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Flower-like ZnO hierarchical architectures consisting of different building blocks have been successfully
synthesized by a simple microwave-assisted decomposition route. The scanning electron microscopy
and transmission electron microscopy results indicated that the morphologies of ZnO hierarchical
architectures could be tailored by changing the category of the additives. Gas sensors based on the

resulting products were fabricated and their gas sensing properties were tested for a variety of target

iig:";ﬁé Zsztﬂdsi:?éé%g 2014 gases. The results indicated that the sensor based on ZnO with a needle-assembled structure exhibited
excellent selectivity and a higher response to NO, at 75 °C compared to those using the other two

DOI: 10.1035/c4ra07425d flower-like ZnO. The good performance observed here was likely to be the result of the high donor-
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www.rsc.org/advances related intrinsic defects.

1. Introduction

ZnO (zinc oxide), as a versatile semiconductor oxide, is exten-
sively used in lithium batteries, luminescent materials, and
solar cells."® With the increasing concern over safety in resi-
dential areas and environmental protection, gas sensors based
on zinc oxide have attracted considerable attention because of
their excellent gas-sensing properties. Recently, a variety of
chemical and physical processes have been employed to fabri-
cate zinc oxide microarchitectures, such as chemical vapor
deposition (CVD),* thermal evaporation,> hydrothermal
process”® and Electrospinning.® However, time consuming
procedures, sophisticated equipments, or rigid experimental
conditions have limited the development of these methods.
Microwave-assisted synthesis is a very attractive process for use
in preparing functional material."* When radiation is applied to
a solution containing reactants, one or more of them is capable
of coupling with the microwave radiation. The charged particles
then vibrate in the electric field of the radiation, thus faster
heating is achieved, and the temperature and concentration
gradients can be solved as well. Therefore, microwave-assisted
synthesis has the advantages of homogeneous volumetric
heating, high reaction rate, and energy savings as compared
with conventional heating methods.

In addition, to get better understanding about the gas
sensing mechanism, various theories and hypotheses have been
proposed to try to figure out the nature of gas sensing in recent
years. The most widely accepted theory for the gas sensing
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mechanism of metal oxides is based on the change in resis-
tance, which proposed that the change in resistance of the
sensor is caused by the chemical adsorption and the reaction of
test gas molecules on the surface of the sensing materials.”***
However, gas sensing mechanism for semiconductor oxide is
not yet fully understood, there are still many unknown factors
affecting the sensing performance of gas sensor. Therefore,
more works are needed to perfect the theory construction of gas
sensing and the investigations of the comprehensive sensing
mechanism still have importantly scientific and practical
significance.

In this work, three kinds of flower-like zinc oxides were
prepared by using a facile, green and efficient microwave-
assisted decomposing method. The synthesis was conducted
by exposing the mixed aqueous solutions including zinc acetate
dihydrate, aqueous ammonia and different additives to micro-
wave radiation with short reaction time (10 min) and low energy
consumption (300 W). The gas sensing properties of the sensors
based on these flower-like zinc oxides to 1 ppm NO, were
investigated. Results show that the gas sensing performance
varied with the morphologies of ZnO hierarchical structures,
and the possible mechanism behind the discrepance of sensing
performance was proposed based on the results of photo-
luminescence spectra.

2. Experimental

All chemicals used in this study were purchased from Beijing
Chemical Reagent and directly used without further purifica-
tion. In a typical synthesis process, zinc acetate dihydrate
(Zn (CH;3COO),-2H,0, 0.44 g) and hexamethylenetetramine
((CH,)eNy, 0.1 g) were added into 50 mL of deionized water with
constant stirring for 30 min. Then 2 mL of aqueous ammonia

RSC Adv., 2014, 4, 47319-47324 | 47319
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(NH;-H,0, 30 wt%) was added into the above mixed solution.
After further stirring for 5 min, the reaction mixture was
transferred into a three-necked flask and placed in microwave
synthesizer to irradiate for 10 min with the power set at 300 W
(MAS-II, Shanghai Xinyi Ltd.). The precipitates were filtered,
washed, and calcined at 500 °C for 2 h to obtain pure zinc oxide
sample (named $1). The other two samples (S2 and S3) were
prepared with the same synthesis process, except that the
additive of 0.1 g hexamethylenetetramine (HMT) was replaced
by 0.1 g of hexadecyl trimethyl ammonium bromide (CTAB) and
1 mL of polyethylene glycol (PEG400), respectively.

