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A novel composite based on a-Bi;M030;,/Coz0,4 nanotube-decorated particles was successfully
synthesized using a highly efficient and facile two step system using electrospinning and hydrothermal
techniques. The small size CozO4 nanoparticles were uniformly and hydrothermally developed on the
electrospun a-Bi;Mo3z0;, nanotubes. The pure a-Bi,MozO;, nanofibers and composite based on a-
BioM0301,/Co3s04 were examined using X-ray powder diffraction (XRD), scanning electron microscopy
(SEM), energy-dispersive X-ray spectroscopy (EDX), transmission electron microscopy (TEM), high
resolution transmission electron microscopy (HRTEM), X-ray photoelectron spectroscopy (XPS) and
Brunauer—Emmett-Teller (BET) analyses. From the BET measurements, the composite based on -
Bi,M0301,/Co3s0, exhibits a large specific surface area of 54 m? g~ with mesopore diameter ranges of
2-10 nm, which is mainly attributed to the remarkable and dominant enhancement in gas sensing as
compared to that of the pure a-Bi;MosO;, nanofibers (38 m? g~ and CosO,4 nanoparticles (32 m? g™),
respectively. In this work, the novel composite based on a-Bi,M030,,/Co304 presented a high sensitivity
of 30.25 with a quick response/recovery speed towards 100 ppm ethanol at an optimal working
temperature of 170 °C, as compared to the pure a-Bi,MosO;, nanofibers and CosO4 nanoparticles,
which display a sensitivity of 13.10 and 2.99 at an optimal working temperature of 220 °C and 280 °C.
The sensing performance of the composite based on the a-Bi,M0301,/Co30,4 sensor exhibits a superior

sensing performance towards ethanol, which might be owed to the enormous number of superficial
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formed between the n-type ao-BiM0zO;, and p-type CozO, leading to a high charge carrier
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rsc.li/rsc-advances the gas sensing era, which might be of vital importance in applications in the advanced gas sensing field.

a long time to prepare, while others make use of complex
equipment and a few reportedly have a low precision.

1 Introduction

A heavy presence of ethanol vapor in the atmosphere might
pose serious health effects, such as headaches, lung edema,
nausea, liver and kidney problems, eye irritation, problems with
breathing and the central nervous system.“* Therefore, the
investigation of various toxic gases has become an important
aspect of life for the protection of human health from different
diseases, which gives us a dominant interest in preparing and
designing novel friendly and low-cost sensing materials. Over
the last few decades, several sensing materials have been
observed and promising approaches have been employed to
develop superior gas sensors.>* However, some of them take
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Metal oxide semiconductors (MOS) have shown significant
applications in interface materials, being systemically
employed for the exposure of various hazardous gases with
a low cost and reduced energy consumption.>® The most
common functional configuration of MOS-based gas sensor
devices comprises chemo-resistors and field-effect transistors
(FETs)." Recently, one-dimensional metal oxide nanostructures
have gained further attention owing to their unique physio-
chemical properties, wide band gap, interesting surface chem-
istry and high surface to volume ratio, as well as their optical
and electrical properties. Over the last couple of years, various
kinds of metal oxide sensors such as ZnO,*" In,03,"”> M0QOj3,">**
Co30, (ref. 15 and 16) and CeO, (ref. 17) have been successfully
fabricated and investigated. Compared to these binary oxides,
multicomponent oxides have shown some interesting results,
manifesting a greater freedom to tune the physio-chemical
properties of the nanomaterials by changing the composi-
tions, which can be tailored to be more appropriate as a gas
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sensing material.’® Also, some ternary oxide-based bismuth-
semiconductors, such as BiVO,, Bi,MOs (M = Mo, W), BiOX
(X = Br, Cl, I),"*° have been demonstrated to show magnificent
behavior for gas sensing applications. One such interesting case
is the bismuth-based semiconductors, Bi,M03;0;, (bismuth
molybdates) which possesses three crystallographic phases; o-
Bi,M0304,, B-Bi;M0,0,, and y-Bi,M00¢.>*>* Among these, the
alpha bismuth molybdates (2-Bi,M030;,) show a particularly
selective oxidizing capability, leading to their extensive use in
the field of ionic conductors,*® optics,”” photoconductors®® and
for gas sensing.” Moreover, bismuth molybdates are an
important class of semiconducting materials that have the
general chemical formula Bi,O; nM00O3;, in which n = 1-3. The
tertiary oxide based a-Bi,Mo03;0;, materials behave as n-type
semiconductors with band gap ranges of about 2.5-2.9 eV.
Accordingly, they possess three phases (o, B, and ), such as a-
Bi,M030;,, B-Bi;M0,04 and y-Bi,M0Os. The specific reason for
this is their highly oxygen-deficient fluorite structure (Mo atoms
in (Mo0,)*” and vacancies with Bi sites) which facilitate
possible chemical reactions. The vacancies are in an ordered
arrangement with Bi channels and three different Mo sites.
Each of them that are coordinated with five O atoms favor the
chemical reaction. Bismuth molybdates are potential candi-
dates for ethanol-based gas sensors owing to their interesting
characteristics such as their narrow bandgaps, systemized
structures and the availability of fast-moving charge carriers,
which significantly enhances their gas sensing performance.***
Although @-Bi,M03;0,, depicts a monoclinic structure with
various oxygen orderings vis-a-vis the configuration of bismuth
atoms (like the possible distribution of oxygen atoms at each
bismuth site), leading to the fast mobility of the active lattice
oxide ions and a significant re-oxidation ability.** Co;0, is a p-
type semiconductor with a narrow band gap energy range of
1.6-2.2 eV, which exists in the mixed valence oxides of CoO and
Co,0; with a huge oxygen content and finds its applications in
various potential materials such as energy storage,* catalysis,*
electrochemistry,® and in the field of gas sensors.** One
important advantage of Co;0, nanoparticles is the sensitivity of
the electric properties to adsorption on the surface species,
which optimizes and enhances the sensing performance.’”**

Ternary metal oxides exhibit a greater sensitivity in
comparison to binary metal oxides, which have an inadequate
exposed area and reduced electron transportation.’*® One of the
significant and impressive approaches is to combine the
different physio-chemical characteristics of metal oxides into
a single system. Thus, our approach can be classified as the
fabrication of a composite based on n/p-type metal oxide het-
erostructures.’®*' Moreover, fabrication of a composite based
on the formation of heterostructures is a productive way to
promote and enhance the gas-sensing performance.

