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a b s t r a c t

Gas sensors based on metal oxide semiconductors have attracted great interest in the sensing of organic
volatile compounds gas due to their easy fabrication, effective cost, and good stability. Herein, we
rationally design ethanol gas sensors based on p-Bi2O3 and n-ZnO heterostructure with clear interfaces,
which exhibit excellent response of 21.6 towards 100 ppm ethanol, wide concentration detection range
from 1 to 500 ppm, working temperature as low as 175 �C, short response time of 7 s, and recovery time
of 8 s at 100 ppm of ethanol. Moreover, the selectivity of Bi2O3/ZnO sensor towards ethanol is much
better than that of other organic volatile gases. The relationship between the origin of superior sensing
performances towards ethanol and the sharp interfaces of p-Bi2O3/n-ZnO heterostructure are also sys-
tematically investigated. On the other hand, it is also demnostrated that the tetragonal phase b-Bi2O3 has
positive effect on the sensing performance of Bi2O3/ZnO composite.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Owing to the rapid growth of the Web of things (WOT) and
Internet of vehicles (IOV), modern technologies based on sensors are
being extensively developed and applied to promote industrial evo-
lution, optimize environmental quality and living standard of
humans, etc [1e3]. As far as the sensors are concerned, chemiresistive
type sensors based onmetal oxides semiconducting (MOSCs), such as
ZnO [4], Bi2O3 [5], MoO3 [6], a-Fe2O3 [7],WO3 [8], SnO2 [9], In2O3 and
their nanocomposites, possess good properties, including sensing
response, stability, low product cost, and simple accomplishment for
precise controlled in real time, which make them competitive to be
utilized extensively in modern industry, medical treatment and
people’s livehood aspects [4,10,11].

Volatile organic compounds (VOCs), such as alcohol, meth-
anol, ethylene glycol and other aromatic carbohydrates, are un-
healthy to human body due to their nature to damage mucous
rmation, Qingdao University,
membranes and respiratory tracts [12,13]. But, people’s olfactory
system is not sensitive enough to accurately detect a few VOCs.
Therefore, it is highly desirable to develop a superior gas sensor
not only for the detection of flammable, toxic and explosive VOCs
that may come from emission and leakage, but also for the
quality control of living environment, food inspection and med-
ical diagnostics [14]. Ethanol (C2H5OH), for example, is an
important raw material in brewing industry. In recent years, re-
searches on gas sensors toward ethanol have attracted extensive
attentions due to their various applications in drunken-driving,
food packaging monitoring, and leakage-detecting from chemi-
cal factories [15,16]. Furthermore, a lot of C2H5OH leakage would
trigger explosion in distilleries and bonded storehouses [5].
Therefore, low operating temperature, fast, selective, and highly
sensitive ethanol sensors are still highly desired.

Due to the simplicity in operation, low production cost, flexi-
bility in production and small size, the sensors based on metal
oxide semiconductors (MOSCs) have received strong attention
[2,6,8]. The operating mechanism is that in which the target gas
molecules are adsorbed and react with the surface chemisorbed
oxygen species of the gas sensing material, which induces an
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evident change of sensor resistance [12]. To further improve the gas
sensing functionality, such as operating temperature, sensitivity,
selectivity, stablity, and reprodcibility. Some techniques have been
proposed recently to solve these disadvantages [3,8,14]. Firstly, for
example, to synthesize and utilize novel nanostructured materials
with high specific surface-to-volume ratios [16,17]; Secondly, sur-
face modification by doping or decorating approaches with noble
metals, such as Pt, Pd, Au, Ag and Cr, transition element and metal
oxide particles (Bi2O3, TiO2, Y) [1,18e22]; Thirdly, to form hetero-
structure, including p-n, n-n, and p-p junctions via grafting stragety,
for example, core-shell structure and surface decoration by metal
oxide nanoparticles, here, p refer to p-type semiconductor, n stand
for n-type semiconductor [10,23] As listed in Table 1, a numerous of
MOSCs have been used for the latter purpose, but there have been
few reports on Bi2O3/ZnO heterojunction sensors toward ethanol at
low working temperature. On the other hand, the systematic dis-
cussion on the sensing mechanism based on the p-Bi2O3/n-ZnO
heterostructures is scarce.

