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Abstract: In this work, WO3/TiO, core—shell (C-S) nanowires (NWs) were successfully
synthesized by the coaxial electrospinning method and subsequent high-temperature calci-
nation treatment. After some microscopic structural characterizations, although the pre-
pared WO3-TiO, and TiO,—WO3 C-S NWs displayed quite different surface morphologies,
both of the shell coatings were uniform and their typical shell thicknesses were extremely
close, with mean values of 22 and 20 nm, respectively. In gas sensing tests, WO3/TiO, C-S
NWs exhibited good selectivity towards triethylamine (TEA) without significant interfering
gases. Compared with bare WO3 and TiO; NWs, WO3/TiO, C-S NWs showed better
gas sensing performance. Specifically, the optimal operating temperature and response
of TiO,-WO3 C-S NWs to 100 ppm TEA were 130 °C and 106, which were reduced by
70 °C and increased by 5.73 times compared to bare WO3, respectively. Obviously, the
C-S nanostructures contributed to improving the gas sensing performance of materials
towards TEA. Finally, some hypothetical sensing mechanisms were proposed, which were
expected to have important reference significance for the design of target products applied
to TEA sensing.

Keywords: TiO,; WOj3; core—shell nanowires; electrospinning; TEA gas sensor

1. Introduction

TEA is one kind of volatile organic compound (VOC) with a strong ammonia odor,
which can be used as a catalyst for the production of polycarbonate by the phosgene method,
a solvent or a raw material in organic synthesis, and also as a preservative, bactericide,
polymerization inhibitor, and liquid rocket propellant [1-3]. Nevertheless, TEA causes
strong irritation to the human respiratory tract and can cause pulmonary edema and even
death after inhalation. Moreover, eye and skin contact with TEA can cause chemical burns.
According to the U.S. Occupational Safety and Health Administration (OSAH), the upper
limit of TEA allowed in the air is 10 ppm [4]. Therefore, it is necessary to develop sensors
that can efficiently detect TEA gas.

In recent years, metal oxide semiconductor (MOS) gas sensors have attracted a lot
of attention in the field of gas sensors due to their ease of manufacture and outstanding
performance for toxic gas detection. Among them, gas sensors prepared based on WO3,
5n0,, and other materials have been successfully used in TEA-detection scenarios. For TEA
gas sensor applications, Zhai et al. [5] reported the preparation of WO3 hollow microspheres
by nanosheet assembly. The product exhibited a 16 response to 50 ppm TEA at 220 °C and
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a very short response time (~1.5 s). Wang et al. [6] synthesized WO3; microflowers having
different crystal facet ratios using alcohol solvents with different C chains. The results
indicated that the sensor based on the sample with a low-intensity ratio of the (002) WO3
facet showed a high response, good selectivity, and low detection limit for TEA at 325 °C.
Wang et al. [7] prepared single-crystalline SnO, nanorods through the molten-salt method,
whose response was 64.8 to 50 ppm TEA at 350 °C. Notably, the sensor could still achieve a
response of 3 to as low as 1 ppm TEA.

It is reported that the gas sensing performance of MOS gas sensors is closely related
to material characteristics such as their morphology, composition, and specific surface
area [8-11]. In the process of exploring how to improve the gas sensing performance of
MOS gas sensors, researchers have gradually found that preparing gas sensing materials
into nanorods (NRs), NWs, nanosheets (NSs), or other specific morphologies, or modulating
their internal carrier levels through doping, or introducing heterojunction or homojunction
contacts on the material surface through compounding methods, are all very effective.

At present, C-S nanostructures are a research hotspot. Their prominent properties
such as versatility, tunability, and stability make them widely used in optics [12-14],
biomedicine [15-17], catalysis [18-20], energy [21-23], and sensors [24-29]. Lys et al. [14]
found that ZnFe,O4/Zn0O C-S nanofibers (NFs) showed enhanced visible-light photo-
electrochemical performance. Compared with ZnFe,O;/ZnO C-S nanoparticles (NPs),
ZnFe;04/Zn0O C-S NFs had elevated donor concentrations and displayed better photocur-
rent response and photoconversion efficiency. Monodispersed C-S hybrid NPs consisting
of CoFe;O4 and biopolymers (polyvinylpyrrolidone (PVP) or polyethylene glycol (PEG))
were fabricated by Covaliu et al. [15] in a two-step method; the antioxidant properties
of the two products were strengthened through different methods, which empowered
them as multifunctional tools in cancer therapy besides their application in traditional
magnetic uses. FeS@C C-S NPs were synthesized by Srinivas et al. [20] through supporting
atomically dispersed Fe-Nx sites on N/S-doped mesoporous carbon, which promoted
oxygen catalysis in rechargeable Zn-air batteries. A two-step electrodeposition method was
adopted by Nair et al. [22] to generate bifunctional CuO@CoV C-S heterostructures, which
were used as supercapacitor (S5C) electrodes for electrochemical energy storage. Electrospun
BTO@MWCNTs C-S NFs were employed by Zhou et al. [29] as flexible dual-mode pressure
sensor materials which displayed an ultra-high sensitivity.

