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Metal-seed planting fabrication of W-W,50,49 core
shell nanoflowers for gas sensorsy

Yudong Li, Xiwei Mo, Youxin Xu and Qingguang Zeng

In this study, a new kind of metal oxide nanoflower has been controllably synthesized on pre-designed

regions of a substrate by a metal-seed planting method, in which the nanoflowers only appear where
the metal seeds are planted. The material characterization technologies have proved that such
nanoflowers are composed of a nanowire shell and a nanoparticle core, and their structures can be
assignhed to monoclinic W1gO49 and cubic W phases, respectively. The growth mechanism of the W-
W18049 core shell nanoflowers has also been investigated by recording the growth process from the
metal-seed W particles to the nanoflowers in the metal planting method. Furthermore, after annealing in
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air, the W-W;g049 nanoflowers were completely oxidized into WOsz nanoflowers, the hydrogen gas

sensor based on a Pt coated WO3 (Pt—-WO3) nanoflower film was fabricated, and the gas sensing test

DOI: 10.1039/c7ra03006a

rsc.li/rsc-advances sensors at room temperature.

1. Introduction

Hydrogen has received wide spread attention as a clean and
renewable alternative to carbon-based fuels; in particular, it has
recently become an important fuel for new-energy-power vehi-
cles.' Therefore, the safe utilization and storage of hydrogen in
the fuel producer/supplier environment and the end-user
environment has become a critical aspect for meeting the
growing hydrogen demand.*® The U.S. department of energy
published a list of target specifications for hydrogen safety
sensors as early as the year 2007,” including the operating
temperature in the range of —30 °C to 80 °C, and the detection
range of 0.1% to 10% in ambient air. However, no existing
technology can meet all of these target specifications. For the
typical example, although metal oxide (MOX) sensors are widely
used for hydrogen safety, due to their small sizes and facility of
mass production, this kind of sensor needs to operate at high
temperature (approximately 300 °C or greater) to obtain stable
and measurable conductivities,*® which poses the imminent
danger of explosion when hydrogen leaks occur. Recently, metal
oxide nanostructures have been demonstrated to have excellent
hydrogen gas-sensing performances at room temperature.***>
Tungsten oxide has been widely investigated as a new func-
tional material, due to its crucial applications in chromic
devices, gas sensors, photo-catalysts, super-capacitors and field
emission devices.”**® WO; nanostructure films, coated by noble
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showed that it is a potential material to resolve the unstable sensing performance of normal metal oxide

metals such as Pt or Pd as catalysts, have shown high sensitivity
to H, in air at room temperature, and good repeatability.>*>*
Particularly, the Pt, Pd or their oxide particle-coated WO; films
composed of one-dimensional nanostructures (such as nano-
wires, nanorods, nanoneedles, nanofibers and nanotubes) have
been proved to have a more outstanding performance in
hydrogen detection in previous reports by our group>*** and
other groups.**** However, there is a long way to go before this
new kind of nanomaterial is used in the actual sensor devices.
One of the critical challenges is to controllably synthesize these
nanostructures in the pre-designed regions (like the region
between two electrodes) in the electronic unit devices, and keep
these nanostructures fixed and stable on the substrate.

In this study, we develop a new fabrication method for the
tungsten oxide nanostructures, in which tungsten particles are
planted as metal-seeds on the pre-designed regions of the
substrate, and the tungsten oxide nanoflowers only grow where
the metal-seeds are planted during thermal oxidation. This new
method is hereafter referred to as the metal-seed planting
method. Tungsten oxide nanoflowers are controllably synthe-
sized on the pre-designed regions by this method, and their
material structures are studied by scanning electron microscopy
(SEM), X-ray diffraction (XRD) spectroscopy and scanning
transmission electron microscopy (STEM) technologies. The
growth mechanisms of such nanoflower structures are also
investigated by recording the process from the metal-seed W
particles growing into the nanoflowers in the metal-seed
planting method. The hydrogen sensors based on the Pt-WO;
nanoflowers film (obtained by annealing tungsten oxide nano-
flowers film and then coating with Pt nanoparticles) as
a sensing unit are also fabricated in this study; a layer composed

This journal is © The Royal Society of Chemistry 2017
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of tungsten oxide nanowires was inserted between the nano-
flowers and the substrate in order to increase the contact area
and improve the adhesive force between the nanoflowers and
the substrate. The gas sensing test demonstrated that our
sensor based WO; nanoflowers would be expected to overcome
the unstable sensing performance at room temperature in the
normal MOX sensors.