According to the best of our knowledge, the research on Bi-
doped ZnO [30], Bi2O3-core/ZnO-shell structures [31], and ZnO/
Bi2O3 nanocomposites are still the hot research interests [32]. For
example, Lee’s group fabricated 1D Bi2O3-core/ZnO-shell nano-
structures by thermal evaporation and atomic layer deposition
(ALD), which exhibited novel photoluminescence (PL) properties
[33]; Later, Lee’s group studied the light-activated gas sensing of
Bi2O3-core/ZnO-shell nanobelt toward NO2 [34]; Subramanian et al.
reported that a new heterostructured Bi2O3/ZnO, which exhibited
higher photocatalytic performace for the degradation of Acid Black
1 under the irradiation of UV light [35]; In 2015, Yi et al. prepared p-
Bi2O3/n-ZnO heterojunctions, and photogenerated charge transfer
properties and enhanced visible-light photocatalytic activity were
investigated [36]; Additionally, Xu et al. proposed a novel method
to achieve epitaxial growth of d-Bi2O3 layers onto the 11e20
nanoscale facets of ZnO nanowires [37]; Recently, Zahirullah and
his group prepared Bi doped ZnO thin films, which shows a certain
response toward ethanol at 400 �C [30].

In this work, we display a facile strategy to synthesize p-Bi2O3/n-
ZnO heterojunction with novel cauliflower shape via hydrothermal
and calcination methods. It is worth mentioning that incorporation
of 3 mol% Bi2O3 into Bi2O3/ZnO nanocomposites can proportionally
enhance the sensing performance toward C2H6O. This work shows
that high efficient Bi2O3/ZnO sensing materials could be synthe-
sized via facile hydrothermal, and it also offers a new insight into
the rational design and fabrication of sensing materials with het-
erojunction structures for advanced electronic devices.

2. Experimental

All analytical grade reagents and chemicals were commercially
purchased from Aladdin (Shanghai, China), and used as received
without any further purification.

In this study, the Bi2O3/ZnO nanocomposites were prepared by a
two-step synthetic route. Typically, 0.75 mmol Zn(NO3)2$6H2O,
0.5mmol hexadecyltrimethylammonium bromide (C19H42BrN) was
Table 1
Sensors based on metal oxide semiconductors heterojunction toward ethanol.

Materials Concn (ppm) Operating temp (�C)

Zn3(VO4)2 100 400
ZnO/Ag 20 370
In2O3/Bi2O3 200 200
ZnO/In 100 250
Bi2WO6 100 300
ZnO/NiO 500 400
CuBi2O4 1000 400

2

added into 50 mL mixture solvant of deionized water and absolute
ethyl alcohol (the ratio of volume:1:1) with stirring; Secondly,
0.0225 mmol Bi(NO3)3$5H2O and 3 mmol ammonium fluoride
(NH4F) were added into the above solution slowly under the
vigorously stiring for 4 h; Thirdly, 50 ml HCl was added into the
solution with constant stirring; Finally, the homogeneous solution
was transferred into a 60 mL Teflon-lined autoclave. Then, the
autoclave was maintained at 120 �C for 24 h. Then, the precipitates
were collected by centrifugation and were rinsed repeatedly with
deionized water and absolute ethanol several times. The products
were dried at 80 �C for 10 h and sintered at 500 �C for 2 h. In this
study, the as-prepared samples in the subsequent discussion are
expressed as Bi2O3(x%)/ZnO, where x% refers to the molar ratio of Bi
in Bi2O3/ZnO composites, the molar ratios of Bi are 0%, 1%, 3%, 5%,
and 100%, respectively.

The preparation of home-made gas devices: Firstly, the pure
ZnO and the Bi2O3/ZnO nanocomposites were mixed with absolute
ethanol to form paste; Secondly, the paste was dropcoated orderly
onto the surface of a ceramic tubewith four platinum electrodes for
several times to obtain uniform coating. The ceramic tube coated
with pure ZnO and Bi2O3/ZnO nanocomposites were welded to a
special six-polar pedestal. In addition, the sensors were aged at
400 �C for 7 days to improve the thermal stability of the gas sensor
resistance. The gas sensing performances were measured by a
system (WS-30A) [38]. In addition, the sensing response was
calculated by the resistance ratio of the sensor resistance in aim
gases (Rg) to that in fresh air (Ra). The response/recovery time was
defined as the time taken to reach 90% variation in the sensor
resistance.

