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A new type of quasi-1 D nanofiber architecture with
heterostructure was prepared via the combination of the
electrospinning and hydrothermal strategy in the case of
CuO/TiO,, which showed low operating temperature, high
response and excellent selectivity to formaldehyde and
ethanol gases.

Nowadays, functional one-dimensional (1D) nanomaterials,
including nanorods, nanotubes, nanobelts, and nanowires have
attracted intensive attention due to their unique features like low
density, the directional mobility of charge carriers, and large
aspect ratio.'? All these amazing properties bring them great
superiority in a wide variety of applications such as mesoscopic
physics and fabrication of nanoscale devices.’ Particularly,
inorganic semiconducting nanostructures have been playing a
vital role during the past two decades. Because of their
demonstrated or anticipated electrical magnetic, catalytic
properties, and unique optical which differ significantly from
those of their bulk counterparts.”” These properties of
nanostructures not only depend greatly on the materials
themselves, such as oxide, chalcogenides, complexes, etc., but
also on their characteristics, including sizes, shapes, crystal
phases, exposed surface and so on.®

As the research moves along, various 1D nanostructures which
made of different semiconductor materials have been achieved,
and thanks to the deeply and thoroughly study of this kind of
single component material system, a variety of stable functioning
devices and mature synthesis methods and proven techniques had
been verified.”® But sometimes, because of their own physical or
chemical characters of the pure nanomaterials, which resulted in
their limitations in various properties and affect the performance
in application fields. Driven by this, some researchers have begun
to study heterogeneous nanostructures, a synthesis of pure
materials with novel specialities by manipulating the existing
nanoscale object usually are not the only product that achieved
during the process, multifunctional heterostructure materials
consist of multiple components with various amazing properties
in components are also obtained. For example, Gasparotto and
Barreca ef al. have reported that heterostructure has a tremendous
potential application. *'* Barreca et al.'* previously reported that
decorating porous CuxO matrices onto TiO, nanoparticles
exhibited very attractive high-rate capabilities and good stability
in lithium batteries. They '> also reported that CuO/TiO,
nanocomposites functionalized with Au nanoparticles exhibited
excellent gas sensing properties. Moreover, In et al. '® recently
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reported that the hollow nanocubes structured junction between
the n-type TiO, and p-type CuO could be fabricated by multi-
template strategy and exhibited the catalytic performance.

Among various semiconducting materials, TiO, and CuO are
both technologically important because of their versatile
applications.'” N-type wide band gap semiconductor, due to the
outstanding stability in thermal treatment process, photocatalyst
procedure and appropriate electronic band structure, Titanium
dioxide (TiO,) have attracted very much attention and welcome
in many application fields, such as: humidity/gas sensor,
photocatalyst, catalyst supports, energy storage materials and
photovoltaic battery.'® However, TiO, possesses large band-gap
energy and relatively high resistance thus resulting in limited
utilization of applications in the gas sensing field. TiO, can be
synthesized to improve its sensing performance by introducing of
other metal dioxide semiconducting materials, such as ZnO
nanosheets and nanorods that we reported before.'® Cupric oxide
(CuO), a p-type semiconductor showed potential applications in
diverse fields like magnetic storage, transformational clean-
energy technology, electronics, biosensors and chemical sensors,
due to its unique optical and magnetic specialities.”® In 1931,
Braver et al. discovered that CuO also showed good humidity
sensing properties, which made it also the first kind of sensing
material that been used in humidity sensing application.
Therefore, introducing CuO nanomaterials may be a more
economical and reasonable way for enhancing TiO, gas sensing
performance.”!