2. Experimental
2.1 Metal-seed planting method for W-W, 30,9 nanoflowers

The experimental setup consisted of a vacuum chamber (¢ 300
mm x 400 mm), two copper electrodes, a rotary pump system,
and a gas controlling system. A tungsten boat (15 mm x 3 mm
x 0.3 mm) was placed and fixed on the copper electrodes.

The W-W,30,5 nanoflowers were synthesized in two steps:
(1) tungsten particles as metal-seeds were planted on the
substrates; (2) the seeds were oxidized into metal oxide nano-
structures by a thermal oxidation. In the thermal oxidation, the
quartz substrates were placed above the boat. When the vacuum
chamber was first evacuated to about 5 Pa, mixed gases of high
purity argon and oxygen (both 99.99% pure) were introduced
into the chamber. The flow rate of argon was fixed at 200 sccm,
while the flow rate of oxygen was 2.0 sccm. The tungsten boat
was then heated to 900 °C and held at the peak temperature for
a period of time denoted in this study as the heat-retention time
(i.e., 5,10, and 15 min). Finally, the sample underwent natural
cooling to room temperature (25 °C) in a vacuum.

2.2 Thermal evaporation method for the tungsten oxide
nanowire layer in the sensor device

The experimental setup was the same as for the method of
synthesizing W-W;30,49 nanoflowers. Before thermal oxidation,
high purity tungsten powder (0.5 g, 99.95%) was spread out on
the bottom of the tungsten boat. Quartz substrates were covered
on the bottom of a tungsten boat and a gap between the
substrates and the boat was used as the nanowire growth
region. First of all, when the vacuum chamber was evacuated
down to about 5 Pa, mixed gases of high purity argon gas and
oxygen gas (both were 99.99% pure) were introduced into the
chamber. The flow rates of argon gas and oxygen gas were fixed
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at 100 scem and 0.5 sccm respectively. Then, the tungsten boat
was heated to 800 °C and maintained at this temperature for
5 min in a vacuum. Finally the sample underwent natural
cooling to room temperature (25 °C), under vacuum.

2.3 Annealing in air for the sensor devices

Both tungsten oxide nanowires and W-W;3049 nanoflowers
were oxidized to the monoclinic WO; phase by annealing the
samples in air at 500 °C for more than 3 hours.

2.4 Magnetron sputtering method for the Pt nanoparticle
catalyst and Pt electrodes in the sensor device

A thin layer of Pt nanoparticles as a catalyst was deposited onto
the surfaces of WO; nanoflowers by magnetron sputtering, in
which a high-purity platinum target and argon gas (99.99%)
were used. The amount of the Pt catalyst is an important
parameter affecting the WO; nanoflower film, and it was
determined by just controlling the sputtering current and
sputtering time. The optimal sputtering current and sputtering
time were 5 mA and 20 s, respectively.

Two Pt electrodes (3 mm x 3 mm) were prepared on both
sides of the nanoflower film by using a baffle mask with
a spacing of about 5.0 mm in the above magnetron sputtering.
The optimal sputtering current and sputtering time were 20 mA
and 20 s, respectively.

2.5 Characterization

The morphologies, chemical compositions, and structures of
the prepared products were characterized by field SEM (Nova
Nano SEM 432), TEM (FEI Tecnai GZ F30 at 300 kV) equipped
with an energy-dispersive X-ray spectroscopy (EDS) detector and
X-ray diffraction spectroscopy by using an X-ray source of Cu Ka.
radiation (XRD, X'pert Pro).

2.6 Gas sensing properties test

In order to detect the voltage or resistance change of a hydrogen
sensor induced by the different concentrations of hydrogen gas,
a hydrogen sensor testing system was expediently realized as
shown in Fig. 1(a). This testing system was composed of
a detection circuit, a computer, an airtight chamber,
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Ilustrations for (a) the hydrogen sensor testing system and (b) the detection circuit in the hydrogen sensor testing system.
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a controllable temperature board (to keep the temperature
constant at a certain temperature), and a small fan (enabling
the uniform distribution of hydrogen in the airtight chamber).
The hydrogen flow was introduced into the chamber from
a hydrogen generator, and the concentration of hydrogen gas p
was determined by

v 6

p= e x 10 (1)
where V and V, are the volume of the hydrogen gas introduced
into the chamber, and the volume of the airtight chamber (10
L), which was originally filled with air, respectively. Here, the
unit of the concentration of hydrogen gas is parts per million
(ppm). A certain volume of pure hydrogen gas from the
hydrogen generator, in the range of 0.5-50 mL, was pre-
extracted by a syringe and was injected into the chamber by
the syringe.

