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Decorating materials with noble metal catalysts is an effective method for optimizing the sensing
performance of sensors based on tungsten trioxide (WO3) nanowires. Ruthenium (Ru) exhibits excellent
catalytic activity for oxygen adsorption/desorption and chemical reactions between gases and adsorbed
oxygen. Herein, small Ru nanoparticles were uniformly distributed on the surface of one-dimensional
WO3 nanowires. The nanowires were prepared by the electrospinning method through an ultraviolet
(UV) irradiation process, and decoration with Ru did not change their morphology. A sensor based on 4%
Ru nanowires (NWs) shows the highest response (~120) to 100 ppm ethanol, which was increased
around 47 times, and the lowest ethanol detection limit (221 ppb) at a lower temperature (200 °C)

displays outstanding repeatability and stability even after 45 days or in higher-humidity conditions.
Received 3rd September 2021 M it also has fast _ feat The i tin th . f
Accepted 20th November 2021 oreover, it also has faster response—recovery features. The improvement in the sensing performance
was attributed to the stable morphology of the nanowires, the sensitization effect of Ru, the catalytic

DOI: 10.1039/d1ra06623d effect of RuO, and the optimal atomic utilization efficiency. This work offers an effective and promising
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1 Introduction

The electrical properties of metal oxide semiconductors (MOS)
are related to the ambient atmosphere, and they have the
features of low cost, robustness, and easy synthesis.”” Thus,
they play a significant role in gas sensing applications to detect
toxic, inflammable and explosive gases,*® and are more favored
by scientific researchers compared to sensors based on meta-
materials”™® or nanophotonics."*™ MOS-based sensors have
been reported over the past several decades, including sensors
based on CuO,* Sn0,,* In,03,*® Co;0,,"” Fe,03,*® Zn0O,* and
NiO,* for applications such as monitoring air quality and
ensuring industrial safety. The discharge and leakage of volatile
organic compounds (VOCs) into the environment are inevitable
because of the limitations of current production technology.
There is significant harm to human health when people live in
an environment with VOC gases.”*”** Thus, it is of great concern
to design devices, such as sensors based on complementary
infrared ray metamaterials, for the purpose of detecting VOCs.>*
Ethanol is a typical flammable and volatile colorless transparent
liquid at normal temperature and pressure, and is widely used
in national defense, the chemical industry, medicine and
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strategy for promoting the ethanol sensing performance of WOs.

healthcare, the food industry, and industrial and agricultural
production.”**® In particular, ethanol vapor can form an explo-
sive mixture with air, and it is also an inhibitor of the central
nervous system.”” Therefore, from a human health perspective,
many efforts to improve the properties of sensors for moni-
toring ethanol are urgently needed.

Tungsten trioxide (WO;), with a morphology that is easily
controlled through various synthesis methods, is an n-type MOS
material®® and displays good gas sensitivity in the detection of
NO,,” xylene,** methanol,*" and acetone.?> Based on the typical
gas sensing mechanism of MOS materials,* various methods
for optimizing the sensing performance of WO;-based sensors
have been studied. These include different methods such as
morphology control,** heterostructure construction,® defect
introduction,* and metal doping or decoration. Among these
methods, using noble metals (Au,*” Pd,*® Pt*°) to decorate the
MOS material surface is considered to be a promising strategy
to boost its sensing performance due to their catalytic proper-
ties, sensitization effect, or spillover effect. However, the long-
term stability of sensors prepared through the functional
modification of the surface of WO; is usually poor. Generally,
a sensing material should provide sufficient reaction sites
between the target gas and adsorbed oxygen, meaning that the
materials need a large specific surface area; therefore, nano-
materials are regarded as good candidate materials for fabri-
cating sensors.

Electrospinning has become one of the main ways to effec-
tively prepare nanomaterials due to the simple and controllable

© 2021 The Author(s). Published by the Royal Society of Chemistry
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manufacturing process, low cost, and the wide range of spin-
nable materials.**** Electrospun nanowires have a high specific
surface area and porosity, which increases the area of interac-
tion between the sensing material and the target object.
Therefore, electrospun nanomaterials are expected to signifi-
cantly improve the performance of gas sensors.*** Ruthenium
(Ru) is a relatively inexpensive noble metal with stable proper-
ties and strong corrosion resistance, and it has been reported as
an effective catalyst for the hydrogen evolution reaction* and
conversion of VOCs.*” Ascribed to its favorable electronic
properties, the introduction of Ru can promote the formation of
oxygen-containing species adsorbed on the surface of materials
and effectively break C-C bonds, which improves the chemical
reaction between ethanol and adsorbed oxygen.**** In addition,
ethoxy species of ethanol are always present as monodentates
with their oxygen atom bound to one Ru atom.* In recent years,
there has been no shortage of published articles on Ru doping
or the modification of MOS materials to optimize the gas
sensing performance of MOS-based sensors.*>** Thus, Ru
decoration methods may promote ethanol sensing
performance.