Powder X-ray diffraction (XRD) patterns were collected with a
Bruker AXS (D8, advance) diffractometer using Cu Ka1
(l ¼ 0.1540598 nm) radiation at a scanning rate of 1� min�1. The
morphologies of the samples are investigated by a field emission
scanning electron microscope (FESEM, Zeiss Gemini 500) and a
high resolution transmission electron microscope (HRTEM) JEOL-
2100F. The XPS measurements were recorded with a Termo Sci-
entific Escalab 250xi instrument equipped with a monochromatic
Al Ka source.

3. Results and discussion

Themorphology of the Bi2O3/ZnO nanocomposite after sintering
was determined by FESEM observations. Fig. 1a shows a general
synthesis process of the sensing materials. Herein, we firstly ob-
tained Bi2O3/ZnO precursors via hydrothermal processes, and then
the precursors were calcined in air directly. Finally, the Bi2O3/ZnO
nanocomposites could be obtained. As shown in the low resolution
FESEM images of Fig. 1b and c, it can be evidently seen that a large
number of sub-micrometer scale Bi2O3/ZnO nanospheres were
successfully synthesized. Interestingly, the 3D (three dimensional)
Bi2O3/ZnO sub-microspheres consisted of many tightly aggregated
3D nanoparticles, which are very closly to the surface of the
blooming cauliflower, as shown in the high magnitude FESEM of
Fig. 1d. Furthermore, some mesopores and obvious boundaries/
Response (Ra/Rg) tres/trecov (s) References

11.45 e [24]
101.8 15/20 [25]
17.5 24/180 [5]
88 25/10 [26]
34.6 -/27 [27]
37.5 2.1/4.1 [28]
10.4 �/� [29]



Fig. 1. (a) Sketch of the general synthesis processes of cauliflower-shaped Bi2O3/ZnO nanocomposites; (b) and (c) The low magnification FESEM images of Bi2O3/ZnO products; (d)
and (e) The high resolution FESEM images of Bi2O3/ZnO nanocomposites. (f) The EDS pattern and relative content of Zn, Bi and O.
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interfaces can be observed clearly, as shown in Fig. 1e. Composi-
tions and molar ratio of Bi2O3(3%)/ZnO nanocomposite have been
determined using EDS as shown in Fig. 1f and the inset Table. The
EDS spectrum shows that components of the Bi2O3(3%)/ZnO are, Zn,
Bi and O. It worthy to note that the Bi content approaches the ex-
pected propotion of 3%.

To further investigate the microstructure information of the
Bi2O3/ZnO composite, a HRTEM was employed to measure the het-
erojunctionproperties of the sample.As evidently shownin Fig. 2a, it
can be observed that there is a very sharp and clear heterointerface
between ZnO and Bi2O3, which is well consistent with the result of
the FESEM measurements. On the other hand, according to the
3

elemental mapping images, the Zn and Bi elements uniformly
distribute on one side of each other. In this image, the Bi element is
on the left side (Fig. 2b), and the Zn element is on the right side
(Fig. 2c). In addition, the elemental mapping image (Fig. 2d) in-
dicates the uniform distribution of O onto the surface of Bi2O3/ZnO
nanocomposites. Fig. 2e dispalys a overall image including all the
elements of Bi, Zn and O of Bi2O3/ZnO nanocomposite, it can be seen
that the interface between Bi2O3 and ZnO is particularly clear and
sharp, which is beneficial to sensing properties. Besides, the EDS
mapping images with very low-resolution were investigated to
further manifest the distribution of the elements in Bi2O3(3%)/ZnO
nanocomposite, see Fig. S1 (Supporting Information), which shows



Fig. 2. (a) The HRTEM image of Bi2O3/ZnO heterojunction; (bee) EDXS mapping of (b) Bi, (c) Zn, (d) O, and (e) The overall mapping image including all the elements of Bi, Zn and O;
(f) Lattice fringes image of Bi2O3/ZnO nanocomposite.

Fig. 3. XRD patterns of Bi2O3 (3%)/ZnO nanocomposite (the blue curve), pure ZnO (the
black) and the pure Bi2O3 (the orange curve), respectively.
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the Zn, Bi and O contents, and the Bi intensity is much weaker than
that of Zn, similar result was demonstrated in Fig. 1f. Additional
microstructural analysis was performed on the Bi2O3/ZnO nano-
composite usingHRTEM. As Fig. 2f depicts, a representative image of
the Bi2O3 shows a typical lattice fringe spacing of 0.319 nm,which is
the (201) plane of the Bi2O3 [39].Moreover, the lattice fringe spacing
of ZnO is 0.24 nm, which correspondes to the (101) plane [40].