During the detection, a hydrogen sensor was reacted with the
hydrogen gas, and its resistance was changed. This change in
the resistance was converted into voltage change by the volt-
meter (Victor 86E), and then the data for the voltage change was
immediately input into the computer. The valve of the airtight
chamber was closed when the capability testing of the sensor
was started. First, a certain volume of pure hydrogen gas (the
concentration determined by eqn (1), falling within the range of
50-5000 ppm) was introduced into the chamber for a period of
time and the resistance of the hydrogen obviously decreased.
Then, when the chamber was opened in air, external air entered
the chamber and the resistance of the hydrogen sensor gradu-
ally recovered, due to the reduction of the concentration of
hydrogen gas in the chamber.

The detection circuit is shown in Fig. 1(b), in which the gas
sensor is connected with a resistor of 10 MQ to avoid a short
circuit load. A voltmeter was used to monitor the voltage change
across the hydrogen sensor, and its internal resistance was
determined by disconnecting the sensor R, in the circuit of
Fig. 1(b); the voltage value indicated in the voltmeter just
equaled to half of the source voltage, meaning its internal
resistance was also 10 MQ. The resistance of the series resistor
and the internal resistance of the voltmeter were denoted by Ry,
and Ry, respectively. U is the voltage of the voltage-stabilized
source (here it equaled to 23 V). Uy, and Uy represent the volt-
ages across the sensor before (at ¢t = 0 minute) and after expo-
sure to hydrogen gas, respectively. R, and Ry represent the
resistance of the sensor before (at ¢ = 0 minutes) and after
exposure to hydrogen gas. AR/R is the resistance change rate of
the gas sensor. The resistance change rate can be derived from
the detection circuit as shown in Fig. 1(b). Ry, Ry, and AR/R can
be expressed as

Uy
R=v=u, (2)
R, Ry
Un
= 0=y On (3)
Ry Ry
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Ry — Ry

0

AR/R = % 100%. (4)

Applying the relationship of Ry, = Ry = 10 MQ, and the eqn
(2)-(4), the resistance change rate of the gas sensor could be
simplified as

Uo  U-=-2U,

AR/R:(I——X

0
Us U_ 2UH) x 100%. (5)

3. Results and discussion

The samples were prepared by using a metal-seed planting
method (see the Methods for details). Fig. 2(a) schematically
illustrates the procedure for planting tungsten seeds to
synthesize the tungsten oxide nanoflowers. Initially, tungsten
particles as metal-seeds with sizes of 3-5 pm were planted on
certain regions of a quartz substrate. Then, the metal-seeds
underwent a thermal oxidation, in which the substrate was
heated to 900 °C and maintained at this temperature for 15 min
under oxygen gas flow at 2.0 standard cubic centimeters per
minute (sccm) in a vacuum; the metal-seeds were oxidized into
metal oxide nanostructures. Finally, the sample underwent
a natural cooling to room temperature in a vacuum. As a result,
a flower-like nanostructure grew up on the region with a tung-
sten seed, while dense nanowires randomly grew up on the
regions without a tungsten seed, as the typical scanning elec-
tron microscopy (SEM) images show in Fig. 2(b) and (c). In such
a flower-like nanostructure, lots of nanowires with diameters in
the range of 50-100 nm (as a nanowire shells) extended around
a particle (as a nanoparticle core) in all directions to form
a nanoflower. Predictably, the nanoflowers only appeared on
the places where the tungsten seeds were planted. Thus, if we
could control the positions of the micrometer-scale tungsten
particle seeds on the substrate before the thermal oxidation, the
controllable, localized growth of the nanoflowers would occur.
In order to prove this point, we tried to push the tungsten
particles with size in the range of 3-5 um to the setting positions
by using a microprobe under the microscopy magnification of
100 times.

