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ABSTRACT: It is of great interest to develop gas-sensing materials with excellent performance in a facile and mild route. In this
work, dandelion-like hollow ZnO hierarchitectures assembled with ZnO nanoparticles have been synthesized by annealing a zinc
complex precursor, which was produced from zinc acetate and ammonium bicarbonate at room temperature. The nanoparticle
size in the hierarchitectures enlarges from 10 to 23 nm with the annealing temperature increasing from 350 to 550 °C. The ZnO
hierarchitectures have shown high sensing response (34.5), fast response (6 s) and recovery (7 s), and low optimal operating
temperature (250 °C) toward 50 ppm ethanol because of large surface area and rich pore. Also, the obtained ZnO dandelion-like
hierarchitectures exhibits good selectivity toward alcohols. The obtained results suggest that the dandelion-like ZnO
hierarchitectures synthesized herein are a promising gas sensing material.

1. INTRODUCTION

In recent years, enormous efforts have been devoted to
controllable construction of nanoscale building blocks (nano-
particles, nanorods, nanowires, and nanosheets) into desired
hierarchical structures.1,2 Such new structures can retain the
properties of the individual building blocks and may further
bring novel collective and cooperative properties.3 For example,
Tao et al.4 prepared nanoparticle-based In-doped ZnO sphere
aggregates which exhibit improved dye-sensitized solar cells
conversion efficiency. Lou et al.5 demonstrated that the SnO2
tubular hierarchitectures composed by nanosheets show high
specific capacity and excellent cycling stability. Specially,
designed hierarchitectures constructed with nanoparticles are
of great interest for researchers, because nanoparticles have the
unique properties different from one-dimensional (1D) and
two-dimensional (2D) nanomaterials resulting from their small
size and higher specific surface area.6 However, most of those
reported hierarchitectures constructed with nanoparticles are
sphere, nanorod, nanotube, and nanosheets;7−10 the novel
three-dimensional (3D) hierarchitectures composed by nano-
particles have rarely been reported.
Growing concern about air pollution with respect to public

health has enhanced the demand for gas sensors for monitoring
air quality. ZnO-based gas sensors have attracted great
attention because of their high chemical stability and low
toxity and cost. The sensing performance of the material is
strongly dependent on their structures and morphology.11−13

The ZnO nanomaterials with various dimensions have been
widely studied in gas sensors, such as nanoparticles,14

nanowires and nanorods,13,15,16 nanoplates or nanosheets,17

and 3D hierarchitectures.18,19 Compared with low dimensional
structures, 3D hierarchical structures possess large specific
surface area and desirable surface permeability, which allows
fast diffusion for target gases to interact with the entire sensing
layer. Thus, both high sensing response and fast response could
be expected by hierarchical structures. Kim et al.20 pointed out
that hierarchical structure played an important role in the fast

response to C2H5OH. Also, those materials assembled by
nanoparticles have porous structures, which will provide high
specific surface area and numerous connective channels.
Therefore, it is an important issue to prepare ZnO 3D
hierarchitectures assembled by nanoparticles with enhanced gas
sensing properties.
Usually, metal oxide hierarchitectures with nanoparticles are

prepared by hydro/solvothermal reaction, electrospinning, and
vapor phase growth with high temperature, long reaction time,
complicated procedure, and sometimes poisonous re-
agents.6,21−24 It is still a great challenge to develop a facile
and efficient method to produce ZnO hierarchitectures self-
assembled with nanoparticles. Zinc oxide hierarchitectures
prepared by thermal treatment of the precursor of basic
carbonates,25,26 ZnC2O4,

27 Zn(OH)2,
28 carboxylate,29,30 etc.,

have been reported, and such a method will provide ZnO with
the novel morphology which inherit from the precursor. In this
work, we fabricated dandelion-like ZnO hierarchitectures
composed by nanoparticles with different diameters by thermal
treatment of dandelion-like precursor of a zinc complex.
Furthermore, we investigated the gas-sensing properties of the
dandelion-like hierarchitectures using ethanol as the probe
molecule and discussed the relationship between the structure
and the gas-sensing performance of the ZnO hierarchitectures.