In the X-ray diffraction (XRD) patterns, the pristine ZnO, Bi2O3
and Bi2O3/ZnO nanocomposites show well resolved diffraction
peaks in the range of 10� - 80� (Fig. 3). The 2q values of as prepared
ZnO (the black curve) at 31.77�, 34.42�, 36.25�, and 76.95� corre-
spond to (100), (002), (101), and (202) diffraction planes of hexag-
onal phase wurtzite ZnO (PDF#89e0511) [40e42]. The pristine
Bi2O3 (the orange) exhibits monoclinic phase of a-Bi2O3
(PDF#71e2274) as can be observed from the spectra of Fig. 3. And
the characteristic 2q values at 27.47� (120), 33.03� (121) can be
4



Fig. 4. XPS spectra of Bi2O3/ZnO nanocomposite: (a) Bi 4f, (b) Zn 2p, and (c) O 1s XPS
spectrum, respectively.
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assigned to monoclinic a-Bi2O3 (PDF# No. 71e2274) [43]. For
Bi2O3(3%)/ZnO nanocomposite, as shown in Fig. 3 (the blue pattern),
it contains hexagonal phase wurtzite ZnO (PDF#89e0511), mono-
clinic phase of a-Bi2O3, and tetragonal phase Bi2O3, but there two
kinds of Bi2O3, that is b-Bi2O3 (PDF#27e0050) and non-
stoichiometric phase of Bi2O2.33 (PDF#27e0051). These results are
similar to those reported in someother literature [5,39,44,45]. Aswe
all known, the formation of Bi2O2.33 would introduce rich defects
including lattice distortion and oxygen vacancies, which are benefit
to the sensing performance [5,45]. Additionally, to further investi-
gate the microstructure of Bi2O3/ZnO nanocomposites, the XRD
patterns of Bi2O3(15%)/ZnO, Bi2O3(30%)/ZnO, Bi2O3(50%)/ZnO, and
Bi2O3(75%)/ZnO compositesweremeasured, respectively, see Fig. S2
(supporting information). From the results, the proportion of
monoclinic a-phase is obviously increasing with the increase of
content of Bi2O3 in the Bi2O3/ZnO composites. For Bi2O3(75%)/ZnO,
the main phase is the monoclinic a-Bi2O3. Furthermore, the
diffraction peaks of the pristine ZnO and Bi2O3/ZnO nanocomposite
were sharp and intense, indicating thehighly crystalline character of
the samples. On the other hand, on evident solid-state solutions are
formed between two oxides of Bi2O3 and ZnO.

Moreover, the chemical composition of the Bi2O3(3%)/ZnO
nanocomposite was studied by X-ray photoelectron spectroscopy
(XPS) analysis, and the corresponding results are shown in Fig. 4.
The Bi 4f spectrum in Fig. 4a displays two symmetric peaks located
at 160.9 eV and 164.7 eV, which are the characteristic peaks of
surface Bi3þ species [46]. Additionally, as displayed in Fig. 4b, the Zn
2p3/2 locates at 1022.2 eV and the Zn 2p1/2 is at 1045.3 eV, with an
interval of approximately 23.1 eV, indicating a normal form of Zn2þ

in the Bi2O3/ZnO nanocomposite [37,47]. Fig. 4c reveals that the O
1 s peak can be fitted by two different peaks. The peaks at 530.1 eV
and 531.8 eV could be attributed to crystal lattice oxygen (O2�) ions
and adsorbed oxygen species (O2

�, O�, and O2�) [47,48].
Fig. 5a shows the inner working circuit of the home-made

