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Abstract
A facile, rapid and environmental-friendly method was developed to prepare ZnO with different morphologies and superfi-
cial structures just using Zn(NO3)2 and hexamethylenetetramine (HMTA) as precursors by tuning nucleation rate. Rod-like 
ZnO-1 and ZnO-5, and irregular ZnO-10 and ZnO-20 were obtained as the amounts of the used reagents are 1, 5, 10 and 
20 mmol, respectively. Compared to ZnO-1, the responses of ZnO-5, ZnO-10 and ZnO-20 toward ethanol were improved 
greatly, which could be attributed to their alternative active adsorbed oxygen species  (O2−/O− for ZnO-5, ZnO-10 and 
ZnO-20,  O2− for ZnO-1). It was proposed that the different active adsorbed oxygen species might result from the different 
activation of ethanol with the aid of ZnO. The response of ZnO-10 toward 50 ppm ethanol is 115, about five times higher 
than that of ZnO-1, and the best gas-sensing performance of ZnO-10 was deemed to result from its largest specific surface 
area and highest percentage of adsorbed oxygen.

Keywords ZnO · Nanomaterials · Gas sensor · Morphology · Active oxygen species

1 Introduction

ZnO, as a semiconductor metal oxide with low cost, non-
toxic nature and good tunability, was widely used in many 
fields like gas sensor [1–4], catalysis [5, 6], luminescence [7, 
8], solar cells [9, 10], etc. It is reported that ZnO responds 
well to toxic and hazard gases, such as ethanol [11–14], 
acetone [15–17], etc. However, gas-sensing performance of 
ZnO is required to be further improved to satisfy the prac-
tical applications. Morphology controlling is an important 
method to improve the gas-sensing performance [18]. Xue 
and co-workers prepared ZnO nanocone exposing highly 
active crystal facet that responded well to ethanol [19]. 
Currently, there are many methods have been reported to 
prepare different ZnO, in which nanorod [20], nanosheets 
[21], nanowires [21] and nanoflower [22] were successfully 
prepared. Some methods like hydrothermal, solvothermal, 

microwave-assisted synthesis, and so on, need high pres-
sure that requires specific vessels, which is not conducive to 
industrial production. It is urgent to develop facile, rapid and 
environmental-friendly method to prepare ZnO to satisfy the 
practical applications.

Besides morphology controlling, regulating of super-
ficial structures is also significant to the improving of the 
gas-sensing performance because the sensing mechanism 
of ZnO follows surface-controlled type [23, 24]. When ZnO 
is exposed to air,  O2 molecules will capture electrons from 
conductive band of ZnO to form adsorbed oxygen  (O2−, 
 O− and  O2−). Then, the detected gas will be firstly adsorbed 
and activated on the surface of ZnO, finally reacted with 
adsorbed oxygen, releasing electron to ZnO, causing change 
of resistant of ZnO. Therefore, regulating of adsorbed oxy-
gen is always a hot topic in the field of gas sensor [25, 26]. 
In addition, the activation of targeted gas by ZnO can also 
affect the gas-sensing performance.

Within this paper, a facile, rapid and environmental-
friendly method was developed to prepare ZnO with dif-
ferent morphologies and superficial structures by changing 
concentrations of Zn(NO3)2 and HMTA. The effects of mor-
phology, specific surface area, percentage of adsorbed oxy-
gen, type of active adsorbed oxygen specie and the activation 
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of ethanol by ZnO on the ethanol-sensing performance were 
investigated. This study provides an effective method to 
improve gas-sensing performance of ZnO nanomaterials.

2  Experimental

2.1  Materials and Instruments

Zn(NO3)2 and hexamethylenetetramine (HMTA) were pur-
chased from J&K Scientific Ltd, and used as received with-
out further purification.

Morphologies of the samples were characterized using 
Hitachi HT7700 transmission electron microscopy (TEM) 
and SU8020 scanning electron microscopy (SEM). XRD 
patterns were recorded on a Dandonghaoyuan DX-2700B 
diffractometer using Cu Kα radiation in the range of 
2θ = 5°–90°. Belsorp-mini II analyzer was used to charac-
terize the specific surface areas of the samples. X-ray pho-
toelectron spectra (XPS) were obtained using VG Scientific 
ESCALAB 250 spectrometer.