Herein, we report a novel composite sensor based on a-
Bi,Mo030,,/C030, nanotube-decorated particles fabricated
using a facile, highly efficient, scalable two step system via
electrospinning and hydrothermal techniques in order to
compare and determine the gas sensitivity features towards
various hazardous gases, such as ethanol, acetone, methanol,
xylene, toluene, benzene and ammonia. Our detailed findings,
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including the crystal structure, morphological investigations,
elemental composition, surface area and gas sensitivity features
of the novel composite based on a-Bi;,M03;0;,/C0;0, nanotube-
decorated particles, are comprehensively discussed below.

2 Experimental setup
2.1 Preparation of the electrospun o-Bi,M0;0;, nanofibers

The alpha bismuth molybdates (a-Bi,M0;0;,) were prepared
using a facile electrospun technique followed by a calcination
process. During the synthesis process, we first prepared
a homogenous solution-A comprising 1.64 mM Bi(NOj3);-5H,0,
0.82 mM of sodium molybdates (Na,MoO,-2H,0) dissolved in
10 ml of 2-methoxyethanol and 0.5 ml ethanolamine (for pH
balancing) and subsequently stirred the mixture for at least 2 h.
Then, solution-B was prepared using 10.79 mM of PVP (poly-
vinylpyrrolidone) with a molecular weight (MW) of 130 000,
11 ml N,N dimethyl formamide (DMF) and 11 ml ethanol under
continuous stirring for 1 h to form a translucent gel solution.
Finally, solution-A was added drop-wise to solution-B under
continuous stirring to obtain a homogeneous «-Bi;M03;0,,
precursor solution for the electrospinning process. Before
commencing the electrospinning technique, the gel solution
was stored overnight to release the gas bubbles from the
precursor solution. Afterwards, the translucent gel solution was
loaded into a syringe containing a needle which was made of
stainless steel and connected to a high voltage with a range of
up to 30 kV. The nanofibers were collected on a flat panel
display which had been sealed with aluminum foil. The
distance between the needle (anode) and collector (cathode)
was maintained at 20 cm with a feeding rate of 0.08 mm min "
by applying a 15 kV high voltage. Finally, the electrospun PVP a-
Bi,Mo0;0;, nanofibers were calcined at 500 °C for 2 h in air to
obtain pure a-Bi,M0;0;, nanofibers.

2.2 Synthesis of the Co;0, nanoparticles

In the hydrothermal method, 3 mM CoCl,-6H,0 salt and 1 mM
Na,S0,-10H,0 were mixed in 20 ml distilled water in a 100 ml
beaker. Then, 10 ml of ethylene glycol was added dropwise to
the mixture solution. The mixture solution was then transferred
into a 40 ml Teflon lined autoclave, which was wrapped and
incubated at 95 °C for 6 h. Finally, the autoclave was cooled
down naturally and the obtained products were collected after
centrifugation by washing with ethanol and distilled water to
remove the unwanted soluble ions. The obtained product was
then dried out in the oven at 70 °C and then calcined at 500 °C

for 2 h in air with a heating rate of 2.0 °C min™".

2.3 Hydrothermal growth of Co;0, nanoparticles decorated
onto a-Bi,M0;0,, fibers

The composite based on a-Bi;M03;0,,/C030, porous nanotubes
decorated with particles was fabricated using a hydrothermal
route followed by a calcination process. A quantity of 3.53 mM
of CoCl,-6H,0 was dissolved in 20 ml of deionized water and
0.07 ml of ammonia was added dropwise, followed by contin-
uous stirring for at least 30 min. Next, 0.3 g of the as-prepared a-
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Fig. 1 Fabrication and synthesis strategy for the composites based on a-Bi,M0z01,/Co304 nanotube-decorated particles.

Bi,Mo030,, nanofibers were dipped into the above mentioned
solution. The obtained solution was then put in a Teflon-lined
autoclave with a volume of 50 ml. The Teflon-lined autoclave
was wrapped and incubated at 95 °C for 6 h and cooled down to
room temperature. Then, the product was centrifuged and then
washed several times using deionized water and absolute
ethanol in order to remove the unwanted soluble ions. Finally,
the product was calcined in a muffle furnace at 500 °C for 2 h.
The graphic representation of the novel two-step fabrication
system is shown in Fig. 1.

2.4 Characterization

The fabrication of the as-prepared sample, pristine sample and
the composite based on a-Bi,M03;0,,/C030, were examined
using various characterization techniques. The X-ray diffraction
patterns were scanned using an Empyrean 200895 model pro-
equipped with a copper Ka radiation source in the 26 range of
10-80°. Scanning electron microscopy (SEM) photographs and
energy-dispersive X-ray spectroscopy (EDX) analysis were per-
formed on a Hitachi S-4800 attached to a spectroscopic system.
Transmission electron microscopy (TEM) photographs were
taken on a model JEOL, JEM-1010 to examine the size and
structural morphologies of the as-fabricated samples. The X-ray
photoelectron spectroscopy (XPS) analysis was obtained on an
analytical AXIS SUPRA model by using a Mg Ko X-ray radiation
source. The Brunauer-Emmett-Teller (BET) technique with
a model Autosorb-IQ2-MP was used to examine the superficial
area and porosity of all the prepared samples.

