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Pd-WO3 nanosheets were synthesized through a one-step hydrothermal method using Na2PdCl4 solution

as the palladium source and sodium tungstate as the tungsten source, and were used to detect acetone.

After being characterized by TEM, XRD, BET and XPS, it was found that Pd doped on the surface of WO3

nanosheets was mainly present as metal palladium, and the specific surface area increased after doping.

In addition, the effect of Pd doping on gas sensing properties was studied. When the Pd-doped amount

was 2 at%, sensors fabricated with the composites had the best gas sensing performance. Under

a 100 ppm acetone atmosphere, the response time was 1 s and the recovery time was 9 s. The detection

limit for acetone was 50 ppb at the optimum working temperature of 300 �C, and the selectivity for

acetone was excellent under 100 ppm atmosphere (Sacetone/Sethanol ¼ 5.06). The excellent gas sensing

properties of this material are mainly attributed to the high catalytic activity and the catalytic spill-over

effect of the Pd nanoparticles, which provided additional active sites for the sensitive materials.
Introduction

As society has developed, the emission of volatile organic
compounds (VOCs) such as acetone, formaldehyde and toluene
has increased, which seriously endangers human health.1,2 For
instance, it was found that some trace VOCs present in human
breath are indicators for different diseases. For example, the
marker gas for type-1 diabetes is acetone (>1.8 ppm),3 so there is
great practical signicance and value in developing gas sensors
to rapidly monitor acetone gas.4,5 Therefore, it is becoming
increasingly important to study various methods and technol-
ogies to rapidly detect and monitor VOCs.2,3,6,7

Currently, gas sensors are widely used as cost-effective
detection methods, and metal oxide semiconductor (MOS) gas
sensor are inexpensive, easily integrated and have long service
lives. These advantages arise from the change in conductivity
caused by the interaction between gas molecules and the
surface of metal oxide semiconductors (MOS).8 WO3 is a typical
n-type semiconductor with great potential for the detection of
harmful and toxic gases such as acetone, CO, NO2, H2S and
NH3.9–11 However, it is difficult for pure WO3 to simultaneously
have a fast acetone response–recovery, a low detection limit and
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a high selectivity. By increasing the specic surface area of the
sensing material, modifying its the surface and adjusting its
defects, its gas sensing performance can be greatly
improved.12–14 Surface modication of materials is an effective
method to improve the gas sensing performance of gas sensors,
and the morphology also has some inuence. Compared with
other structures,15–17 nanosheets have many advantages, such as
large specic surface areas, abundant surface adsorption
centers and unique electronic transmission performance.18

While they have broad application prospects in gas sensors, Pd-
WO3 nanosheets composites with fast response–recovery time
have rarely been reported for gas sensing applications.

In this paper, Pd-WO3 nanosheets composites were prepared
by one-step hydrothermal method. It was found that the sensors
fabricated with the composites had a fast response, low detection
limit, high selectivity and high sensitivity. This is due to Pd
nanoparticles on the surface of the WO3 nanosheets, thus
providing more active sites for acetone reaction. The catalytic
spill-over effect of precious metal Pd reduced the activation
energy required for the reaction and the response–recovery time.
Experimental section
Materials

Sodium tungstate dehydrate (Na2WO4$2H2O, 99.5%), sodium
tetrachloropalladate(II) (AR), citric acid (CA, >99.5%), D-
(+)-glucose (AR), hydrochloric acid (36–38%, AR) and liquid
chemicals (including methanal, methanol, ethanol, aqua
ammonia, acetone, toluene, and n-hexane) were purchased
from Sinopharm Chemical Reagent Co. Ltd, China. All reagents
RSC Adv., 2019, 9, 28439–28450 | 28439
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Fig. 1 XRD patterns of bare WO3 samples with 0 at%, 1 at%, 2 at%, 3
at%, 5 at% and 8 at% Pd doping.
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used in our experiments were of analytical grade and used
without further purication.

