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Carbon nanotubes (CNTs) have attracted many researcher’s attention in gas sensing field because of their excel-
lent physical and chemical properties. Herein, multi-walled carbon nanotubes (MWCNTSs)/ZnSnO3 heterostructures have
been obtained by a simple hydrothermal method without additional annealing process. The structural and composition
information are characterized by x-ray diffraction (XRD), field-emission scanning electron microscopy (FESEM), trans-
mission electron microscopy (TEM) and x-ray photoelectron spectroscopy (XPS). The acetone sensing properties of pure
MWCNTSs, ZnSnO3 and MWCNTs/ZnSnO3 heterostructures are systematically investigated, respectively. The results show
that MWCNTs/ZnSnOs3 heterostructures have better sensing properties compared with pure MWCNTSs and ZnSnO3 sam-
ple. Specifically, MWCNTSs/ZnSnOj3 heterostructures exhibit not only high responses of 24.1 and rapid response/recovery
speed of 1 s/9 s to 100 ppm acetone, but also relatively good repeatability and long-term stability. The enhanced sens-
ing performance is analyzed in detail. In addition, this work provides the experimental and theory basis for synthesis of

high-performance MWCNT-based chemical sensors.
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1. Introduction

Acetone, also known as dimethyl ketone, is a colorless
transparent liquid with a special pungent smell. It has been
widely used in many fields including industry, agriculture and
medicine and so on.!'! However, acetone is toxic for human
being. Specifically, it is irritative to skin, eyes and mucosa,
casing headaches, dizziness and fatigue. In addition, long-
term exposure can also cause illness and even death.!”* Thus,
it is necessary to find an effective way to detect acetone.

Right now, various metal oxide semiconductors including
Mo03,1%! Sn0,,1" ZnO,!"! Co304,81 W03, ZnSn05,11%
Zn,SnO4 " and ZnFe,04'?! are often used as sensitive ma-
terials because of their low cost, easy synthesis and good sens-
ing performance. Among them, ZnSnOs3 has been applied in
many fields, such as thin-film transistors, '3 photocatalyst!!4]
and piezoelectric generator.!'>] Recently, it began to be used
in gas sensors because of its structural advantages.!'?) In gas
sensing field, it is now generally accepted that sensing proper-
ties of sensing materials is based heavily on their microstruc-
ture and electronic structure.'®17] Thus, reasonable construct-
ing of the microstructure becomes an important method to en-
hance gas sensing performance of metal oxide semiconduc-
tors. Up to now, researchers have synthesized various ZnSnO3
with different morphologies. For instance, Zhou et al. syn-
thesized multi-shelled ZnSnO3 hollow cubes via a facile co-
precipitation approach, which exhibited high response values
of 37.2 to 100 ppm formaldehyde.!'®) Wang e al. prepared
two dimensional (2D) ZnSnOs3 nanosheets using a graphene
oxide (GO)-assisted way and the ZnSnO3 nanosheets exhib-
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ited high response values of 57 to 10 ppm formaldehyde at
100 °C.1"1 Sa et al. obtained porous ZnSnO3 nanocubes via
a microwave-assisted hydrothermal method, which exhibited
high responses of 57.5 to 100 ppm triethylamine.?"’

In addition, constructing heterostructure is a valid ap-
proach to maximize sensing performance of ZnSnOs. In re-
cent years, carbon nanotubes (CNTs) have attracted many
researcher’s attention in gas sensing field due to their large
specific surface area, high electron mobility and chemi-
cal stability.[?!?>) However, pure CNTs usually exhibit low
gas responses and bad selectivity, which limit their appli-
cation in gas sensors. Fortunately, researchers have fabri-
cated various CNTs/metal oxide semiconductor heterostruc-
tures and they showed good sensing properties.
stance, Zhang et al. prepared multi-walled carbon nan-
otubes (MWCNTs)/Co3z04 composites by a facile hydrother-
mal way and MWCNTs/Co3z04 composites showed good
acetone sensing properties.!>’! Jia et al. prepared flower-
like o-Fe,O3/MWCNTs via a simple solvothermal way,
which exhibited high response values (20.32) and short
response time (2.3 s) at 220 °C.I>*1 Yang er al. syn-
thesized MWCNTs/NiWO4 microflowers via a simple co-
precipitation way and the as-prepared products showed fast re-
sponse/recovery speed (53 s/177 s) to 50 ppm NH3.[>] Thus,
it is expected that MWCNTs/ZnSnO3 heterostructures show
excellent acetone sensing performance.