In addition, there are a large number of studies on the application of C-S nanoma-
terials in gas sensing, which exhibit unique advantages and potential for gas detection.
For example, Shan et al. [30] fabricated a TEA sensor based on C-S ZnS@ZnO, which
showed enhanced sensitivity and anti-humidity properties due to the excellent electri-
cal properties of the electron depletion layers (EDLs) at the n-n heterojunction interfaces.
Zhang et al. [31] synthetized Mny,O3@In,O3 C-5 structures by hydrothermal reaction, which
exhibited a response of 47 to 100 ppm TEA at 180 °C and good long-term stability. The
enhanced sensing performance over pure In,O3 was attributed to the p-n heterojunctions
generated at the C-S interfaces. Zhang et al. [32] prepared flower-like ZnO@ZIF-8 C-S
heterostructures through the sacrificial template method and the optimal configured sam-
ple displayed a high response, good selectivity, fast response-recovery speed, and low
detection limit in formaldehyde detection. The above performance improvement was
considered to be due to the high adsorption energy and selective gas screening of the
ZIF-8 surface. Huang et al. [33] reported an ethanol sensor based on ZnO@In,0O3 C-S NFs,
which demonstrated a response of 31.87 to 100 ppm ethanol at 225 °C. The improved
sensing performance of the ZnO@In, O3 C-S sensor was deemed to result from the deple-
tion modulation in charge transfer inside the EDLs of the In,Oj3 shell. Furthermore, the
heterojunctions at the C-S interfaces were confirmed by UV photoelectron spectroscopy.
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C-S nanomaterials possess both morphological and interfacial characteristics, making
them ideal candidates for gas-sensitive materials due to their inherent advantages [34].
Visibly, a large number of heterojunctions or homojunctions will form at the interfaces
between the cores and shells, due to their different Fermi energy levels, which are abun-
dant, oriented, and easy to regulate. If the shell electrons flow to the core layer, an EDL
will be formed in the shell layer, and vice versa, an electron accumulation layer (EAL)
will be formed. As the main body that directly contacts and reacts with gas, the carrier
concentration in the shell layer can be selectively controlled by adjusting the work function
of the core layer material, thereby affecting the adsorbed oxygen content on the sensitive
material surface and the response value of the sensor.

Since its pioneering work in the early 1970s, titanium dioxide (TiO;) has been widely
applied in many fields, such as solar cells, photocatalysts, electronic ceramic materials,
food and medicine, pigments, and gas sensors. There exist three crystalline structures
in TiO,, with significant differences among them. Anatase TiO; is prepared at low tem-
peratures. When the temperature rises above 800 °C, anatase TiO; transforms into rutile
TiO,. Typically, rutile TiO; is the most thermodynamically stable and the most common
phase [35]. However, brookite TiO; can only form under specific pressure conditions and
its crystal structure is rather unstable. Similarly to anatase TiO,, an irreversible exothermic
reaction occurs to brookite TiO,, which also ultimately transforms into the stable rutile
TiO, phase, after heating treatment. In both anatase and rutile TiO,, though the centrally
located Ti** is coordinated by six O%~ ions at the vertexes of an octahedral unit cell, the
distortion and position of two unit cells differ from each other [36]. Subtle differences
in unit cell structures result in differences in physical parameters such as crystal density
and band gap. When electrons are excited from the valence band to the conduction band,
electron/hole pairs will generate. After the charges are transferred to other species, many
surface reactions will occur, which is the basic characteristic of TiO,, and endow the TiO,
with enormous potential and excellent performance in various application fields, including
gas sensors. For example, Cao et al. [37] separately prepared rutile, anatase, and brookite
TiO, nanostructures by hydrothermal reactions. The results indicated that rutile TiO, NRs
showed higher responses to acetone compared to the other two crystal phases, which was
attributed to the optimization of the band gap and oxygen-adsorptive capacity through
crystal structure modulation. Zhou et al. [38] reported some similar experimental results.
Aligned TiO, NWs with different crystal phases were synthesized and tested, and the
product containing 27% rutile phase by mass exhibited a better overall performance in
ethanol sensing.

In this work, two n-type MOSs with different work functions (Wgs) were selected: WO3
(Wg: 5.24 eV) and TiO, (Wp: 4.20 eV) [39,40]. By switching the composition of the core and
shell layers, two C-S NWs with inverted structures were successfully prepared: WO3-TiO,
and TiO,-WO3; C-S NWs. Taking the shell material as a reference, the response of both C-S
nanomaterials to TEA was improved, and also the magnitude of the response improvement
was closely related to the characteristics of the bulk material and the mode of its charge
carrier change. Furthermore, based on the resistance changes in the sensitive materials, the
corresponding gas sensing mechanism was provided. This work has important implications
for directional design and improving the gas sensing performance of sensitive materials.

2. Experimental Section
2.1. Materials
Ammonium metatungstate (NH4)sHaW12049-XH,O) and tetrabutyl titanate (C1¢HzsO4Ti)

were purchased from Innochem Technology Co., Ltd., Bejjing, China. N,N-dimethylformamide
(DMF), absolute ethanol (C;H50H), and acetic acid (CH3COOH) were purchased from
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Sinopharm Chemical Reagent Co., Ltd., Beijing, China. PVP (Mw = 1,300,000) was pur-
chased from Aladdin Biochemical Technology Co., Ltd., Shanghai, China.

2.2. Synthesis of Sensitive Materials

A total of four types of NWs were prepared as sensing materials in this work, all of
which were synthetized by electrospinning or the coaxial electrospinning method, following
the standard process. The synthesis process of each sample is described as follows.