Synthesis

WO3 and Pd-WO3 nanosheets were synthesized through
a hydrothermal method. In this work, a typical process was as
follow:19 2 mmol of Na2WO4$2H2O was dissolved in 60 mL of
deionized water to prepare a transparent solution, which was
dened as solution A. Aer vigorous stirring, 3 mmol of citric
acid and 10 mmol of glucose were added into solution A, which
was dened as solution B. Aer vigorous stirring for 10 min,
3 mL of HCl solution (12 M) was added into solution B. The
solution B was vigorous stirred for 30 min and transferred into
a 100 mL Teon-lined autoclave, which was then heated at
120 �C for 24 h. Keep the autoclave at room temperature until it
had cooled, the resultant product was ltered, washed with
water and anhydrous ethanol for three times. Finally, the
product was dried at 60 �C in a vacuum oven for 12 h and
annealing in a nitrogen atmosphere at 400 �C for 2 h. Pd-WO3

nanosheets were synthesized through a one-step hydrothermal
method. For doping, different molar ratios of Na2WO4$2H2O
and Na2PdCl4 (1 wt%) were dissolved in distilled water to get 1,
2, 3, 5 and 8 at% Pd-WO3 nanosheets. Other experimental steps
were the same as above.

Characterization

X-ray powder diffraction (XRD) was performed using a Shi-
madzu XRD-6000 diffractometer with a CuKa1 irradiation over
a 2q range from 10 to 90� to analyze the crystal phases of the
samples. The morphologies of the as-obtained products were
characterized and analyzed by transmission electron micro-
scope (TEM). High-resolution TEM (HR-TEM) images were ob-
tained using a JEOL JEM-2100 microscopy, operated at an
acceleration voltage of 200 kV, to characterize the sizes and
crystal structures of WO3 and Pd-WO3 nanosheets. The surface
areas were measured on a surface area analyzer (Micromeritics
ASAP 2020 V3.00H) and calculated using the Brunauer–
Emmett–Teller (BET) equation. X-ray photoelectron spectros-
copy (XPS, K-alpha) was used to investigate electron congura-
tions of the surfaces of WO3 and Pd-WO3 nanosheets.

Fabrication and test of the sensor

The as-synthesized products were ground and mixed with H2O,
ethylene glycol, and glycerol (1 : 2 : 2 mass ratio) to form
a paste. Then, the paste was dropped and spot-coated onto an
Al2O3 ceramic plate substrate (area of 8 mm � 10 mm � 0.65
mm), onto which a pair of Au interdigitated electrodes (elec-
trode width of 0.2 mm and gap width of 0.2 mm) had been
previously printed. Aerwards, the resulting chip was dried at
120 �C for 2 h, and then heated at 400 �C for another 2 h to
anneal under nitrogen atmosphere to ensure all solvents were
evaporated. The nal sensor was obtained aer aging at 200 �C
for an additional 24 h. Finally, the gas sensing properties of the
sensors were tested by a static measurement system produced
by CGS-1TP (Beijing Elite Tech. Co., Ltd., China), which test
chamber is 18 L. The measurement was processed by a static
28440 | RSC Adv., 2019, 9, 28439–28450
process in a test chamber with an ambient relative humidity of
about 25% and room temperature near 25 �C. Statistics were
performed on the resulting measurements. The sensor device
and the measurement system are reported by our previous
work.20,21 First, sensors were placed into the chamber and pre-
heated to their operational temperature, then the evaporator
was turned on for one minute, and a certain amount of
measured VOCs were injected into the test chamber. The upper
cover of the test bench was opened aer the response reaching
a constant value, then the sensor began to recover in air and the
sensor response returned to the initial value. The response
result of the sensor in this work was dened as S ¼ Ra/Rg (the
reducing gas) or Rg/Ra (the oxidizing gas), where Ra and Rg are
the resistances of the sensor in air and the target gas, respec-
tively. The response and recovery times were dened as the time
required to reach 90% of the total resistance change in
adsorption and desorption.22