Based on the above discussion, in this work, 1D WO;
nanowires (NWs) were prepared through a traditional electro-
spinning method. Ru catalyst particles were successfully deco-
rated on the surface of the WO; NWs through a UV irradiation
process with tungstic acid and ruthenium chloride hydrate as
the raw materials. Sensors based on 4% Ru loaded on WO; show
an outstanding response, rapid response and recovery, and
excellent selectivity to ethanol. The introduction of Ru also
decreases the optimum working temperature of the sensor.
Furthermore, the effect of moisture and the long-term stability
of these sensors were also studied. The results obtained herein
clearly demonstrate that decorating the surface of WO; NWs
with a moderate amount of Ru is an effective and promising
method for promoting ethanol-sensing performance.

2 Experimental section
2.1 Preparation of pure WO; nanowires

All the relevant chemicals used in this work were of analytical
grade and were used directly without purification. Deionized
(DI) water with a resistivity of 18.25 MQ cm was used in all
synthesis and fabrication processes. The WO; NWs were
prepared by an optimized traditional electrospinning method
followed by an annealing process using tungstic acid as
a precursor following a modified method reported previously.**
The preparation of pure WO; nanowires (NWs) is shown sche-
matically in Fig. 1a. Briefly, 1.7 g polyvinylpyrrolidone (PVP,
average MW ~1 300 000) was placed in a bottle with a mixed
solvent containing 5 mL absolute ethanol and 2 mL DI water.
This mixture was vigorously stirred for 5 h. 4 mL ammonia was
poured into a bottle with 390 mg tungstic acid. This bottle was
placed in a 65 °C water bath and stirred for 2 h. The ammonia
solution was then slowly poured into the PVP solution and
stirred constantly overnight. The obtained milky white
precursor solution was then drawn into a plastic syringe. The
parameters of the electrospinning process were set as follows:
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an applied voltage of 19 kv, a feed rate of 0.2 mL h™*', and
a working distance of 20 cm. The obtained precursor wires were
preoxidized at 200 °C for 2 h and annealed at 500 °C for 2 h in
a muffle furnace with a heating rate of 1 °C min~" to remove the
PVP. The samples were cooled to 300 °C with a cooling rate of
2 °C min ', followed by natural cooling to room temperature to
obtain pure WO; NWs, denoted as 0% Ru NWs.

2.2 Preparation of Ru-decorated WO; nanowires

For the Ru-decorated samples, various atomic concentrations of
Ru (at% = 2, 3, 4, 5, and 6) were used to functionalize the
surface of the WO; NWs via a UV irradiation process. In a typical
process, 30 mg 0% Ru NWs were dispersed in 9 mL DI water
under ultrasonic agitation for 15 min. The corresponding
amount of ruthenium chloride hydrate (RuCls, 0.02 M) aqueous
solution was added dropwise at 500 rpm. The solution was
stirred at 500 rpm for 5 min and then at 1000 rpm for 10 min.
UV irradiation was then performed at 300 rpm for 5 h. The
products were centrifuged at 8000 rpm for 4 min and washed
with DI water and absolute ethanol several times. Finally, the
samples were dried at 60 °C for 12 h. The corresponding
samples were denoted as 2, 3, 4, 5, and 6% Ru NWs.