To the best of our knowledge, there have been no reports in the
literature on the fabrication of TiO, nanofibers (TiO, NFs)
functionalized with catalytic CuO nanocubes (CuO NCs). Herein,
we report a new strategy suitable for the preparation of quasi-1 D
p-type CuO nanocubes-loaded TiO, heterostructures nanofibers
(CuO/TiO, HNFs). The fabrication process is a two-step
procedure by combining the electrospinning technique and
hydrothermal process, and each step is well-controlled (Scheme
1). The gas sensors which made of quasi-1 D heterostructures
nanofiber materials were with reduced power consumption and
showed enhanced formaldehyde and ethanol-sensing performance.
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Scheme 1 Schematic illustration of the two processes combined with
electrospinning technique for generation of TiO, NFs and hydrothermal
method for growth of CuO NCs.

s In a typical experiment, the TiO, NFs were prepared by using
the method that our group reported before,'” > which involves
electrospinning of a polymer solution mixed with a sol-gel
precursor as shown in Scheme 1. And after the heat treatment
TiO, NFs were obtained. CuO/TiO, HNFs were achieved

10 followed by a hydrothermal process that the cupric chloride
dehydrate was used as the Cu®" source. The method of
preparation the CuO NCs was similar to the preparation of
CuO/TiO, HNFs, except for the addition of TiO, NFs. Specific
experimental parameters are shown in  Supplementary

15 Information section.

To examine the gas-sensing properties, formaldehyde and
ethanol were chosen as the target gas. The structure and circuit
diagram of the sensor are shown in Fig. S1(a-b). The main body
of a gas senor was a ceramic tube with two Au signal electrodes,

20 each electrode equipped with two Pt wires and coated with above
paste. A Ni-Cr heating wire was inserted into the tube to form an
indirect-heated gas sensor. Details of the sensor fabrication and
test method can be seen in our previous works. > And the
definitions of the sensing parameters of the sensor are shown in

25 Supporting Information.
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Fig. 1 X-ray diffraction (XRD) pattern of the products: (a) TiO, NFs, (b)
CuO NCs, and (c) CuO-TiO, HNFs.

In order to study the crystal phase of the samples, the X-ray

30 diffraction analysis was also conducted. XRD patterns in Fig. 1
reports the overall phase purity and crystal structure of all the
three samples: TiO, NFs, CuO NCs and CuO/TiO, HNFs. All the
diffraction peaks of the pristine TiO, (Fig. 1(a)) and CuO (Fig.
1(a)) are both well matched with the JCPDS card of anatase TiO,

35 (65-5714) and monoclinic CuO (65-2309). And the diffraction
peaks of the CuO/TiO, HNFs (Fig. 1(c)) are the combination of
individual peaks in the previous two materials. It reveals that the
final product consists of the CuO and TiO, material.
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40 Fig. 2 FESEM and TEM images of the samples: (a-c) TiO, NFs; (d-f)
CuO NCs; (g-1) CuO/TiO, HNFs; (j) higher magnification TEM image of
CuO/TiO, HNFs; (k) The corresponding SAED pattern; (I and m)
HRTEM images taken from spots 1 and 2 in (j), respectively.

The system architecture and nano-organization of samples

4s were observed by FESEM, TEM, SAED and HRTEM. Fig. 2(a-c)
showed the obtained pristine TiO, non-woven nanofibers were
with the diameters about 200 nm, and the surface was relatively
smooth without any secondary nanostructures. Fig. 2(d-¢) showed
the pristine CuO NCs which achieved by the hydrothermal
so process, the pristine CuO NCs have uniform cube-morphology,
with a wide distribution of diameters ranging from 40 nm to 80
nm. The nanocubes appear to be composed by the aggregation of
small tiny particles (Fig. 2(e)). A typical TEM image of the CuO
samples is shown in Fig. 2(f), where the nanocubes can be clearly

ss seen. After applying the hydrothermal solution growth of the
CuO NCs onto the TiO, NFs, the hierarchical heterostructures
were formed (Fig. 2(g-h)). Sparse densities of secondary CuO
NCs that grown on the primary TiO, NFs can be clearly seen
through the close observation. Careful observations on the
o surface of the sample (Fig. 2(i)), they show that the quasi-1 D
CuO/TiO, with loose structures and a few dark spots were
observed on the surface of the TiO, NF. The high magnification
TEM images (Fig. 2(j)) are collected from the individual
nanofiber heterostructures (Fig. 2(i), indicated by white squares).

s It clearly shows the small dark spots are well-regulated and
composed of nanocubes with the angles between adjoining sides
of 90°. The corresponding SAED pattern (Fig. 2(k)) confirm that
the hierarchical CuO/TiO, HNFs are polycrystalline structures in
nature. Fig. 2(1-m) show HRTEM images of TiO, and CuO,
70 respectively, which were recorded from the marked areas in Fig.
2(j) by their corresponding letters. The marked d-spacing value in
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Fig. 2(1) is 0.36 nm that corresponds to (101) lattice plane of
anatase TiO,. Similarly, the d-spacing value from Fig. 2(m) is
found to be 0.23 nm and it represents (111) planes of monoclinic
CuO.

