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Enhanced acetone sensing performance of
Au nanoparticle modified porous tube-like
ZnO derived from rod-like ZIF-L†
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Metal oxide semiconductors with a porous hollow structure have received great attention in many fields.

In this work, a facile preparation method of porous tube-like ZnO (PT-ZnO) was developed by annealing

rod-like ZIF-L at high temperature, and the formation mechanism of the tube-like structure was discussed

in detail. The corresponding gas sensing performances were determined adopting acetone as the target

gas. Gas-sensing test results show that PT-ZnO has better acetone sensing performance than that of

porous plate-like ZnO (PP-ZnO) derived from leaf-like ZIF-L, resulting from the unique tube-like structure

and larger amount of adsorbed oxygen. It is found that the introduction of Au nanoparticles greatly

improves the acetone sensing performance, which can be attributed to the activation of acetone by Au

and the increased amount of adsorbed oxygen. Au/PT-ZnO has the largest amount of adsorbed oxygen

which even becomes the dominant oxygen species on the surface of PT-ZnO, resulting in the best

acetone-sensing performance.

Introduction

ZnO, as an n-type semiconductor, was widely used in gas
sensors because of its low cost, nontoxic nature, good tunabil-
ity, and so on.1–4 However, the gas-sensing performance of
ZnO is also required to be further improved to satisfy the prac-
tical applications. The sensing mechanism of the ZnO sensors
follows the surface-controlled type,5,6 in which the detected
gases diffuse and are adsorbed on the surface of ZnO, and
then react with the superficial active oxygen species, leading to
the resistance change of ZnO. The porous hollow structure
with abundant pores can facilitate the diffusion of targeted
gases to improve its gas-sensing properties.7–12 Lu’s group pre-
pared Au@ZnO yolk–shell nanospheres using carbon tem-
plates, and Au@ZnO responded well to acetone.8 Han syn-
thesized ZnO hollow spheres using a polystyrene sphere

template, which showed a high response to n-butanol because
the hollow structure increased the specific surface areas and
oxygen species.13 Currently, porous hollow materials have
received increasing interest in the field of gas sensors.14–16 The
hard-template method has been always used to prepare hollow
materials, such as carbon and silica templates. However, this
synthesis technique is complicated and time-consuming.17–21

Recently, metal–organic frameworks (MOFs) have received
considerable attention in many fields because of their ultra-
high surface areas, well ordered porous structures and struc-
ture designability.22–24 As a kind of typical MOF, zeolitic imida-
zolate frameworks (ZIFs) constructed from tetrahedral metal
ions like Zn2+ or Co2+ bridged by an imidazolate ligand have
been widely studied in catalysis,25–27 adsorption,28 gas separ-
ation,29,30 gas storage31–33 and CO2 capture,34 due to their
ultra-high surface area, permanent porosity with uniform pore
cavity size and active metal sites.35,36 Zhang reported for the
first time that ZIF-67 had a good response to formaldehyde.37

However, the poor electroconductivity of ZIFs limits their
applications in the sensing field. Subsequently, Koo prepared
PdO/Co3O4 hollow nanocages from Pd@ZIF-67 via calcination,
which exhibited good response and high selectivity to
acetone.38 Also, Li reported that hollow ZnO cubes obtained
from the calcination of ZIF-8 responded well to benzene.39

Nowadays, numerous volatile organic compounds (VOCs)
are discharged in air with the development of society and
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especially the industry, which are harmful to human health.
Gas sensors to detect the gaseous pollutants in air or even
indoor air are important. Acetone is not only a kind of VOC
but also a breath biomarker of patients with diabetes.40

However, the low response and selectivity hinder the practical
applications of acetone sensors. From this point, improving
the acetone-sensing performance is urgent.

Most recently, our group unprecedentedly developed a
facile method to prepare rod-like ZIF-L induced by polyvinyl-
pyrrolidone (PVP),41 which encouraged us to investigate the
potential application of special rod-like ZIF-L. Within this
paper, porous tube-like ZnO (PT-ZnO) was prepared easily
from rod-like ZIF-L by calcination at 500 °C. It is found that
the response of PT-ZnO toward acetone is higher than that of
the porous plate-like ZnO (PP-ZnO) derived from leaf-like
ZIF-L. In addition, the acetone sensing performance was
further improved after the loading of Au NPs.