The crystal structures and morphologies of samples were
characterized by X-ray diffraction (XRD), field emission scan-
ning electron microscopy (FESEM, JEOLJSM-7500F), selected-
area electron diffraction (SAED), and high resolution trans-
mission electron microscopy (HRTEM, JEM 2100F). Photo-
luminescence (PL) was measured from 370 to 600 nm at room
temperature by a 320 nm excitation (Shimadzu RF-5301PC,
Japan).

The detailed fabrication of chemical sensors were as follows:
the as-prepared ZnO samples were mixed with deionized water
to form a paste, and then coated on ceramic tube with a pair of
gold electrodes and four platinum wires on both ends of the
tube. A Ni-Cr alloy coil passed through the ceramic tube to
control the working temperature by tuning the heating current.
The structure of the sensor was schematically shown in Fig. 1a.
Gas sensing measurements were processed by a static process
in a test chamber under laboratory conditions (50 RH%, 22 °C),
a conventional circuit was used to measure the change of
resistance of the gas sensor (Fig. 1b). The response of the sensor
was defined as the ratio between R, (the resistance when
exposed to test gas) and R, (the resistance when exposed to air)
for oxidizing gases or the reciprocal for reducing gases.

3. Results and discussion
3.1 Structural and morphological characteristics

The XRD patterns of the as-prepared zinc oxides are shown in
Fig. 2a. Compared with the JCPDS Card no. 36-1451, all of the
products could be indexed as the wurtzite hexagonal zinc oxide
with lattice parameters of @ = 3.24982 A, ¢ = 5.2066 A (the space
group: P6smc). No characteristic peaks of impurities or precur-
sors were detected. The presence of sharp peaks in spectrum of
S1 indicates its higher degree of crystallinity after microwave
irradiation as compared to those of S2 and S3. The average

@) ®) v

gold electrode

\

platinum wires R-(Rl)

sensing film

Test circuit
Ni-Cr coil Rl..- Vg

Fig. 1 (a) Schematic structure of the gas sensor; (b) schematic
diagram of the electrical circuit for sensing test.
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Fig. 2 (a) XRD patterns of the as-prepared ZnO; (b—d) SEM images of
as-prepared ZnO (b) S1, (c) S2 and (d) S3; (e and f) TEM images and
SAED pattern of S1.

crystal size of S1 was calculated to be about 30 nm using the
Debye-Scherer formula (D = 0.89/(8 cos #)), where A is the X-
ray wavelength (1.5418 A), 6 is the Bragg diffraction angle, and
@6 is the peak width at half maximum.

Fig. 2b shows the SEM image of S1, needle-assembled
structure with flower-like morphology could be observed. The
high-magnification SEM image indicates that the needle has an
average length of about 1.5 pm and diameter of about 100 nm
(inset of Fig. 2b). When 0.1 g of CTAB was used as additive, a
bundle-like microstructures assembled by nanorods could be
obtained, as shown in Fig. 2c. Changing the additive to PEG400
resulted in the flower-like hierarchical structures composed of
some tight aggregations, as seen in Fig. 2d. It is obvious that the
additive in experiment has great influence on the morphologies
of as-synthesized ZnO products. The morphology and structure
of $1 was further characterized with TEM (Fig. 2e), which were
in good accordance with the FESEM images. Fig. 2f presents the
SAED pattern and HRTEM image of a single ZnO microneedle, it
can be seen that the microneedle was single crystalline and
grew preferentially along the c-axis corresponding to the [0001]
direction. The adjacent lattice interplanar spacing was 0.26 nm,
corresponding to the (0002) planes of the wurtzite ZnO.

Possible growth mechanism for flower-like ZnO was also
investigated. During microwave irradiation, the hydroxyl ions
are mainly provided by hydration of ammonia, which creates a
strong base condition. The proposed reactions can be illus-
trated as follows:

NH3 + Hzo g 1\1H4+ + OH™ (1)

This journal is © The Royal Society of Chemistry 2014
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Zn** + 40H™ — Zn(OH),*~ (2)
Zn(OH),>~ — ZnO + H,0 + 20H" 3)

