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[20_TD$DIFF]A B S T R A C T

Semiconducting metal oxides have been considered as effective approach for designing high-
performance chemical sensing materials. In this paper, a kind of metal-organic frameworks ZIF-8
was used as sacrificed template to prepare porous ZnO hollow nanocubes for the application in gas
sensing. It is found that changing calcination temperature and solvent can greatly influence the
morphology of the material, which finally affects the gas sensing performance. Acetylene-sensing
properties of the sensors were investigated in detail. It can be clearly seen that the material used
methanol as reaction solvent with the decomposition at 350 �C for 2 h (ZnO-350-M) showed the optimal
formaldehyde-sensing behaviors compared with other materials prepared in this experiment. The
dynamic transients of the ZnO-350-M-based sensors demonstrated a high response value (about 10), fast
response and recovery rate (4 s and 4 s, respectively) and good selectivity towards 100 ppm (part per
million) formaldehyde as well as a low detectable limit (1 ppm). As exemplified for the sensing
investigation towards formaldehyde, the porous ZnO hollow nanocubes showed a significantly improved
chemical sensitivity due to the highly synergistic effects from thewell exposed surfaces, defect states and
the robust ZnO.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
In recent years, owing to the fact that toxic gases can cause
damage to environment and physical health, a great deal of interest
has been devoted to detection of toxic gases using various
inorganic semiconductor oxides such as WO3, Co3O4 and SnO2

[1–3]. Formaldehyde, as a kind of the volatile organic compounds
(VOCs), is the main indoor pollutant which could cause sick
building syndrome (SBS) [4–6]. Hence, highly sensitive gas sensing
materials with fast response/recovery speed are desirable in
detection of formaldehyde. Semiconducting ZnO has been
considered as one of the most promising gas sensing materials
[7]. Different morphologies of ZnO, including nanoplates, nano-
tubes, nanofibers and microspheres have been synthesized by
various convenient routes, such as hydrothermal synthesis,
solvothermal routes, and vapor-solid growth [8–12]. As such,
hollow nanostructured materials are investigated in gas sensing
applications due to their unique structural properties of low mass
density, surface permeability and shortened diffusion paths, which
could maximize the interactions between the surface and gas
itute of Materia Medica, Chinese
molecules [13,14]. Metal organic frameworks (MOFs) materials, as
a novel class of crystalline hybrid materials, are composed by
coordinated inorganic clusters and organic bridging linkers [15].
Due to the unique chemical and physical properties such as
ordered structures [16], large specific surface area, extra-high
porosity [17] and adjustable chemical functionality [18], this type
of materials become more and more attractive in an incredible
range of potential applications, including gas absorption/ separa-
tion [19], drug delivery [20] as well as optical sensing [21], etc.
Zeolite imidazolate frameworks (ZIFs) are one of the most
intriguing MOF materials owing to its simple synthesis methods
and excellent chemical and thermal stability [22]. At present, it is
rarely reported to explore the effects of different solvents on
the gas sensing performance of MOFs-derived metal oxide
semiconductor synthesized by different reaction solvent.

In this paper, ZIF-8 prepared was served as sacrificial templates
and metal precursors to constructing well-defined ZnO hollow
nanocubes with high porosity. Due to the fact that morphology can
influence the gas sensing performance [23], the influences of
calcination temperature, heating rate and solvent have been taken
into considerations in this experiment. After exploring these
conditions, the porous ZnO hollow nanocubes with uniform and
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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ideal morphology were successfully prepared. The samples were
highly sensitive towards formaldehyde with fast response/
recovery time of less than 5 s.