Experimental
Materials and instruments

Zn(NO3)2 and 2-methylimidazole (2-MI) were purchased from
J&K Scientific Ltd. Poly(vinyl pyrrolidone) (PVP K30) was pur-
chased from Beijing Yili Fine Chemical Research Institute
(Beijing, China). Chloroauric acid (HAuCl4·4H2O) and NaBH4

were purchased from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China). A Hitachi HT7700 transmission electron
microscope (TEM) and a Hitachi S-4700 scanning electron
microscope (SEM) were used to characterize the morphology of
the samples. Powder X-ray diffraction (PXRD) patterns were
recorded on a Dandonghaoyuan DX-2700B diffractometer
using Cu Kα radiation. Thermogravimetric analysis (TGA) was
carried out on a DTU-3c thermal analyser. X-ray photoelectron
spectra (XPS) were recorded using a VG Scientific ESCALAB
250 spectrometer. Nitrogen adsorption–desorption isotherms,
pore size distributions and specific surface areas of these
samples were obtained using a Belsorp II analyzer at liquid N2

temperature (77 K). The loading of Au was measured by
ICP-OES (Thermo Scientific iCAP 7200).

Preparation of leaf-like ZIF-L

Leaf-like ZIF-L was prepared following a previously reported
method with a slight modification.42 10 mmol 2-MI and
1 mmol Zn(NO3)2 were each dissolved in 5 mL deionized water
and then the two aqueous solutions were added in 50 mL de-
ionized water in turn. After stirring evenly, this solution was
held for 24 hours. Finally leaf-like ZIF-L was obtained after
being centrifuged, washed with ethanol and dried in a drying
oven at 60 °C.

Preparation of rod-like ZIF-L

The preparation of rod-like ZIF-L was similar to that of leaf-like
ZIF-L except that 0.25 g PVP was dissolved in 50 mL deionized
water before 2-MI and Zn(NO3)2 were added.

Preparation of porous plate-like and tube-like ZnO

Leaf-like or rod-like ZIF-L were heated from room temperature
to 500 °C at an increase rate of 1 °C min−1, and maintained at
500 °C for 30 min using a pipe furnace. After cooling down to
room temperature, porous plate-like ZnO (PP-ZnO) or porous
tube-like ZnO (PT-ZnO) were obtained.

Preparation of Au/PT-ZnO and Au/PT-ZnO

0.1 g PP-ZnO (PT-ZnO) was dispersed in 20 mL deionized
water, and 0.5 mL 4 g L−1 HAuCl4 was added in. Then 0.5 mL
100 mM NaBH4 was injected into the above solution quickly.
After 2 h, Au/PT-ZnO (Au/PT-ZnO) was obtained after being
centrifuged, washed twice with ethanol, and dried in a dry
oven. The loading of Au measured by ICP in the Au/PP-ZnO
and Au/PT-ZnO is 0.80 and 0.83 wt%, respectively, and a
similar Au loading can guarantee a feasible comparison
between their gas-sensing performances.

Gas-sensing measurement

Gas sensors were fabricated using PP-ZnO, PT-ZnO, Au/PP-ZnO
and Au/PT-ZnO as sensing materials. These powder samples
were mixed with ethanol to form pastes in an agate mortar.
The paste was coated on a ceramic tube with a pair of Au elec-
trodes and four Pt wires. After the ceramic tube coated with
the sensing material was aged at 300 °C for 12 h in a muffle
furnace, a Ni–Cr coil, as a heater to control the operation
temperature by tuning the heating current, was inserted into
the ceramic tube through the inner tube. Then both the ends
of the Ni–Cr coil and the four Pt wires of the ceramic tube
were melted to six electrodes of a pedestal to form a gas
sensor, as shown in Fig. 1. The gas-sensing performances were
tested using a CGS-8 gas sensor tester (Beijing Elite
Technology Co., Ltd). As an n-type semiconductor, the
response to the detected gas was defined as the ratio Ra/Rg,
where Ra and Rg are the resistances in air and the detected gas,
respectively. The experimental procedure is illustrated in
Fig. 1.

Cycle test

Acetone gas was injected into the gas chamber, and the resis-
tance decreased. After the resistance value became stable, the
air chamber was opened, and the resistance was gradually
restored to the initial value. This step was repeated several
times to test the stability of these samples.