Herein, MWCNTSs/ZnSnOs3 heterostructures are synthe-
sized by a simple hydrothermal process. The test results
show that MWCNTs/ZnSnOj3 heterostructures exhibit not only

For in-
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high responses of 24.1 and rapid response/recovery time of
1 s/9 s to 100 ppm acetone, but also relatively good re-
peatability and long-term stability. Thus, the as-obtained
MWCNTs/ZnSnOj3 heterostructures are suitable materials for
construction of high-performance acetone gas sensor.

2. Experimental details
2.1. Synthesis process

Figure 1 exhibits synthetic process of MWCNTs/ZnSnO3.
Typically, 5 mg of acidified MWCNTs, 0.5 mmol of
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SnCly-5H,0 and 0.5 mmol of Zn(NO3),-6H,O were dissolved
into 30 mL of deionized water by vigorously stirring for 0.5 h.
Then, NH3-H;O was added to the above solution to adjust to
the PH to 11. Next, the solution was transferred to a 50 mL of
teflon-lined stainless steel autoclave and maintained at 160 °C
for 15 h. Finally, the samples were rinsed with deionized wa-
ter and absolute ethanol, and then dried by 60 °C for 12 h.
For comparison, pure ZnSnO3 was synthesized by the similar
method without the addition of MWCNTs.

MWCNTs/ZnSnOg

Fig. 1. The synthetic process of MWCNTSs/ZnSnOs3.

2.2. Characterization

The x-ray diffraction (XRD) spectrum of the products
was characterized by a Rigaku D/max-2500 diffractometer
with Cu-Ko; radiation (A = 1.54056 A). The morphology
and microstructure of the products were characterized with
field-emission scanning electron microscopy (FESEM, Mag-
ellan 400) and transmission electron microscopy (TEM, JEM-
2200FS). The surface compositions and bonding states of
the samples were investigated by x-ray photoelectron spec-
troscopy (XPS, ESCALAB MKII).

2.3. Gas sensors fabrication and measurement

The process of fabricating sensors was systematically de-
scribed in previous work.??7! In short, firstly, the sensitive
slurry was obtained by mixing absolute ethanol and sensing
materials. The slurry was coated on the surface of ceramic
tube, on which a pair of gold electrodes and four Pt conduct-
ing wires were pre-installed. Then a Ni—Cr alloy coil was in-
serted into the tube to control the working temperature of gas
sensor (Fig. 2) by adjusting the heating current. Before test,
the as-obtained gas sensor required to be aged at 280 °C for
two days.

Fig. 2. The schematic illustration of gas sensor.

The sensing properties of the as-obtained gas sensor were
investigated by using a CGS-8 intelligent gas sensing analysis
system. The sensor responses were defined as R,/R,, where

R, and R, were the sensor resistance under air and test gas,
respectively. The response and recovery time were defined as
the time taken by the sensor resistance to obtain 90% of to-
tal resistance variation in the case of response and recovery,
respectively.

3. Results and discussion
3.1. Morphology and composition analysis

Figure 3 is the XRD pattern of the products. For pure
MWCNTs, a diffraction peak at around 26 °C can be detected
obviously, which is ascribed to the (002) plane of graphitic
carbon (JCPDS No. 41-1487).

For pure ZnSnOj3 sample, its diffraction peaks correspond
well to the standard ZnSnO3 phase (JCPDS No. 11-274). For
MWCNTs/ZnSnO3 sample, its diffraction peaks are similar
to that of pure ZnSnO3z sample and no other peaks are ob-
served, indicating that MWCNTs/ZnSnO3 sample has high
purity. Furthermore, the diffraction peak of MWCNTSs are
not detected, probably because of their relatively low con-
tent and low intensity of diffraction peak compared to the
ZnSn03.128.29]
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Fig. 3. The XRD pattern of the as-obtained samples.
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Fig. 4. The FESEM images of (a), (b) pure MWCNTSs, (d), (e) ZnSnO3 and (g), (h) MWCNTs/ZnSnO3. The TEM images of (c) pure

MWCNTS, (f) ZnSnO3 and (i) MWCNTSs/ZnSnOs.