sensor. It is generally known that the performance of MOSCs
based gas sensor is greatly influenced by its operating temperature
[5,7,18]. In order to investigate the optimum working temperature,
the sensing responses of pure ZnO and Bi2O3/ZnO nanocomposites
gas sensors toward 100 ppm C2H6O were tested as a function of
operating temperature from 100 to 300 �C, as shown in Fig. 5b. It is
clear that the responses of the Bi2O3(3%)/ZnO and Bi2O3(5%)/ZnO
increase faster than that of pristine ZnO and Bi2O3(1%)/ZnO with
the increase of ethanol concentration. The Bi2O3(3%)/ZnO and
Bi2O3(5%)/ZnO based sensors reach the maximum response at
175 �C, the pure ZnO and Bi2O3(1%)/ZnO sensors approach the
maximum response at 250 �C. Subsquently, the responses of all the
sensors begin to descent evidently with the gradually increase of
the temperature, especially for Bi2O3(3%)/ZnO. The maxmium re-
sponses of the Bi2O3(3%)/ZnO and pure ZnO based sensors are
21.2 at 175 �C and 8.7 at 250 �C, respectively. According to the
literature, different gases have different energies to adsorption/
desorption on the surface of sensing material [10,13]. At lower
temperature, the response of Bi2O3/ZnO sensormay be restricted by
the speed of chemical reaction. Similarly, the response is restricted
by the speed of diffusion of the gas molecules at high temperature
such as from 250 �C to 300 �C. At optimum temperature, however,
the speeds of the two processes close to approximate dynamic
equilibrium, which benefits to the sensor response reacheing its
maximum. Furthermore, the reaction rate between ethanol and
adsorbed oxygen species will be accelerated by the synergistic ef-
fect of Bi2O3/ZnO heterostructure, which leads to the high response
to ethanol. Specifically, the optimum molar ratio of Bi/Zn has the
best synergistic function due to the formantion of tetragonal phase
of b-Bi2O3 and Bi2O2.33 in the Bi2O3(3%)/ZnO composite. In addition,
the maximum response to pure ZnO, Bi2O3(1%)/ZnO and Bi2O3(5%)/
5

ZnO are 8.7, 13.5 and 11.5 at their corresponding optimum tem-
perature, respectively. Thus, the optimum operating temperature of
175 �C and doping ratio (Bi/Zn molar ratio is 3:97) were chosen to
further examine the other characteristics of the Bi2O3/ZnO based
sensor. In addition, it can be observed that there is no evident
response towards 500 ppm ethanol at 175 �C of Bi2O3 based sensor,
see Fig. S3 (Supporting Information). According to the best of
knowledge, the pure Bi2O3 sensor towards ethanol has not been
reported till now.

Fig. 5c gives thedynamic responseand recoverycharacteristics of
the sensors based on pristine ZnO and Bi2O3(3%)/ZnO



Fig. 5. (a) The gas sensor structure, wire connection, the schematic of the testing circuit; (b) Sensing performances of the gas sensors toward 100 ppm ethanol gas at different
operating temperatures; (c) Dynamic resistance changes of the pristine ZnO and Bi2O3(3%)/ZnO nanocomposite sensors when exposed to various ethanoles gas toward 1e500 ppm
ethanol at 250 �C and 175 �C, respectively; (d) The response vs gas concentrations for Bi2O3(3%)/ZnO and ZnO sensors, respectively; (e) Repeatability test of the pristine ZnO and
Bi2O3(3%)/ZnO nanocomposite sensors to 100 ppm of ethanol at 250 �C and 175 �C, respectively.
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nanocomposite to different alcohol concentrations from 1 to
500ppmat250 �Cand175 �C, respectively. Obviously, theBi2O3(3%)/
ZnO exhibits the superior response and recovery natures to ethanol,
as shown in Fig. 5c. Thus, it can be demonstrated that the
cauliflower-shaped nanostructure can produce more cusps on the
surface of Bi2O3(3%)/ZnO nanocomposite, which can play as active
sites for ethanol. Additionally, the response of the gas sensor is
decided by the surface reaction rate with the increasing concen-
tration of ethanol. In low concentration from 1 to 20 ppm, the climb
6

of sensor response is slow. But at 50 ppm, the response of Bi2O3(3%)/
ZnO is rising sharply. When the alcohol concentration reaches to
500 ppm, and the response still keeps increasing, see Fig. 5d. The
detailed responses of Bi2O3(3%)/ZnO and pristine ZnO are listed in
Table 2 and Table 3, respectively. We can conclude that the
Bi2O3(3%)/ZnO shows approximately 3 times higher response than
pristine ZnO from the tables. Therefore, the Bi2O3(3%)/ZnO sensor
has potentiol application prospect. For comparison, the dynamic
response and recovery curves of Bi2O3(1%)/ZnO and Bi2O3(5%)/ZnO



Table 2
The responses of Bi2O3(3%)/ZnO sensor at 175 �C.