From our efforts above, one-dimensional (1D), two dimen-
sional (2D) and three-dimensional (3D) patterns composed of
the nanoflowers were prepared by the above synthesis methods,
after the tungsten seeds were held together on a quartz
substrate like the Arabic numeral one, Chinese numeral two,
parallel quadrangle and “monkey” models by manual opera-
tion, as shown in Fig. 3(a-e), respectively. Although it is hard to
control the position of the metal-seeds using a microprobe
under the microscope, the results shown in Fig. 3 prove the
feasibility of the controllable localized growth of the metal oxide
nanoflowers by controlling the position of metal-seed in this
method. The X-ray diffraction (XRD) spectrum of the nano-
flowers, as shown in the middle section of Fig. 4, indicates that
three diffraction peaks (denoted by red Miller indices) agree
well with cubic W (JCPDS card no. 04-0806), and the other

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) Schematic diagram illustrating the procedure for planting tungsten seeds to synthesize the nanoflowers. Inset: SEM image of the

metal-seeds. (b and c) SEM images of the regions with and without tungsten seed on the substrate, respectively.

Fig. 3

(a—e) 1D, 2D, and 3D patterns prepared via the synthesis of the nanoflowers by previously promoting the W seeds held together on quartz

substrates like the Arabic numeral one, Chinese numeral two, parallel quadrangle and “monkey” models by manual operation before the thermal

oxidation.

diffraction peaks (denoted by black Miller indices) agree with
the phase of monoclinic W;30,9 (JCPDS card no. 36-0101). In
particular, the peak corresponding to the diffraction from the
(010) plane of monoclinic W;40,4¢ was particularly strong, which
may be due to the preferred orientation along the [010] direc-
tion during the growth of tungsten oxide nanoflowers. There-
fore, the as-synthesized nanoflowers should contain W and
W,5040. However, a question arose as to which part of the
nanoparticle core or the nanowire shell was metal W, and which
was the W;30,49 phase in a nanoflower structure. In order to
distinguish this, another structure characterization technique

This journal is © The Royal Society of Chemistry 2017

with higher resolution was required to analyze these produces;
therefore, scanning transmission electron microscopy (STEM)
equipped with an energy dispersive X-ray spectroscopy (EDS)
detector was also applied to characterize the products in this
study.

Fig. 5 shows a typical high resolution transmission electron
microscopy (HRTEM) image of a nanowire segment in the
nanoflower, and its inset clearly shows that the interplanar
spaces along the growth direction of the nanowire was
0.373 nm, agreeing with the interplanar pace along the direc-
tion of [010] in the W;30,o phase in the XRD test of Fig. 4. Thus,

RSC Adv., 2017, 7, 29844-29853 | 29847
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Fig. 4 XRD spectrum of as-synthesized nanoflowers (middle section):
the diffraction peaks agreeing with W (JCPDS: 04-0806) and W1gQ49
(JCPDS: 36-0101) are denoted by red and black Miller indices,
respectively.

Fig.5 Typical HRTEM image of a nanowire segment in the nanoflower
structure. Inset: enlarged image of the white-dashed-square region.

the nanowire shell should be assigned to the W;3049 phase.
However, because the nanoparticle core was so thick that the
transmission electrons could not transmit through it, the
HRTEM image of the core was unobtainable. Its phase could be
identified by the energy dispersive X-ray spectroscopy (EDS)
mapping analysis of elements W and O. As shown in Fig. 6(b)
and (c), both W and O appeared in the core and the nanowires
shell, but W element was concentrated in the core while O
element mainly appeared in the nanowire shell. This can be
better illustrated by EDS line scanning, as shown in Fig. 6(d)
and (e): the EDS line scan curves indicate that the profile of W
showed a broad peak, which was located at the center of the
particle core, while the profile of O showed higher intensity on
both sides of the particle core. These results could be analysed
as follows: firstly, since the particle core was enclosed by the
nanowires and the nanowires belonged to the W;30,9 phase, O
element not only appeared on both sides, but also appeared on
the particle core due to the EDS sign from the nanowires, which

29848 | RSC Adv., 2017, 7, 29844-29853
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enclosed the core. Secondly, the particle core was mainly
composed of W element, and the XRD results in Fig. 4 showed
there was a cubic W phase in the nanoflowers. Thus, it is
reasonable to believe that the W particles could not be totally
oxidized into W;50,49 during the thermal oxidation, and the core
remained in the cubic W phase.