2.3 Sensor fabrication and measurement

The gas sensing performance of the samples was measured
using a WS-30B gas sensing measurement system (Wei-Sheng
Electronics Co., Ltd, China). First, a small amount of each
prepared powder (0.7 mg for each device) was mixed with an
appropriate amount of a laboratory-made organic binder con-
taining 10 wt% ethyl cellulose and 90 wt% terpineol. Each
mixture was ground to form a paste, which was uniformly
coated onto the surface of a ceramic tube with a pair of Au
electrodes and four Pt wires; it is clear that the thickness of the
sample coating layer is about 14 pm from the cross-sectional
view SEM image of the sensor device shown in Fig. 1d. To
completely remove the organic binder, a calcination process
was carried out at 400 °C for 2 h in a muffle furnace. A Ni-Cr
wire coil heater was inserted into the tubes to regulate the
working temperature of the sensor devices by the providing the
corresponding heating voltage (V},). A schematic of the device is
shown in Fig. 1b. For the purpose of obtaining good stability,
the devices were aged at 200 °C for 36 h prior to testing. To
determine the sensing performance of the sensors, all the
devices were placed in a test chamber with an 18 L capacity and
tested under ambient conditions (30 °C, 35 RH%). The devices
were then preheated to various temperatures (110-230 °C) for
about 0.5 h. At this point, when the electrical resistance values
of the devices (R, and R, which represent the resistances in air
and in the presence of target gases, respectively) were stable,
using the experimental setup shown in the schematic illustra-
tion in Fig. 1c, the resistance value of the devices was calculated
using the formula: R, (or Rg) = (Ve — Voue) X Ri/Voy, (the value of
V. or R;, was a known constant, V,,; was obtained from the WS-
30B gas sensing measurement system), a corresponding volume
of the target gas was injected into the test chamber using
a microinjector, and fans were used to accelerate gas
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(a) Schematic illustration showing preparation of WOz NWs by electrospinning, (b) the ceramic tube device, (c) schematic illustration of the

experimental setup, and (d) cross-sectional view SEM image of the sensor device.

dispersion. The response value S is defined as S = Ry/R,.
Furthermore, the response and recovery times (e and 7y..) are
defined as the time required for the value of the resistance to
change by 90%.

2.4 Characterization

The structures, morphologies, and elemental compositions of
the samples were characterized using field-emission scanning
electron microscopy (FE-SEM, FEI Apreo-S), transmission elec-
tron microscopy (TEM, FEI Tecnai F30, operated at 300 kV), and
energy-dispersive X-ray spectroscopy (EDS). X-ray powder
diffraction (XRD, Malvern Panalytical) with Cu-Ka radiation (2
= 1.5406 A) at 40 kv and 40 mA, as well as micro-Raman
spectroscopy (Renishaw inVia-Reflex with an excitation wave-
length of 785 nm) was used to analyze the crystalline phase

structure and composition of the samples. The surface
elemental chemical states of the samples were analyzed using X-
ray photoelectron spectroscopy (XPS, Kratos Axis Ultra DLD with
Al Ko probe beam). The C 1s peak (284.6 eV) was used as
a reference for element binding energy calibration.

3 Results and discussion

3.1 Structural and morphological characteristics

The XRD patterns of the pure and Ru-decorated WO; NWs
sample are shown in Fig. 2a, demonstrating the good crystal-
linity of all the samples, which were well-indexed to the
monoclinic structure of WO; (JCPDS card no. 72-0677). The
main peaks located at 26 = 23.11°, 23.58°, and 24.35° corre-
spond to the (0 0 2), (0 2 0) and (2 0 0) lattice planes of WOj3,
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(a) XRD patterns and (b) Raman spectra of 0%, 2%, 3%, 4%, 5%, and 6% Ru NWs.
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respectively.®> No additional diffraction peaks corresponding to
trace ruthenium or impurity phases were detected. The Raman
spectra of the as-prepared samples are presented in Fig. 2b to
further confirm their molecular structure information, and they
illustrate that all the samples have similar spectra. The intense
Raman peaks at shifts of 271 em ™, 328 cm™ " and 715 cm ™%, and
807 cm™ ' can be assigned to the O-W-0O bending vibration and
stretching vibration modes of monoclinic-phase WOj3,*
respectively. Overall, the XRD and Raman characterizations
illustrate that the modification of the WO; NWs with a trace
amount of noble metals does not affect their crystal phase or
molecular structure.