Concentration (ppm) 1 2 5 10 20 50

Response 2.0 2.7 3.4 4.3 7.5 13.5
Concentration (ppm) 100 200 300 400 500
Response 21.1 32.2 41.8 45.1 50.0

Table 3
The responses of pristine ZnO sensor at 250 �C.

Concentration (ppm) 1 2 5 10 20 50

Response 1.3 1.5 1.8 2.1 3.6 4.7
Concentration (ppm) 100 200 300 400 500
Response 8.8 9.2 11.0 12.5 14.1
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are given, see Figs. S4 and S5 (Supporting Information), respectively.
It can be concluded that Bi2O3(3%)/ZnO has superior sensing per-
formances. Fig. 5e shows a typical repeatability performance of the
Bi2O3/ZnO and pristine ZnO sensors to 100 ppm ethanol at 175 �C
and 250 �C, respectively. Obviously, the response (Sr ¼ 21.0) of
Bi2O3(3%)/ZnO sensor is much higher than that (Sr ¼ 8.5) of ZnO
sensors, because of the cauliflower shaped nanostructures of Bi2O3/
ZnO and sharp interface between ZnO and Bi2O3. Similarly, the
repeatability of Bi2O3(1%)/ZnO and Bi2O3(5%)/ZnO sensors were
measured toward 100 ppm ethanol at their corresponding working
temperatures, respectively. Evidently, both Bi2O3(1%)/ZnO and
Bi2O3(5%)/ZnO exhibit good repeatability, though the responses are
not high, see Figs. S6 and S7 (Supporting Information).
Fig. 6. (a) and (b) Dynamic resistance curves of the Bi2O3/ZnO and pure ZnO sensors toward
and pure ZnO sensors toward ethanol at 175 �C and 250 �C lasting for 10, 20, 30, 40, 50, and 6
to different gases with a concentration of 100 ppm at 175 and 250 �C, respectively.

7

Moreover, Fig. 6a and b give the response time (tres) and re-
covery time (trecov) of the Bi2O3(3%)/ZnO and pristine ZnO sensors
toward 100 ppm ethanol. As the results show, the tres of pristine
ZnO sensor is 18 s, which is slower than that (7 s) of Bi2O3/ZnO
sensor. The Bi2O3/ZnO sensor recover its initial state in a short time
(trecov ¼ 8 s). On the other hand, the ZnO sensor needs trecov ¼ 23 s
to recover. According to the recent literature, the tres and trecov of
Bi2O3(3%)/ZnO sensor are smaller than that of pure ZnO, Bi2O3 and
their respective composites, the details can be found in Table S1
(see Supporting Information). The results prove that the tres and
trecov toward ethanol can be significantly improved by fabricating
Bi2O3/ZnO nanocomposite, because the heterointerface between
Bi2O3 phase and ZnO phase can well activate conductive electrons.
Moreover, the long-term stability is another key index to gas sensor
device [3,39]. To evaluate the life span of Bi2O3/ZnO, the Bi2O3/ZnO
sensor was exposed to 100 ppm ethanol for 7 cycles in 60 days.
Obviously, the response of the Bi2O3(3%)/ZnO sensor basically re-
mains original level, see Fig. 6c, whichmanifests that the Bi2O3/ZnO
sensor has excellent long-term stability towards ethanol. On the
other hand, excellent selectivity is another important character-
ization for sensor because it enables the sensor to exclusively
response to one gas and run for a long time to reduce the cost of
device [49,50]. Significantly, the Bi2O3/ZnO sensor displays an
excellent selectivity to ethanol compare to the same concertration
of 100 ppm tested gases (n-hexane, chloroform, isopropanol,
ethanol, benzene, methanol) at 175 �C, as illustrated in Fig. 6d.
Clearly, the maximum gas response value of pristine ZnO toward
alcohol is only 8.7, which is evidently lower than that (21.2) of
100 ppm ethanol at 175 �C and 250 �C, respectively; (c) Response stability of Bi2O3/ZnO
0 days, respectively. (d) The selectivity of the sensors based on Bi2O3/ZnO and pure ZnO
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Bi2O3/ZnO. According to our knowledge, the sensing selectivitymay
be influenced by the following three factors, such as reactive energy
of VOC, operating temperature, and catalytic effect between Bi2O3
and ZnO heterophase [5,35]. Therefore, according to the above
discussion, the superior performances exhibited by Bi2O3/ZnO
sensor make it promising potential applications toward ethanol.