For the pure WO3 NWs, 0.51 g of ammonium metatungstate and 0.53 g of PVP
were dissolved into 4 mL of DMEF, which was stirred by a magnetic mixer for 10 h to
form a uniform viscous colorless solution. For the pure TiO, NWs, 0.97 mL of tetrabutyl
titanate and 0.49 g of PVP were dissolved into a mixed solution of 2 mL of DMF, 2 mL
of ethanol, and 0.2 mL of acetic acid, which was stirred for 10 h on a magnetic mixer to
form a uniform viscous yellowish solution. Acetic acid can inhibit the hydrolysis and
polymerization reactions of tetrabutyl titanate, preventing the white precipitate caused
by its rapid hydrolysis, thus hindering the formation of a transparent solution. For the
WO;-TiO, C-SNWs, the core solution was composed of 0.51 g of ammonium metatungstate,
0.45 g of PVP, and 4 mL of DMF. The shell solution consisted of 0.2 mL of tetrabutyl titanate,
0.49 g of PVP, 2 mL of DMF, 2 mL of ethanol, and 0.2 mL of acetic acid. For the TiO,-WO3
C-5 NWs, the shell solution was composed of 0.2 g of ammonium metatungstate, 0.53 g of
PVP, and 4 mL of DME. The core solution consisted of 0.97 mL of tetrabutyl titanate, 0.42 g
of PVP, 2 mL of DMF, 2 mL of ethanol, and 0.2 mL of acetic acid. It should be noted that in
the precursor solutions of the two types of C-S NWs, the molar ratios of metal atoms in the
shell solution (Ti atoms for WO3-TiO, C-S NWs, for example) to those in the core solution
(W atoms for WO3-TiO, C-S NWs, for example) were both 1:3.5.

Then, the obtained precursor solutions were extracted by 5 mL disposable syringes
with different needle specifications. For the pure WO3 and TiO; NWs, 22 G needles were
used. For the WO3/TiO, C-S NWs, a 22 G core needle and a customized 17 G coaxial shell
needle were employed, respectively. The above syringes with installed needles were fixed
to the propeller of the electrospinning machine, and the needles and roller collectors were
connected to the high-voltage power supply and ground separately.

The parameters for the electrospinning experiments were generally set as follows, and
dynamically adjusted throughout the entire experimental processes: the distance between
the electrospinning needle and the drum collector at 15 cm, the ambient temperature at
25 °C, the ambient humidity at 30% RH, the DC supply voltage at 10 kV, the syringe
advance rate for pure WO3 and TiO, NWs at 0.3 mL/h, and for the core and shell solutions
of WO3/TiO; C-S NWs at 0.2 and 0.3 mL/h, respectively.

After 4 h of electrospinning, the obtained non-woven films were carefully peeled off
into square porcelain boats with tweezers, sealed with a cover plate, and placed in the
muffle furnace. The parameter settings for the calcination processes were as follows: the
heating rate at 2 °C/min, the calcination temperature at 550 °C, and the calcination time
at 2 h. When the muffle furnace dropped to room temperature, the products were taken
out. Compared to the soft film precursors before calcination, the calcined products shrank
in volume and became hard and brittle while maintaining the overall frameworks of the
films. The pure WO3 NWs were white flake powders, and the other three products were all
yellowish flake powders.

2.3. Characterization

X-ray powder diffraction (XRD) data were obtained on the D2 PHASER X-ray diffrac-
tometer (AXS, Bruker, Germany). The field emission scanning electron microscopy (FESEM)
images were obtained on the ZEISS GX1669 microscope (Carl Zeiss AG, Oberkochen,
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Germany). Data from transmission electron microscopy (TEM) were acquired using the
JEM-2100F microscope (Japan Electronics Co., Ltd., Osaka, Japan). X-ray photoelectron spec-
troscopy (XPS) data were obtained on the Escalab 250Xi system (Thermo Fisher Scientific,
Waltham, MA, USA).

2.4. Gas Sensor Fabrication and Test

Tubular devices were adopted to manufacture gas sensors as in our previous
work [41,42], and the device structure is shown in Figure S1 in the Supporting Information.
The main structure of the device is an alumina ceramic tube (4 mm in length, 1.2 mm in
external diameter, and 0.8 mm in internal diameter), with a pair of annular Au electrodes
wound symmetrically on both sides. One Pt wire is led out from each side of each Au
electrode. First, an appropriate amount of deionized water was dropped into the sample
powder in a clean mortar and the mixture was gently ground into a paste. Then, several
tubular devices were fixed on a needle. The paste was dipped in with a brush and evenly
coated onto the ceramic tubes. After several coatings, the tubular devices were placed
under an infrared lamp to remove moisture from the attached paste, which increased the
adhesion between the sensing materials and the Au electrodes. Finally, the surface of the
ceramic tubes was fully covered by a tight and uniformly thick sensing layer. Next, devices
coated with sensing materials were transferred into a clean porcelain boat and moved
together to an oven and dried at 200 °C for 2 h. After cooling to room temperature, a Ni-Cr
alloy coil was inserted into the cavity of one ceramic tube to act as the heat source for a
sensor. The sensor temperature will be determined and regulated by the current flowing
through the alloy coil. The gas sensor fabrication process was completed after welding the
Pt wires and alloy coil onto the hexagonal socket correspondingly.

The gas sensing performance of the fabricated gas sensors was tested on a commercial
gas sensing test platform (Weisheng Electronic Technology Co., Ltd., model WS-304,
Zhengzhou, China) in a laboratory environment (30% RH, 25 °C).

In the chemical fume hood, the test board and virtual resistance board based on device
resistance were inserted into the test instrument.

After setting parameters such as test time and sampling frequency, the voltage value of
the alloy coil was adjusted to change the test temperature. The test started when the sensor
resistance tended to dynamically stabilize at the resistance of the sensor in air (R,), and
the sensor metrics were automatically recorded by the testing software. Taking TEA, for
example, a calculated volume of TEA was extracted by a microsyringe and quickly injected
onto the evaporator of the instrument. After closing the cover plate, the switches of the
evaporator and fans were opened, and TEA droplets on the evaporator quickly turned into
steam, diffusing and evenly filling the entire test chamber. At the same time, the resistance
of the sensor would first change rapidly and then slowly until it became dynamically stable
again at the resistance of the sensor in gas (Rg) [43]. At last, the cover plate was opened
and the gas in the test chamber was released. The sensor was then in the air atmosphere
again, and its resistance could gradually recover to R,.