Formaldehyde is one of the most noxious compounds among
the volatile organic compounds (VOCs), and predominant
symptoms of formaldehyde exposure in humans are irritation of
the eyes, nose and throat, together with concentration-dependent
discomfort, lachrymation, sneezing, coughing, nausea, dyspnoea
and finally death.** Air pollutants accidents and negative
effects on human health may be caused when it leaks out
accidentally or by mistake, thus, measurement and control of
formaldehyde gas emissions are becoming more and more
important.
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Fig. 3 (a) Responses of pristine TiO, NFs, CuO NCs and CuO/TiO, HNFs
versus operating temperature to 50 ppm of formaldehyde; (b) response of
the CuO/TiO, HNFs-based sensor to formaldehyde, ethanol, ammonia,
acetone, and toluene as a function of operating temperature; (c) response
of the CuO/TiO, HNFs versus to formaldehyde and ethanol
concentrations at 200 and 300 °C, respectively; (d) response of pristine
TiO, NFs, CuO NCs and CuO/TiO, HNFs versus 50 ppm of various gas
vapours at 200 and 300 °C, respectively.

Working temperature is one of the key factors to a successful
gas sensor, the lower the working temperature is, the less power
consumption will the sensors take, which also makes the devices
last longer and more stable.”® But some of sensing materials
originated from metal dioxide semiconducting materials must
sacrifice their working temperature return for Dbetter
performance in response and response speed. Fig. 3(a) displays
the sensing response curve of three sensors to 50 ppm
formaldehyde (HCHO) versus the different working temperature
ranging from 120 to 360 °C. The results show that as working
temperature increases, the response curve of the three sensors
shows “parabola” shape and maximum response values of
pristine TiO, NFs, CuO NCs and CuO/TiO, HNFs are appeared
at 340, 180 and 200 °C, respectively. The sensor based on TiO,
NFs shows no response to formaldehyde under 280 °C, even at its
optimum operating temperature of 340 °C, the response of the
TiO, NFs is only 2.4. The sensor based on CuO NCs got the
lowest working temperature at 180 °C with the maximum
response of 4.6. Notly, the maximum response of CuO/TiO,
HNFs made sensor is 15.5, which is about 6.5 and 3.4 times
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enhancement than the other two.

Furthermore, the relationship between response and operating
temperature of the CuO/TiO, HNFs-based sensor to 50 ppm of
formaldehyde, ethanol, ammonia, acetone, and toluene gases are
as shown in Fig. 3(b). It shows that the response of the CuO/TiO,
HNFs-based sensor to formaldehyde is higher than any other
target gases when the operating temperature was set at 200 °C.
Moreover, the maximum responses of the sensor at different
working temperatures to other target gases are recorded. At
300 °C, the CuO/TiO, HNFs-based sensor is found to reach the
maximum response of 11.1 to ethanol, which exhibits an
enhanced response in comparison with other gases. Interestingly,
as the operating temperature was below 275 °C, the sensor based
on CuO/TiO, HNFs is selective to formaldehyde, while the
operating temperature was in the range of 275 to 340 °C, ethanol
responses further increase. This feature is potentially
advantageous to improve the selectivity of a gas sensor.

The sensing properties of the CuO/TiO, HNFs-based sensors to
different concentration formaldehyde and ethanol were also
investigated (Fig. 3(c) and Fig. S2). It can be seen (Fig. 3(c)) that
the response values of the sensors gradually increases as the
formaldehyde and ethanol concentration increases. It is worth
noting that the CuO/TiO, HNFs sensor shows an obvious
response even to formaldehyde and ethanol concentration as low
as 5 ppm (Fig. S2).