The microstructures of as-prepared pure and Ru-loaded WO,
NW samples were observed through SEM and TEM images.
Fig. 3a-f show that the rough and porous nanowires have
a uniform diameter of about 100 nm, are constructed from
a large number of WO; nanoparticles, and exhibit a net struc-
ture of nanowires leading to a large mesoporous structure. This
structure is beneficial for gas diffusion processes and achieving
a highly sensitive response, because it has a high number of gas
reaction and adsorption sites and is conducive to the diffusion
or overflow of the surface of the materials.*® A comparison of the
SEM images of the different samples shows that there is no
difference in their morphology. The ruthenium loading level is
very low, beyond the resolution limitation of SEM, but the
images indicate that the presence of Ru does not affect the
microstructure of the nanowires, in line with the XRD and
Raman results. Furthermore, the TEM images shown in Fig. 4a
and b also show that the 0% Ru NWs and 4% Ru NWs have

200 nm
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o

200 nm

200 nm

View Article Online

RSC Advances

a diameter of about 100 nm and are formed of many small WO;
nanoparticles even after Ru decoration. Fortunately, compar-
ison of the TEM image of the 4% Ru NWs in Fig. 4b with the
image obtained from the 0% Ru NWs shows that there are
abundant Ru nanoparticles with a size of several nanometers
loaded on the surface of the WO; nanoparticles.

The high-resolution transmission electron microscope
(HRTEM) images of the samples shown in Fig. 4c and d present
the lattice information, with interplanar distances of 0.335 nm,
0.356 nm, 0.39 nm, and 0.256 nm, which can be ascribed to the
(120), (2 00), and (0 0 1) planes of monoclinic phase WO; and
the (1 0 1) planes of RuO,, respectively.>** The STEM image and
corresponding EDS elemental mapping shown in Fig. 4e-h
prove that W, O, and Ru are uniformly distributed in the 4% Ru
NW sample. These results indicate that Ru is successfully
decorated on the WO; NWs and mainly exists in the form of
RuO,.

3.2 Gas sensing performance

Determining the working temperature of sensor devices is very
important for their practical application. In particular,
achieving a low working temperature for sensors based on MOS
is important to reduce power consumption and the risk of
combustion or explosion when monitoring ethanol gas. There-
fore, the relationship between the response of the sensor
devices to 100 ppm ethanol over an operating temperature
range of 110-230 °C was investigated, as shown in Fig. 5a.
Clearly, the response values of the devices based on samples
decorated with Ru increase as the working temperature

200 nm

200 nm

Fig. 3 SEM images of different samples: (a) 0% Ru NWs; (b) 2% Ru NWs; (c) 3% Ru NWs; (d) 4% Ru NWs; (e) 5% Ru NWs; (f) 6% Ru NWs.
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Fig.4 TEMimages of the (a) 0% Ru NWs and (b) 4% Ru NWs; (c and d) HRTEM images of the 4% Ru NWs; (e) STEM image and (f—h) corresponding
element mapping images for the elements W, O, and Ru for the 4% Ru NWs.

increases in the range of 110-200 °C and decrease as the
temperature increases further above 200 °C. Additionally, the
response of the device based on the 0% Ru NW sample
increases with temperature across the entire temperature range
(as shown in the Fig. 5a inset), indicating that the optimum
operating temperature of WO; can be reduced by introducing
catalytic Ru.** The sensor based on 4% Ru NWs possesses the
highest response to 100 ppm ethanol (120) at 200 °C, which is
about 47 times higher than that of the sensor based on 0% Ru
NWs under the same condition. This illustrates that decoration
with Ru is a feasible method for enhancing the sensing
performance of sensors based on WO; NWs towards ethanol.

39134 | RSC Adv, 2021, 1, 39130-39141

Fig. 5b shows the dynamic response-recovery curves of the
sensors towards 100 ppm ethanol at 200 °C. It is obvious that all
the sensors based on Ru-decorated samples have an excellent
response and recovery performance. Fig. Sla-jf displays the
real-time curves of the variation of the sensor resistance at
different temperatures in response to 100 ppm ethanol gas,
which exhibit a classic n-type gas response phenomenon for n-
type WO; in the detection of reducing gases. The resistance of
the devices changes more rapidly due to quicker adsorption and
desorption of ethanol at high temperatures compared to low
temperatures. Furthermore, the resistance can be restored to its
original level at any temperature. The 7, and 7. of the sensors
based on 0% Ru NWs towards 100 ppm ethanol at 200 °C

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) The responses of the samples towards 100 ppm ethanol as a function of operating temperature; the inset corresponds to the device

based on 0% Ru NWs. (b) The dynamic response—recovery curves of the samples towards 100 ppm ethanolat 200 °C. (c) Curves of the responses
toward various concentrations (1, 5, 10, 20, 50, 75, 100, 200, and 500 ppm) of ethanol gas for the samples. (d) The dynamic response—recovery
curves of the sensors towards concentrations of ethanol of up to 500 ppm followed by down to 1 ppm; the inset corresponds to a low

concentration (1-20 ppm) at 200 °C.