According to the previous literature, in order to explain the
resistance-type gas sensing mechanism, the models of electron
depletion layer (EDL) and electron accumulation layer (EAL) have
been widely proposed by chemical adsorption and VOC gas mole-
cule reaction at the surface of sensing material [2,5,39,51]. The
Bi2O3 and ZnO are typical p-type and n-type MOSCs, respectively
[36,52,53]. As Fig. 7a shows, the chemical adsorption/desorption of
oxygen molecules or the VOC gas molecules on the materials’ sur-
face result in sharp alteration on the device resistance [5,54]. In
fresh air, the O2 molecules are chemiadsorbed on the surface of
sensor, the O2 capture the free electrons (e�1) from conduction
band, and the chemisorbed oxygen ion species such as O�, O2

�, and
O2� are genergeted, resulting in the formation of an EDL. On the
other hand, the formation of the heterostructures, such as p-n, p-p
and n-n can greatly increases the sensing performances and is
closely related to the alterations in the EDL and EAL [49,55,56].
Though the enhanced sensing performance of the heterostructures
has been extensively reported, the futher sensing mechanism on
heterostructures is still need to be explored [57].

As shown inFig. 7bandc,when twodifferentMOSCs contact each
other, e�1

flow fromZnO toBi2O3 because the ZnOhas a higher fermi
Fig. 7. (a) Schematic diagram of the sensing reaction mechanism of (a) gas sensing mechani
formed at the p-n heterojunction energy band structure, (b) Before contact of p-type Bi2O3
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energy (Ef) than thatof Bi2O3until the systemreaches anequilibrium
ofEf [10,48], and theenergybandbecomebend.When theBi2O3/ZnO
nanocomposite is exposed in the air (Fig. 7a), theO2 is adsorbedonto
the surface of Bi2O3/ZnO nanocomposite, and capture e�1 from the
MOSCs to generate oxygen species (O2 (gas) / O2 (ads), O2
(ads) þ e� / O2

� (ads), O2
� (ads) þ e� / 2O�, O� (ads) þ e� /

O2�(ads)) at the optimumworking temperature of 175 �C [58]. Once
the Bi2O3/ZnO nanocomposite is in the reducing gas of ethanol, the
C2H6O molecules react with the adsorbed oxygen species, resulting
in the widening of EDL at the interface between Bi2O3 and ZnO, the
resistance of the Bi2O3/ZnO nanocomposite increases [59]. Thus, the
response (Sr ¼ Rg/Ra) of Bi2O3/ZnO in ethanol gas is significantly
increased. In general, when two kinds of semiconductor metal ox-
ides (SMOs) contact each other, the new equilibrium of Ef forms
between Bi2O3 and ZnO interface due to the formation of hetero-
junctions [60]. The band bending and an additional EDLwere caused
by heterojunctions, leading to the device resistance increase in air
and resistance greatly decrease in ethanol [59]. Finally, the response
is significantly enhanced, and this reaction process with ethanol
molecules is as the following equations of (1) and (2) [61]:

CH3CH2OH (ads) þ 6O� (ads) / 2CO2 þ 3H2O þ 6e� (1)

CH3CH2OH (ads) þ 6O2� (ads) / 2CO2 þ 3H2O þ 12e� (2)
sm of Bi2O3/ZnO nanocomposite; Formation mechanism of the electron depletion layer
and n-type ZnO, and (c) After contact of p-type Bi2O3 and n-type ZnO.
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4. Conclusions

In summary, a novel heterostructured cauliflower Bi2O3/ZnO
nanocomposite was synthesized by hydrothermal strategy. The
Bi2O3/ZnOnanocompositewereutilizedasahighlysensitivematerial,
which exhibits excellent ethanol sensing performances, including
enhanced gas response, low working temperature of 175 �C, wide
concentration detection range from 1 to 500 ppm, excellent selec-
tivity, and long-term stability with sensitive response and recovery,
which is effective than that of pure ZnO based sensor or other nano-
composites of Bi2O3 and ZnO. The good sensing performances can be
attributed to the heterostructure of p-Bi2O3/n-ZnO and the formation
of tetragonal phase of b-Bi2O3. Therefore, the results would make a
interesting contribution towards the fabrication of Bi2O3/ZnO based
sensor. We believe that this low-cost, high-stability Bi2O3/ZnO
nanocompositewill be one of themost promising sensing candidates
for widely applications in ethanol detection.
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