature ranging 
from 200 to 350 °C. It can be observed that the maximum 
response was 32.4 at the optimum operation temperature 
of 275 °C. The response of the sensor to a wide range of 
concentration of n-butanol at 275 °C, as shown in Fig. 3b. 
According to curve, the responses sharply increased 
with increasing the gas concentration (range from 40 to 

Fig. 2   FESEM images of the 
samples synthesized at differ-
ent concentrations of Zn2+: a 
0.25 M, b 0.75 M, c 1 M and d 
corresponding XRD patterns of 
the sample a, b and c 
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100 ppm). As the concentrations of n-butanol increased 
(above 300 ppm), the responses increased slightly, indicat-
ing that the sensor tended to saturation gradually. Figure 3c 
shows the typical dynamical curve of the sensor to 100 ppm 
n-butanol at 275 °C. It can be seen that the sensor exhibited 
fast response and recovery, as showed by rapid changes in 
resistance, with a response and recovery time of 6 and 7 s as 
marked in the figure, respectively. In order to investigate the 
stability of the sensor based on hierarchical ZnO structures, 
the gas sensing measurement are repeated over a period of 
30 days. The response of sensor exhibits a slightly decrease 
after 30 days (shown in Fig. 3d), indicating the excellent 
stability of the as-synthesized ZnO microstructures.

3.4 � Influence of hydrothermal conditions

To reveal the effect of the reaction time on the morphology 
evolution of hierarchical ZnO microstructures, time-depend-
ent experiments were carried out and the ZnO products 
obtained with different reaction times from 10 min to 4 h, 
as shown in Fig. 4. When the hydrothermal time was 10 min, 

only scattered columnar nanorods could be observed and 
the products were irregular shape. While the reaction time 
was expended to 30 min, some rods began to be assembled 
in an orderly manner. Interestingly, it can be noticed that 
space existed in the interior of the rod, which marked with 
a white circle in Fig. 4b. As the reaction time prolonged to 
2 h, some nanorods grew from the column-like facets of the 
larger branches and assembled in an emanative way to form 
rod-flower like shape, as shown in Fig. 4c. With increas-
ing the time to 4 h, the rods on the columnar facets of the 
branches tended to be denser and the hierarchical architec-
tures were composed of smaller prism-like rods.

To investigate the morphologies of ZnO structures chang-
ing with different reaction temperature, experiments are 
carried out by varying the hydrothermal temperature while 
the other conditions remaining unchanged. When the tem-
perature was as low as 90 °C, a bit of scattered primary 
nanorods existed and the rod flower-like architectures can-
not be observed, as shown in Fig. 5a, b. As the temperature 
reached to 120 °C, some nanorods began to aggregate with 
each other through the Ostwald repining process, moreover, 

Fig. 3   a The sensor response to 100  ppm n-butanol at different 
operating temperatures; b response of the sensor to different con-
centrations of n-butanol at 275  °C; c response and recovery curves 

of the ZnO microstructures to 100 ppm n-butanol at 275 °C; d The 
long-term stability of hierarchical ZnO microstructures to 200  ppm 
n-butanol at 275 °C
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these primary nanorods grow larger and longer due to a 
faster crystal growth rate (shown in Fig. 5c, d). With increas-
ing the hydrothermal temperature to 150 °C, there are many 
radiation-like branches growing from the middle trunk of 
the primary nanorods, the hierarchical ZnO structures con-
sist of prismatic rods are formed gradually, which indicates 
the secondary rods show a stronger trend to grow from the 
column facet of the skeleton.

3.5 � Influence of zinc source

In addition to hydrothermal temperature, reaction time, 
the crystal formation and the morphology development of 
ZnO microstructures were highly relied on counter-ion of 
Zn2+, according to the previous report [22]. In the work, 
the effects of different zinc salts on the growth of hierar-
chical ZnO microstructures were researched by choos-
ing the Zn(NO3)2·6H2O, ZnCl2, and ZnSO4·7H2O as zinc 
source, respectively, while the other conditions maintaining 
unchanged, as shown in Fig. 6. Obviously, when used the 
above three types of zinc salts as the zinc source, the mor-
phologies of the obtained ZnO microstructures were strongly 
different from that shown in Fig. 1. Although the ZnO prod-
ucts were chiseled displayed rod-flower like structures, the 
nanorods of the synthesized pattern were shorter and denser. 
The results demonstrated that zinc salts types played a cru-
cial role in the nucleation and formation of hierarchical ZnO 
microstructures under hydrothermal circumstance.

3.6 � Reaction mechanism

On the basis of the results, the detailed reactions of ZnO 
crystallization process in alkaline condition are as follows:

Hydroxy complex such as Zn(NH3)4
2+, Zn(OH)2 and 

Zn(OH)2(NH3)4 are dominant in alkaline solution and it 
is speculated that the dehydration process occurred in this 
condition. Firstly, Zn2+ ions are released by the hydrolysis 
of ZnAc2·2H2O, when ammonia is added into the solu-
tion, Zn2+ easily react with OH− to form Zn(OH)2 precipi-
tate and Zn(OH)2(NH3)4 complex. Afterwards, with the 
decomposition of Zn(OH)2 or Zn(OH)2(NH3)4, ZnO nano-
particles are generated and followed by a growth process. 
Subsequently, Zn(NH3)4

2+ generates a large quantity of 
growth units around ZnO nuclei, leading to faster growth 
kinetics [23]. In addition, ZnO multipod structures consist 
of several nanorods united at a commom base, and a large 
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Fig. 4   SEM images of ZnO 
microstructures with differ-
ent reaction times at 180 °C: 
a 10 min, b 30 min, c 2 h, and 
d 4 h
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amount of growth units Zn(NH3)4
2+ and fast growth kinet-

ics result in the formation of rod flower-like shape. Dur-
ing the process, the addition of PEG in the hydrothermal 

system will modify the growth of the ZnO crystal, ZnO 
nanoparticles nucleate and oriented growth into nanorods 
via the Ostwald ripening process under the assistance of 

Fig. 5   FESEM images of ZnO 
microstructures synthesized at 
different reaction temperatures: 
a, b 90 °C, c, d 120 °C, e, f 
150 °C

Fig. 6   SEM images of the ZnO microstructures obtained from different zinc salts: a Zn(NO3)2·6H2O; b ZnCl2; c ZnSO4·7H2O
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PEG, which owing to the driving force of reducing the 
surface energy [24].

4 � Conclusion

In summary, 3D hierarchical ZnO microstructures with high 
uniformity are synthesized via a simple hydrothermal with 
PEG-assisted. On the basis of detailed morphology study on 
the ZnO architectures, 3D hierarchical ZnO microstructures 
are assembled from many nanorods, the measured length and 
diameter of the nanorod is about 20 μm and 200–500 nm, 
respectively. It is worth noticing that concentration of Zn2+ 
plays a crucial role in the formation process of ZnO archi-
tectures. Moreover, the gas-sensing tests indicate that the 
hierarchical ZnO microstructures have fast response and 
recovery to n-butanol, demonstrating the promising appli-
cations in n-butanol sensor.
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