21942 | RSC Adv, 2020, 10, 21940-21953

2.5 Volatile organic compounds gas-sensing measurement

Exhaustive gas sensor fabrication and measurements have
already been thoroughly discussed in our earlier research
work.”* The gas sensor was made of a dense film developed
from the powder suspension of the as-prepared sample of pure a-
Bi,Mo030;, nanofibers, Coz;O, nanoparticles and a composite
based on «-Bi,M030,,/C030, nanotube-decorated particles. The
pure and composite based samples were prepared in different
beakers using ethanol and the samples were ultra-sonicated into
a slurry. Afterwards, the sample was pasted onto the ceramic
substrate using a brush to produce a thick film between the Au
electrodes on the alumina ceramic substrate. The thickness of
the as-fabricated sensor was about 20-30 pm, the diameter of the
ceramic substrate was 1.2 mm and the distance between the two
parallel electrodes was about 6 mm. It is important to mention
that the gas sensing measurements were examined using an
intelligent gas system (CGS-ITP, Beijing Elite Tech Co, Ltd,
China) in our research group. The saturated target gas was
injected into the test chamber by using a micro-injector via
a plug. Hence, we demonstrated that the sensor sensitivity and
resistivity response has been investigated using the system
during real time. The gas sensing system offers an excellent
operating temperature from (27-500 °C), which adjusts the
sensing temperature with a precession of 1 °C using the relative
humidity, 45% of the system is controlled by a dehumidifier. The
real time sensitivity/resistivity response (S,) in air (R,) and the
target gas (R,) were obtained and analyzed using the system for
different toxic gases.

This journal is © The Royal Society of Chemistry 2020
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3 Results and discussion

3.1 Crystal structure, compositional and morphological
characteristics

The crystal structure and surface compositional properties of
the as-prepared pure a-Bi,M030;, nanofibers, Co;0,; nano-
particles and the composite based on a-Bi;M03;0;,/C030,
samples were explored using X-ray powder diffraction (XRD),
SEM, TEM, EDX, XPS and BET investigation. The nanofibers
obtained through the electrospinning techniques were turned
into pure a-Bi,M03;0;, nanofibers after calcination at 500 °C in
air. The XRD diffraction patterns of the as-prepared pure o-
Bi,Mo030;, nanofibers revealed that all of the diffraction peaks
correspond to a-Bi,Mo0;0;, with a monoclinic crystal structure,
as displayed in Fig. 2a. From the XRD diffraction pattern it can
be observed that all the d-line spacing was well matched in
accordance with the standard (JCPDS # 21-0103). The XRD
scattering angles at 24.78°, 28.49°, 31.03°, 32.38°, 33.65°, 33.95°,
46.81°, 47.25°, 48.92°, 53.34°, 55.07°, 56.55°, 57.59° and 59.09°
correspond to the (102), (032), (040), (133), (140), (221), (152),
(250), (161), (352), (431), (071), (154) and (171) crystal planes
(hkl) respectively, indicating the monoclinic phase of o-
Bi,M030;,. No extra peaks were observed in the «-Bi;M030,,
obtained using the electrospun technique, which confirms the
purity of the material. The XRD diffraction patterns of the as-
prepared pure CozO, nanoparticles reveals that all the diffrac-
tion peaks correspond to Co;zO4 with a cubic crystal structure,
the peak characteristics are observed at 31.27°, 36.84°, 38.54°,
44.80°, 55.65°, 59.35° and 65.23° corresponding to the planes
(220), (311), (222), (400), (422), (511), and (440) respectively, as
shown in Fig. 2c. All of the observed planes are in excellent
agreement with the standard (JCPDS # 43-1003). We employed
a hydrothermal process to grow Coz;O, nanoparticles on the
surface of the electrospun o-Bi,M0;0;, nanofibers and the
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diffraction pattern of the as-produced composite based on a-
Bi,M030,,/C030, samples are shown in Fig. 2b. All of the XRD
peaks observed in the composites based on a-Bi;M030,,/C030,
were in good agreement with the standard crystallographic
patterns of the monoclinic phase of a-Bi,M0;0;, (JCPDS # 21-
0103) and the weaker Coz0, diffraction peaks correspond well
with the cubic phase of Co;0, (JCPDS Card No. 43-1003). The
XRD scattering angles at 36.84° and 44.80° correspond to the
(311) and (400) crystal planes (hkl) respectively, presenting the
cubic structure of Coz0,. From the composite sample, we have
observed that both materials were profound in their crystalline
forms. With the addition of the Co content, the intensity of the
diffraction peaks decreases and becomes broad with a clear
phase separation in the o-Bi;M030;,/C0;0, composites as
compared to that of the pure «-Bi,Mo030,, sample, which results
in reduction of the crystallite size. According to Scherrer's
equation (D = kA/B cos ), the average crystallite sizes of the
pure o-Bi,M0;0;, nanofibers, Co;O, nanoparticles and
composite based on the «o-Bi,M0;0;,/C03;0, nanotube-
decorated particles observed using XRD are approximately 36
4+ 4 nm, 35 + 6 nm and 32 + 5 nm. These facts reveal that ions
can be isolated at the junction and the microstrain established
in the composites is based on the a-Bi,M030,,/C030, nanotube-
decorated particles with a reduction in the particle size.*®

The SEM photographs of the pure a-Bi,M0;0,, nanofibers
exhibit ultralong fibers having a smooth surface with random
alignment, as shown in Fig. 3a. The average length and diam-
eter of the pure a-Bi,M0;0;, nanofibers were found to be 0.5-
0.6 um and 80-260 nm using Image] software, as shown in
Fig. 3a respectively. The SEM photograph of the composite a-
Bi,M030,,/C03;0, materials shows that the morphology of the
fibers changes into nanotubes that show a random alignment
with the deposition of the Co;0, nanoparticles as outgrowth
after the hydrothermal treatment, as shown in Fig. 3b and c.
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Fig. 2 XRD pattern of (a) a-Bi;M0o301, nanofibers (red), (b) composite based on a-Bi,M030,,/Co3z04 heterostructure (pink), and (c) CozO4

nanoparticles (blue).
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(a) SEM image of pure a-Bi;Mo301, nanofibers. (b) and (c) SEM images of high and low magnification a.-Bi,M030,,/Cos04 composites. (d)

and (e) TEM photographs of high and low magnification of a-Bi,M030,/C0304 composites. (f)f HRTEM photograph of a-BizM0301,/C0o304

composites.