In the humidity impact test, the temperature of the constant temperature and humidity
incubator (50 L in volume) was set to be 25 °C, and its humidity value could be set arbitrarily
in the range of 20~100% RH. In the real test, two identical 1 L wide-mouthed bottles were
placed with the bottle mouth open in the humidity chamber which was set to stabilize at a
certain humidity value for a period of time. Then, the two bottles were sealed and taken
out. A certain amount of TEA was injected into one of them. After the TEA evaporated
completely, the sensor device was first stabilized in the air bottle (containing humidity) and
then transferred to the gas bottle at the same humidity, during which process its resistance
change was recorded.



Chemosensors 2025, 13, 45

6of 21

For n-type sensing materials (WOj3 and TiO,, for example) and reducing gases (TEA,
for example), the sensor response was defined as S = R,/Rg. The response-recovery
time was defined as the time when the response changed by 90% during the response or
recovery process.

3. Results and Discussion
3.1. Structural and Morphological Features

XRD is mainly used to confirm the material composition and crystallinity of a material.
As shown in Figure 1, the obtained diffraction peaks of pure WO3 NWs correspond well
to the cubic phase of WO3; with the lattice constant of a = 7.3 A, b=753A,and c=7.68 A,
displayed by the standard JCPDS Card No. 72-1465. However, two phases coexist in
pure TiO, NWs but show significant differences in content. Apparently, diffraction peaks
originating from anatase TiO, (JCPDS Card No. 89-4921) are sharp and strong, which
occupy a dominant position. In contrast, rutile TiO, (JCPDS Card No. 89-4920) owns a
quite small proportion. As reported [44], the composition and proportion of the TiO; crystal
phase are closely related to the sintering temperature. When sintered below 500 °C, the
products are all anatase-phase. When the temperature is higher than 500 °C, the rutile
phase begins to appear and gradually increases with the increase in temperature. When the
sintering temperature is above 800 °C, the products are all rutile-phase. In WO3/TiO, C-S
NWs, the core oxides (TiO; in TiO,-WO3 C-S NWs, for example) with higher proportions
contribute to the main diffraction peaks. In the two C-S NWs, the peak positions of the
two sets of diffraction peaks do not shift to the left or right, indicating no occurrence of
the doping process. No diffraction peaks derived from other substances are detected in all
products, indicating their high purity. It is worth mentioning that the peak intensities of
the two C-5 NWs, especially for the TiO,-WO3 C-S NWs, weaken and the half-peak widths
increase, indicating a decrease in their crystallinity, which may be caused by the mutual
interference between the crystallization processes of the two MOSs at the interfaces.

o S . Ti0,~WO,; C-S NWs
W ’

52 WO,-TiO, C-S NWs

a a
a g
ja2 "

WO,
‘ o _JCPDS Card No. 72-1465

Intensity (a.u.)

Anatase TiO,
,JCPDS Card No. 89-4921

20 30 40 50 60 70
20 (degree)

Figure 1. XRD patterns of TiO; NWs, WO3 NWs, WO;-TiO, C-S NWs, and TiO,-WO3; C-S NWs.

SEM testing was performed to explore the topographic characteristics of the four as-
prepared NWs. As shown in Figure 2a—c, on the whole, the TiO, NWs are radially uniform,
with axial lengths of over ten micrometers, but there are slight differences in the radial
dimensions between different NWs. In the enlarged Figure 2c, the surface of the TiO, NWs
presents densely arranged small particles. However, a smooth and dense surface is clearly
not conducive to the adsorption and diffusion of gas molecules, which indicates a dim
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prospect for TiO, NWs in gas sensing. In stark contrast, WO3 NWs exhibit a significantly
different appearance. Although approaching TiO, NWs in the axial (Figure 2d) and radial
(Figure 2e) dimensions, WO3 NWs have a significantly better homogeneity between each
other. In high-resolution Figure 2f, particles of different sizes are tightly stacked together
to form the whole WO3; NWs material. It can be inferred that the rough surface of WO3
NWs and numerous pores between particles will greatly increase the material’s specific
surface area and permeability, which contribute a lot to the attachment, permeation, and
reaction of the target gas. For the WO3-TiO, C-S NWs in Figure 2g—i, whose shell material
is TiO,, their surface precisely exhibits a similar morphology to pure TiO,, smooth and
dense. In Figure 2i, parallel concentric circular ripples appear on the surface, which is a
rare difference between WO3-TiO, C-S NWs and pure TiO;. Analogously, in Figure 2j-1,
TiO,-WO3; C-S NWs, with WO3 as the shell material, and pure WO3; have a common rough
surface. Differently, the surface of TiO;-WO3; C-S NWs exhibits a wrinkled shape and is not
composed of numerous particles like pure WOj3. It can be seen that the surface morphology
of the C-S NWs in this work mainly depends on the exposed outer shell material. The slight
differences from pure shell NWs reflect the interaction between the core and shell materials
during the crystalline growth. Structurally speaking, pure WO3 and TiO,-WO3 C-S NWs,
with rough outer surfaces, have more advantages and potential in gas sensing.

Figure 2. FESEM images under different magnifications of (a—) TiO, NWs, (d—f) WO3; NWs, (g—i) WO;—
TiO, C-S NWs, and (j-1) TIO,-WO3; C-S NWs.

TEM characterization was made to further confirm the microstructures of
two C-S products, taking two randomly selected single NWs as an example. As depicted
in Figure 3a-d, the solid structures with uniform thickness are consistent with those in
Figure 2g—i. As the image resolution increases, the boundary between the shell and core
layers becomes increasingly clear. In Figure 3c, the coating of the shell is proven to be very
uniform, with almost equal thickness on both sides of the cross-sections, which confirms the
precise preparation of the WO3-TiO, C-S NW structure. Thanks to the wrinkled appearance
on the surface of TiO,—WO3 C-S NWs, their C-S structures are more distinct in Figure 3e-h.
The typical thickness of the shell layer is measured to be about 20 nm in Figure 3g. It can
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be observed that both types of prepared C-S NWs have complete, uniform, and continuous
shell coatings, and the thicknesses of the shell layers are roughly equivalent.