2.2  Preparation of ZnO with Different Morphologies

One millimole Zn(NO3)2 and 1 mmol HMTA were dissolved 
in 5 mL deionized water, respectively. 40 mL deionized 
water was added into a 100 mL flask, and heated to boiling 
at 100 °C. Then, the above Zn(NO3)2 and HMTA aqueous 
solution were added into the flask in turn. After 30 min, 
the obtained solution was allowed to cool down naturally. 
The product was separated by centrifugation (4500 rpm, 
10 min), washed twice with deionized water and once with 
ethanol, and dried in a drying oven at 60 °C for 6 h. Then, 
the sample was calcined at 300 °C for 2 h with a warming 

rate of 5 °C/min using a pipe furnace, and the rod-like ZnO 
was obtained. This ZnO was renamed as ZnO-1 as the used 
amounts of Zn(NO3)2 and HMTA are 1 mmol. Using the 
similar method, ZnO-5, ZnO-10 and ZnO-20 were obtained 
as the added amounts of Zn(NO3)2 and HMTA are 5, 10 and 
20 mmol, respectively.

2.3  Fabrication of the ZnO‑Based Gas Sensor

Gas sensors were fabricated using ZnO-1, ZnO-5, ZnO-
10 and ZnO-20 as gas-sensing materials. Briefly, ZnO and 
ethanol were mixed and grind into a paste in an agate mor-
tar. The paste was coated on a ceramic tube with a pair of 
Au electrodes and four Pt wires, respectively. A Ni–Cr coil 
served as a heater to control the working temperature by 
tuning the heating current was inserted through the inner 
tube. Then, the ends of the Ni–Cr coil and Pt wires were 
welded to six electrodes of a pedestal, respectively, to form 
a gas sensor. The schematic illustration of the experimental 
procedure was shown in Fig. 1.

2.4  Gas‑Sensing Measurement

The ZnO-based gas sensors were mounted on the CGS-8 gas 
sensor tester. After the heating current was set, the resist-
ances of the ZnO-based gas sensor in air can be measured. 
Ra, the resistances of the ZnO-based gas sensors in air were 
obtained after the resistances were stable. When ethanol 
with a calculated volume was injected into the gas chamber 
using a syringe, the resistance decreased, and Rg, the resist-
ance of the ZnO-based gas sensors in the target gas, was 
obtained after the resistance value was stable. The responses 
of the ZnO-based gas sensors for the reductive gas were 

Fig. 1  Schematic illustration of the experimental procedure
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defined as Ra/Rg. Subsequently, the gas chamber was opened, 
and the resistance was gradually restored to the initial value.

3  Results and Discussions

3.1  Characterization of ZnO Nanomaterials

ZnO can be obtained just reaction for 30 min under atmos-
pheric pressure using Zn(NO3)2 and HMTA as precursors. 
During the preparation process, Zn(NO3)2 and HMTA are 
used, in which HMTA provides alkaline environment that 
is an important factor to form ZnO. Varying the amounts 
of Zn(NO3)2 and HMTA, ZnO with different morphologies 
are obtained (Fig. 2). It can be seen that ZnO-1 and ZnO-5 
present rod-like shape, and both width and length of ZnO-1 
are larger than those of ZnO-5 (Fig. 2a, b, e and f). Most 
ZnO-10 and ZnO-20 are irregular particles, and some small 
ZnO nanorods exist for ZnO-10 (Fig. 2c, d, g and h). The 
increasing of the amounts of Zn(NO3)2 and HMTA could 
accelerate the rate of nucleation, resulting in the changes of 
morphologies and sizes of ZnO. In a word, this method is 
not only facile, rapid and environmental-friendly, but also 
can achieve controllable regulating morphologies and sizes 
of ZnO.

All diffraction peaks in XRD patterns of the four sam-
ples can be well indexed to the hexagonal wurtzite struc-
ture (Fig. 3), and no characteristic peaks of impurities are 
observed. The sharp peaks of the samples indicate the good 
crystallinity of ZnO, and the differences of the relative inten-
sities of (101), (100) and (002) crystal faces result from the 
different morphologies. According to the Scherrer equation 
(D = λ/(βcosθ)) where λ, β, θ and D is the wavelength of 
X-ray, the full width at half maximum of (101) peak of ZnO, 
the diffraction angel of the (101) peak and the grain size of 
ZnO, respectively, the calculated D for the ZnO-1, ZnO-5, 
ZnO-10 and ZnO-20 is 31.2, 31.2, 26.9 and 28.8 nm, respec-
tively. Small grain size facilitates the electron transformation 
and the increase of the specific surface area, leading to the 
improvement of the gas-sensing performance.