obtained from Fig. S1k and If are 23 s and 58 s, and the cor-
responding values for the sensor based on 4% Ru NWs are 1 s
and 18 s, respectively. This enhanced performance is ascribed
to the catalytic effect of Ru, which promotes the chemical
reaction between the target gas and adsorbed oxygen as well as
the desorption of ethanol.> Fig. S21 shows the baseline resis-
tance of sensors at various temperatures under air; it can be
found that the resistance value decreases with increasing
temperature, which is a typical characteristic of semiconductor
materials. The resistance values of the sensors based on Ru-

decorated WO; NWs are larger than those of the sensor based
on the pure WO3; NWs, which is ascribed to the widening of the
depletion layer caused by the transition of electrons from the
MOS to the noble metal. The sensing performance of the
sensors in this work is compared to that of previously reported
materials based on WO; in Table 1. These Ru-decorated WO,
NWs evidently display outstanding sensing performance
towards ethanol, with the best response among the compared
materials and a lower optimum working temperature.

Table 1 Comparison of previous works and this work in terms of ethanol gas sensing performance®

Response

Sample Top (°C) Conc. (ppm) ] Ref.
Core-shell WO5;-SnO, nanofibers 280 10 5.09 55
WO;-SnO, composite coating 250 300 1.73 56
Ce-doped WO; 350 1 12.3 57
WO;-H,0 network 350 100 16 25
Ga,03;-WO; heterostructures 275 100 14 58
Au-decorated WO, 200 100 57 59
ZnO-WO3; composite nanorods 300 50 16.2 60
Ru-decorated WO; 200 100 78 This work

¢ Top: optimum working temperature of the sensors.
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Fig. 6
under different RH (%) towards 100 ppm ethanol at 200 °C.

The response values of all the devices as a function of
ethanol concentration (from 1 to 500 ppm) at their optimal
working temperature are shown in Fig. 5c. As can be seen, the
response values of the sensors increase with increasing ethanol
concentration, and the worst sensing performance is achieved
using the sensors based on the 0% Ru NW sample. In contrast,
the 4%-Ru-NW-based sensor displays an outstanding response.
Additionally, the response of the sensor based on 0% Ru NWs
only increases slightly when the concentration of ethanol gas is
increased, while the responses of the sensors based on Ru-
decorated NWs increase rapidly. Importantly, the response
value increases almost linearly at low ethanol concentrations
(1-20 ppm), and there is no saturation trend as the ethanol
concentration increases to 500 ppm. Furthermore, the dynamic
response and recovery curves and corresponding ethanol
response as a function of concentration for every sensor are
shown in Fig. 5d and S3a,T and demonstrate good symmetry
when the ethanol concentration is increased and then
decreased. Additionally, Fig. S3bt shows the relationship
between In(S) and In(C) at the optimum sensor working
temperature. The experimental data can be fitted well by
a linear function, and show that the ethanol detection limit was
759 ppb, 290 ppb, 257 ppb, 211 ppb, 270 ppb and 303 ppb,
respectively, for the sensor devices based on the 0%, 2%, 3%,
4%, 5%, and 6% Ru NW materials.

When a varying amount of ethanol gas is injected, the
response is immediate and quickly achieves stability. The
resistance returns to its previous level when the devices are
exposed to air, even for an ethanol concentration of 1 ppm.
Fig. 6a shows six response cycles towards 100 ppm ethanol at
200 °C. There is a slight increase in the response, which is
ascribed to the surfaces of the materials being activated by
ethanol. The result illustrates the outstanding repeatability and
reproducibility of these sensors. Overall, these results prove that
the sensors have the potential to sensitively detect ethanol
across a wide range of practical conditions.