(a)WO;TiOz C-S NWs (b)

(€)Ti0, WO,

20.47,nm "

b

Figure 3. TEM images under different resolutions of (a-d) WO3-TiO, C-5 NWs and (e-h) TiO,-WO3
C-SNWs.

XPS testing was conducted to verify the element types and their chemical states on
the material surface, and all peak positions were calibrated against the standard C 1s peak
(284.8 eV). Figure 4a displays the full XPS spectra of the four as-synthesized NWs. It is
obvious that the types and distributions of elements are in line with experimental expecta-
tions. For example, WO3/TiO, C-S NWs contain orbital peaks related to all three elements,
namely W, Ti, and O. It is worth mentioning that the peak positions of Ti 3p (~32.4 eV)
and W 4f (~32.3 eV) are too close, so that the peaks of Ti 3p are completely enclosed by
W 4f in WO3/TiO, C-S NWs. The Gaussian-fitted peaks in Figure 4b—d belong to the Ti
2p1 /2 and 2p3/; of the TiO; and WO3/TiO, C-S NWs. Although the peak positions of each
group of peaks vary due to the different internal chemical environment of the three materi-
als, the splitting energy of the two groups of peaks in each material remains unchanged,
i.e., 5.71 eV, which coincides with the energy splitting value of tetravalent Ti. Similarly,
the splitting energy of 2.14 eV in Figure 4e—g can be indexed to the energy differences
for the W 4f5,, and 4f,, of hexavalent W in WO3; and WO3/TiO; C-S NWs. Generally,
the Ols peak can be divided into three Gaussian-fitted components: lattice oxygen (Op),
oxygen vacancy (Oy), and chemisorbed oxygen (O¢). It is universally acknowledged that
Oy, species are stable and do not participate in electron transfer. Oy species can provide
active sites for the reaction gas, and Oc species directly participate in the redox reactions
on the material’s surface.

In Figure 4h-k and Table 1, the proportions of Oc and Oy in WO3-TiO, C-S NWs
and TiO,—-WO3; C-S NWs are significantly higher than those in TiO, NWs and WO3; NWs.
The results show that the C-S structures increase the amount of Oc and Oy species. It is
worth noting that the increase in the proportion of reactive oxygen species is only one of
the signals that may enhance the sensor response. The response of sensors is influenced
by multiple factors, and there is often no simple proportional relationship between the
response value and the ratio of reactive oxygen species [45,46].
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Figure 4. (a) XPS full spectra of four products; high-resolution Ti 2p spectra of (b) TiO, NWs,
(c) WO3-TiO; C-S NWs, and (d) TiO,-WO3; C-S NWs; high-resolution W 4f spectra of () WO3; NWs,
(f) WO3-TiO, C-S NWs, and (g) TiO,-WO3 C-S NWs; high-resolution O 1s spectra of (h) TiO, NWs,
(i) WO3 NWs, (j) WO3-TiO, C-S NWs, and (k) TiO,-WO3 C-S NWs.
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Table 1. Holistic fitting results of O 1s XPS spectra of four as-synthesized samples.

Mater. Oxy. B.E. (eV) Perc. (%) Ov + O¢ (%)
Oy, (Ti-O) 529.7 72.76
TiO, NWs Oy (vacancy) 530.47 21.39 27.24
Oc (chemisorbed) 531.73 5.85
Or (W-0) 530.39 63.91
WO3; NWs Oy (vacancy) 530.92 30.49 36.09
Oc (chemisorbed) 532.58 5.60
, Oy, (Ti—O and W-O) 530.25 51.76
WO3‘NT‘:$2 C-5 Oy (vacancy) 530.76 30.05 4824
S Oc (chemisorbed) 531.46 18.19
, Oy, (Ti—O and W-O) 530.22 52.66
TlOZI\IV\v]\?S C-S Oy (vacancy) 530.71 29.07 47.34
S Oc (chemisorbed) 531.61 18.27

Mater.: materials; Oxy.: oxygen species; B.E.: binding energy; Perc.: relative percentage.

3.2. Gas Sensing Properties

As shown in Figure 5, the response values of the four sensors toward TEA all first rise
and then decrease as the operating temperature increases. Temperature has a great influence
on the electron mobility and conductivity of semiconductor materials. Generally speaking,
gas molecules will overcome the activation energy barrier of the surface reaction. Thus,
sensor response will rise as temperature increases. After reaching the optimal operating
temperature, a reduced response will be brought by the lower gas adsorption capacity than
the desorption capacity [47]. Bare TiO, NWs exhibit extremely weak response toward TEA,
and the maximum response value can only reach 2.7 at 180 °C. After forming a C-S structure,
the introduction of the WO3 core material increases the response of the WO3;-TiO, C-S
NW sensor toward 100 ppm TEA to 27 at the same operating temperature. For bare WO3
NWs, the highest response of 18.5 toward 100 ppm TEA appears at 200 °C. Analogically,
the response of TiO,—-WO3 C-S NW sensor toward 100 ppm TEA is significantly enhanced
to 106. The optimal working temperature of TiO,—-WO3; C-S NW sensor is as low as 130 °C,
which is reduced by 70 °C compared with that of the WO3 NW sensor. Obviously, the
C-S structure helps to improve the response and also may lower the optimal working
temperature of the sensor. Among them, the overall sensing performance of TiO,-WOs3
C-S NW sensor is particularly outstanding.