2. EXPERIMENTAL SECTION

2.1. Synthesis of the Precursor. All reagents were
analytical grade and used without any further purification.
NH4HCO3 (0.05 M, 3.95 g) and SDBS (2.5 mM, 0.8712 g)
were dissolved in 100 mL of deionized water under vigorous
stirring to form solution A; zinc acetate dihydrate (0.025 M,
5.4875 g) was dissolved in 25 mL of deionized water to form
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solution B. Solution B was then added dropwise into solution A
under stirring at 24 ± 1 °C and continuously stirred for 2 h.
The precursor was collected after centrifugation, washed with
deionized water and ethanol four times, and dried in an oven at
80 °C overnight.
2.2. Preparation of ZnO Hierarchitectures. The

dandelion-like ZnO hierarchitectures composed of nano-
particles were obtained by annealing the precursor at 350,
450, and 550 °C in air for 2 h with a heating rate of 5 °C min−1,
which were marked as ZnO-350, ZnO-450, and ZnO-550,
respectively.
For comparison, flower-like ZnO hierarchitectures composed

of nanorods were also prepared by a hydrothermal method.15

Briefly, solution A was prepared by dissolving 0.182 g of
cetyltrimethylammonium bromide (CTAB) and 4.80 g of
NaOH in 50 mL of deionized water; solution B was obtained
by dissolving 5.95 g of zinc nitrate in 50 mL of deionized water.
Solutions A and B were separately cooled in ice water for a few
minutes and then mixed under vigorous stirring for 1 h at room
temperature to form solution C. The resulting solution C was
transferred into a 100 mL Teflon-lined autoclave and
subsequently heated at 90 °C for 5 h. White ZnO product
was obtained after washing and drying.
2.3. Characterization Methods. Powder X-ray diffraction

patterns were recorded on a Rigaku D/max-Ultima III X-ray
powder diffractometer with Ni-filtered Cu Kα radiation (λ =
0.15406 nm) under 45 kV and 40 mA with a scan speed of 5°
per min in 2θ. The morphology of samples was examined using
a scanning electron microscope (SEM ZEISS) with 20 kV
accelerating voltage. The size distribution of ZnO samples was
determined using high resolution transmission electron
microscopy (HRTEM, JEM-3010) with a resolution of 0.19
nm. TEM images were recorded with Hitschi H-800. BET
surface area and pore properties of ZnO samples were analyzed
by low temperature N2 adsorption/desorption method on a
Micromeritics ASAP 2390 volumetric adsorption analyzer
(before the BET measurement, the samples were degassed at
150 °C for 8 h).
2.4. Measurements of Gas Sensing Properties. The

fabrication process of the sensors based on the samples has
been reported elsewhere.31 The dandelion-like ZnO and the
reference ZnO samples were dispersed in ethanol to form
colloid, and the colloid was separately coated on ceramic tube
with a pair of previously printed electrodes. A Ni−Cr alloy was
inserted into the ceramic tube and used as a heater to provide
the operating temperature. The gas sensors were aged at 200
°C for 7 days before the gas sensing measurement. Gas sensing
properties were measured by a CGS-8 intelligent gas sensing
analysis system (Elite Tech Co., Ltd.). A schematic diagram of
analysis system and experimental process were illustrated in the
previous report.32 The sensing response of oxidizing gases, such
as NO2, is defined as the ratio of Ra/Rg, and the resistance for
reducing gases, such as H2, H2S, alcohol, CH4, CO, etc., are
defined as the ratio of Rg/Ra, where Ra represents the resistance
in ambient air and Rg is the resistance in the tested gas
atmosphere.

3. RESULTS AND DISCUSSION
3.1. Structure and Morphology of ZnO Hierarchitec-

tures. Figure 1 shows powder X-ray diffraction (PXRD)
patterns of ZnO hierarchitectures and precursor (in the inset
graph). All the samples obtained by annealing the precursor at
350, 450, and 550 °C are ZnO phase with hexagonal structure,

which well match with JCPDS PDF card no. 36-1451 as marked
in the bottom of Figure 1. No diffraction peak of impurities is
detected under the investigated conditions. In comparison, the
intensities of the diffraction peaks gradually enhance with the
increase of annealing temperature from 350 to 550 °C,
indicating the increase of the crystallite size and the
improvement of the crystallinity. The average crystallite size
estimated based on Scherrer equation and the first three Bragg
reflections is 9.93, 14.83, and 21.1 nm in diameter for ZnO-350,
ZnO-450, and ZnO-550, respectively. For the precursor, the
Bragg reflections peaks cannot be indexed to any known phase
containing a zinc element. To further characterize the
composition of precursor, Fourier transform infrared spectros-
copy (FT-IR) was carried out. As shown in Figure S1, bands
observed in the range of 3400−3600 cm−1 are indexed to
hydroxyl groups and water, and two bands at 2927 and 2850
cm−1 are corresponded to C−H stretching vibration of −CH2−
for SDBS. The strong bands centered at 1546 and 1391 cm−1