Results and discussions
Structure and micro-morphology characterization

Fig. 1 showed the XRD patterns of the hydrothermally processed
product when WO3 was doped with Pd (0, 1, 2, 3, 5 and 8 at%).
Strong and sharp diffraction peaks are observed in this gure,
which indicates that the samples are highly crystalline. The
XRD pattern in Fig. 1 shows that all diffraction peaks in the
spectrum of the as-prepared samples can be well indexed to
a monoclinic phase of WO3 (JCPDS no. 43-1035; a ¼ 0.7297 nm,
b¼ 0.7539 nm, c¼ 0.7688 nm, b¼ 90.91�), corresponding to the
following planes: (002), (020), (200), (120), (112), (202), (114) and
(420), respectively.23 The clear reections were assigned to the
orthorhombic phase of WO3. Furthermore, peaks of the Pd
nanoparticles are also observed in the spectrum, indicating that
the Pd was loaded onto the surface of WO3. The XRD pattern of
Pd-WO3 nanoparticles conrms that Pd was presented in the
This journal is © The Royal Society of Chemistry 2019
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metallic (Pd0) state, which was indexed to the face centered
cubic structure of Pd (JCPDS no. 87-0641), corresponding to the
following planes: (111), (200) and (220), respectively.24–26 The
appearance of the palladium diffraction peak indicates that the
experimentally doped palladium is supported on the surface of
tungsten trioxide.

Then, the morphology and inner crystal structures of the as-
synthesized samples were investigated by TEM measurements,
and pure WO3 and 2 at% Pd-WO3 were further characterized by
TEM andHR-TEM. Fig. 2a–f shows the typical TEM observations
of WO3 nanosheets. The low-magnication TEM images (Fig. 2a
and b) illustrate that the product primarily possesses a sheet-
like morphology according to the shallow contrast, and
because the sheet shape of pure WO3 and 2 at% Pd-WO3 is
irregular. Fig. 2a indicates a single nanosheets of a dimension
within 100 nm and a thickness of about 20 nm. A typical high-
Fig. 2 Typical TEM images of as-prepared WO3 nanosheets (a) pure WO
individual nanosheets section.

This journal is © The Royal Society of Chemistry 2019
resolution TEM image of the WO3 nanosheets is shown in
Fig. 2c–f. The clear two-dimensional ordered lattice structure
indicates that the acquired WO3 nanosheets are orthorhombic
structure. It can be seen from low-magnication TEM images
that the doping has no effect on the morphology of WO3.
Furthermore, the HR-TEM images shown in Fig. 2c for mono-
clinic pure WO3 exhibit the lattice spacing of 0.39 nm, which
can be attributed to a lattice fringe of the (002) crystal planes of
WO3. In Fig. 2d, the lattice spacing values about 0.37, 0.376 and
0.267 nm can be clearly assigned to reections from the (200),
(020) and (202) planes of orthorhombic WO3, respectively.27,28

Moreover, HR-TEM images in Fig. 2e for monoclinic 2 at% Pd-
WO3 display a lattice spacing of 0.384 nm, which is attributed to
the lattice fringe of the (002) crystal planes of WO3. In Fig. 2f,
the space between neighboring lattice planes is 0.267 nm,
whereas the space between neighboring lattice planes along
3 and (b) 2 at% doped Pd; (c–g) HRTEM images corresponding to their

RSC Adv., 2019, 9, 28439–28450 | 28441
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other directions are 0.377 and 0.376 nm. These spacings
correspond to the (020) and (200) planes of monoclinic WO3,
respectively. As shown in Fig. 2g, some aggregated palladium
particles are observed, which have lattice spacing values of
about 0.23 nm, which almost exactly corresponds to the (111)
planes of Pd0 (JCPDS no. 87-0641). This is consistent with the
XRD results (Fig. 1).
Fig. 3 Survey scan XPS spectrum of pure WO3 and 2 at% Pd-WO3 nanos
nanosheets in the vicinity of W 4f (b), XPS core-level O 1s (inset) spectra o
Pd-WO3.

28442 | RSC Adv., 2019, 9, 28439–28450
Meanwhile, an angle of 90� between the (020) and (200)
planes was also observed in the high-resolution TEM images,
which are in great agreement with the values of the lattice
spacings and planes based on the XRD (Fig. 1). At the same
time, palladium doping also has no effect on the crystal
structure.