Another question arose as to how this W-W,30,4 core-shell
nanoflower grew during the thermal oxidation. In order to
reveal this, we recorded the growth process by varying the heat-
retention time in the thermal oxidation. As the typical cross-
sectional view SEM images in Fig. 7(a-d) show, W seeds with
the diameters in the range of 2-5 um were planted at the
substrate. At the heat-retention time of 5 minutes, the nano-
wires grew on the surface of W seeds and covered them to form
the flower-like nanostructures as shown in Fig. 7(b). As the heat-
retention time increased from 5 minutes to 30 minutes, more
and more new nanowires grew up and the former nanowires got
longer on the surface of each W seed, and simultaneously,
the W seed gradually became smaller (as shown in Fig. 7(a—c)).
When the heat-retention time reached to 30 minutes in partic-
ular, the nanoflower structures had collapsed, due to the van-
ishing of W seeds and missing core support. The structural
changes of the prepared nanoflower with the increase of the
heat-retention time was also investigated by the XRD patterns.
As shown in Fig. 7(e), all the crystal structures of the products
could be well indexed to cubic W (JCPDS card no. 04-0806) and
monoclinic W;30,4¢ (JCPDS card no. 36-0101), and these results
clearly indicate that with the increase of the heat-retention time,
the phase of the product gradually changed from the original
cubic W into final monoclinic W,30,4¢. Since the nanowires with
high crystallinity had been synthesized even at the beginning of
the heat-retention time of 5 minutes, the diffraction peaks from
monoclinic W;3049 had been strong enough at the beginning.
However, as can be seen from Fig. 7(e), with the heat-retention
time increasing, all the diffraction peaks indexed to cubic W
gradually decreased in intensity, and then totally disappeared at
30 minutes, corresponding to the disappearance of the particle
core as the SEM result in Fig. 7(d). Simultaneously, the intensity
of the diffraction peaks indexed to monoclinic W;30,9
increased with the heat-retention time. These results clearly
reveal the process for the oxidation from W metal-seeds into
W;5049 nanowires with the increase of the heat-retention time,
and the W-W,30,, core shell nanoflowers were just the inter-
mediate products at a suitable heat-retention time.

The growth model of the W-W,30,, core shell nanoflowers is
discussed in more detail below. Without any catalyst, the
synthesis process was a thermal evaporation process, which was
proposed as a vapor-solid (VS)* growth process in this case. W
particle seeds with a melting point of more than 3000 °C could
not be gasified around the temperature of 800 °C in our
synthesis process, and thus the vapor in the VS growth model
should be tungsten oxide vapor not tungsten vapor. As shown in
Fig. 7(a-d), the surface layer of the W particle seeds would be
oxidized into tungsten oxide by the introduced oxygen under
vacuum, and then the solid tungsten oxide could be evaporated
into tungsten oxide vapor at 800 °C or above. The new
exposed W on the particle surface would be also oxidized into

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 (a) Dark-field STEM image of a tungsten oxide nanoflower. (b and c) EDS element mapping images show O and W element profiles from the
region denoted by an orange square in (a). (d) Dark-field STEM image of a tungsten oxide nanoflower showing the position of EDS line scanning. (e) EDS
line scan curves indicating the elements O and W, respectively. The dotted lines mark the edges of the nanoparticle core in the nanoflower.

© F ¢ o W (JCPDS 04-0806)
ow_ o, (JCPDS 36-0101)
[ W Seed t
—~ x eeds h
S F
(] I
N i
_é‘ [ o S minutes
0N |= A 4 H
c
(O]
-— -
[
- . o 15 minutes
I ll:l 30 minutes
. 1 s 1 L s L 1 L
30

40 50 60 70
2 Theta (degree)

Fig. 7 (a) SEM image showing the typical cross-sectional view of the W seeds. (b—d) SEM images showing the cross-sectional view of products
prepared at the heat-retention time of 5, 15 and 30 minutes in our experiments, respectively. (e) XRD spectra for the W seeds and the products
prepared at the heat-retention time of 5, 15 and 30 minutes in our experiments, respectively.
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Fig. 8 Proposed growth process for the formation of the nanoflower structure (see text for details).