(130 °C, 106) ——TiO,-WOQ, C-S NWs
' —— WO,-Ti0, C-S NWs
—— WO, NWs
—o—TiO, NWs

(180 °C, 27)
{200 °C, 18.5)

Response (R,/R,)
=)
[—}

0 Ll T ; T g 3
100 120 140 160 180 200 220 240
Temperature (°C)

Figure 5. Response curves of sensors based on TiO, NWs, WO3 NWs, WO3-TiO, C-S NWs, and
TiO,-WO3; C-S NWs to 100 ppm TEA at different temperatures.
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The response-recovery characteristic is another important indicator of gas sensors, and,
therefore, the one-cycle response-recovery curves of the four groups of fabricated sensors to
TEA at their respective optimal operating temperatures have been provided. In Figure 6a—d,
the response time of all four sensors is relatively short and at a considerable level. However,
the recovery process of the four sensors appears to be very lengthy, indicating that TEA is
difficult to desorb from the materials’ surface at a moderate temperature. From the results,
it appears that the desorption rate of TEA is directly related to the operating temperature of
the sensor. For example, the recovery percentages of TEA of the TiO, and WO3-TiO;, C-S
NWs in Figure 6a,c are basically equivalent within 240 s at 180 °C. In contrast, the recovery
percentages are much better for WO3; NWs at a slightly higher temperature in Figure 6b
or much worse for TiO,—-WO3; C-S NWs at a much lower temperature in Figure 6d. To
eliminate the influence of the temperature variable, the recovery characteristics of the four
sensors at the same low (130 °C) or high (220 °C) operating temperatures were compared,
and the results are shown in Figure 6e,f, respectively. Apparently, the recovery percentage
of TiO,-WOQO3 C-5S NWs, which originally appears very low, leaps to the most prominent
position among the four sensors at 130 °C in Figure 6e. Further, the recovery processes
of sensors based on WO3 NWs, WO3-TiO, C-S NWs, and TiO,—~WO3 C-S NWs become
complete at 220 °C in Figure 6f, and the recovery times for them are 529, 150, and 133 s,
respectively. Although TiO, NWs still cannot achieve a thorough recovery, the recovery
ratio increases from 58% at 180 °C to 73% at 220 °C. The results in Figure 6f indicate that
the C-S structure exhibits significant advantages in the recovery performance of TEA, and
the performance of TiO,—-WOj3; C-S NWs remains the most prominent. For the sake of data
visualization, the curves of the sensors’ resistance over time are also shown in Figure S2a—f
in the Supporting Information.

In Figure 7a-d, the responses of the four sensors toward TEA with increasing con-
centrations grow gradually. Furthermore, scatter plots of response—concentration changes
for the four sensors are given in Figure 7e to provide some details. The response growth
rate of the TiO, NWs is too slow, to the extent that its response to TEA up to 200 ppm
does not exceed 4. For WO3 NWs, the responses toward TEA within the concentration
range of 1 to 20 ppm grow rapidly. However, the responses quickly reach saturation
when the concentration of TEA exceeds 20 ppm. For WO3-TiO, C-S NWs, the responses
toward TEA within the concentration range of 1 to 20 ppm grow slowly, which are much
lower even than those of the WO3; NWs. Differently, the responses maintain a steady
growth and surpass those of WO3 NWs when the concentrations of TEA are no less than
50 ppm. Lastly, the responses of TiO,—WO3; C-S NWs toward TEA keep ahead among the
four sensors within the whole test concentration range and are especially noticeable when
the concentrations of TEA are larger than 20 ppm. Moreover, the response and recovery
parameters of the four sensors to different concentrations of TEA at their respective optimal
operating temperatures have been summarized in Table S1 in the Supporting Information.
In Figure 7f, the linear response—concentration fitting curves of the bare TiO, and WO3
NWs are given within the TEA concentration range of 1 to 20 ppm. Within a larger linear
interval, the fitting curves of WO3/TiO, C-S NWs are displayed in Figure 7g. According
to the equations RMSige (pprn_l) = (R%,/(N — 1))/2 and LOD = (3 x RMSpise)/ Slope,
where R is the sum of squares of the standard residuals, RMS;;ge is the root mean square
deviation of the baseline, and Slope is the slope of the linear fit, the theoretical limit of
detection (LOD) of the sensors can be finally calculated [48,49]. As shown in Figure S3 and
Tables 52-56 in the Supporting Information, the LODs of TiO, NWs, WO3 NWs, WO;-TiO,
C-SNWs, and TiO,—WO3 C-S NWs toward TEA are 363.93, 287.15, 177.12, and 40.86 ppb,
respectively. Evidently, the two C-S NWs possess significant advantages in detecting low
concentrations of TEA, and TiO,—WOs3; C-S NWs still perform the most prominently.
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Figure 6. (a) Response-recovery curves of sensors based on (a) TiO; NWs, (b) WO; NWs,
(c) WO3-TiO, C-5 NWs, and (d) TiO,-WO3 C-S NWs to 100 ppm TEA at their respective optimal
working temperatures. Comparison of response-recovery properties of four sensors to 100 ppm TEA
at (e) 130 °C and (f) 220 °C.

The repeatability of the sensors has also been evaluated, and the results are shown
in Figure 8a—d. It should be noted that due to the difficulty of TEA desorption by all
four sensors at their respective optimal operating temperatures, for ease of comparison,
the times of the recovery processes of each sensor were restricted the same. Before the
next response process began, the TEA desorption was accelerated by heating to ensure
the sensors were able to restore their original resistance values. Clearly, both the response
values and response—recovery properties of the four sensors maintain a dynamic consis-
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tency in five continuous test cycles, indicating the good performance repeatability of the
prepared sensors.
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Figure 7. Sensing tests of sensors based on (a) TiO; NWs, (b) WO3 NWs, (c) WO3-TiO, C-S NWs,
and (d) TiO,-WO3 C-S NWs to TEA under the set concentration gradients at their respective optimal
working temperatures. (e) Response—concentration correlation curves of our four sensors. Linear
response—concentration fitting curves of (f) TiO, and WOz NWs and (g) WO3/TiO, C-S NWs to TEA
at their respective optimal operating temperatures.