Moisture negatively affects gas sensors,'® so the effect of
increasing humidity was investigated in this work. Fig. 6b
displays the dynamic response curves of sensors exposed to

39136 | RSC Adv, 2021, 11, 39130-39141

(a) Repeatability test of the dynamic response curves of the sensors over six cycles, and (b) the dynamic response curves of the sensors
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Fig. 7 Selectivity patterns of the sensors towards various gases
(100 ppm benzene, formaldehyde, acetone, methanol, NHs, CO, NO,,
H,, and ethanol) at 200 °C.

ethanol under different RH conditions (25%, 35%, 50%, 75%,
and 95%). There is only a slight change in the gas response even
at 75% RH, although the sensors show better performance
when the RH is 50%. The resistance of the devices slowly
increases in a stable manner when the sensors are tested in
a 95% RH environment. This is because water molecules occupy
the gas and oxygen reaction sites, inhibiting the response. Such
humidity effects are acceptable for practical application.
Selectivity is also a crucial factor for the practical application
of sensor devices. The response of all the sensors exposed to
100 ppm of the gases CO, NH;, benzene, acetone, methanol,
formaldehyde, NO,, and H, were analyzed and are displayed in
Fig. 7. The Ru-decorated sensors clearly demonstrate better
sensing performance of all the VOC gases compared to the 0%
Ru NWs sensor. Compared with their response to other gases,
the sensors display optimal performance for the detection of
ethanol. The sensor offers decent selectivity between ethanol

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Long-term stability of sensors towards 100 ppm ethanol at
200 °C.

and CO, benzene, formaldehyde, and NO,. However, the selec-
tivity towards ethanol over acetone, methanol and ammonia is
not as satisfactory. The selectivity towards acetone is unsatis-
factory, which is ascribed to the fact that the samples without
Ru modification showed the best sensing performance towards
acetone. The introduction of Ru can effectively break C-C bonds
in VOCs, and the ethoxy species of ethanol are always present as
monodentates with their oxygen atom bound to one Ru atom.
Thus, the sensors based on Ru-decorated materials show the

View Article Online
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highest response to ethanol, while their sensing performance
toward other VOCs is also enhanced. The statistics of the initial
resistance for the sensor selectivity and repeatability tests
(Fig. S4t) illustrates that the devices can almost completely
recover after exposure to the tested gases, further demon-
strating the outstanding repeatability of the sensors.

Gas sensors based on MOS are always limited in practical
application by poor long-term stability performance; therefore,
more stable sensor materials are required. As shown in Fig. 8
and S5, the prepared sensors based on WO; NWs demonstrate
extremely stable performance for practical ethanol detection.
The sensing performance is even slightly increased after 45
days, and the dynamic response and recovery curves have the
same characteristics, as shown in Fig. 6a. In brief, these sensors
have good moisture resistance, selectivity and long-term
stability.

3.3 Mechanism

The resistance value of the sensors is stable in conditions where
air is the background due to a dynamic equilibrium between the
oxygen adsorption and desorption processes. Currently, the
widely accepted sensing mechanism of typical n-type MOS
(WO3) materials for the detection of reducing gases (ethanol) is
attributed to the change in carrier concentration due to the
capture and release of electrons during the chemical reaction
between the target gas and the oxygen species adsorbed on the
MOS surface.?*** Therefore, the movement of electrons and the
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(a) W 4f, (b) O 1s XPS spectra of 0% Ru NWs, and 4% Ru NWs samples, (c) Ru 3d and (d) Ru 3p spectra of 4% Ru NWs samples.
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Fig. 10 Schematic diagram of pure and Ru-decorated WOz NWs and their ethanol sensing mechanism and its enhancement.

changes in adsorbed oxygen species on the surface of the
materials when the sensors are exposed to alternating atmo-
spheres under a certain concentration of the target gas should
be investigated. The conduction band electrons can be trapped
by oxygen to form chemisorbed oxygen species; this process is
highly dependent on the working temperature in air (O, (ags) +
2e” © 20(qs) (100 °C < T'< 300 °C)).** The trapped electrons are
released back to the conduction band with the introduction of
reducing gas (the gas will undergo an oxidation-reduction
reaction with the adsorbed oxygen, releasing electrons to
participate in conduction).”® As a result, an electron depletion
layer is formed on the surface of the sensing materials in air,
and the width of this depletion layer is reduced in testing; this
leads to the change in the resistance of the sensing materials,
consistent with Fig. S1.1

The improvement in the sensing performance can be
explained by the electronic and chemical sensitization of Ru.