3.2  Ethanol‑Sensing Performances

Gas-sensing performances are evaluated using CGS-8 gas 
sensor tester. The changes of the resistances are used to 
detect the targeted gas, and the response is defined as Ra/Rg, 
in which the Ra and Rg are the resistances of ZnO in air and 
ethanol, respectively. Figure 4a shows that the responses 
of the four ZnO to 50 ppm ethanol firstly increase, then 
decrease with the increasing of the optimal working tem-
perature, and reach the highest at 190 °C. In general, ethanol 
is firstly adsorbed and activated on the surface of ZnO, and 
then reacted with adsorbed oxygen, leading to the electron 

transfer and resistance changes of ZnO. When the working 
temperature is too low, the adsorption and activation of the 
ethanol molecule on the surface of ZnO are not sufficient to 
overcome energy barrier to react with the adsorbed oxygen. 
However, the adsorbed ethanol would be desorbed from the 
surface of ZnO when the working temperature exceeds the 
optimum one, which would cause a lower response. It can be 
observed from Fig. 4a that the responses of ZnO-5, ZnO-10 
and ZnO-20 are improved greatly compared to ZnO-1. ZnO-
10 has the highest response among the four samples, fol-
lowed by ZnO-20, ZnO-5 and ZnO-1, and the responses to 
50 ppm ethanol at 190 °C for the four samples are 115, 107, 
78 and 20.5, respectively. The response of ZnO-10 toward 
50 ppm ethanol is about five times higher than that of ZnO-
1, indicating that it is an effective method to improve the 
gas-sensing performance by tuning the nucleation rate. The 
response-recovery curves to 50 ppm ethanol of these four 
samples are showed in Fig. 4b, and it can be seen that the 
four samples have satisfied response time and recovery time.

Figure 4c shows the responses of these four ZnO to etha-
nol in the concentration range 5–100 ppm. It can be observed 
that the corresponding responses of these ZnO improve 
with the increase of the concentration, and the enhancing 
of the response slows down gradually. These results corre-
spond well with that reported in literatures [27]. Compared 
to the ethanol gas-sensing materials reported in literatures 
(Table 1) [14, 19, 28–36], ZnO-10 has higher response and 
lower working temperature.

The gas adsorption model of semiconductor empirically 
described as Eq. (1) [23, 37].

where Sg is the sensitivity, Cg is the gas concentration,  Ag is 
a prefactor, and β is a exponent on Pg. Generally, β has an 
ideal value of either 0.5 or 1, which depends on the reaction 
between superficial adsorbed oxygen and targeted gas. It is 
reported that the adsorbed oxygen species is  O2− when β is 
0.5, while  O− when β is 1. Equation (1) can be rewritten in 
logarithmic form as Eq. (2).

There is a liner relationship between log(Sg − 1) and 
log Cg, and the slope is β. In our case, the liner relation-
ship is good for all the ZnO nanomaterials. The inset of 
the Fig. 4c presents that the values of β are 0.5335, 0.7759, 
0.8301 and 0.8583 for ZnO-1, ZnO-5, ZnO-10 and ZnO-
20, respectively, revealing that the active adsorbed oxygen 
specie is mainly  O2− for ZnO-1, while are  O2− and  O− for 
ZnO-5, ZnO-10 and ZnO-20, which could account for the 
great improvement of gas-sensing performance for the later 
three samples compared to ZnO-1. This proves that chang-
ing concentrations of Zn(NO3)2 and HMTA can regulate the 

(1)Sg = 1 + Ag(Cg)
�

(2)log(Sg − 1) = Ag + � logCg
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Fig. 2  a–d TEM and e–h SEM images of a, e ZnO-1, b, f ZnO-5, c, g ZnO-10 and d, h ZnO-20 annealed at 300 °C
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active adsorbed oxygen species which are vital to improve 
the gas-sensing performance.

Figure 4d shows that all samples have excellent repeat-
ability and stability. When ethanol is pumped in, the 

resistance changes immediately and the response increases 
rapidly. Once ethanol is pumped out, ethanol can be removed 
from the surface of ZnO, and the resistance goes back to 
the initial value quickly, favoring the next measurement. 
Selectivity is an important factor to evaluate the gas-sensing 
performance. As shown in Fig. 5, the responses to different 
toxic gases were measured, including acetone, methanol, 
isopropanol formaldehyde, n-hexane and ammonia, and the 
responses of these ZnO to ethanol are much higher than 
those of other toxic gases, indicating the satisfied selectivity.

