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Zinc oxide (ZnO) nanospheres with excellent sensing ability towards formaldehyde were successfully synthesized us-
ing a single-capillary electrospinning method. Structural and electrical characteristics of the as-synthesized ZnO nan-
ospheres were systematically investigated. The scanning electron microscope (SEM) images clearly display a novel 
structure of ZnO with pores distributed on the surface of the nanospheres. The results demonstrate that the ZnO nano-
spheres possess excellent formaldehyde gas-sensing properties. At room temperature, the response of ZnO nano-
spheres to formaldehyde with concentration of 100 ppm is determined to be 126.3. In addition, the ZnO nanosphere 
sensors exhibit short response time of 30 s and short recovery time of 2 s. These excellent gas-sensing properties make 
the ZnO nanospheres a promising material for the application in environmental monitoring devices.  
Document code: A Article ID: 1673-1905(2018)04-0245-3 
DOI  https://doi.org/10.1007/s11801-018-8015-z 

 
 

                                                             
*   This work has been supported by the National Natural Science Foundation of  China (No.61662063), and the High Level Talent Research Project 

of Shihezi University (No.RCZX201530). 
**  E-mail: zhangcai008@126.com 

Zinc oxide (ZnO) is one of the most important n-type sem-
iconductors and has received considerable attention for po-
tential optoelectronic applications. ZnO has many desirable 
properties, including a wide bandgap (3.3 eV) and large 
exciton binding energy (60 meV) at room temperature[1-3]. 
Recently, various techniques have been developed to im-
prove the optical and electrical properties of ZnO-based gas 
sensors owing to their low cost, non-toxicity and high sta-
bility performance[4]. In general, it is necessary to operate 
ZnO-based gas sensors at high temperatures or under ultra-
violet (UV) irradiation because of their large bandgap. 
However, this prevents the miniaturization of the gas sen-
sor[5]. When detecting certain gases, explosion and combus-
tion are often a concern, which limits the application of the 
prepared sensors. Metal oxide semiconductors usually dis-
play catalytic properties in the oxidation of reducing gases 
or volatile organic compounds (VOCs) at high temperatures, 
leading to the changes in the depletion layer thickness on 
the metal oxide surface. Therefore, a gas sensor which can 
operate at room temperature must be designed. To date, a 
few different-dimensional ZnO-based gas sensors have been 
designed and fabricated that operate at reduced tempera-
tures. The design strategies for these materials have includ-
ed increasing the surface area of the sensor, reducing the 
size of the material and using composite materials[3,6]. In 
addition, numerous methods have been developed for fab-
ricating ZnO-based gas sensors, such as the hydrothermal 
method, oil bath method and solid phase synthesis. Howev-
er, electrospun sensors have high sensitivity with shorter 
response and recovery times compared with sensors pre-

pared by the methods mentioned above for the high sur-
face-to-volume ratio, high porosity and other outstanding 
properties[7]. 

In general, spinning technology is often used to prepare 
nanofibers. In this paper, we report the development of a 
ZnO nanosphere-based sensor with excellent formaldehyde 
sensing performance. The porous ZnO nanospheres were 
successfully fabricated via single-capillary electrospinning 
and calcination methods. The gas-sensing properties of the 
as-synthesized materials towards formaldehyde are also 
studied. The results demonstrate that the sensor based on 
ZnO nanosphere exhibits good response and selectivity 
towards formaldehyde at room temperature. 

All chemical reagents were of analytical-grade purity and 
used without further purification. In a typical process for 
ZnO nanosphere synthesis, 0.26 g Zn (NO3)2·6H2O was 
dissolved in 5 mL dimethylformamide. Meanwhile, 0.36 g 
polyvinylpyrrolidone was dissolved in 2.5 mL ethanol. 
These two solutions were then mixed and stirred for 6 h at 
room temperature to obtain a clear and homogeneous solu-
tion. The mixture was transferred into a syringe with an 
attached spinneret and connected to a high-voltage power 
supply of 22 kV. The final nanospheres were obtained after 
calcination in a tube furnace at 500 °C for 2 h with heating 
rate of 2 °C∙min-1. The as-calcined nanospheres were then 
characterized. 

Morphological and structural investigations of the ZnO 
nanospheres were performed using a field emission scan-
ning electron microscope (FESEM, Hitachi S-4800) and 
a Bruker D8 Advance Diffraction diffractometer in
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the 2θ range from 10° to 80°, with Cu Kα radiation (λ= 
0.154 05 nm) at 40 kV and 40 mA. The gas-sensing 
properties of the samples were characterized using a 
WS-60A gas-sensing measurement device (Weisheng 
Electronics Science and Technology Co. Ltd. China). 
The response (R) is defined as Ia/Ig, where Ia and Ig are 
the currents of the sensor in air and in an environment 
containing the target gas, respectively. Various gases 
were tested under controlled conditions at room temper-
ature (~300 K). The response time is defined as the time 
for the sensor to achieve 90% of its final current, and the 
recovery time is the time for the sensor to return 90% of 
the current variation when exposed to air.  