TEM analysis was carried out and is shown in Fig. 3d and e,
which further clarifies that the composite materials present
a nanotube morphology of a-Bi,M0;0;, with the deposition of
the Co;0, nanoparticles as outgrowth. The composite based on
the a-Bi,M03;0;,/C03;0, nanotube-decorated particles retains
the average length of pure «-Bi,M0;0;, nanofibers, but the
thickness of the fibers increases after hydrothermal treatment.**
In addition, the SEM average particle size of the Co;0, nano-
particles decorated on the composite based on «-Bi;,M030,,/
Co30, were investigated at ~25 £ 5.25 nm, which is compara-
tively larger compared to the TEM average particle size ~17.88 £
3.34 nm in which an average of 50 particles were detected across
the diameter of a nanotube using Image]J software. The average
particle size observed from the SEM and TEM specimen
demonstrated that the result was approximately within the

21944 | RSC Adv, 2020, 10, 21940-21953

range and was similar to those crystallite sizes calculated using
Scherrer's equation. The SEM images of the pure Co;O4 nano-
particles prepared using the hydrothermal method are shown in
Fig. S1.7 Moreover, the photograph in Fig. 3f shows the HRTEM
analysis with a lattice spacing of (0.159 nm), (0.257 nm) and
(0.205 nm) is well matched with the lattice planes (032), (152)
and (311) of the XRD, as revealed in Fig. 2. The presence of the
Bi, Mo, O and CO signals in the composition was analyzed using
the EDX spectrum as depicted in Fig. S2.7 The oxygen peak
signal observed in the composite based sample during the
analysis of the EDX spectrum shows the existence of an oxide
like phase of @-Bi,M03;0;,. The EDX spectrum of the composite
based on o-Bi,M030;,/C03;0, nanotube-decorated particles
shows the spatial spreading of the Bi, Mo, O and CO signals in
the fabricated heterostructures.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 (a) XPS full spectrum of the a-Bi,M030,,/Cos04 composite. (b) Bi
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The chemical composition analysis and valence states of
the composite based sample a-Bi,M030,,/C030, nanotube-
decorated particles were examined using XPS as shown in
Fig. 4. The XPS full spectrum also demonstrates that the
fabricated sample composed of Bi, Mo, Co and O elements
gives confirmation of the purity of the product, as shown in
Fig. 4a. The two strong signals for Bi 4fs, and Bi 4f,, were
observed in the Bi 4f spectra in the range of 164.7 and 159.5 eV
respectively, as depicted in Fig. 4b, which gives confirmation
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of the Bi** ions. The peaks for Mo 3d3,, and 3ds,, were detected
at 235.8 and 232.7 eV, as shown in Fig. 4c. The signal per-
taining to the binding energy of the fabricated sample was
investigated, indicating that Mo 4" was formed at the expense
of Mo 6" during the reduction of MoOy3, although it has been
observed that 75% of the total molybdenum was present as Mo
4" and the other remaining 25% was Mo 6'. Therefore, from
Fig. 4b and c for Bi 4f and Mo 3d, a slight shift has been
observed in the composite based sample after the decoration
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(a) Nitrogen adsorption—desorption isotherms of pure a.-Bi,M0301, nanofibers and the composite of a-Bi,M0301,/Coz04, the inset figure

shows the pure CozO,4 nanoparticles. (b) The corresponding adsorption—desorption pore-size distribution curves of the pure a-Bi;M0ozO;,
nanofibers and the composite based on a-Bi,M030,,/Co30,4 nanotube-decorated particles, the inset figure shows the pore-size distribution

curves of the pure CozO4 nanoparticles.

This journal is © The Royal Society of Chemistry 2020
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of Co3;0, nanoparticles on the porous nanotubes. This slight
shift in the binding energy (BE) between the pure and
composite based Bi 4f and Mo 3d guarantees some electronic
interaction between the o-Bi,Mo03;0,, nanofibers and Co;0,
nanoparticles. Furthermore, the binding energy peaks of Co
2p were detected at 796.91 and 779.91 eV and assigned as Co
2p1/» and Co 2ps,, while its satellite peaks were also identified
at 804.46 and 790.64 eV respectively, as examined in Fig. 4d.
Moreover, the XPS spectrum of the O 1s binding energy peaks
for the bare and composite based samples indicate that three
peaks were assigned as the lattice oxygen (Oy), vacant oxygen
(Oy) and chemisorbed oxygen (O.) located at 529.79 and
529.84 eV, 530.88 and 531.20 eV and 532.42 and 532.55 eV
respectively.

N, adsorption-desorption analysis was performed using the
BET technique for further examination of the specific surface
area and pore size distribution of the pristine Co;0, nano-
particles, pure a-Bi,M0;0;, nanofibers and the composite based
on o-Bi;M0;0;,/C0;0, nanotube-decorated particles, as shown
in Fig. 5a and b. Fig. 5a shows the N, adsorption-desorption
isotherms of pure and composite based samples, which indicates
that the curves of all the samples exhibit IV-type adsorption
isotherms having a Hj-type hysteresis loop at various ranges of
relative pressure. From the BET measurement, the composite
based on a-Bi,M0;0;,/C0;0, exhibits a large specific surface area
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of 54 m* ¢~ ! with mesopore diameter ranges of 2-10 nm, which
are mainly attributed to the remarkable and dominant
enhancement in gas sensing as compared to that of the pure a-
Bi,M0;0;, nanofibers (38 m> g ') and Co;0, nanoparticles
(32 m? g "), respectively. From Fig. 5b, it can be seen using the
Barrett-Joyner-Halenda (BJH) technique that the pore size
distribution curves of the pure and composite based samples
indicate mesoporous size distributions. The spreading of the
pore diameter of the composite based on a-Bi,M03;0,,/C030; is
more concentrated with a large number of mesopores (average
peak pore at ca. 2-10 nm) and a small number of large mesopores
and macropores. The large specific surface area of the composite
based on a-Bi;M030,,/C0;0, nanotube-decorated particles,
which has a mesoporous nature, could offer an excellent charge
carrier concentration, and superior and ultrafast gas diffusion,
which leads to the enhancement of the gas sensing performance.