To obtain the surface compositions and chemical states of
the as-obtained WO3 nanosheets, X-ray photoelectron
heets (a), high resolution XPS spectra of pure WO3 and 2 at% Pd-WO3

f the pureWO3 (c), 2 at% Pd-WO3 (d) and (e) Pd 3d spectra XPS for 2 at%

This journal is © The Royal Society of Chemistry 2019
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spectroscopy (XPS) was used to investigate the elements
present, as shown in Fig. 3. The XPS survey spectrum in Fig. 3a
showed the presence of W, O and C in the WO3 nanosheets, and
peaks for other elements were not observed, demonstrating
highly pure WO3 nanosheets. The full-range XPS spectrum of 2
at% Pd-WO3 (Fig. 3a) indicated that W, Pd, O and C were the
primary elements in the products, and no impurities were
present, which was also conrmed by the XRD results. Fig. 3b–e
revealed more specic information on the chemical states of
these elements from the high-resolution XPS spectra of W 4f, O
1s and Pd 3d. The W 4f spectrum (Fig. 3b) contained two peaks
located at binding energies of 37.8 eV and 35.8 eV in pure WO3,
which are related to the presence of W6+ in the WO3 crystal
lattice and correspond to W 4f5/2 and W 4f7/2, respectively. In
the W 4f spectrum surveyed for 2 at% Pd-WO3 samples (Fig. 3b),
two peaks are observed at binding energies of 37.2 eV and
35.2 eV, which correspond to W 4f5/2 and W 4f7/2, respectively.29

As can be seen from Fig. 3b, the W 4f peak shied towards
a higher binding energy aer doping, with an offset of 0.6 eV.
The 0.6 eV binding energy difference conrms that palladium
was doped into the lattice, and the W5+ state existed in the
sample, indicating the presence of sub-stoichiometric WO3�x

and oxygen vacancies.30–32 O 1s curves of the two samples could
be differentiated into three tted peaks, suggesting the different
states of oxygen species on the surface of the samples: OL

(lattice oxygen species), OV (oxygen-vacancy) and the OC (surface
chemisorbed oxygen species). In the O 1s XPS spectra for pure
WO3 (Fig. 3c), the binding energies of 533.23 eV and 530.41 eV
are attributed to the surface chemisorbed oxygen species and
lattice oxygen in WO3, respectively. In Fig. 3d, the O 1s yields
have four peaks at 529.77, 529.99, 530.13 and 530.58 eV.33,34 The
rst two peaks are attributed to lattice oxygen, while the peak at
530.13 eV ascribes to surface chemisorbed oxygen species. It can
be observed from Fig. 3c and d that the relative percentages of
OV and OC of the 2 at% Pd-WO3 composite were obviously
higher compared with that of as-prepared pure WO3. The Pd 3d
core level XPS spectrum in Fig. 3e indicates two peaks at
340.7 eV and 335.4 eV, which respectively correspond to Pd 3d3/2
Fig. 4 Typical nitrogen adsorption–desorption isotherms and the corre
Pd-WO3 nanosheets (b).

This journal is © The Royal Society of Chemistry 2019
and Pd 3d5/2. The difference in the splitting energy between the
two peaks is 5.3 eV, which again shows the presence of metallic
palladium (Pd0).35 However, no peaks were detected, indicating
that the only metallic phase exists in the material. Therefore, it
is veried that there is a palladium peak in the diffraction
spectrum in Fig. 1, which is consistent with the XRD (Fig. 1).