3.3  Reasons for the Difference of the Gas‑Sensing 
Performance

To clarify the different gas-sensing performance of these 
four ZnO nanomaterials, nitrogen adsorption–desorption 
isotherms were carried out, and the results are shown in 
Fig. 6 and Table 2. It can be found that ZnO-10 has the 
largest specific surface areas, followed by ZnO-20, ZnO-5 
and ZnO-1, which corresponds well with the gas-sensing 
performance. Larger specific surface areas provide more 
active sites, facilitating the improvement of gas-sensing per-
formance. The difference of the specific surface area resulted 

Fig. 3  XRD patterns of the four ZnO annealed at 300 °C

Fig. 4  a Responses of ZnO-1, ZnO-5, ZnO-10 and ZnO-20–50 ppm 
ethanol at different working temperature, b Response-recovery curves 
to 50 ppm ethanol of these samples, c Response versus gas concentra-

tion curves of these samples in the range of 1–100 ppm, and the inset 
is the corresponding log(Sg − 1) versus log Cg, d Cycle tests of the 
four samples to 50 ppm ethanol
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from the particle size (evidenced by TEM and SEM) and 
grain size (evidenced by XRD). It can be seen from TEM 
and SEM that the ZnO-1 has the largest particle size, fol-
lowed by the ZnO-5, ZnO-10 and ZnO-20. Although the 
particle sizes of the ZnO-10 and ZnO-20 are similar, particle 
aggregation of the ZnO-20 can be observed. The grain size 
calculated from XRD for the ZnO-1, ZnO-5, ZnO-10 and 
ZnO-20 is 31.2, 31.2, 26.9 and 28.8 nm, respectively. As is 
known to us, smaller grain size facilitates the appearance of 
pores and the increase of the specific surface area. Therefore, 
the ZnO-10 has the largest specific surface area, followed by 
the ZnO-20, ZnO-5 and ZnO-1.

Adsorbed oxygen is significant to improve the gas-sens-
ing performance, therefore XPS spectra was used to measure 

the percentages of superficial oxygen species. Figure 7 
shows that the O1s peaks of the four samples varies from 
each other, and the O1s peak can be consistently fitted by 
two Gaussian curves, centered at about 530.0 and 531.6 eV, 
respectively. The peak on the low binding energy side can be 
assigned to lattice oxygen (OI), and the other peak belongs 

Table 1  Comparison of ethanol-
sensing performances of sensing 
materials previously reported in 
literatures

Sensing materials Concentra-
tion (ppm)

Response 
(Ra/Rg)

Working 
temperature 
(°C)

References

ZnO nanoparticles 100 190 190 This work
ZnO nanoparticles 50 115 190 This work
ZnO nanoparticles 25 66 190 This work
ZnO nanopyramid 100 43.2 225 [19]
5 at% In-doped 3DOM ZnO 100 88 250 [28]
ZnO nanosheets decorated with CuO nanoparticles 200 130 320 [29]
ZnO/SnO2 hollow sphere 30 34.8 225 [30]
0.5 wt% Au loaded 3DOM  In2O3 100 205 230 [31]
Er doped  In2O3 hollow sphere 100 40.3 215 [32]
ZnO long nanofibers 100 51 270 [33]
ZnO nanorod 50 21 320 [14]
Al-doped NiO nanorod-flower 100 12 200 [34]
In2O3 nanorod decorated with  Bi2O3 nanoparticle 200 17.7 200 [35]
Mesoporous  Bi2WO4 100 34.6 300 [36]

Fig. 5  Selectivity of ZnO-1, ZnO-5, ZnO-10 and ZnO-20–100  ppm 
different toxic gases

Fig. 6  Nitrogen adsorption–desorption isotherms of ZnO-1, ZnO-5, 
ZnO-10 and ZnO-20

Table 2  Specific surface areas 
of ZnO-1, ZnO-5, ZnO-10 and 
ZnO-20

Samples Sa  (m2/g)