ZIF-8 was prepared according to the previous reports [24,25]
butwith somemodifications. In a typical synthesis, Zn(NO3)2�6H2O
(1.485 g) and 2-methylimidazole (1.642 g) were dissolved in 20mL
methanol, respectively, to form two clear solutions. Then, the
above methanolic solution of Zn(NO3)2�6H2O was slowly injected
into the methanolic solution of 2-methylimidazole with continu-
ous stirring for 5min at room temperature, and then mixture was
aged for 24 h at room temperature. The resultingwhite precipitates
were collected by centrifugation, washed with alcohol for 3 times.
After drying the samples at 60 �C for 12 h, the ZIF-8 was prepared.
To explore the ideal condition of experiment, the solvent was
replaced by DMF and ethanol, respectively.

The precursors of ZIF-8 were loaded in a ceramic crucible and
heated to 300 �C with heating rate of 1 �C/min. After heating at
300 �C for 2 h, the material was prepared successfully. To find
the satisfactory heating condition, the different calcination
temperature from 300 �C to 350 �C and 400 �C was carried out
in this experiment.

The as-prepared material was mixed with deionized water at a
weight ratio of 4:1 and ground in amortal to form a paste. Then the
pastewas coated on an Al2O3 ceramic tubewith a couple of parallel
Au electrode sprinted to form a sensing film (the thickness was
about 300mm). A Ni-Cr heating wire was inserted into the ceramic
tube as a heater to control the operating temperature [26]. For a
typical gas sensing test, gas sensing properties weremeasured by a
chemical gas sensor-8 (CGS-8) intelligent gas sensing analysis
system (Beijing Elite Tech Co., Ltd., China) under room condition
[(Fig._1)TD$FIG]

Fig. 1. (a) The XRD pattern of the ZIF-8 precursors using different solvent. The X
(25 �C, 36% RH). Before testing, the sensors were aged in the air at
160 �C for 24 h to achieve stabilization of device. The response
value (S) was defined as S = Ra/Rg, where Ra and Rg presented the
resistance of sensor in the air and in the target gas, respectively.
Response time and recovery time were defined as the time needed
for [21_TD$DIFF]90% of total resistance change on exposure to the target gas and
air, respectively [27].

X-ray diffraction (XRD) measurements were conducted to
provide crystallinity and phase structures information of the
synthesizedmaterials. Fig.1a showed the XRD patterns of the ZIF-8
precursors using different solvent. The diffraction peaks of MOF
precursors were in good agreement with the stimulated ZIF-8.
Fig. 1b showed the XRD patterns of the calcined products with
calcination temperature of 300 �C. It revealed that the ZIF-8 was
not transformed to other substance but still remained unchanged
while being calcined at 300 �C. The XRD patterns of the products
calcined at 350 �C and 400 �C were shown in [22_TD$DIFF]Figs. 1c and d,
respectively. It was shown that ZIF-8was converted into ZnOwhen
it was calcined at 350 �C or above. The main ZnO diffraction peaks
were in good consistency with ZnO (JCPDS card No. 36-1451)
and no other diffraction peaks corresponding to residues or
contaminants were observed [28].