The responses of the four sensors toward 100 ppm TEA and other typical VOCs at their
respective optimal working temperatures were measured. As shown in Figure 9a, except
for the TiO, NWs, the other three sensors all exhibit the highest responses toward TEA
compared to other interfering gases. In fact, no target gas was definitely determined for the
sensor based on TiO; NWs, whose responses toward all common gases are too low to be
meaningful. For WO3/TiO, C-S NWs, xylene is the leading interfering gas. In Figure 9b,
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the other three sensors except TiO, NWs display the clearest superiority to formaldehyde
when detecting TEA. In addition, for all other interfering gases except xylene, the sensor
selectivity toward TEA gets increasingly better from WO3; NWs to TiO,-WO3; C-S NWs.
Thus, the C-S structure contributes to the enhancement of sensor selectivity toward TEA,
and the sensor based on TiO,—WO3; C-S NWs has an outstanding TEA selectivity among

the four sensors on the whole.
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Figure 8. Cyclic test curves of sensors based on (a) TiO; NWs, (b) WO3 NWs, (¢) WO3-TiO, C-S NWs,
and (d) TiO,—-WO3; C-S NWs to 100 ppm TEA at their respective optimal working temperatures.
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Figure 9. (a) The responses of the four sensors to 100 ppm of different kinds of VOCs at their
respective optimal operating temperatures. (b) A comparison of the response ratios of TEA to other
interfering VOCs for the four sensors.

As is well known, humidity can affect the performance of sensors. Generally speaking,
when the humidity of the target gas increases, water molecules will cover the active sites of
the sensing material on one hand, and compete with the target gas molecules for adsorption
on the other hand, usually serving as electron donors [42,46,50-52]. As shown in Figure 54
in the Supporting Information, with the increase in moisture in the test atmosphere, the
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baseline resistance of the TiO,-WO3 C-S NW sensor in the air rapidly decreases, and the
response of the sensor toward TEA is also severely affected. When the relative humidity
of the test gas reaches 100% RH, the response of the sensor toward 100 ppm TEA is only
equal to 61% of the initial value (sensor response at 30% RH), indicating the adverse effect
of water vapor on the performance of the sensor.

The long-term stability of sensors is also an important indicator that determines their
practical application prospects. As shown in Figure S5 in the Supporting Information, the
response of the TiO,—-WO3; C-S NW sensor to 100 ppm TEA remains relatively stable in
the early stage of test, but begins to enter a decline zone after half a month. According to
calculations, the sensor response to 100 ppm TEA decreases by 7.1% within one month
and 20.1% within 73 days. The long-term placement of sensors in air or target gases is
equivalent to an aging process, and the active components of the sensing materials will
gradually become deactivated compared with those at the fresh preparation stage, and this
process is irreversible [45].

In conclusion, TiO,-WO3 C-S NWs perform the best in sensor response, response-recovery
properties, detection limit, and selectivity among the four as-prepared sensors. Compared
with other reported TEA sensors in Table 2, the TiO;—-WO3; C-S NW sensors in this work
have significant advantages in working temperature and response, but a disadvantage in
sensor recovery performance, which will be the improvement direction for our future work.

Table 2. A comparison of the performance of the TiO,-WO3; C-S NWs-based sensor in this work with
other TEA gas sensors.

Mater. "l;eolg)p ) (ggﬁ:) Res. Tres/ Trecov (8) Ref. Y.
TiO, film 225 100 7.2 5/52 [53] 2022
TiO, /ZnCo,04 porous nanorods 220 100 15 9/77 [54] 2020
WOj3; nanoclusters 280 50 137 1.5/1275 [55] 2021
WO;3 hollow microspheres 220 50 16 1.5/22 [5] 2019
WOj3 microflowers 325 100 61.8 -/- [6] 2022
Fe,O3@ZnFe, Oy 280 100 141 -/- [56] 2021
ZnS@ZnO 200 100 74.65 3/176 [30] 2023
Mn;0;@In, 03 180 100 47 79/24 [31] 2024
TiO,-WO3; C-S NWs 130 100 106 132/>1200 this work -

Mater.: materials; Temp.: operating temperature; Conc.: gas concentration; Res.: response; Tres/ Trecov: response—
recovery time; Ref.: references; Y.: publication year.

3.3. Gas Sensing Mechanism

The surface control model is most commonly used to describe the gas sensing mecha-
nism of MOS-type gas sensors. Oxygen molecules in the air will spontaneously adsorb onto
the surface of semiconductor materials. At different temperatures, physisorbed oxygen
will capture electrons from the semiconductor conduction band, forming corresponding
types of chemisorbed oxygen. The above process determines the initial state of the semi-
conductor sensing materials in the environment. When the sensor is exposed to the target
gas atmosphere, taking TEA as an example, TEA molecules will undergo redox reactions
with the chemisorbed oxygen on the surface of the sensing material. The degree of reaction
depends on the characteristics of the material and the type of gas. The electrons released
during the reaction will return to the semiconductor conduction band, resulting in a change
in the conductivity of the sensor. The above process can be briefly summarized using the
following equations.