tungsten oxide and then become tungsten oxide vapor.
Dependent on all the experimental findings and the analysis
above, the growth process was proposed as shown in Fig. 8. (1)
As the thermal oxidation started, the W particle seeds began to
be oxidized into tungsten oxide by the introduced oxygen in
vacuum. (2) The thin tungsten oxide layer could then easily
become vapor above 800 °C, and the vapor would escape from
the particle seeds, to be cooled to solid state tungsten oxide
overhead and then deposited back on the surfaces of the
particle seeds or on the surface of the substrate. (3) When the
temperature decreased to lower than 800 °C, the evaporation
would stop, and the deposition of tungsten oxide should play
two roles. One role is to deposit on the surface of the substrate
to form W;30,9 nanowires at the regions without W particle
seed, and the other role is to regenerate W,30, on W particle
seed surfaces and connect them to form the nanoflower struc-
tures. With the process of evaporation and deposition, the W
particle seed became progressively smaller and ultimately ran
out. In the end, the collapse of the nanoflower structure
suggests its inability to sustain and dominate as a core.

As is well-known, WO; has been highly expected to be a novel
sensing material because of its high gas-sensing properties.>*>*
With the high specific surface area of the nanoflowers in this
study, the film composed of WO; nanoflowers should be ex-
pected to have better gas sensing performance, since the WO,
nanoflowers could be easily achieved by annealing W-W;30,9
nanoflowers in air in our experiments. In order to prove this, we
fabricated the gas sensor device based on WO; nanoflowers
film. Fig. 9 gives a schematic illustration of the fabrication
process. It is worth pointing out that a layer composed of
tungsten oxide nanowires was inserted between the nano-
flowers and the substrate by a similar thermal evaporation (see
the Methods for details) in order to increase the contact area
and improve the adhesive force between the nanoflowers and
the substrate. The fabrication included six main steps as shown
in Fig. 9(a): (I) the quartz substrate covered the W particles,
which had been flatted on the bottom of a tungsten boat. (II)
Tungsten oxide nanowires grew on the substrate and connected
with the W particles in the thermal evaporation (details in the
Methods section). (IIT) The substrate was then turned over, and

29850 | RSC Adv., 2017, 7, 29844-29853

the W particles remained on the top layer, in the method of
metal-seed planting above, to synthesize the nanoflowers on the
surfaces of the W particles. (IV) The products after step (III) were
annealed in air for more than 3 hours at 500 °C to make sure the
products including the nanowires and nanoflowers were in the
monoclinic WO; phase (see Fig. S1 in the ESIT). (V) Pt nano-
particles with sizes in the range of 2-5 nm were used as a cata-
lyst layer to coat the surfaces of the WO; nanoflowers by
a sputtering method (which was described in our previous
work®¢), and were named Pt-WO; nanoflowers. (VI) Finally,
two metal electrodes (i.e., Pt electrodes) were fabricated on both
sides of the nanoflower film by using a baffle mask with
a spacing of about 5.0 mm in magnetron sputtering (see the
Methods for details). The SEM images in Fig. 9(b-d) show the
outcomes of the key steps of the device fabrication respectively,
in agreement with our expected results.

The gas sensitive properties of the device were tested in
a hydrogen sensor testing system (for details see the Experi-
mental section 2.6). The gas sensing activity of the Pt-WO;
nanoflower film was investigated by introducing different
concentrations of H, at room temperature. From the inset of
Fig. 10(a), one can see that the surface sensing material of the
sensor was mainly composed of the flower-like nanostructures,
in whose material fabrication stage the density of the tungsten
particles was intentionally increased. The time response curve
for the voltage across the sensor in Fig. 10(b) shows that when
the sensor was exposed to hydrogen gas, its voltage dropped to
a stable value in 20 min for the low hydrogen concentration, but
continued to drop even after 30 min for the high hydrogen
concentration, as shown in Fig. 10(c) and (d). For comparison
with the falling range from 50 to 5000 ppm on the same time
scale, and to avoid the destruction of the WO; nanostructures,
which may be induced by the long time testing under the high
hydrogen concentration environment, we interrupted the
voltage falling process at 45 min in the cases of 3000 and
5000 ppm. This destruction of the sensing nanomaterial
induced by high hydrogen concentration could be seen from the
recovery process in air, in which the recovered voltage exceeded
the initial value (denoted by a red virtual level in Fig. 9(b)),
indicating that the recovered resistance of the sensors was

This journal is © The Royal Society of Chemistry 2017
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larger than the initial resistance R,. This may be attributed to
the hydrogen injection into the lattice structure and the
formation of the localized water molecules and the oxygen
vacancies in the lattice structure (these models have been
proposed in our previous work>%), destroying the microstruc-
ture of the nanoflowers in an environment of high hydrogen
concentration, which has also been observed recently by our
group in the layered a-MoO; materials;*” however, the exact
answer needs to be determined in future work.