3.2 VOC gas-sensing properties

The fabricated sensors of the pristine a-Bi,M0;0;, nanofibers,
Co30,4 nanoparticles and the composite based on a-Bi,M030,/
Co30, nanotube-decorated particles have been studied. We
investigated the gas sensitivity performance of the as-prepared
sensors towards different toxic gases. The as-synthesized pure
and composite based sensors towards ethanol, acetone, meth-
anol, xylene, toluene, benzene and ammonia were examined. If

b N Co,0,
a—Bi,Mo,O,,
B «Bi,Mo,0,,/Co,O,

Ethanol Acetone Methanol Xylene Toulune Benzene Ammonia

d —e— Co,0,

¢} 100 200 300
Concentration (ppm)

T T
400 500

(a) Response of pure a-Bi,MozO;, nanofibers and the a-Bi,Mo0:01,/Cos04 composite towards 100 ppm ethanol at various operating

temperatures. (b) Gas responses of pure CozO4 nanoparticles, a.-Bi,Moz0O1, nanofibers and composites based on a-Bi,Mo30,,/Co3z04 sensors to
100 ppm of various target gases at an optimal temperature of 170 °C. (c) Real-time sensing-response curves of the sensors based on pure CozO4
nanoparticles, a.-Bi,Moz0O1, nanofibers and the a.-Bi,Mo30,,/Co3z0, composite to various ethanol concentrations at 170 °C. (d) Gas-responses
of pure and composite based sensors as a function of various concentrations of ethanol.
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the target gas was injected into the as-prepared sensors, the
electrical resistance of the fabricated sensors sharply increases
and then abruptly decreases after removing the target gas to
attain its original value. Semiconductor gas sensors are not
selective enough to expose a single chemical species in
a gaseous mixture and also the sensor response in most cases is
influenced by changes in the ambient humidity and tempera-
ture. The dynamic response of the single sensor analyses with
ambient temperature is one of the best solutions. The infor-
mation regarding the dynamic response, which includes diverse
characteristics for various gases owing to temperature fluctua-
tions, improved the selectivity of the metal oxide sensor.
Compared with the signal response under an ambient temper-
ature, the dynamic response reflects numerous chemical reac-
tions at various temperatures and provides excellent diversity of
features for a higher classification.*>*®

First of all, the operational temperature is the main factor that
influences the dynamic gas sensing performance of the as-
prepared pure and composite based sensors. The pure and
composite based as-prepared sensor responses were tested for
ethanol for the heating temperature range of 110-350 °C to select
the optimal working temperature as illustrated in Fig. 6a.
Apparently, the volcano-shape connection between the sensing
response and the temperature was exposed for all of the samples
and the best operating temperature for the sensors based on the
composite a-Bi;M03;0;,/C0o3;0,4 nanotube-decorated particles was
170 °C, while the best operative temperatures for the sensors
based on pure o-Bi,M0;0;, nanofibers and pristine Co;0,
nanoparticles were 220 °C and 280 °C. If we raise the temperature
from 110 °C to 170 °C, it demonstrates a high gas sensing
response, an enhancement in the conductivity/resistivity and
a speedy recovery at an optimal temperature of 170 °C, while for
an increasing temperature, it shows a decreasing trend in the
response and recovery. The decreasing trend for the temperature
of the composite based on the a-Bi,M030;,/C0o;0, nanotube-
decorated particles may be ascribed to the greater amount of
energy needed during the reaction with ethanol vapors to over-
come the potential barrier between the p/n type heterostructure.
Therefore, the reaction on the surface of the composite material
could be decreased, because the reaction between the ethanol
and the adsorbed oxygen species does not have sufficient energy
to accelerate the electron during the low working operating
temperature. While higher operating temperatures reduce the
adsorbed oxygen species (O*~, O~, 0,7) and give a limited gas
response towards ethanol molecules.”” In the meantime, the
sensitivity was significantly enhanced by introducing Cos0,
nanoparticles into the a-Bi;M030;, nanofibers. The sensitivity
responses of the sensors based on the pristine Co;0, nano-
particles, pure a-Bi,M03;0;, nanofibers and the composite based
on 0-Bi,M03;0,,/Co;0, nanotube-decorated particles towards
100 ppm ethanol at 170 °C were 2.99, 13.10 and 30.25, respec-
tively. The result revealed that the sensor based on the a-
Bi,Mo030;,/C030,4 nanotube-decorated particles offered an excel-
lent response towards 100 ppm ethanol and the value was about
2.5 times superior to that of the pure «-Bi,M0;0;, nanofibers,
and it was 10 times greater than the Co;0, nanoparticles, which

This journal is © The Royal Society of Chemistry 2020
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could be ascribed to the small-size catalytic effect of the Coz0,
nanoparticles decorating the porous nanotubes.

The good selectivity of the semiconductor-oxide sensors is
also an important parameter, which is the ability of the sensor
to respond to a specific gas in the presence of other gases.
Accordingly, the sensing selectivity performance of the sensors
based on the pristine Co;0, nanoparticles, pure o-Bi,M03;0;,
nanofibers and the composite based on @-Bi;M030,,/C030,
nanotube-decorated particles were exposed to 100 ppm of
various toxic gases such as ethanol, acetone, methanol, xylene,
toluene, benzene and ammonia at 170 °C, as depicted in Fig. 6.
The sensor based on «-Bi,M03;0,,/Co;0, nanotube-decorated
particles presents a superior response to all of the tested
gases compared to that of the pure a-Bi,M03;0;, nanofibers and
Co30, nanoparticles, as shown in Fig. 6b. Similarly, the
response of all of the as-prepared sensors to ethanol was
excellent compared to other test gases. As reported, the best
sensitivity and selectivity might be ascribed to various adsorp-
tion capacities, reducibility and working temperatures for the
different testing gases on the surface of the sensing material.*®
The low sensitivity of the sensors towards acetone gas as
compared to ethanol gas could be possible owing to the reduced
reactivity of acetone with the anion oxygen on the surface of the
as-prepared sensors at the working temperature of 170 °C.
Although the low sensitivity of the sensors towards toluene,
xylene, benzene and ammonia gas could be due to large
molecular sizes which can cause difficulties for molecules
entering and diffusing into the surface of the as-prepared
sensors resulting in less chance for these to react with the
anion oxygen on the surface of the sensors.*” For a certain
sensing material, various gases have different optimal working
temperatures.> Therefore, the highest sensitivity for different
gases varies at the same temperature. It was shown that the
sensor has a good anti-interference property. It was also
demonstrated here that ammonia has a minimal interference
with the detection of other gases, which has been a tough task
using conventional n/p-type oxide semiconductor gas sensors.
The maximum sensitivity and selectivity of the sensor based on
the a-Bi,M03;0,,/C030, composites for ethanol detection can be
explained by the high adsorption capacity and reactivity with
the anion oxygen to that of the other target gases at a tempera-
ture of 170 °C. Moreover, the formation of a p/n junction and
the small-size catalytic effect of Co;0, provide further active
sites to adsorb a large amount of ionic oxygen species on the
surface of the o-Bi,M03;0;,/C030, composites and facilitate
further electron ejections during the redox reaction between the
ethanol molecules and the ionic oxygen species, which reflects
its sensing selectivity.