39138 | RSC Adv, 2021, 11, 39130-39141

The 0% Ru NW and 4% Ru NW samples were characterized
using XPS (Fig. S61 and 9) to analyze the chemical states of
elements (W, O, and Ru) and the sample compositions. The
comparison of the full survey spectra shown in Fig. S67 clearly
shows a weak peak at around 282 eV and a slight change at
around 463 eV for the Ru-decorated sample, corresponding to
Ru 3d and Ru 3p, respectively. The Ru 3p peak, which is only
present in the 4% Ru NWs samples, illustrates the presence of
Ru. The high-resolution spectra of W 4f, O 1s, Ru 3d, and Ru 3p
are shown in Fig. 9a-d. Fig. 9a displays two peaks at 35.5 +
0.1 eV (W 4f;,,) and 37.6 & 0.1 eV (W 4f;),), corresponding to the
W®" oxidation state. In the O 1s XPS spectrum in Fig. 9b, there
are three major peaks located at 530.25 £ 0.1 eV, 531.5 £ 0.1 eV,
and 532.2 + 0.1 eV, which are respectively ascribed to lattice
oxygen (Op), oxygen vacancies (Oy), and chemisorbed oxygen
(Oc¢) on the WOj; surface.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Decorating the WO; NWs with 4% Ru increases the amount
of Oy from 3.9% to 6.4%, providing more reaction sites for
target gases, and increases O¢ from 8.6% to 18.1%, indicating
that more chemisorbed oxygen can participate in the chemical
reaction.® This explains the larger response of the Ru-decorated
WO;. Additionally, as shown in Fig. 9c, the XPS peaks of Ru 3d
overlap with the C 1s peak. The peaks located at 281.7 eV and
around 286 eV correspond to Ru 3ds/, and Ru 3d3/,. The Ru 3p
XPS spectrum displayed in Fig. 9d illustrates that ruthenium is
in the form of RuO,.®> Importantly, both the W 4f and O 1s
peaks of the 4% Ru NWs spectrum shift to higher binding
energy positions, indicating that the electron migration direc-
tion between WO; and Ru is from the semiconductor to the
noble metal. This leads to a higher resistance state of the
devices based on the Ru-decorated samples, in line with Fig. S1
and S2.t This also proves the interaction between Ru and WO;.
Their synergy is conducive to the improvement of the sensing
performance. In addition, RuO, is a p-type MOS; therefore, a p—-
n heterojunction is formed at the interface between RuO, and
WO;. Additionally, the work function of RuO, is higher than
that of WO3;, so electrons will migrate from WOj; to RuO, until
their Fermi levels are balanced.®® This widens the electron
depletion layer, which is beneficial for enhancing the sensitivity
of WO;. Because a lower electron concentration means a higher
baseline resistance of the sensors in air, this results in a higher
response based on the equation S = R,/R,. The ethanol sensing
mechanism and enhancement for pure and Ru-decorated
samples are shown in Fig. 10.

The devices based on Ru-decorated samples have a lower
optimal operating temperature and faster response and
recovery. This is ascribed to the catalytic effect of RuO,, which
reduces the activation energy of the gas to react with adsorbed
oxygen and accelerates the dynamic equilibrium of the oxygen
adsorption and desorption processes. The gas sensing property
of the samples improves with increasing Ru decoration up to 4
at%. Above this, the gas sensing property deteriorates, which
can be explained by the lower atom utilization efficiency under
the same conditions.** The stability of these sensors is attrib-
uted to the nature of the WO; NWs. The materials were
annealed at 500 °C during the preparation process, and the
sensors underwent a high-temperature aging treatment,
enhancing material stability.

4 Conclusions

In summary, various amounts of the noble metal Ru were used
to functionalize the surface of WO; NWs prepared by a tradi-
tional electrospinning method via a facile and low-cost UV
irradiation process. In particular, the sensor device based on
4% Ru-decorated WO; NWs achieves the most outstanding
performance for ethanol detection at a low working tempera-
ture of 200 °C, with a response 47 times higher than that of
undecorated WO; NWs. The response of the prepared sensors to
step changes in the concentration of ethanol is clearly distin-
guished. The lowest detection limit level is 221 ppb. Further-
more, these sensors exhibit good repeatability and stability even
after 45 days or under high relative humidity conditions. This

© 2021 The Author(s). Published by the Royal Society of Chemistry
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can be ascribed to the higher level of oxygen vacancies and
surface chemically adsorbed oxygen species on the Ru-
decorated WO; caused by the electronic/chemical sensitiza-
tion effect of Ru, the catalytic effect of RuO,, the optimized
atomic utilization efficiency, and the heterojunction formed at
the interface between WO; and RuO,. Overall, this work clearly
proves that using Ru to decorate the surface of a MOS is an
effective and promising method for promoting ethanol sensing
performance.
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