Dynamic sensing test

A certain amount of acetone was injected into the gas chamber
to fix the concentration of acetone to 12.5 ppm, and the resis-
tance decreased. After the resistance value became stable, a
certain amount of acetone was injected into the gas chamber
to fix the acetone concentration to 25 ppm. This step was
repeated to test acetone with concentrations of 50, 100 and
200 ppm, and the dynamic sensing curves of these samples
were obtained.
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Results and discussion

Zn(NO3)2 can react with 2-MI in aqueous solution to form leaf-
like ZIF-L (Fig. 2a and c),43,44 while rod-like ZIF-L can be
obtained with the aid of PVP (Fig. 2b and c).41 The PXRD pat-
terns of the two samples are identical, and all characteristic
diffraction peaks correspond well to the simulated one,42

which are comparable to those of the ZIF-L reported in the pre-
vious literature.45

Recently, hollow structure materials have drawn wide atten-
tion because of their excellent properties.46 ZIFs, as a self-sacri-
ficing template, possess some advantages like mild prepa-
ration conditions and simple operation.38,39 The TGA results
(as illustrated in Fig. 3a) reveal that both leaf-like ZIF-L and
rod-like ZIF-L are almost decomposed sufficiently at ca.
500 °C. PXRD patterns reveal that ZnO can be obtained after
ZIF-L is annealed at 500 °C (Fig. 3b).

As demonstrated in Fig. 4a–c, PP-ZnO derived from leaf-like
ZIF-L exhibits a porous plate-like shape, not the leaf-like
shape, indicating the destruction of the leaf-like ZIF-L after
annealing at high temperature, while PT-ZnO derived from
rod-like ZIF-L presents a porous tube structure (Fig. 4d–f ). The
wall of PT-ZnO consists of countless small particles, and the
pores between the small particles will facilitate the diffusion
and adsorption of the detected gas, leading to the improve-

ment of the gas-sensing performance. In addition, N2 absorp-
tion–desorption isotherms, pore size distributions and the
corresponding specific surface areas of the samples are shown
in Fig. S1 and Table S1.† The hysteresis loops (Fig. S1a†) and
pore size distributions (Fig. S1b†) reveal the existence of pores
in these samples. However, the specific surface areas are small
due to the large size of the samples.

When ZIF-L is annealed at high temperature (500 °C), 2-MI
is thermally decomposed, resulting in the formation of an
empty space originally occupied by 2-MI in ZIF-L, and Zn2+ in
ZIF-L reacts with the oxygen in air to form tiny ZnO particles
which would agglomerate into larger particles to reduce the
surface energy. For the rod-like ZIF-L, the decomposition of
2-MI would start from the outside of the rod-like ZIF-L, and
then ZnO would be formed firstly at the outside of the rod-like
ZIF-L to form a thin wall of the forthcoming tube-like structure.
When 2-MI inside is decomposed, there is not enough oxygen
to react with the Zn2+ located at the inner part of the rod-like
ZIF-L. Therefore, the Zn2+ inside diffuses outward, finally
leading to the formation of ZnO with a tube-like structure. As to
the leaf-like ZIF-L, the decomposition of 2-MI would also start
from the outside of the leaf-like ZIF-L. However, the thin thick-
ness and large surface of the front side of the leaf-like ZIF-L do
not facilitate the formation of a ZnO wall on the leaf-like ZIF-L,
leading to the destruction of the leaf-like structure.

Fig. 1 Schematic illustration of the experimental procedure.

Fig. 2 SEM images of the (a) leaf-like and (b) rod-like ZIF-L. (c) PXRD patterns of the rod-like ZIF-L, leaf-like ZIF-L and simulated pattern of ZIF-L.42
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Loading with a noble metal on semiconductor oxide is gen-
erally considered an important method to improve the gas-
sensing performance.47 Therefore, Au NPs were introduced to
achieve decoration using HAuCl4 and NaBH4. Fig. 5a and b
indicate that the Au NPs are loaded on the surface of the
PT-ZnO successfully with the evidence of a weak PXRD diffrac-
tion peak at about 38.2° that can be assigned to the character-
istic peak of Au NPs.48 Because of the small size, low content
of Au and high dispersion, the diffraction peaks of the Au NPs
are weak. Furthermore, it can be seen from Fig. 5c and d that
some tiny Au NPs exist on the surface of the PP-ZnO and
PT-ZnO, in which the sizes of the Au NPs for the Au/PT-ZnO
are smaller than those for the Au/PP-ZnO, indicating that the
PT-ZnO is a good candidate to support Au NPs.