We studied the real time sensitivity response of the sensor
based on pristine Co;O, nanoparticles, the pure o-Bi,M030;,
nanofibers and the composite based on @-Bi;M030,,/C030,
nanotube-decorated particles at a working temperature of
170 °C against an ethanol concentration range of 1-500 ppm as
depicted in Fig. 6¢. It has been perceived that the response was
enhanced by the increase in the ethanol concentration from 1 to
500 ppm for all of the sensors and the progress gradually fell
with the rise of ethanol to 500 ppm. Among the as-prepared
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sensors, the response of the composite sensor based on the a-
Bi,M030,,/C030, nanotube-decorated particles was obviously
superior as compared to the other sensors towards the different
ethanol concentrations tested, as revealed in Fig. 6d. Further-
more, we observed that the response of the sensor based on the
Bi,M030,,/Co30, composites did not tend to saturate gradually
if the ethanol concentration was raised to 500 ppm, even though
the higher sensing response fell down with further raising of the
ethanol concentration.

In addition, we observed that the sensor based on the -
Bi,M030,,/Co30, composite shows a much superior response
to ethanol concentrations as compared to that of the pure Co;0,
nanoparticles and a-Bi,M0;0;, nanofibers. This result can be
seen from the plot in Fig. 6d. The result demonstrates that all
sensors show superior response/recovery features towards
ethanol concentrations ranging from 1-500 ppm. The response/
recovery features of all of the as-prepared sensors at 170 °C
towards 100 ppm ethanol concentration are depicted in
Fig. S3a-c.t We observed that the response/recovery speeds of
the composite based sensor were recorded at 34 s and 26 s,
whereas for the pure a-Bi,M03;0;, nanofibers and the Coz;0,
nanoparticle sensor, it was recorded at 71 s and 64 s and 93 s
and 85 s respectively, at an optimal temperature of 170 °C for an
ethanol concentration of 100 ppm.

In order to check the long-term stability against a concen-
trated 100 ppm ethanol sample, the sensor based on the a-
Bi,M030,,/Co30, composite was studied and tested periodically
after one week, spanning a total duration of two months, as
shown in Fig. 7a. It is interesting to note that the composite
sensor seems immune to these changes in ethanol concentra-
tion within an error of +0.40%. Moreover, the as-prepared
sensor based on the pristine Co;O, nanoparticles, pure a-
Bi,M030;, nanofibers and the composite a-Bi;M030;,/C030,4
nanotube-decorated particles were examined at an optimal
operating temperature of 170 °C for various known relative
humidity (RH) effects at 10, 20, 45, 60 and 80% RH (error bars
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represent the standard error obtained in three measurements),
as depicted in Fig. 7b. According to the dominant systematic
mechanism proposed by Heiland and Kohl,** H-O-H provides
promising conditions for oxygen adsorption, electrons and
oxygen vacancies. A certain amount of water adsorption should
accelerate the oxygen adsorption, thereby increasing electron
capture by vacant oxygen atoms. The disparity in the total
concentration in adsorption sites is denoted by (S), in which

[Sd = [Sw] + Ko pH20 (1)

The intrinsic concentration of the adsorption sites was
denoted by [S;,], the adsorption constant for water vapor is [K,]
and pH,O is the partial pressure of the water vapor. We also
know that the RH is proportional to the partial pressure of
water; if we increase the humidity level, the concentration of the
adsorption sites increases and as a result the oxygen species and
hydroxyl groups are transformed. Thus, the RH factor plays
a crucial role in the sensitivity of both types of sensors along
with the relative surface adsorption, coverage of the hydroxyl
groups and the oxygen species.” The superior sensor response
for both samples to ethanol gas was explored at 45% RH. These
sensors display a better result owing to the contribution of the
small coverage of hydroxyl groups which cannot constrain the
ethanol adsorption and as a result the coverage of the oxygen
species enhances the sensitivity response. The sensing response
of all of the as-prepared sensors has a remarkable behavior at
a RH level of 45%, which might be attributed to the high
porosity level, thereby enhancing the diffusion process of water.
The small-size and catalytical effect of the Co;0, nanoparticles
in the composites based on a-Bi,M0;0,,/C03;0, offers a larger
surface area with a huge number of vacancies providing more
active sites for the adsorption and dissociation of more oxygen
species and ethanol gas molecules, which limits the coverage of
hydroxyl groups originating from the moisture. Moreover, it
supplies excellent channels and surface accessibility for the
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(a) Long term stability of the a-Bi,M0:01,/Cos0,4 composite towards 100 ppm ethanol. (b) The response of pure CozO,4 nanoparticles, o.-

Bi,Mo301, nanofibers and the composite based a-Bi,Mo3z04,/Co3z0,4 towards different relative humidity effects at the optimal temperature of
170 °C (error bars represent the standard error obtained in three measurements).
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Table 1 Comparison of the novel composite sensor based on a-Bi,Mo030,,/Co304 with sensors containing other oxides, vis-a-vis a range of

properties.>4-5t

C,Hs0H
Composite materials  sensing (100 ppm) Synthesis techniques Temp (°C) Response time (s) Recovery time (s) Ref.
LaMnO;/Sn0O, 20/100 Electrospinning 260 6 34 54
ZnO®@1In,0; 31.9/100 Electrospinning 225 3.7 52 55
a-Fe,0;/Sn0, 22.5/100 Electrospinning + hydrothermal 300 — 20 56
Eu,05-1n,0; 44/50 Electrospinning 260 3 21 57
Zn0O/In, 03 170/100 Solvothermal 240 35 46 58
GO/Sn0O, 85.3/100 Electrospinning + dipping 300 9 8 59

Sn doped a-Fe, 05 45.5 Nano-casting 280 16 28 60
In,03/ZnS 11.8 Double hydrothermal 260 21 34 61
o-Bi,M030;,/C030,4 30.25 Electrospinning + hydrothermal 170 34 26 This work

mass transportation of target gases.*® Thus, the improved
humidity sensing selectivity response of the sensors based on a-
Bi,M030,,/C030, composites compared to that of the pure
Co;0, nanoparticles and «-Bi,M030;, nanofibers might be
owed to the small-size catalytic effect of the Co30, nanoparticles
and the large number of p/n heterojunction effects between the
a-Bi;M0;0;, and Co;0, composite, which leads to the
enhancement of the ethanol adsorption kinetics.