The typical hydrogen response curve of the device is shown
in Fig. 10(e), in which the sensor response, also known as the
relative resistance change,*** could be calculated by eqn (4) and
(5) in the Experimental section. The relationship between the
sensor response and H, concentration nearly satisfied an
exponential function as the hydrogen concentration increased.
For comparison with other tungsten oxide phases, the hydrogen
response curves for W;30,9 nanowires, W-W,0,49 nanoflowers,
WO; nanowires, WO3; nanoflowers, and Pt-WO; nanowire films
have also been tested under the same conditions at room
temperature (see Fig. S2 in the ESIt). In addition to a light and

This journal is © The Royal Society of Chemistry 2017

(a) Schematic illustration of the fabrication process of the gas sensor device based on the nanoflower film. (b—d) SEM images showing the

unstable response in Pt-WO; nanowires, the others had no
response to 50-5000 ppm hydrogen at room temperature. Thus,
among them, the Pt-WO; nanoflowers have a relatively
outstanding performance.

Compared to the homogeneous metal oxide (MOX) sensors,
two advantages for our devices should be pointed out here.
Firstly, most of the homogeneous MOS sensors would become
saturated under high hydrogen concentration detection in
industrial productions.>* However, the saturation effect was
not observed in our devices, even when the hydrogen concen-
tration was greater than 5000 ppm. This is due to the high
specific surface area of the nanoflowers, which enable them to
adsorb enough hydrogen molecules. Secondly, MOX sensors
need high operating temperatures (approximately 300 °C or
greater) to obtain stable and measurable conductivities,*® and
in our previous work, the operating temperature was dropped to
near 100 °C by using quasi-one-dimensional WO; nanowire film
as a sensing unit.”® Although the stability for the detection of
more than 5000 ppm hydrogen needs to be improved in our
further work, the sensors have a relatively stable sensing

RSC Adv., 2017, 7, 29844-29853 | 29851
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(a) Schematic illustration of the gas sensor device based on the Pt—WOs nanoflower film. Inset: top-view SEM image for the nanoflower

film. (b) The time response curve for the voltage across the sensor under the different hydrogen concentrations at room temperature. (c and d)
The enlarged time response curves from part (b) at low and high hydrogen concentrations, respectively. (e) The corresponding resistance change

rate curve obtained from the relationship of egn (5).

performance at hydrogen concentrations less than 5000 ppm at
room temperature (see Fig. S3 ESIt). After 50 cycle tests, the
sensors still had a stable response cycle curve in a gas atmo-
sphere, switching between 2000 ppm hydrogen and air.

4. Conclusion

In summary, the W-W,;30,, nanoflowers were controllably
synthesized on the pre-designed regions of the substrate by
a metal-seed planting method. The nanoflowers were composed
of a nanowire shell and a nanoparticle core, and their structures
were assigned to monoclinic W;30,9 and cubic W phases
respectively, based on the material characterization results of
SEM, XRD, and STEM. The process for the metal-seed W parti-
cles growing into the nanoflowers was facilitated by varying the
heat-retention time in the thermal oxidation, and the results
revealed that the cores of the nanoflowers became smaller until
they disappeared, while the nanowires on the surfaces of the
cores grew with the heat-retention time. The growth model of
the W-W,30,, core shell nanoflowers was also proposed in this

29852 | RSC Adv., 2017, 7, 29844-29853

study, in which the surface layers of W seeds were oxidized into
tungsten oxide vapor and the W seeds became smaller during
the thermal oxidation to act as the cores of the nanoflowers. The
tungsten oxide vapor followed the VS model and was deposited
back on the surfaces of the W seeds to form the nanowire shells
in the nanoflower structures. Finally, the hydrogen gas sensor
based on the Pt-WO; nanoflower film (which was obtained by
annealing W-W;304 nanoflower film and coated with Pt
nanoparticles) was fabricated and its gas sensing test showed
that it had an effective and high sensing performance at room
temperature.
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