Typical morphology of the ZIF-8 precursors using the different
solvent and materials calcined at 300 �C with the heating rate at
1 �C was shown in Figs. S1d-f (Supporting information). It could be
seen that the size of ZIF-8 is influenced by changing the reaction
solvent. Comparedwithmaterials using DMFor ethanol as reaction
solvent, the nanocubes have smaller average size which is
200�300 nm when using methanol as solvent. It was shown that
the samples retain a similar morphology to that of the ZnO ZIF
RD pattern of the products calcined at (b) 300 �C , (c) 350 �C and (d) 400 �C.
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Fig. 2. SEM image of samples ZnO: (a) ZnO-350-D; (b) ZnO-350-M; (c) ZnO-350-E; (d) ZnO-400-D; (e) ZnO-400-M; (f) ZnO-400-E. (g) TEM image of ZnO-350-M; (h) HRTEM
images of ZnO-350-M (101) planes.
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templates after calcination. The TGA curves of ZIF-8 are shown in
Fig. S2 (Supporting information). The TGA of ZIF-8 showed
structural stability up to 200 �C. When the thermal treatment
temperature exceeded 300 �C, the ZIF-8 precursor was trans-
formed into ZnO. In addition, a total weight loss of about [23_TD$DIFF]55% in the
temperature range of 200–400 �C indicated that ZnO was derived
completely by thermal decomposition of the ZIF-8 structure.When
the heating temperature was raised to 350 �C and 400 �C,
respectively, the morphologies of polyhedron nanocubes changed
considerably, as shown in Fig. 2. It could be seen from Figs. 2a-c
that when DMF, methanol and ethanol served as reaction solution,
the hollow nanocubes were uniform and depressed inward, and
the surface of the particle became fairly rough. The nanocubes
using methanol as solvent have smaller size compared with other
material calcined at 350 �C. However, when the temperature was
raised to 400 �C, the concave cubic morphology of all samples was
almost disappeared, and most of them became quasi-spherical
agglomerate. From those figures, it was clear to see that the
material used methanol as reaction solvent with the calcination
temperature at 350 �C and heating rate at 1 �C (ZnO-350-M)
had the well-defined morphology compared with other
materials. More detailed structural information of ZnO-350-M
porous nanocubes was revealed by TEM characterization as shown
in [22_TD$DIFF]Figs. 2g and h. The projection profiles of most particles remained
square with the edges concave, which was in consistent with the
morphology in the SEM observation. It indicated that the cubic
particles were extremely porous in the interior, and its diameter
was about 100 nm. A close observation on an individual ZnO
nanocube revealed that these concave nanocubes were
composed of numerous crystallites with 5�10 nm in size, as
shown in the Fig. 2g.

XPS analysis is employed to investigate the chemical composi-
tion and oxidation state in ZnO-350-M. As shown in Fig. 3a, the
peaks of Zn and O are clearly observed in the full range spectra. In
XPS Zn 2p spectra of the sample (Fig. 3b), the fitting Zn 2p peaks
centered at �1045.8 and �1022.7 eV are in good correspondence
with Zn 2p1/2 and Zn 2p3/2, revealing the Zn [24_TD$DIFF](II) oxidation state. The
analysis of oxygen species is critical for chemical sensingmaterials.
As shown in Fig. 3c, the O 1 s spectrum can be fitted into three
peaks, including lattice oxygen species (Olatt), and adsorbed oxygen
species (Oads). Porousmaterials generally have a large surface area,
which will be beneficial for improving gas sensing properties. As
shown in Fig. 3d, we analyze the specific surface area (SSA) by the
N2 adsorption/desorption isotherm. The SSA of ZnO-350-M and
ZnO-400-M were 56.4 and 27.3m2/g. A larger SSA provides more
surface active sites to improve gas sensing performance. The
pore size distribution (PSD) is shown in the inset of Fig. 3e,
demonstrating that the peaks of PSD concentrate at about 16.9 [25_TD$DIFF]and
22.1 nm. The gas sensing performance of material calcined at
350 �C was so unsatisfactory according to our experiment that it
was unnecessary to explore its gas sensing properties. It was
known to all that the operating temperature could greatly
influence the gas sensing property of the sensor [29], so different
operating temperatures were carried out to find out the optimal
condition by testing the response of the sensor at 100 ppm
formaldehyde. As shown in Fig. 4a, for samples after calcination at
350 �C, the responses of the sensors increased with increasing
operating temperature at the beginning, and then decreased when
the temperature continued increasing after getting a maximum
value at 183 �C. As a result, the optimum operating temperature of
the sensors based on ZnO-350-D, ZnO-350-M and ZnO-350-E were
shown to be 230 �C, and the response value increased to 10 toward
100 ppm formaldehyde, which was nearly 2 times higher than that
of ZnO-350-E sample. As shown in Fig. 4b, 206 �C was suggested
to be the optimal operating temperature for ZnO-400-M and
ZnO-400-E, while the optimal operating temperature based on
ZnO-400-Dwas 160 �C. The sensing selectivity is also an important
parameter for determining the gas sensing performance of sensors.
The selectivity of sensors based on ZIF-derived materials using
methanol as reaction solutionwas tested by exposing the sensor to
100 ppm potential interference gases such as methanol (CH3OH),
trimethylamine (C3H9N), acetylene (C2H2) and so on. From Fig. 4c,
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Fig. 3. (a) The complete XPS spectra of ZnO sample. XPS spectra in the vicinity of the (b) Zn 2p and (c) O 1s peaks. Nitrogen adsorption�desorption isotherms and pore size
distributions of (d) ZnO-M-350 and (e) ZnO-M-400 sample.
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it can be seen that the ZnO-350-M gas sensor exhibited excellent
selectivity to formaldehyde compared with other gases at 183 �C.