Many research groups have previously studied the sensitivity
properties of single/binary sensors of metal oxide-based semi-
conductors of n/p-type and nanostructures towards toxic
reducing gases using different synthetic techniques. Herein, we
have prepared a ternary metal oxide that exhibits a greater
sensitivity as compared to the binary metal oxides which have
an inadequate exposed area and reduced electron trans-
portation.®* One of the most significant and impressive
approaches is to combine the different physio-chemical char-
acteristics of the metal oxide into a single system. Thus, our
approach can be classified as a fabrication of the composite
based on n/p-type metal oxides heterostructures.**** Moreover,
the composite based on heterostructure formation is a produc-
tive way of promoting and enhancing the gas-sensing perfor-
mance. In order to compare the current research work with the
previous published literature, the enhanced sensing behavior
towards ethanol molecules is listed in Table 1. Herein, we report
a novel composite sensor based on -Bi;M030;,/C030,
nanotube-decorated particles fabricated using a facile, highly
efficient, scalable two step system via electrospinning and
hydrothermal techniques in order to compare and determine
the gas sensitivity features towards various hazardous gases,
such as ethanol, acetone, methanol, xylene, toluene, benzene
and ammonia. The gas response of the o-Bi;M030;,/C030,
nanotube-decorated particles gave the highest result at a low
concentration of ethanol and a relatively low operating
temperature of 170 °C, revealing a comparatively higher effi-
ciency than those reported in the literature. Thus, it is believed
that the «-Bi,M0;0,,/C030, nanotube-decorated particles
prepared in this work present a better performance and excel-
lent guidelines for further examination in the promising field of
advance gas sensing applications.

This journal is © The Royal Society of Chemistry 2020

3.3 Mechanism of enhanced gas-sensing

In this section, we analyze the dominant gas sensing mecha-
nism of the above described composite sensor based on a-
Bi,M030,,/C030, nanotube-decorated particles. The proper
sensing mechanism of the n/p type semiconductor metal oxides
has been well studied in terms of the disparity between the
electrical resistivity and conductivity, in which the chemical
reaction of the gas molecules occurs during the gas adsorption,
surface reaction and desorption process with oxygen species, as
demonstrated by the space charge model.***

Further studies show that the adsorption/desorption of the
target gas molecules on the surface of the sensitive materials
develop the reaction process and can exchange an electron,
which can be enhanced by the surface adsorbed oxygen species
0° (0,7, 07, 0%7)*, These electrons cause shifting variations
in the resistance of the sensing layer, thereby enhancing and
promoting the changes in the depletion layer, from being wide
to becoming somewhat thinner. Henceforth, continuous and
fast changes were witnessed in the sensitivity of the material.
The photographic illustration demonstrates the impact of air
and ethanol gas on the behavior of the as-prepared sensing
material, as presented in Fig. 8a and b. It is quite remarkable to
see what really contributes to the increased sensing response of
the composite sensor based on the o-Bi;M0304,/C030,
nanotube-decorated particles in comparison to the one con-
taining pure a-Bi,M03;0;, nanofibers and Co;0, nanoparticles.
It seems quite obvious and plausible to argue that this profound
character attributed to our sensing material comes from the
creation of a p/n junction between the n-type o-Bi,M030;,
nanofibers and p-type Coz;0, nanoparticles. The electrical
properties of o-Bi,M030;, and CozO, have been discussed
further using the Hall experiment to prove the n-type and p-type
behavior in Table S1 in the ESLf To compute the energy
bandgap of the pure «-Bi,M0;0;, nanofibers and the Co;0,
nanoparticles, a («)*(hv)*> ~ hv relation curve can be obtained
from the UV-visible spectrum, as shown in Fig. S4a and b.{ The
band gap energies attributed to the n-type «-Bi;M03;0,, nano-
fibers were found to be 2.7 eV and 2.2 eV for the Co;0, nano-
particles. One can see from Fig. S4a,} that the optical spectra of
the a-Bi,Mo03;0;, nanofibers were observed in the visible region
and the inset figure is a Tauc plot for the bandgap energy
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Fig. 8
energy in air and after exposure to the target gas, ethanol.

calculation. The absorption spectra signal lies in the visible
region from 400-470 nm which occurs because of excitation of
electrons from the valence band (VB) to the conduction band
(CB). The observed results are in a good agreement with some of
the previous results.®® The optical properties of the Co;0,
nanoparticles were examined by reflection measurement in the
visible range 500-600 nm using a spectrophotometer, as shown
in Fig. S4b,T while the inset figure shows the bandgap calcula-
tion. According to the above demonstration, the well-defined
sensing mechanism of the composite based on the o-
Bi,Mo03;0,,/C03;0, nanotube-decorated particles before and after
exposure to ethanol gas is graphically represented in Fig. 8a and
b. The energy band configuration of the composite based on the
a-Bi,M030;,/C030, nanotube-decorated particles before and
after exposure to ethanol gas is systematically presented in
Fig. 8c and d.