Figures 4(a)—4(c) are the FESEM and TEM images of
pure MWCNTs. Clearly, many MWCNTs are observed and
their surfaces are smooth. In addition, the difference be-
tween light and dark demonstrates the nanotube structure of
MWCNTs. Figures 4(d) and 4(e) are the FESEM images of
pure ZnSnO3 sample. There are a lot of uniform nanocubes
with the edge length of around 400 nm. From TEM im-
age of pure ZnSnO3 sample, solid cube structure can be ob-
served (Fig. 4(f)). For MWCNTs/ZnSnO3 sample, we can
clearly see that many MWCNTSs are attached to the sur-
face of ZnSnO3 nanocubes, demonstrating the formation of
MWCNTs/ZnSnOj3 heterostructures (Figs. 4(g)—4(1)).

The microstructure of MWCNTSs/ZnSnO3 sample is fur-
ther characterized by TEM. Obviously, MWCNTs have ad-
hered to the surface of ZnSnO3 nanocube, which also indicates
the creation of MWCNTs/ZnSnOs3 heterostructures (Figs. 5(a)
and 5(b)). The HRTEM image of MWCNTs/ZnSnO3 sam-
ple is shown in Fig. 5(c). The interplanar spacing is 0.28 nm
for the (220) plane of ZnSnO3 and 0.34 nm for the (002)
plane of MWCNTSs, which also indicates the formation of
MWCNTs/ZnSnOj3 heterostructures.

The compositions and surface chemical states of
MWCNTs/ZnSnOj3 heterostructures and pure ZnSnO3 sample
are analyzed by XPS. Figures 6(a) and 6(b) are the Zn 2p spec-
tra of pure ZnSnO3 and MWCNTSs/ZnSnO3 heterostructures,
respectively. Two peaks at 1022.4 eV and 1045.3+0.1 eV
are detected, which are indexed to Zn 2p3/; and Zn 2p p,
respectively. 331 The results exhibit a normal state of Zn>*

in pure ZnSnO3 and MWCNTs/ZnSnOj3 heterostructures. Fig-
ures 6(c) and 6(d) show the Sn 3d spectra of pure ZnSnO3 and
MWCNTs/ZnSnOj3 heterostructures, respectively. The peaks

Fig. 5. (a), (b) The TEM and (c) HRETEM images of MWCNTs/ZnSnO3.
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Fig. 6. (a) The Zn 2p, (c) Sn 3d and (e) O 1s spectra of pure ZnSnO3; (b) the Zn 2p, (d) Sn 3d and (f) O 1 s spectra of MWCNTs/ZnSnOs.

at 487.1+0.1 eV and 495.5 eV corresponding to Sn 3ds, and
Sn 3d3,, respectively, demonstrating a normal state of Sn**
in pure ZnSnO3 and MWCNTSs/ZnSnO; heterostructures. 321
The O 1s spectra of pure ZnSnO3 and MWCNTs/ZnSnOs3 het-
erostructures is shown in Figs. 6(e) and 6(f). It is obvious
that both O 1s peaks are asymmetric, which can be decom-
posed into three peaks. The peaks at 529.3 eV, 530.4 eV and
531.2 eV belong to lattice oxygen (Or), oxygen vacancies
(Ov) and chemisorbed oxygen (Oc), respectively. 33331 It is
found that the relative proportion of oxygen vacancies in pure
ZnSnO3 and MWCNTSs/ZnSnO3 heterostructures is 22.4%
and 29.4%, respectively. The results show MWCNTSs/ZnSnO3
heterostructures have more oxygen vacancies compared with
the pure ZnSnO3 sample and thus enhance their sensing per-

formance.

3.2. Gas sensing properties

To investigate the optimal operating temperature, the gas
response values of the samples to 100 ppm acetone are mea-
sured under working temperature ranging from 160 °C to
300 °C (Fig. 7(a)). Obviously, pure MWCNTSs show extremely
low response values at the working temperature of 160 °C—

300 °C. For pure ZnSnO3 and MWCNTs/ZnSnO3 samples,
they show the same trends. Specifically, the responses in-
crease with the increasing of working temperature, and the
responses obtain maximum at the working temperature of
260 °C. Then the responses decrease with the increasing of
working temperature. Thus, the optimal working tempera-
ture of both pure ZnSnO3; and MWCNTs/ZnSnO3 samples is
260 °C. In addition, compared to pure ZnSnOs, the responses
of MWCNTs/ZnSnOj3 exhibits higher response values, which
indicate that the formation of MWCNTs/ZnSnOj3 heterostruc-
tures enhances corresponding acetone sensing properties.
The responses of pure MWCNTs, ZnSnO;
MWCNTs/ZnSnO3 to 100 ppm all kinds of testing gases at
260 °C are shown in Fig. 7(b). It is found that pure MWCNTs
show an extremely low response values to all VOCs, indicat-
ing their bad selectivity. The responses of MWCNTs/ZnSnO3
to 100 ppm of ethanol, acetone, benzene, toluene, methanol
and ammonia are 16.1, 24.1, 10.2, 14.5, 7.7 and 5.4, re-
spectively. The responses ratio of acetone to ethanol in
MWCNTs/ZnSnO3 is about 1.5 and that for pure ZnSnOs3

is about 1.35, indicating its enhanced selectivity.