To investigate the relationship between the concentration of
target gas and the response of the sensor, the sensor was tested by
being exposed to different concentrations of formaldehyde at the
optimal operating temperature. As shown in [22_TD$DIFF]Figs. 4d and e, the
responses of these ZIF-derivedmaterials obtained by calcination at
350 �C was higher than those of sensors based on the materials
calcined at 400 �C. Through comparing these materials, ZnO-350-
M displayed the highest response when exposed to each
concentration of HCHO. The response increased rapidly with the
increase of HCHO concentration from 10 ppm to 100 ppm and
gradually slowed down from 200 ppm to 500 ppm. As shown in
Fig. 4f, the response curve of the sensor as a function of the
formaldehyde concentration (10�200 ppm) shows an almost
linear trend. Hence, the approximation formulas are obtained by
using linear regression analysis: S = 0.07C + 2.24 (C � 10), where S
and C are the responses of sensor and the concentration of
formaldehyde. According to the criterion about gas detection
limit (Rair/Rgas > 1.2), the formaldehyde detection limit of the
ZnO-350-M sensor is estimated to be 10 ppm.

It is generally known that response and recovery characteristics
are critical for sensing properties of sensors. [22_TD$DIFF]Figs. 4g and h showed
the response and recovery times of different sensors which were
used different reaction solution and calcined at different temper-
atures. The curves show that the sensors have good response/
recovery characteristics and the response increases as the
formaldehyde concentration increases from 10 ppm to 200 ppm.
It could be seen from Fig. S3 (Supporting information) that when
ZnO-350-M was exposed to 100 ppm formaldehyde, the response
time was about 4 s, so was the recovery time. However, ZnO-350-E
and -D exhibited longer response/recovery times of 5 s/7 s and 5 s/
6 s, respectively. The remarkably shorter response-recovery time
can be attributed to the hollow and porous structure, which can
provide larger active surface area and accelerated diffusion path.

From Fig. 4i, the long-term stability of ZnO-350-M-based
sensors was measured within 20 days, and it could be seen from
the curve that the response exhibited a decrease of about 6.8%,
which indicated a good long-term stability.

Table S1 (Supporting information) summarized the formalde-
hyde-sensing performances reported in references [30–34]. Until
now, the formaldehyde sensors has beenwidely utilized, including
ZnO/ZIF-8 nanorods, ZnO/ZIF-8 nanorods, SnO2 nanosheets, In2O3

octahedron, and Co3O4/CoFe2O4 nanocubes. Our ZnO-ZnO-350
sensor has a low operating temperature (183 �C) and fast response
and recovery speeds (4 s, 4 s). Thus, these good sensing
performances make our sensor competitive when compared with
other formaldehyde sensors.