Moreover, the response speed of CuO NCs functionalized TiO,
NFs sensor is also dramatically increased. The response time
of CuO/TiO, HNFs upon exposure to 10 ppm
formaldehyde and ethanol are 1.4, and 1.0 s, respectively (Fig.
S3), which are the relatively well performance of all related
literature (Table 1, in the Supplementary Information section).
The CuO/TiO, HNFs-based sensor makes a great improvement in
response and response/recovery time which attribute to the
decoration of CuO NCs. In order to demonstrate the potential use
of heterostructures in high response and selective gas sensing, we
measured the gas responses (HCHO, C,HsOH, NH; C;Hg, and
Cg¢Hg) of the three sensors. Fig. 3(d) depicts the response
histogram of the three sensors at 300 (the inset of Fig. 3(d)) and
200 °C to 50 ppm of target gases. The results indicate that the
CuO/TiO, HNFs sensor exhibits much more response to HCHO
and lesser effects to C,HsOH, NH;, C;Hg, and C¢Hg at 200 °C.
Interestingly, when the operating temperature was set to 300 °C,
the CuO/TiO, HNFs sensor showed obvious response for
C,HsOH than that of other gases; implying that the enhancing
effect of CuO NCs for gas detection is notable at 200 °C.

Sensor that based on CuO/TiO, HNFs showed excellent
sensing performance compare with the pristine ones. The

values

enhancement of the sensing properties can not only owe to the
unique quesi-1D heterofibers with hierarchical nanostructures,
which can offer plenty of active sites and space for adsorption
and reaction between target gases and adsorbed oxygen ions,”’
but also attribute to the p-n junctions that formed in consequence
of the synergic electronic interaction between n-type TiO, NFs
and p-type CuO NCs. In dry air, for pristine TiO, NFs, only one
layer oxygen adsorbates (O” or O*') were formed on the surface of
TiO,.*® When exposed to target gases, for instance, the
formaldehyde molecules will react with the oxygen species on the
surface of the TiO, NFs, as a result the electrons trapped by the

This journal is © The Royal Society of Chemistry [year]
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oxygen adsorbates was then released and rejoined the conduction
band. This process explained the increasement of conductivity,
and the procedure is depicted in Fig. 4(a) present.”

For CuO-modified TiO, NFs sensor, by the assistance of CuO,
s oxygen molecules can be more easily adsorbed on the surface of
TiO, nanofibers. Because most p-type oxide semiconductors such
as NiO, CuO, Cr,0;, Co30,4, and Mn;0O,4 have been extensively
used as good catalysts **** to promote oxygen dissociation. Thus,
adsorbed oxygen can diffuse faster to surface vacancies and
10 capture electrons from the conduction band of TiO, nanofibers to
become oxygen ions. This process not only make a huge increase
in the number of adsorbed oxygen but also accelerated the
conversion progress between molecule and ion, ** as a result, the
electron depletion of TiO, NFs become greater (Fig. 4(b)). Above
15 all, the CuO-modified TiO, NFs sensor exhibits remarkably
improvement in gas sensing ability in comparison with the single
component sensor.

Depleted layer

\e¥
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e

Fig. 4 Schematic diagrams on the gas sensing mechanism of (a) TiO, NF
20 and (b) CuO/TiO, NF-based sensors.

In summary, a simple two-step method was successfully
promoted to synthesize a novel CuO nanocubes-modified TiO,
HNFs. This method was combination of electrospinning and
hydrothermal process. The as-prepared sample consists of CuO
25 NCs with a uniform diameter and TiO, NFs with diameter about
200 nm. The CuO/TiO, HNFs sensor shows high response, low
limit of detection and fast response and recovery towards
formaldehyde at the operating temperature of 200 °C. Importantly,
at 300 °C, the sensor has high response to ethanol. It can be
30 concluded that the CuO/TiO, HNFs could exhibit excellent
response and selectivity to both formaldehyde and ethanol, only
by adjusting the operating temperature, and compared with the
individual components, these fantastic heterostructure show a
good wealth of outstanding properties that enable them broad
35 applications in catalysis, sensors, Li-ion batteries, micro reactors,
biome dicines, and many others.
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