are ascribed to the asymmetric and symmetric vibration of C
O, indicating that acetate was present in the complex.33 The
bands centered at 1046 and 834 cm−1 are assigned to the
symmetric and out-of-plane stretches of CO3

2− group,
respectively.17,34 FT-IR analyses confirm the precursor is a
zinc complex containing carbonate, hydroxide groups, acetate,
SDBS, and water.
Figure 2 demonstrates the SEM images of the precursor and

the ZnO hierarchitectures with different magnification. The
obtained precursor exhibits well-defined dandelion-like micro-
spheres with a diameter of 3−8 μm (Figure 2A,B). The
dandelion-like precursor is consisting of nanorods which are
perpendicular to the microsphere surface to form open-ended
structure (Figure 2B). The precursor has converted to the
hexagonal ZnO by annealing at 350 °C in air for 2 h, while the
morphology still remains dandelion-like without any change in
size, as shown in Figure 2C,D. Interestingly, the inset graph for
the cracked microsphere shows a hollow structure formed by
closely well-aligned aggregating of these nanorods. Figure 2E,F
present the SEM images of ZnO-450 and ZnO-550. It is clearly
shown that higher annealing temperature did not lead to much

Figure 1. Powder X-ray diffraction (PXRD) patterns of ZnO-350,
ZnO-450, and ZnO-550, respectively. Inset shows the PXRD patterns
of the precursor. Vertical lines on the bottom represent JCPDS PDF
card no. 36-1451 for hexagonal ZnO.
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change of morphology and size, while the outlines of nanorods
are clearer.
Figure 3 shows the TEM and HRTEM images of the ZnO

hierarchitectures. Figure 3A clearly shows that these nanorods
of hierarchitectures are composed of plenty of tiny nano-
particles. Also, the diameter and length of these nanorods are in
the ranges of 40−80 nm and 0.8−1.5 μm, respectively. Figure
3B indicates that each nanoparticles exhibits well-defined lattice
fringes, and the inset displays the size distribution of the
nanoparticle building blocks of ZnO-350 dandelion-like
hierarchitectures. It shows that the average diameter of these
nanoparticles is 10 ± 4 nm. Figure 3C,D illustrates the
HRTEM images and size distribution of ZnO-450 and ZnO-
550. The results indicate that the increases of annealing
temperature enlarges the average particle size from 10.0 nm for
ZnO-350 to 16.7 nm for ZnO-450 (Figure 3C) and 23.2 nm for
ZnO-550 (Figure 3D).
Figure 4 describes the nitrogen adsorption−desorption

isothermal curves for ZnO-350, ZnO-450, and ZnO-550. The
hysteresis features of all the samples belong to type H3 loop,
which does not show any limiting adsorption at high P/P0,
suggesting the presence of slit-shaped pores formed by
aggregation of particles.35 The following abrupt increase in
the curves at high relative pressure, P/P0 of about 0.95, can be
ascribed to the capillary condensation of nitrogen in the
macropores formed among the resultant nanoparticles.36,37 The
BET surface areas of as-synthesized porous dandelion-like
hierarchitectures are 63.4, 38.76, and 25.77 m2.g−1 for ZnO-

350, ZnO-450, and ZnO-550, respectively. The pore size
distribution curves as shown in the inset show that all samples
of the ZnO dandelion-like hierarchitectures have a bimodal
pore distribution, smaller pores in the range of 1−5 nm and the
larger pores ranging from 6 to 100 nm. The average pore size of
hierarchitectures is 14.73, 18.24, and 22.85 nm for ZnO-350,
ZnO-450, and ZnO-550, respectively. The increase of larger
pore size with the increase of annealing temperatures can be
ascribed to the sintering of the small nanoparticles.