To further study the detailed surface area and pore struc-
tures of two-dimensional WO3 nanosheets, nitrogen adsorption
and desorption tests were carried out on the samples, and the
results are shown in Fig. 4. The pure WO3 and 2 at% Pd-WO3

samples both show a typical type-IV isotherms with a typical H3
type hysteresis loop, indicating that the material is a meso-
porous or macro-porous material containing narrow slits
formed by a layered structure, as shown in Fig. 4a and b. The
BET specic surface area in Fig. 4 was calculated to be 39.47 m2

g�1 for 2 at% Pd-WO3 nanosheets, which is slightly higher than
that of pureWO3 (25.69 m

2 g�1). In the illustration of Fig. 4a and
b, the pore-size distribution curves of the pure WO3 and 2 at%
Pd-WO3 samples show that the synthesized products have
mesoporous or microporous structures. Fig. 4 shows that, the
pure WO3 nanosheets have an average pore width of 32 nm,
while the 2 at% Pd-WO3 nanosheets have an average pore width
of 33 nm. The 2 at% Pd-WO3 samples obviously exhibited larger
surface areas compared with the pure WO3. Accordingly, the
main reason for the increase in specic surface area is due to
the denser pore size distribution aer doping. Meanwhile the
increase in the specic surface area provides more active
centers for gas sensor reactions, which should increase the
sensitivity of samples.
Gas sensing characteristics

The gas sensing results of the six sensors constructed with the
as-produced pure WO3, and 1 at%, 2 at%, 3 at%, 5 at% and 8
at% Pd-WO3 are presented in this section. In this work the
baseline resistances for pure and Pd loaded sensors is shown in
Fig. S1.† As chemical resistive sensors, the gas sensing perfor-
mance of these sensors was signicantly inuenced by the
sponding pore-size distribution of the pure WO3 nanosheets (a), 2 at%

RSC Adv., 2019, 9, 28439–28450 | 28443
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working temperature. The presence of ionized oxygen species
(O2

�, O� and O2�) on the surfaces of semiconductors is closely
related to the temperature, which changes of sensor resistance.
Thus, the optimum operating temperature of the as-produced
gas sensor using WO3 nanosheets was rst determined. The
sensing response towards 100 ppm acetone is shown in Fig. 5a,
including the working temperature curve of each sensor. From
Fig. 5a, as the temperature increased from 150 to 300 �C, the
response of pure WO3 and Pd-WO3 nanosheets to 100 ppm
acetone vapor increases, and gradually decreased when the
temperature further increased from 350 �C. It can be clearly
observed that the response aer doping is higher than that of
pure WO3. These results indicated that both the Pd doping
concentration and the working temperature greatly inuenced
the response property, and the optimum operating of all
sensors was 300 �C. As can be seen from the operating
temperature curve, the sensor based on 2 at% Pd-WO3 had the
highest response among the sensors, with a response of about
107.29 at 300 �C, while it was about 29.472 for pure WO3. The
Fig. 5 (a) Responses of the sensors are based on pureWO3, 1 at%, 2 at%, 3
100 ppm acetone; (b) responses curves of the sensor are based on 2 at% P
response of the six sensors toward various test gases with a concentration
the sensors at different working temperature toward 100 ppm acetone.

28444 | RSC Adv., 2019, 9, 28439–28450
response value of 2 at% Pd-WO3 was more than three times that
of pure WO3. The sensitivity value S ¼ (DR/Ra) � 100% of Fig. 5a
was shown in Fig. S2.† The result showed that the response of
Pd-WO3 sensors to 100 ppm acetone vapor increased with the
temperature increased from 150 to 300 �C, and gradually
decreased when the temperature further increased from 350 �C.
The 2 at% Pd-WO3 sensor displayed the best response
compared with others, which is consistent with the results of
the operating temperature curve in Fig. 5a.

It is reported that acetone detection has great practical
signicance.36 Meanwhile, as the environmental factor, the
humidity has a great inuence on the WO3 sensor performance.
According to the humidity control method,37 MgCl2, NaBr, NaCl
standard saturated solution were prepared to control the rela-
tive humidity (33%, 59%, 75%) in the gas chamber. At the same
time, we used 2 at% Pd-WO3 to test the response value toward
100 ppm acetone at different humidity, which was showed in
Fig. 5b. Fig. 5b shows that the response of the 2 at% Pd-WO3

sensor decreases as the humidity increases. At the same
at%, 5 at% and 8 at% Pd-WO3 at different working temperature toward
d-WO3 at 33%, 59%, 75% relative humidity toward 100 ppm acetone; (c)
of 100 ppm at their optimal temperatures (300 �C); (d) the error bars of