OZ(gaS) — OZ(ads) (1)
OZ(adS) +e — Ozi(ads) (T <100 °C) (2)
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Ozi(ads) +e — ZOf(adS) (100 °C<T <300 OC) (3)

O (ads) + € — O? (g (T>300°C) (4)

2(C2H5)3N(ads) + 4307(ads) — 12CO; + 15H,0 + 2NO» + 43e™ (5)

For WO3-TiO; C-S NWs, due to the lower Wk of the TiO; shell (4.20 eV) compared
to that of the WO3 core (5.24 eV), electrons will flow from the shell layer to the core layer
(Figure 10a), forming an EDL in the TiO; shell [39,40]. In addition, oxygen molecules in the
air will extract electrons from the shell layer to form chemisorbed oxygen ions, which will
further deplete the electrons in the TiO, shell. Overall, electron transfer in C-S-structured
materials needs to cross the homojunction energy barrier at the intersections of the NWs,
the heterojunction energy barrier at the C-S interfaces, and the energy barrier formed after
oxygen adsorption (Figure 10b), which makes the bulk resistance of WO3-TiO, C-5 NWs
(5.8 GO at 130 °C, Figure 11) greater than that of the original TiO, (2.1 GQ) at 130 °C). The
situation is exactly the opposite for TiO,—WO3 C-S NWs, where electrons flow from the TiO,
core to the WOs shell, generating an EAL in the shell layer. Meanwhile, oxygen molecules
in the air still extract electrons from the shell layer to form oxygen anions. Considering the
extremely high bulk resistance of the TiO; core itself, the resistance of TiO,—WO3; C-S NWs
(1.1 GO at 130 °C) appears much larger than that of WO3; NWs (100 MQ) at 130 °C).
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Figure 10. (a) Energy band diagrams of TiO, and WOs. (b) Types and variations of energy barriers in
TiO,-WO3 C-S NWs.
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Figure 11. A comparison of the four prepared materials’ resistances at the same temperature.

Due to the thin shells in Figure 3, the electrons in the TiO; shell of WO3;-TiO, C-S
NWs may be severely depleted. Thus, a greater sensor conductivity variation will happen
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when an equal or even smaller amount of electrons are injected after WO3-TiO, C-5 NWs
are exposed to TEA gas compared to the bare TiO, situation [57]. This explains why the
response of the WO3-TiO, C-5 NWs (27) in Figure 5 has increased to 10 times that of pure
TiO; (2.7). WOs3 is a typical acidic oxide that tends to adsorb alkaline gases. The nitrogen
atom of TEA acts as a Lewis alkaline site adsorbed by WO3;, which is beneficial for the
sensor’s ability to produce significant response and selectivity [58]. As shown in Figure 5,
pure WO3 (18.5) exhibits a much higher response to TEA compared with TiO; (2.7). For
TiO,-WO3 C-S NWs, the accumulation of more electrons in the WOj3; shell can lead to
more adsorbed oxygen species participating in the reactions. Therefore, the response of
TiO,-WO3 C-5 NWs to TEA (106) is the highest among the four sensing materials. However,
its response improvement (5.73 times) compared to pure WOj3 is still weaker than the above
case (10 times) of shell electron depletion.

As reported, for C-S structures, if electrons flow from the core to the shell layer, the
recovery speed of the sensor will be faster than that of pure-shell metal oxide due to the
increase in shell electrons [33,59]. On the contrary, the recovery speed of C-S materials will
become lower. This phenomenon has also been partially reflected in this work, as shown in
Figure 6e,f, for example.

4. Conclusions

In summary, C-S NWs with two transposed structures were prepared based on two
types of matrix oxides, WO3 and TiO,. The composition and structural characteristics
of two types of C-S NWs were successfully confirmed through various means. The gas
sensing test results indicated that the two C-S NWs exhibited better sensitivity to TEA
compared to pure-shell materials. By combining the Wgg of two oxides, the electron flow
direction and the resistance changes in the two C-S materials were analyzed, based on
which the corresponding sensitive mechanisms were provided. This work provides a novel
approach for customizing and optimizing sensing materials to achieve ideal gas sensing
performance, expanding the application scope of TiO;-based sensing materials. However,
there are still shortcomings in this work, such as the slow recovery speed of the TiO,-WO3
C-S NW sensor due to the decrease in operating temperature, which urgently needs to be
addressed in the next step of research. Due to the fast switching speeds of memristors,
memristor-based gas sensors, also known as gasistors, can achieve the ultra-fast recovery
of sensor parameters at extremely low power consumption [60-62]. In addition, TiO, has
received relatively extensive research in memristor-based gas sensors, which undoubtedly
provides great inspiration for future plans in this work.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/chemosensors13020045/s1. Figure S1. The structure di-
agram of the tubular device used in this work. Figure S2. Resistance curves over time of sensors
based on (a) TiO; NWs, (b) WO3 NWs, (c) WO3-TiO, C-S NWs, and (d) TiO,-WO3; C-S NWs to
100 ppm TEA at the optimal working temperatures. Resistance curves over time of four sensors to
100 ppm TEA at (e) 130 °C and (f) 220 °C. Figure S3. The fifth order polynomial fitting of (a) TiO,
NWs, (b) WO3 NWs, (c) WO3-TiO, C-S NWs, and (d) TiO,—-WO3; C-S NWs based sensors at baseline
before TEA exposure. Figure S4. The influence of humidity on the baseline resistance and response of
the TiO,—WO3; C-S NWs sensor. Figure S5. Long-term stability test of TiO,—-WO3 C-S NWs sensor.
Table S1. The response-recovery characteristics of the four sensors to different concentrations of
TEA at their respective optimal operating temperatures. Table S2. The fifth order polynomial fitting
data of TiO, NWs sensor. Table S3. The fifth order polynomial fitting data of WO3; NWs sensor.
Table S4. The fifth order polynomial fitting data of WO3-TiO, C-S NWs sensor. Table S5. The fifth
order polynomial fitting data of TiO,—~WO3; C-S NWs sensor. Table S6. Calculation of RMS,,se and
LOD of four sensors.
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