and
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Fig. 7. (a) The gas responses of pure MWCNTs, ZnSnO3 and
MWCNTs/ZnSnO3 to 100 ppm acetone are measured at 160 °C—
300 °C. (b) The gas responses of pure MWCNTSs, ZnSnO3z and
MWCNTs/ZnSnO3 to 100 ppm different test gases at 260 °C.
Figures 8(a) and 8(b) are the responses of pure ZnSnO3
and MWCNTs/ZnSnO3 samples toward different concentra-

tions of acetone (0.5 ppm-1000 ppm) at 260 °C, respectively.
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The responses of pure ZnSnO3 sample for 10, 20, 50, 100,
200, 500 and 1000 ppm acetone are recorded as 1.2, 2.8, 5.6,
9.9, 16.5, 18.0 and 42.9, respectively. For MWCNTs/ZnSnO3
sample, the responses to 0.5, 1, 5, 10, 20, 50, 100, 200,
500 and 1000 ppm acetone are 1.3, 1.8, 2.3, 3.2, 4.2, 13.6,
24.1, 45.9, 95.7 and 116.5, respectively. The correspond-
ing relationship between gas responses and acetone concen-
tration is shown in Fig. 8(c). It is found that the responses of
MWCNTs/ZnSnO3 sample depend near linearly on the ace-
tone concentration ranging from 0.5 ppm to 500 ppm, demon-
strating it is suitable for the acetone sensor.

Figure 8(d) exhibits the response/recovery speed of
MWCNTs/ZnSnOj3 sample to 100 ppm acetone at 260 °C. Ob-
viously, its response and recovery time are 1 s and 9 s, respec-
tively. With such speedy response/recovery, the gas sensor
is beneficial to realize real time detection. The repeatability
of MWCNTSs/ZnSnO3 sample is shown in Fig. 8(e). The re-
sponses basically maintain the initial values upon nine succes-
sive measurements to 100 ppm acetone at 260 °C, indicating
its relatively good repeatability. Figure 8(f) exhibits the long-
term stability of MWCNTSs/ZnSnO3; sample. Clearly, the re-
sponses do not change distinctly for two months, demonstrat-
ing its relatively good long-term stability.
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Fig. 8. The responses of (a) pure ZnSnO3 and (b) MWCNTs/ZnSnO3 samples toward different concentrations of acetone (0.5 ppm—1000 ppm). (c) The
corresponding relationship between gas responses and acetone concentration of pure ZnSnOz and MWCNTs/ZnSnO3. (d) The response/recovery speed
of MWCNTs/ZnSnO3 sample to 100 ppm acetone at 260 °C. (e) The repeatability and (f) long-term stability of MWCNTSs/ZnSnO3 sample.
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Table 1. A comparison between the gas sensing properties of MWCNTs/ZnSnO3 sensor and reported ZnSnO3 based sensors.

Sample Acetone (ppm) LOD (ppm) tres /trec () T (°C) Response Ref.
ZnSnO3 hollow polyhedrons ~ ~ 17/10 240 12.5 [36]
Porous ZnSnOj3 cubes 100 —/- 300 16 [37]
ZnSnO3 nanosheets 50 ~ 0.2/2.6 440 41 [38]
ZnSnOj3 nanoparticles 100 ~ —/- 300 26 [39]
ZnSnO3/SnO, microcubes 50 1 4/6 260 19.1 [40]
ZnSn0O3/SnO, hollow urchin 50 ~ 3/11 280 17 [41]
MWCNTSs/ZnSnOj3 heterostructures 100 0.5 1/9 260 24.1 this work
Table 1 summarizes a comparison between the  field. Thus, the thicker depletion layer is also created, result-

gas sensing properties of MWCNTs/ZnSnO3 sensor and

reported ZnSnO3; based sensors.3®#!1 Obviously, the
MWCNTs/ZnSnO3 sensor shows high responses, rapid re-

sponse/recovery speed and low detection limit to acetone.