3.2. Gas-Sensing Performance of ZnO Samples. The
performance of the sensors includes the sensing response,
operating temperature, selectivity, the linear response range,
and the response-recovery time, which depend on the
properties of the gas-sensing materials. Also, flower-like ZnO
hierarchitectures fabricated by 1-D nanorods with single crystal

Figure 2. SEM images of the samples: precursor (A and B), ZnO-350
(C and D), ZnO-450 (E), and ZnO-550 (F); the inset in C presents a
hollow structure of the ZnO-350.

Figure 3. TEM and HRTEM images of dandelion-like ZnO
hierarchitectures: ZnO-350 (A and B), ZnO-450 (C), and ZnO-550
(D); inset in A is the SAED pattern of ZnO-350; insets in B are the
size distribution of nanoparticles for ZnO-350 (up-right) and
magnified views of the areas marked by dotted squares (down-
right); insets in C and D are size distribution for ZnO-450 and ZnO-
550, respectively.

Figure 4. Nitrogen adsorption−desorption isotherms and pore size
distribution curves of dandelion-like ZnO hierarchitectures.
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were used as the reference, which was prepared following the
same procedure in our previous work.15 The morphology and
structures of the obtained 1-D nanorods are presented in Figure
S2. It indicates that the compared ZnO is single crystal with
flower-like structure. Here, all four gas-sensing materials were
individually fabricated to gas sensors, and then the gas sensing
performance of the prepared sensors was detected.
Figure 5 displays the sensing response of the ZnO samples

toward 50 ppm ethanol as a function of operating temperatures.

The sensing response increases and then decreases in the range
of the operation temperature from 150 to 400 °C. It is well-
known that the gas sensing properties of semiconductor
material involves the adsorption and desorption of gases and
reaction of the adsorbed gases on the surface-active sites of the
material.38 Sufficient thermal energy is essential to overcome
the activation energy barrier for chemisorption and reaction
between adsorbed gases on the surface of material. The amount

of chemical-adsorbed gas molecules increases with the increase
of operating temperature, and the higher sensing response is
obtained.39 However, as the operating temperature further
increases, the desorption process becomes dominant, resulting
in the decrease of the response.40−43 Therefore, the sensing
response will increase first and then decreases with the
increasing of operating temperature. The optimum operating
temperature at which the response reaches the highest value is
ca. 250, 370, and 330 °C for ZnO-350 and 1-D nanorods, ZnO-
450, and ZnO-550, respectively.
It can be seen that dandelion-like ZnO hierarchitectures

exhibit higher sensing response to ethanol compared with the
1-D nanorods. The gas sensing is correlated to the gas
adsorption, desorption, and following reaction with the
materials. The dandelion-like hierarchitectures have a structure
highly open to the outer environment and the equally porous
surface, which could provide numerous connective channels in
multiscale to transport gas molecules to directly contact with
the sensing material.41 Also, the enlarged surface area of the
hierarchitectures generally results in more active sites on the
surface for chemical or physical interactions, increasing the
reaction opportunity between gases and materials.44 In
addition, both the good crystallinity and small size are beneficial
to the gas sensing response.45,46 Therefore, a higher sensing
response is obtained for dandelion-like hierarchitectures due to
their porous open-ended dandelion-like structures, large surface
to volume ratio, small nanoparticles size, and good crystallinity.
The results also indicate that ZnO-450 exhibits a higher

sensing response than ZnO-350 and ZnO-550, which can be
attributed to its better crystallinity than ZnO-350 and larger
specific surface area than ZnO-550. However, considering its
much higher optimal operating temperature of 370 °C than
that of ZnO-350, ZnO-350 is recognized to be the ideal sensing
material for detection of ethanol.
Gas sensing selectivity is one of the most important

properties for the gas sensors. Figure 6 shows the gas sensing
response of ZnO-350 to 50 ppm of different gases. The sensor
response to ethanol is much higher than that of H2, CO, CH4,
H2S, NH3, methanol, hexamethylene, and iso-propanol, but less

Figure 5. ZnO gas sensors response to 50 ppm ethanol under different
operating temperature.