This journal is © The Royal Society of Chemistry 2019



Table 1 A comparison of the gas-sensing characteristics on various sensing materials toward acetone

Sensing materials Acetone Operating temperature Response (Ra/Rg) Detection limit Reference

WO3–C3N4 nanosheet 100 ppm 340 �C 35 500 ppb 38
WO3 nanoplates 200 ppm 300 �C 12 10 ppm 39
WO3–NiO nanorods 200 ppm 300 �C 4.4 5 ppm 40
WO3–Cu hollow bers 20 ppm 300 �C 6.43 250 ppb 41
Ag–WO3 nanosheets 100 ppm 340 �C 12.5 500 ppb 42
La2O3–WO3 nanobers 100 ppm 350 �C 12.7 800 ppb 43
2 at% Pd-WO3 nanosheets 100 ppm 300 �C 107.29 50 ppb This work

Paper RSC Advances
humidity, the optimum operating temperature of 300 �C has the
best response toward 100 ppm acetone.

In addition, a good acetone sensor should be able to identify
acetone vapor in the atmosphere, and the selectivity properties
of sensors are shown in Fig. 5c. An obvious variation is observed
in the response of pure WO3, 1 at%, 2 at%, 3 at%, 5 at% and 8
at% Pd-WO3 sensors toward 100 ppm of acetone, methanol,
ethanol, aqua ammonia formaldehyde, toluene, and n-hexane
at 300 �C. The 2 at% Pd-WO3 samples displayed enhanced
Fig. 6 The dynamical response–recovery curves of the pureWO3 (a) and
at their respective optimal temperature (300 �C). (c) The response of pur
increasing concentration at their respective optimal temperature (300 �C
at% Pd-WO3 sensors to acetone increasing concentration at their optim

This journal is © The Royal Society of Chemistry 2019
responses for all tested VOCs compared with the pure WO3.
Obviously, the 2 at% Pd-WO3 nanosheets displays the best
response to acetone (107.29), and negligible cross-responses to
ethanol, formaldehyde, methanol, toluene, aqua ammonia and
n-hexane. In contrast, the pure WO3 nanosheets sensor showed
a lower response and selectivity to all tested VOCs. Fig. 5c shows
that both the response value and the selectivity have a greatly
improved by doping with palladium. The 2 at% doping amount
shows the best selectivity for acetone vapor and the response is
2 at% Pd-WO3 (b) sensors to acetonewith the increasing concentration
e WO3, 1 at%, 2 at%, 3 at%, 5 at% and 8 at% Pd-WO3 sensors to acetone
); (d) the error bars curve of pure WO3, 1 at%, 2 at%, 3 at%, 5 at% and 8
um operating temperature (300 �C).

RSC Adv., 2019, 9, 28439–28450 | 28445



Fig. 7 The actual response transient of the pure WO3 (a) and 2 at% Pd-WO3 (b) sensor to 100 ppm acetone vapor at their respective optimal
temperature (300 �C), the response time and recovery time of the pure WO3 (c) and 2 at% Pd-WO3 (d) sensor toward acetone increasing
concentration at their respective optimal temperature (300 �C).
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more than three times that of pure WO3. Thus, it can be
concluded that the Pd-WO3 is a potential sensing material for
the detection of various reducing gases, especially acetone. The
error bars curve of the sensors were based on pureWO3, 1 at%, 2
Fig. 8 The response–recovery curve of pure WO3 (a) and 2 at% Pd-WO3

(300 �C) was placed for 3 days, 1 week, 2 weeks, 1 month.