3.3. Gas sensing mechanism

At present, for the gas sensing of metal oxide semicon-
ductors, the most widely accepted mechanism is based on the
change in resistance of sensing materials in the adsorption

42431 And ZnSnOj is an important n-

and desorption process.|
type semiconductor. When ZnSnO3 is exposed to air, oxygen
molecules are adsorbed on the ZnSnOj3 surface and covert into
different forms of oxygen ions (O, , O™ and 0?7) by trapping
the electrons from the conduction band of ZnSnOj3 (Egs. (1)—
(4)). Therefore, ZnSnO3 material shows high resistance values
in air. When ZnSnQj3 is exposed to acetone, oxygen ions (O™)
will react rapidly with the acetone, and forms H,O, CO, and
free electrons (Eq. (5)). These free electrons will return to the
conduction band of ZnSnO3. Thus, ZnSnO3; material shows

low resistance values in acetone (Fig. 9).

OZ(gas) - OZ(ads)a 9]

Osats) + € — Oyqy, (T <100°C), )

Oz’(ads> +e — ZO@dS), (100°C < T <300°C), (3)
— . 27 °

O(ads) +e  — O(ads), (T >300°C), 4)

CH3COCHj(45) +80 4, — 3C0 +3H,0+8¢ ™. (5)

From the gas sensing tests, MWCNs/ZnSnOs3 exhibits
better acetone sensing performance compared with pure
MWCNTs and ZnSnO3, which are ascribed to the following
factors.

Firstly, the formation of MWCNTSs/ZnSnO3 heterostruc-
tures improves the sensing properties. MWCNTs are a typ-
ical p-type semiconductor material. However, ZnSnO3 is
an important n-type semiconductor material. When MWC-
NTs are attached to the surface of ZnSnO3 material, p—n het-
erostructures will be generated at the interface of MWCNTs
and ZnSnOj3.

Fermi level, electrons will be transferred from ZnSnOj to

At the same time, because of their different

MWCNTs and holes transfer in opposite direction to equili-
brate the Fermi energy level, which form a built-in electric

ing in the increasing of MWCNTs/ZnSnO3 resistance in air.
When MWCNTs/ZnSnO3 heterostructures are exposed to ace-
tone, the electrons will be released back to ZnSnOs. It is re-
ported that MWCNTSs can accept the electrons and play a good
medium role for carrier mobility due to their excellent conduc-
tivity and high electron mobility, leading to further decreases
in resistance of MWCNTs/ZnSnOj5 heterostructures.24! Thus,
gas sensing performance of MWCNTSs/ZnSnO3 heterostruc-
tures including response values and response/recovery speed
will be improved. In addition, functionalization of MWCNTSs
promotes the chemical reaction of material surface, resulting
in the enhancement of gas responses.*4!

®
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Fig. 9. The gas sensing mechanism of MWCNTs/ZnSnO3 sample.

Secondly, the formation of MWCNTSs/ZnSnO3; het-
erostructures can introduce the lattice mismatch because
of different Ilattice constants between MWOCNTSs
ZnSnO3, which will bring about lattice deformation at the

and

interface.[*>%%1 Meanwhile, oxygen vacancies will spon-
taneously generate at the interface to adapt to lattice
deformation during the formation of MWCNTSs/ZnSnO3
heterostructures.*”1 Thus, MWCNTs/ZnSnO; heterostruc-
tures possess more oxygen vacancies compared with pure
ZnSnO3 sample, which are consistent with XPS analysis.
Oxygen vacancies can act as electron donors and help to create
more oxygen ions on the surface of sensing material, which
contribute to the surface oxidation-reduction reaction, 484!
Therefore, the sensing performance of MWCNTs/ZnSnO3

heterostructures enhances correspondingly.
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4. Conclusion

In this work, MWCNTs/ZnSnOs3 heterostructures are pre-

pared through a simple hydrothermal method. Then gas

sensing properties of sensing materials are investigated in
detail. It is found that the gas sensing performance of
MWCNTs/ZnSnOs is far superior than that of pure MWCNTSs
and ZnSnO3 sample. In particular, MWCNTs/ZnSnO3 het-
erostructures show not only high response values of 24.1 and
fast response/recovery speed (1 s/9 s) to 100 ppm acetone at
260 °C, but also relatively good repeatability and long-term
stability. In addition, this work provides experimental and
theoretical basis for synthesis of high-performance MWCNT-
based chemical sensors.
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