It's well known that both pH and additives in solution are
found to play important roles in determining the morphologies
of products.™ In our case, a large number of growth units Zn
(OH),> would be generated quickly, due to the high concen-
tration of ammonia in solution (pH > 12). Thus, more growth
units around the ZnO nuclei may lead to a faster growth kinetics
which causes sheet defects such as twin boundaries of the ZnO
crystals.” Because of the higher defect density and surface
activity at these twin boundaries, the secondary nucleation will
occur on the junction of these initial ZnO crystals,*® leading to
many polar (0001) surfaces will be exposed outside. With the
preferential growth along the [0001] direction, flower-like ZnO
can be obtained.'” Moreover, the different appearance of flower-
like ZnO can be attributed to the different additives. In the case
of HMT, the basicity in the solution will increase due to
hydrolyzing of HMT, the growth habit of ZnO is restricted to
[0001] direction and leads to the formation of needle-assembled
structure (Fig. 2f). When the CTAB is used, CTA" as a positively
charged particle with a tetrahedral head and a long hydro-
phobic tail will form CTA™-Zn(OH),>" ion pairs by electrostatic
interaction with Zn(OH),>~ ions. With the reaction keeping on,
these ion pairs begin to self-assemble and change into bundle-
like aggregated structure, which subsequently afford the
formation of the ZnO assemblies after microwave irradiation.**
If PEG400 is utilized, PEG400 molecules adsorb on ZnO nuclei
surfaces and restrict the growth speed in all directions.®
Consequently, some tight aggregations structures come into
being under strong base condition. It is evident that the
different additives have different functions in determining the
growth speed and directions of ZnO crystals. The morphologies
of products can be easily controlled by altering these additives
in microwave-assisted synthesis.

3.2 NO, sensing properties

The responses of the sensors using as-obtained ZnO with
different morphologies towards 1 ppm NO, were investigated
and presented in Fig. 3. It can be seen that the optimum
operating temperatures were 75, 150 and 100 °C for S1, S2 and
S3, respectively. Among the three sensors, the sensor using S1
exhibited the largest response (Ry/R, = 69) to 1 ppm NO, at
75 °C. Moreover, as can be seen in Fig. 4a-c, the sensor dis-
played more rapid response and recovery rate to 1 ppm NO,
than other two sensors, likely because the loose architecture of
S1 provided abundant pores, which could enable the target gas
to diffuse to the inner of sensing material quickly. The response
and recover times of S1 were 140 s and 320 s, respectively.

Fig. 5a shows the response transients of the sensors to
500 ppb nitrogen dioxide at 75 °C. It can be seen that all of the
sensors maintained their initial response amplitude without a
clear attenuation upon four periods tests, which indicated the
good repeatability and stability of the sensors. The relationship
between the responses of the sensors and NO, concentration

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Response of S1, S2 and S3 to 1 ppm NO, as a function of
operating temperature.
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Fig. 4 Response and recovery characteristics of S1, S2 and S3 to 1
ppm NO, at 75 °C.

was presented in Fig. 5b, from which it can be seen that the
sensor had a broad detection range to nitrogen dioxide from
100 to 1000 ppb and exhibited a low detection limit of 100 ppb
to NO, gas.

Fig. 6 shows the responses of S1 to various testing gases
including chlorine, hydrogen sulfide, methane, acetone,
ethanol and nitrogen dioxide. It is obvious that the sensor
exhibited a markedly increase in the response of S1 to NO,
compared to other target gases, indicating its high degree of
selectivity. It is well known that the interactions between test
gases and metal oxide surface depend strongly on nature of
materials and the category of tested gases. The optimal

RSC Adv., 2014, 4, 47319-47324 | 47321
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Fig.5 (a) Reproducibility and transient response of the sensors to 500
ppb NO, gas; (b) response of the sensors versus the nitrogen dioxide
concentrations at 75 °C.

operating temperature for different test gases is different. Thus,
the high selectivity to NO, maybe arises from the fact that the
selectivity was measure at optimal operating temperature to
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Fig. 6 Response of S1 to various test gases.
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nitrogen dioxide. A comparison between the sensing perfor-
mances of the sensor and previously reported results is
summarized in Table 1. It is noteworthy that the sensor fabri-
cated in our work exhibits better sensing properties compared
with those reported in the literature.'*>*

3.3 PL spectra and mechanism for gas sensitivity

Some researchers have demonstrated that the intrinsic defects
of ZnO may play an important role in determining its gas-
sensing properties.”*** ZnO is believed to have five intrinsic
defects: zinc interstitial (Zn;), oxygen vacancy (Vo), zinc vacancy
(Vzn), oxygen interstitial (O;) and oxygen antisite (Oz,). Zn; and
Vo release free electrons (i.e. donor), while V,,, O; and Oy,
consume free electrons (i.e. acceptor) in ZnO crystal.*®?* It is
known that PL spectrum of material originates from either the
photoinduced electron-hole recombination or the intrinsic
defects.”” Therefore, we used the PL spectroscopic method to
study the content of the defects. Fig. 7 presents the PL spectra of
$1, S2 and S3 and their Gaussian decompositions. According to
their originations, the donor-related (DL) peaks located near at
402 nm and 427 nm were attributed to Zn;,*® the peak located at
490 nm was oxygen vacancy (Vp).>® Acceptor-related (AL) sub-
peaks located at 460 nm, 520 nm and 550 nm could be due to
Vzn, Ozn and Oy, respectively.”*** We can learn that for the S1, S2
and S3, the contents of donor defects and acceptor defects were
(29.2%, 70.8%), (26.2%, 73.8%) and (24.1%, 75.9%), which has
been summarized in Table 2. It is worth noting that the
increasing sequence of donor-related subpeaks content (S3 < S2
< §1) was in accordance with the order of the gas sensing
property (S3 < S2 < S1). Therefore, it is believed that the donor-
related defects may play an important role in determining the
gas sensing performance.