ZnO-1 4.3
ZnO-5 10.5
ZnO-10 20.9
ZnO-20 12.3
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to adsorbed oxygen (OII) [38, 39]. Table 3 exhibits that 
ZnO-10 has the largest percentage of OII, followed by ZnO-
20, ZnO-5 and ZnO-1, which also corresponds well with the 
gas-sensing performance. The main oxygen species (> 50%) 
are OII for ZnO-10 and ZnO-20, which can account for the 
better ethanol-sensing performance compared to ZnO-1 and 
ZnO-5. When the concentrations of Zn(NO3)2 and HMTA 
are increased, the growth rate of ZnO will be enhanced, lead-
ing to the formation of superficial defects which facilitate the 
formation of adsorbed oxygen. It is worthy to note that the 
difference of OII percentages for ZnO-1 and ZnO-5 is litter 
(31.3% for ZnO-1 and 33.3% for ZnO-5), and the specific 
surface area of ZnO-5 is as two times as that of ZnO-1, but 
the response of ZnO-5 is as four times as ZnO-1, which 
could be resulted from the difference of the active adsorbed 
oxygen species  (O2− for ZnO-1,  O2− and  O− for ZnO-5, as 
proved above). In addition, although the ZnO-5 and ZnO-
20 have similar specific surface area and active adsorbed 
oxygen species, the larger percentage of OII for the ZnO-20 
leads to the better gas-sensing performance. ZnO-10 pos-
sesses the largest specific surface area and percentage of OII, 
and the active adsorbed oxygen specie is  O− and  O2−, lead-
ing to the fivefold enhanced response compared to ZnO-1. 

Therefore, it can be concluded from the above discussion 
that specific surface area, the active oxygen specie and the 
percentage of OII are the dominant factors for the improving 
of the gas-sensing performance.

The gas-sensing mechanism of ZnO, as an n-type semi-
conductor, follows surface-controlled type. When ZnO is 
exposed to air,  O2 molecules will capture electrons from 
conduction band of ZnO to form adsorbed oxygen  (O2

−, 
 O− and  O2−), as described in Eqs. (3–5), resulting in the 
formation of thick electron depletion with high resistance 
[19, 28].

When ethanol, a reductive gas, is injected in, ethanol 
molecules will be firstly adsorbed and then activated on the 
surface of ZnO, finally reacted with adsorbed oxygen, releas-
ing electron to ZnO, leading to thinner electron depletion 
with lower resistance. The sensing reaction can be expressed 
by Eq. (6) for ZnO-1, while Eqs. (6) and (7) for ZnO-5, 
ZnO-10 and ZnO-20 as the active adsorbed oxygen specie 
is  O2− for the former sample, and  O− and  O2− for the later 
three samples [40, 41].

It can be speculated from the Eqs. (3–5) that  O− and 
 O2− could exist on the surfaces of ZnO. Generally,  O2− is 
unstable and energetic than  O−, therefore  O2− can react with 
ethanol adsorbed on the surface of ZnO for all the samples. 
However,  O− can just react with the adsorbed ethanol for 
ZnO-5, ZnO-10 and ZnO-20, which may be caused from 
that the activation of ethanol is more efficient for the three 
samples compared to ZnO-1.

4  Conclusion

In summary, rod-like and irregular ZnO nanomaterials were 
prepared under atmospheric pressure at 100 °C with low and 
high concentrations of Zn(NO3)2 and HMTA, respectively, 
due to the alteration of the nucleation rate. Compared to 
ZnO-1, the gas-sensing performance is improved greatly for 
ZnO-5, ZnO-10 and ZnO-20 because the active adsorbed 
oxygen species are  O2− and  O− for the later three samples, 
while is  O2− for the former one, which might cause from the 
different activation of ethanol by these ZnO. ZnO-10 has the 

(3)O2(air) + e− = O2(ads)
−

(4)O2(ads)
− + e− = 2O(ads)

−

(5)O(ads)
− + e− = O(ads)

2−

(6)
CH3CH2OH(ads) + 6O(ads)

2− = 2CO2(g) + 3H2O(l) + 12e−

(7)
CH3CH2OH(ads) + 12O(ads)

− = 2CO2(g) + 3H2O(l) + 12e−

Fig. 7  O1s XPS spectra of ZnO-1, ZnO-5, ZnO-10 and ZnO-20

Table 3  Comparison of relative amount of oxygen species for ZnO-1, 
ZnO-5, ZnO-10 and ZnO-20 obtained from O1s XPS spectra

Samples OI OII

Peak (eV) Percentage (%) Peak (eV) Percentage (%)

ZnO-1 530.0 68.7 531.6 31.3
ZnO-5 530.1 66.8 531.5 33.2
ZnO-10 530.1 42.0 531.6 58.0
ZnO-20 530.0 47.3 531.6 52.7
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largest response, followed by ZnO-20, ZnO-5 and ZnO-1, 
which is contributed to the discrepancies of specific surface 
areas, percentage of adsorbed oxygen and active adsorbed 
oxygen species. The response of ZnO-10 toward 50 ppm 
ethanol is 115, about five times higher than that of ZnO-1. 
This study can provide an effective method to improve the 
gas-sensing performance of ZnO nanomaterials.
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