Fig.1 shows the X-ray diffraction (XRD) pattern of ZnO 
nanosphere annealed at 500 °C for 3 h in air. Well-defined 
diffraction peaks are observed which correspond to the 
(100), (002), (101) (102) and (110) planes of ZnO at 
31.701°, 34.341°, 36.271°, 47.631° and 56.561°, respec-
tively. The positions of the diffraction peaks indicate that 
the ZnO nanospheres are polycrystalline with a hexagonal 
wurtzite structure, which are matched to the JCPDS file 
(No.36-1451). The ZnO nanospheres exhibit a large (101) 
peak intensity and the smallest full-width at half-maximum 
value, indicating high crystallinity. By applying the De-
bye-Scherrer relation, the average crystallite size is calcu-
lated to be 9.67 nm.  

 
Fig.1 XRD pattern of ZnO nanosphere 

 
The surface morphologies of ZnO nanospheres with 

and without annealing are shown in Fig.2. The scanning 
electron microscope (SEM) images display that the nan-
ospheres are very homogeneous and composed of small 
nanoparticles, which is consistent with the XRD analysis. 
The nanospheres spontaneously aligned with another to 
form a porous sponge-like structure with a loose struc-
ture, which is considered to be beneficial to gas diffusion 
and gas detection[8]. From Fig.2, we can see that the 
shape of the product is transformed from nanowires to 
nanospheres after calcination at 500 °C. This phenome-
non can be attributed to the calcination in the air. After 
stirring for 6 h, the precursor is very uniform, and zinc 
nitrate uniformly disperses in the nanowire. With in-
creasing temperature, polyvinyl pyrrolidone (PVP) is 
gradually melted and zinc nitrate begins to decompose. 
When the content of zinc nitrate is small, the nanowire 
fractures and aggregates, the adjacent two or three small 

zinc oxide become more mobile and very possibly 
unitetogether to form one particle[9]. These nanospheres 
with rough surface have a higher surface. Meanwhile, 
PVP is decomposed into some new organicmolecules, 
and they stick to the particles, as shown in Fig.2(b).  

 

  

  

  

 
Fig.2 SEM images of (a,b) ZnO nanospheres (after 
annealing) and (c,d) nanofiber (before annealing) 

The gas-sensing properties of the as-prepared ZnO 
sensor are investigated at room temperature. The re-
sponse values of the sensor to different gas concentrations 
at room temperature are shown in Fig.3(a). The gas
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response of the ZnO nanospheres to formaldehyde is con-
siderably higher than those to other gases, especially when 
the gas concentration reaches 100 ppm. The response val-
ues for various gases are different at room temperature, 
which may be caused by the intrinsic characteristics of the 
materials. Previous studies[10,11] have demonstrated that the 
energies of adsorption, desorption, and the reaction of ma-
terials with gases differ depending on their chemical nature, 
resulting in varying response values at the same operating 
temperature. The higher response toward formaldehyde can 
be attributed to the small size of the ZnO nanospheres and 
their correspondingly large surface area. It is well known 
that gas-phase chemical reactions can occur on the 
nanostructure surface. Therefore, the area of the electron 
depletion layer in the crystalline structure is an important 
factor governing the operation of the sensor[12]. Decreasing 
the crystalline size increases the proportion of the electron 
depletion layer in the crystalline structure. Thus, the ZnO 
nanospheres have more free electrons than that can be re-
leased upon exposure to formaldehyde gas. Therefore, the 
resistance of the ZnO nanospheres decreases significantly 
upon formaldehyde adsorption. 

Fig.3(b) shows the response-recovery characteristics of 
the formaldehyde sensor towards the target gas at varying 
concentrations at room temperature. The results show that 
the formaldehyde sensor exhibits quick response and re-
covery properties. For the ZnO nanofiber sensor, the ac-
quired response and recovery times are only 30 s and 2 s, 
respectively. The results show faster response rate than 
others reported by literatures[13,14]. Furthermore, the sensor 
exhibits a strong response to formaldehyde at a concentra-
tion of 500 ppm at room temperature. This report is the first 
regarding the gas sensing properties of ZnO-based sensors. 

 

 

Fig.3 (a) Response versus different concentrations of 
gas for the ZnO nanofiber; (b) Dynamic re-
sponse-recovery features of the ZnO sensor for 5—
100 ppm formaldehyde at room temperature 

 
In summary, we successfully synthesized ZnO nano-

spheres by the electrospinning method. The prepared 
ZnO nanospheres exhibit an excellent sensing ability 
towards formaldehyde at room temperature. The results 
demonstrate that the sensor based on ZnO nanosphere 
has a short response time of 30 s and a recovery time of 
only 2 s. The results shown herein demonstrate the ex-
cellent potential for applications in the efficient detection 
of formaldehyde in the environment and broader applica-
tions for low power consumption sensors. 
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