A popular and widely accepted sensing mechanism for n-type
semiconductor oxides is based on the modulation of the
depletion layer by oxygen absorption. When the sensor is
exposed to air, oxygen molecules are adsorbed on the surface of
the sensor and go on to be ionized by electrons from the mate-
rials conduction band to form oxygen species (O, , 0~ and O*").
Electron depletion layers are formed on the sample surface. On
exposure to an oxidative gas such as NO,, these gas molecules
will accept electrons through the surface reactions, increasing
the width of surface charge layers. Thus, the sensor resistance is
increased. Because of the important effect of intrinsic defects on
gas-sensing properties, the probable sensing mechanism
between ZnO and NO, can be mainly depicted as*

VO + 02 (g) <—>O[(ads) + VO (4)
2NO, + O, (ads) + V< 2NO;~ (ads) + V| (5)
NO, + Zn; <> NO, (ads) + Zn; (6)

NO, + NO, (ads) + Zn;- - -0, «+>2NO; " (ads) + Zn;  (7)

here “g” and “ads” refer respectively to gas and adsorption,
Vo (Zn;) represents single electropositive oxygen vacancy (zinc
interstitial) and Vg (Zn;) represents double electropositive

This journal is © The Royal Society of Chemistry 2014
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Table 1 Comparison of the sensing performances between the current work and previously reported results
Materials Nitrogen dioxide Operating temperature Sensitivity Limit of detection Reference
ZnO nanonods 40 ppm 400 °C 206 — 19
ZnO nanofibers 4 ppm 200 °C 30 400 ppb 20
ZnO flower 5 ppm 200 °C ~78 500 ppb 21
ZnO nanonods 1 ppm 350 °C 1.8 ~1 ppm 22
This work 1 ppm 75°C 69 100 ppb
a [ —— Original Peak (%) A Original Peak (%) | ——original __ Pak O6)
( ) ,; Contitasiiin ~402 45 (b) = Combination ——d02 2.19 (c) = Combination = 4% all
| —27 208 < —427 186 & 427 1626
S ~ 460 47.13 N/ 460 5631
——490 538 ——490 270
zl z — 50 9.64 z ——520 8.61
‘2 o= 550 17.06 - 10.95
sr = =
2 e S
= = =
g = -
et ;
Bl B z — ~ P e |
350 400 450 500 550 600 350 400 450 500 550 600 350 400 450 500 550 600
Wavelength Gm) Wavelength (nm) Wavelength (nm)
Fig. 7 Gaussian decomposed PL spectra of the flower-like ZnO (a) S1, (b) S2, (c) S3.
Table 2 The content of different intrinsic defects (%)
Zn; Vo Donor defects Vzn Ozn O; Acceptor defects
S1 4.5 20.8 3.9 29.2 39.5 8.9 22.4 70.8
S2 2.19 18.6 5.38 26.2 47.13 9.64 17.06 73.8
S3 5.17 16.26 2.7 24.1 56.31 8.61 10.95 75.9

oxygen vacancy (zinc interstitial). According to the above
equations, it can be seen that the donor-related intrinsic defects
including Zn; and Vo, are helpful to enhance the gas response.
Thus, S1 possesses the highest response among the three
samples, likely due to the highest content of donor-related
defects and the lowest intrinsic acceptor-related defects.

4. Conclusions

Hierarchical ZnO nanostructures composed of different nano-
scale building blocks have been prepared through microwave-
assisted synthesis. By changing the category of additives,
three kinds of flower-like shape ZnO with regular morphology
and excellent crystallinity were obtained. A study on their gas-
sensing properties reveals that the sensor based on S1
exhibits outstanding selectivity, high response, rapid response
and recovery behavior to NO,, which is supposed to be arisen
from the high contents of DL defects and low AL defects in its
needle-assembled structure.
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