The gas-sensing performances of PP-ZnO, PT-ZnO, Au/
PP-ZnO and Au/PT-ZnO were tested on a CGS-8 gas sensor
tester. Acetone is detected by using the change of the resis-
tance of the sensing material, and the response is defined as

Ra/Rg, in which Ra and Rg are the resistance of the sensing
material in air and acetone, respectively. The responses of
these four samples to 100 ppm acetone at different working
temperatures were measured, as illustrated in Fig. 6a. It is
shown that the response increases with the increase in the
working temperature, and reaches the highest at 210 °C for the
PP-ZnO and PT-ZnO, and 190 °C for the Au/PP-ZnO and Au/
PT-ZnO, implying that the introduction of the Au NPs reduces
the working temperature by 20 °C. Subsequently, the responses
decrease with a further increase in the working temperature.
Acetone molecules are firstly adsorbed, then activated on the
surface of the gas-sensing material, and finally reacted with
the active oxygen species, leading to the change of resistance.
When the working temperature is too low, the adsorbed
acetone molecules cannot be activated sufficiently to react
with the active oxygen species. When the working temperature
is too high, the adsorbed acetone molecules will be desorbed
from the surface of ZnO, resulting in the decrease of the
response.

The responses of the PT-ZnO and PP-ZnO to 100 ppm
acetone are 26 and 18, respectively. The higher response of
the PT-ZnO can be probably attributed to the unique porous
tube-like structure, which can facilitate the diffusion and
adsorption of acetone molecules. The gas-sensing perform-
ance is improved greatly after Au NP loading, and the
response of the Au/PT-ZnO is 280, that is, about 10 times
higher than that of the pure PT-ZnO, which may be attributed
to the larger amount of the active oxygen species and the
activation of acetone by Au. Compared to the gas-sensing
performance reported in the literature,49–57 the Au/PT-ZnO
exhibits a satisfactory response to acetone, as shown in
Table S2.†

Fig. 6b exhibits that the responses increase with the
increase in the concentration of acetone because the amount
of acetone molecules adsorbed on the surface of the gas-
sensing material increases gradually with the increase in the

Fig. 5 (a, b) XRD patterns of the Au/PP-ZnO and Au/PT-ZnO and (c, d)
TEM images of the (c) Au/PP-ZnO and (d) Au/PT-ZnO.

Fig. 4 TEM images of the (a, b) PP-ZnO and (d, e) PT-ZnO. SEM images
of the (c) PP-ZnO and (f ) PT-ZnO.

Fig. 3 (a) TG curves and (b) PXRD patterns of the leaf-like and rod-like
ZIF-L.

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2018 Dalton Trans., 2018, 47, 9014–9020 | 9017



concentration. The gas adsorption model of a semiconductor
is empirically described as eqn (1):58

S ¼ 1þ aðCÞb ð1Þ

where S, C, a and b are the sensitivity (or response), the con-
centration of the detected gas, a prefactor and an exponent on
C, respectively. The value of b is usually 0.5 and 1, revealing
that the active oxygen species is O− and O2−, respectively. Eqn
(1) can be rewritten as eqn (2). It can be observed that there is
a linear relationship between log(S − 1) and log C. As shown in
Fig. 6c, the linear relationships are good for the PP-ZnO,
PT-ZnO, Au/PP-ZnO and Au/PT-ZnO, and the values of the four
samples are 0.689, 0.742, 1.202 and 1.208, respectively, indicat-
ing that the active oxygen species are O− and O2− for the
former two samples, and mainly O− for the latter two samples.

logðS� 1Þ ¼ aþ b log C: ð2Þ

The response–recovery curves by using resistance to
different concentrations of acetone for PP-ZnO, PT-ZnO, Au/
PP-ZnO and Au/PT-ZnO are shown in Fig. S3,† and the corres-
ponding response time and recovery time are listed in
Table S2.† It can be found that the responses to acetone with
different concentrations are fast for all samples (lower than 20
s). When the concentration of acetone is low, the diffusion of
the targeted gas to the surface of ZnO or Au/ZnO needs more
time, and the corresponding response time is longer compared
to the high acetone concentration. The recoveries are slow, and
the recovery time increases with the increase in the acetone
concentration, which may be due to the strong adsorption
ability of acetone on the surface of these samples.

Fig. 7a shows the dynamic sensing curves of the PP-ZnO,
PT-ZnO, Au/PP-ZnO and Au/PT-ZnO to different concentrations
of acetone, and it is clearly seen that all the sensors exhibit
excellent repeatability and stability. Fig. 7b exhibits that the
response maintained relative stability without obvious changes
even after six successive cycles, indicating the good stability
and reproducibility of these samples. Additionally, selectivity
is an important index to evaluate the gas-sensing performance.
The responses to different gases, including acetone, ethanol,
methanol, benzene, ammonia, hydrogen and carbon dioxide,

were measured. It can be observed from Fig. 8 that the selecti-
vity to acetone is satisfactory.