Figure 6. Gas sensing response of ZnO-350 dandelion-like hierarchitectures toward 50 ppm of different detected gases at the optimum operating
temperature of 250 °C.
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than that of n-propanol, n-butanol, and n-hexanol. It is well-
known that oxygen species (O2−, O−, and O2

−) are formed on
the surface of the materials when ZnO is exposed to air. The
oxygen species will react with the gases when the sensors are
exposed to the detected gases, and the resistance of ZnO will be
changed. For the ZnO material, the chemical-sensing
mechanism of ethanol gas is related to its adsorption and/or
oxidation of ethanol molecules,47,48 and the reaction equation is
depicted as follows:

+ → + +− −OC H OH O CH CH H O e2 5 3 2 (1)

The CH3CHO intermediate is subsequently oxidized to CO2
and H2O, as depicted in eq 2:

+ → + +− −CH CHO 5O 2CO 2H O 5e3 2 2 (2)

The electrons donating ability is in order of CH3(CH2)5− >
CH3(CH2)3− > CH3(CH2)2− > CH3CH2− > CH3−, so the
adsorption ability order is CH3(CH2)5OH > CH3(CH2)3OH >
CH3(CH2)2OH > CH3CH2OH > CH3OH. Therefore, the
sequence of gas sensing response is CH3(CH2)5OH >
CH3(CH2)3OH > CH3(CH2)2OH > CH3CH2OH >
CH3OH.

49 However, the adsorption of iso-propanol onto the
materials will be hindered due to the steric effect, so the gas
sensing response toward iso-propanol is lower than that toward
ethanol. The above results indicate that the ZnO dandelion-like
hierarchitectures exhibits better gas sensing selectivity to
alcohols over CH4, H2, H2S, NH3, hexamethylene, and CO.
Besides, the linear response range and the response and

recovery time are another two vital parameters for the sensor.
Figure 7A shows the response as a function of ethanol
concentration from 5 to 160 ppm for ZnO-350 at the operating
temperature of 250 °C. The ZnO-350 exhibits excellent linear

relationship between the sensing response and the concen-
tration of the detected ethanol gas in the investigated range.
After the linear fitting, the correlation coefficient (R2) is 0.9992.
The response and recovery time is defined as the time taken
when the response value reaches 90% of the final equilibrium
one. The response and recovery time of the sensor when the
sensor was exposed to 50 ppm ethanol in air atmosphere is ca.
6 and 7 s as marked in the graph, respectively (Figure 7B). In
comparison, Table 1 lists the gas-sensing data of the ZnO
sensors to ethanol that is reported in the literature. Both of the
times are much shorter than those reported in the literature as
summarized in Table 1. It is worth noting that the sensor
fabricated by the ZnO-350 sample in our work exhibits higher
sensing response, lower operation temperature, and faster
response to ethanol in comparison with others.

4. CONCLUSIONS

Dandelion-like ZnO hollow hierarchitectures assembled by
nanoparticles have been synthesized by annealing a zinc
complex precursor, which was produced through a facile and
mild route. The nanoparticle size in the hierarchitectures
enlarges from 10 to 23 nm with the annealing temperature
increasing from 350 to 550 °C. The obtained ZnO
hierarchitectures exhibit high sensing response, fast response
and recovery, good sensing selectivity, and low optimal
operating temperature toward ethanol because of high surface
area and rich pore. The porous ZnO hierarchitectures
synthesized in this work are one of potential gas-sensing
materials for sensor applications.

Figure 7. (A) Response curve and linear fitting curve of the sensing response of ZnO-350 to different concentration ethanol at the operating
temperature of 250 °C; (B) response and recovery time of ZnO-350 to 50 ppm ethanol at the operating temperature of 250 °C.

Table 1. Comparison of the Sensing Properties toward Ethanol of the Different Material

materials synthesis approaches
ethanol concentration

(ppm)
temp
(°C)

sensor
response

response and recovery
time (s) ref

ZnO nanorods hydrothermal method 50 400 6 10 and 30 16
nest-like ZnO carbon thermal reduction 50 330 100 25 and 15 50
ZnO added MoO3 500 300 171 75 and 75 51
flower-like ZnO nanorods wet-chemical route 200 400 193.7 7 and 12 19
ZnO nanowires chemical solution route 100 300 28.9 52
ZnO mesoporous architectures solvothermal approach 100 460 26.1 6 and 38 18
Fe-doped ZnO economical solution combustion

synthesis
100 370 45 10 and 6 53

dandelion-like ZnO
hierarchitectures

precipitation methods 50 250 34.5 6 and 7 this work
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