ZnO is one of the most common n-type oxide semiconductor of
gas sensing materials, its sensing mechanism can be explained by
the change in electrical conductivity caused by the chemical
interaction of gas molecules with the surface of the semiconductor
metal oxides. When ZnO is exposed in air ambient, the oxygenwill
capture electrons from ZnO conduction band to generate oxygen
species in the form of O2

�(ads), O� (ads) or O2
2-(ads) on the surface

of ZnO, which can lead to a decrease in conductivity [35].
In the formaldehyde ambient, formaldehyde molecules can

reactwith the chemisorbed oxygen species and release the trapped
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Fig. 4. Response of sensors based on ZnO using different solvent calcined (a) at 350 �C and (b) at 400 �C to 100 ppm formaldehyde at different temperatures. (c) Responses of
sensors based on ZnO calcined at different temperature using different solvent at 183 �C to 100 ppmvarious gases. Response of sensors based on ZnO calcined at (d) 350 �C and
(e) 400 �C at 183 �C to formaldehyde at different concentration. (f) Responses of the ZnO-350-M sensor as a function of low formaldehyde concentration (10�200 ppm).
Response and recovery time of sensors based on ZnO calcined at (g) 350 �C and (h) 400 �C at 183 �C to formaldehyde at different concentration. (i) Long-term stability of the
ZnO-350-M based sensor to 10 ppm formaldehyde at 183 �C.
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electrons back to the conduction band of ZnO, which increases the
carrier concentration and electron mobility, resulting in the
decrease of sensor resistance. The reaction can be described as
follows [36]:

HCHO + 2O� (ads)→CO2 + H2O + 2e�

It is generally known that the morphology can influence the
sensing properties of material, which may explain the reason ZnO-
350-M based gas sensor had the better response and shorter
response/recovery time. It can be found from Fig. 3 that changing
the reaction solution can influence the size of the particles. It is
confirmed that reducing the size of the material can improve the
gas sensitive performance significantly through experiment [37].
Thus, the smaller size can be realized by using methanol as
reaction solution, which results in higher response to formalde-
hyde. Moreover, the structure of ZnO-350-D is so compact
compared to the other three porous samples according to the
SEM analysis ([22_TD$DIFF]Figs. 4a-c). Thus, the sensing speed of the ZnO-350-D
(5 s/6 s) was long due to the detained gas diffusion.

Calcination temperature is also an important influence factor of
sensing properties in this experiment. ZIF-8 is not altered to other
substance when calcination temperature is below 350 �C, so there
is still some organic matter in the polyhedron. The impurities
prevent gases from reacting with sensitive layers, which results in
extremely low response.When temperature is raised to 350 �C, the
organicmatter is burned up, then hollowand porous ZnO-350-M is
formed. Hence, the gas molecules could freely pass into and out of
the ZnO-350-M owing to their special structures. Consequently, on
one hand, the hollow structure can reduce the agglomeration of
particles [38], and formaldehyde can not only react on the surface
of sensitive layer, but also react on the inner surface of material by
entering into the hollow polyhedron, so that it may improve the
gas utilization efficiency of material, leading to significant increase
of the response. On the other hand, the hollow polyhedron is
composed of a large number of nanoparticles, thus, it makes the
surface more active and then enhance the ability of chemical
adsorption and formation of ionized oxygen. As a result, more
electrons are released, which improves the gas sensing
performance to a better degree [39]. However, the morphology
is destroyed when the temperature is raised to 400 �C. The
particles are easily agglomerated to form larger size of secondary
particles. So, it makes target gas difficult to spread to inner surface
of the sensitive layer, resulting in the fact that the gas molecules
can only react with the particles near the sensitive layer, but not
the particles inside, then the response is lower comparedwith that
of calcination temperature at 350 �C.

In conclusion, the ZnO-350-M was successfully prepared by
using methanol as reaction solvent with the calcination tempera-
ture at 350 �C and heating rate at 1 �C. Compared with other
materials made in this experiment, the ZnO-350-M sensors show
the optimal formaldehyde-sensing response compared with the
others, which is 10 at 100 ppm, and it has fast response/recovery
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time (4 s/4 s to 100 ppm) and good selectivity. These excellent
performances can be attributes to the smaller size aswell as hollow
and porous structure of ZnO-350-M. Based on the reasons above,
the ZnO-350-M gas sensor is a promising candidate for the
formaldehyde sensor with good performance.
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