Specifically, as seen in Fig. 8a, when exposing a metal oxide
semiconductor to air, the adsorption of oxygen molecules takes
place on the surface of the semiconductor. When the composite
based on the fabricated sensor is exposed to air, a reaction
occurs between the composite materials and the chemisorption
of the oxygen molecules. The electrons are transferred from the
CB to adsorb the oxygen atom on the surface of the sensing
material to compensate for their deficiencies, which results in
the formation of negatively charged oxygen species (O, , O,
and 0®7), and can be formed according to various equations.®”

O(g) — Ox(ads) (2)
O,(ads) + e~ — 0> (ads) (3)
0, (ads) + e~ — 20 (ads) (4)
O (ads) + e~ — 0% (ads) (5)
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(a) and (b) Schematic sensing mechanism before exposure and after exposure of the ethanol target gas, (c) and (d) shows the bandgap

However, when the o-Bi,Mo0;0,,/C0;0, heterostructure is
exposed to C,H;OH gas as illustrated in Fig. 8b, these exposed
gases can react with the adsorbed oxygen O°, and release
various back scattered electrons to the CB of the fabricated
sensor, which significantly reduces the potential barrier of the
p/n heterojunction.®®® When ethanol gas is injected and mixed
with basic oxides such as a-Bi,M0;0;, and Co3;0,, then it could
be decomposed into the intermediate species, acetaldehyde,
according to the following equation:

CH;CH,OH — CH;COH + H, (6)

The chemisorbed oxygen atoms are further oxidized using
the following equation:

CH;COH + 50~ — 2CO, + 2H,0 + 5¢” 7)

The relative opposite motion of the electrons and holes occur
when the sensor is exposed to ethanol gas, this gives p/n junc-
tion interfaces that match the Fermi level energy (Eg), which
significantly alters the band bending. When the sensor is
exposed to air, it adsorbs oxygen from the air on the surface of
the composite based on the o-Bi,M0;0,,/C030, sensor and
forms negative oxygen species O, , O~ and O>~ by capturing an
electron from the CB of both the n-type «-Bi,M03;0,, and p-type
C030,.” Thus, a wider depletion region arises with a higher
potential barrier, which results in a low conductivity and
resistivity. When the composite sensor is exposed to reductive
ethanol gas, the ethanol molecule reacts chemically with the
adsorbed oxygen species on the surface of the sensor and
eventually breaks down to form CO, and H,O with the release of
the captured electrons back into the vacancies produced in the
composite a-Bi,M030,,/C030, crystal lattice. For this reason,
the charge carrier concentration increases in the composite

This journal is © The Royal Society of Chemistry 2020
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based on the a-Bi,M03;0;,/C030, sensor, eventually leading to
an improved quick response in the conductivity/resistivity.
Moreover, the sensitivity response of the composite based on
®-Bi;M030,,/C030, nanotube-decorated particles shows
a higher response towards ethanol owing to the decrease in the
height of the potential barrier and narrowing of the depletion
layer at the interface of the p/n junction effect, which increase
the conductivity/resistivity of the nanocomposites as compared
to the pure a-Bi,Mo03;0;, nanofibers at an optimal temperature
of 170 °C.

The sensing properties of the pure and composite based
fabricated sample are associated with surface chemical compo-
sitional analysis and microstructures of the as-prepared sensors.
Therefore, the O 1s peaks for the pristine and composite based
samples were irregularly fitted into three different components,”
as shown in Fig. 4e and f. The peak binding energies are repre-
sented by the Oy, O, and O.. The binding energies of these three
deconvolution peaks were observed for the pristine sample
percentile at 51.36% Oy, 24.98% O, and 23.64% O, with £0.2 eV
errors. The percentage of the composite based sample shows the
BE of the Oy, O, and O, components sits respectively at 45.90%,
29.5% and 24.14% for the composite based on the a-Bi,M030,,/
Co3;0,4 nanotube-decorated particles. The as-prepared composite
based sensor has an enormous amount of O, and O, content on
its surface, which competitively provides a stronger adsorption
and active sites during the ethanol gas reaction, responsible for
releasing a large number of electrons from the redox reaction
leading to the enhanced gas sensing selectivity properties as
compared to the pure one.**” Thus, our study demonstrates that
an enhancement in the gas sensitivity behavior of the composite
based on the a-Bi,M030;,/Co30, composite might occur due to
the small size effect of the Co;0, nanoparticles with a magnifi-
cent surface morphology that have a large number of surface
oxygen species and synergetic effects boosted by the compact
interfacial communication between the o-Bi,M0;0,, nanofibers
and the Co;0,4 nanoparticles heterojunction.

4 Conclusion

In this work, we reported that «-Bi;M0;0;, nanofibers were
successfully synthesized using facile, highly efficient and scal-
able electrospun techniques, which were further functionalized
and decorated by Co;0, nanoparticles using a simple hydro-
thermal synthesis route followed by a calcination process at
500 °C. Based on the photographs obtained from the electron
microscopy techniques, we observed that the porous nano-
tubes, which clearly indicate that the randomly oriented nano-
particles are deposited on the surface of nanotubes, can trigger
strong bonding with the surface nanotubes. The as-prepared
fabricated composite based on the «-Bi;M030;,/C030,
nanotube-decorated particles sensor shows an excellent sensing
response and enhancement in the stability towards 100 ppm
concentrated ethanol at an optimal lower working operating
temperature of 170 °C in contrast to the pure «-Bi;M030;,
nanofibers and Coz;0, nanoparticles operating at 220 °C and
280 °C. The sensitivity responses of the pure CozO, nano-
particles, a-Bi,M03;0;, nanofibers and the composite of the a-

This journal is © The Royal Society of Chemistry 2020
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Bi,M030,,/C030, nanotubes-decorated particles sensors were
recorded to be 2.99, 13.10, and 30.25 respectively, correspond-
ing to 100 ppm ethanol. The sensitivity response of the
composite based on the a-Bi,M030,,/C030, nanotubes-
decorated particles sensor exhibits a higher sensing perfor-
mance towards ethanol, which might arguably result from the
enormous number of superficial oxygen species and interfacial
effects occurring between the n/p types leading to a high charge
carrier concentration. Moreover, the composite based sensor
has shown a good selectivity, long term stability against a RH of
45% with an optimal operating temperature of 170 °C. In this
novel work, we have demonstrated that the composite based on
a-Bi,M0;04,/Co30, nanotubes-decorated particles is much
more effective and is a potential candidate for fabricating
sensors, while making use of ethanol. It may also be used to
synthesize other heterostructure materials for various applica-
tions, most notably in advanced gas sensing materials in the
presence of toxic environmental gases.
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