The most widely accepted sensing mechanism of semi-
conductor metal oxides is the depletion layer theory.59,60

When ZnO, as an n-type semiconductor, is exposed to air, the
O2 molecules in air will gain electrons from the conduction
band of ZnO to form adsorbed oxygen (O2

−, O− and O2−).
Meanwhile, the resistance of ZnO increases and an electron
depletion layer is formed on the surface of ZnO. When acetone
is pumped in, acetone molecules are firstly adsorbed on the
surface of ZnO and then reacted with the adsorbed oxygen,
and electrons will be released to ZnO, leading to the decrease

Fig. 6 (a) Response of the PP-ZnO, PT-ZnO and Au/PT-ZnO to 100 ppm acetone at different working temperatures, (b) response versus gas con-
centration curves of the samples in the range of 1–200 ppm and (c) the corresponding log(S − 1) versus logC.

Fig. 7 (a) Dynamic sensing curves of the PP-ZnO, PT-ZnO, Au/PP-ZnO
and Au/PT-ZnO to different concentrations of acetone and (b) cycle
tests of the four samples to 100 ppm acetone.

Fig. 8 Selectivity of the PP-ZnO, PT-ZnO, Au/PP-ZnO and Au/PT-ZnO
to 100 ppm of different toxic gases.

Paper Dalton Transactions

9018 | Dalton Trans., 2018, 47, 9014–9020 This journal is © The Royal Society of Chemistry 2018



of resistance and a thinner electron depletion layer. Therefore,
the amount of adsorbed oxygen is of great importance for
improving the gas-sensing performance, and a larger amount
of adsorbed oxygen means better gas-sensing performance. To
investigate the difference of the sensing properties, the XPS
spectra were recorded, and the results are shown in Fig. 9 and
Table S4.† Although part of the peaks of Au 4f5/2 is overlapped
by the signal of Zn 3p (Fig. 9a), the peak at about 83 eV proves
the existence of Au for the Au-PP/ZnO and Au-PT/ZnO com-
pared to the PP/ZnO and PT/ZnO. As shown in Fig. 9b, two
peaks are obtained after peak fitting, and the peak at the low
binding energy is assigned to the lattice oxygen (OI) of ZnO,
while the peak at the high binding energy is assigned to
adsorbed oxygen (OII) according to the previously published
reports.61 It can be observed that the percentages of OII onto
the PP-ZnO and PT-ZnO are 29.0% and 30.5%, respectively.
The higher percentage of OII onto the PT-ZnO implies better
sensing performance than the PP-ZnO. In addition, the unique
porous tube-like structure of the PT-ZnO facilitates the
diffusion and adsorption of acetone molecules, which is good
for improving the acetone-sensing performance.

Upon the introduction of Au NPs on the surface of the
PP-ZnO and PT-ZnO, the percentages of OII are increased to
33.8% and 65.7%, respectively, which reveals that Au acceler-
ates the formation of adsorbed oxygen and a thicker electron
depletion layer. This is the reason why the acetone sensing per-
formance of ZnO is improved after Au modification and the
response of the Au/PT-ZnO is higher than that of the Au/
PP-ZnO. It is worth noting that the OII becomes the dominant
oxygen species for the Au/PT-ZnO, which may be assigned to
the smaller size of the Au NPs compared to the Au/PP-ZnO.
Furthermore, although the content of OII is not changed
greatly for the PP-ZnO after the loading of Au NPs, the
great improvement of the gas-sensing performance can also
be attributed to the activation of acetone molecules by the
Au NPs.

Conclusions

In all, a facile preparation method of porous tube-like ZnO has
been developed using rod-like ZIF-L as a self-sacrificing tem-
plate. The response of the PT-ZnO to acetone is higher than
that of the PP-ZnO derived from leaf-like ZIF-L, due to the

unique porous tube-like structure and larger amount of
adsorbed oxygen. The acetone sensing performances are
improved greatly after Au NP modification because of the acti-
vation of the acetone molecule by Au NPs and the increase of
the adsorbed oxygen. In addition, the adsorbed oxygen
becomes the dominant oxygen species for the Au/PT-ZnO
because of the smaller size of Au NPs compared to the Au/
PP-ZnO, resulting in the better acetone-sensing performance.
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