28446 | RSC Adv., 2019, 9, 28439–28450
at%, 3 at%, 5 at% and 8 at% Pd-WO3 at different working
temperature toward 100 ppm acetone, which was shown in the
Fig. 5d. From Fig. 5d, as the temperature increased from 150 to
350 �C, the error of the curve became smaller and error of curve
(b) sensor to 100 ppm acetone at their respective optimal temperature

This journal is © The Royal Society of Chemistry 2019
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was at a minimum at the optimum operating temperature of
300 �C, revealing that the Pd-WO3 sensor possessed good
stability at optimum operating temperature. The comparison of
acetone sensing performance between this work and previously
reported results is showed in Table 1. Obviously, the 2 at% Pd-
WO3 sensor displayed good performance, especially its low
detection limit and high selectivity.

To measure the current detection ability, the dynamic
response characteristic of the as-obtained nanosheets sensor
toward various concentrations of acetone vapor was tested at
300 �C. The dynamic response–recovery characteristics of the
pure WO3 sensor is presented in Fig. 6a with an acetone
concentration sequence of 0.2, 0.5, 1, 5, 10, 50, 100, 200 and
500 ppm. The inset shows dynamic response curves with an
acetone concentration sequence of 0.2, 0.5, 1 and 5 ppm. The
corresponding response value are 1.24, 1.27, 2.5, 3.7, 4.9, 15.8,
29.472, 47.7 and 112.5, respectively. Therefore, the lowest
detection limit of the pure WO3 sensor is 200 ppb. Fig. 6b shows
the response of 2 at% Pd-WO3 samples to an increasing
concentration of acetone at their optimum operating tempera-
ture (300 �C). When the concentration of acetone was 0.05, 0.1,
0.2, 0.5, 1, 5, 10, 50, 100, 200 and 500 ppm, the response was
1.16, 1.2, 1.68, 2.08, 2.18, 11.21, 23.59, 78.86, 107.29, 128.52 and
214.62, respectively. Obviously, the latter sensor shows a greatly
enhanced detection limit for acetone. In addition, the 2 at% Pd-
WO3 sensor has a higher sensitivity and more rapid response to
acetone than the pure WO3 sensor at 300 �C. The lowest
detection limit of 2 at% Pd-WO3 sensor reached 50 ppb, which it
lower than that of pure WO3. The response of pure WO3 and all
doped Pd-WO3-based gas sensors for variable acetone concen-
tration from 0.05 to 500 ppm at their optimal operating
temperatures are shown in Fig. 6c. The inset of Fig. 6c shows the
response to lower-concentrations of acetone between 0.05–
10 ppm. In this gure, with the acetone concentration
Table 2 A comparison of the response–recovery times of sensors base

Sensing materials Acetone Operating

Cactus-like WO3–SnO2 nanocomposite 600 ppm 360 �C
Co3O4/ZnCo2O4 composite hollow
nanostructures

100 ppm 255 �C

MoO3–WO3 nanobers 100 ppm 375 �C
WO3 plate 200 ppm 307 �C
Fe2O3–CuO nanorod 100 ppm 240 �C
Ag–WO3 nanosheets 100 ppm 340 �C
Au–ZnO yolk–shell 10 ppm 280 �C
LaFeO3 10 ppm 200 �C
Flower-like porous ZnO 50 ppm 280 �C
Triple-shelled ZnO/ZnFe2O4

microspheres
20 ppm 140 �C

Three-dimensional hierarchical SnO2 200 ppm 325 �C
Hierarchical-out hierarchical Fe2O3

nanorod
100 ppm 220 �C

Bamboo ra-like Co3O4 200 ppm 180 �C
Pt–In2O3 1.56 ppm 150 �C
Hierarchical Fe2O3 100 ppm 220 �C
2 at% Pd-WO3 nanosheets 100 ppm 300 �C

This journal is © The Royal Society of Chemistry 2019
increased, the responses of all sensors were enhanced, which
clearly shows that there are signicant differences between the
responses. Remarkably, the 2 at% Pd-WO3 sensor has a signi-
cantly higher response value in the full acetone concentration
range than the other, which is consistent with the results of the
operating temperature curve in Fig. 5a. The error bars curve of
pureWO3, 1 at%, 2 at%, 3 at%, 5 at% and 8 at% Pd-WO3 sensors
showed that the error of the sensors increased in acetone
increasing concentration at their optimum operating tempera-
ture of 300 �C conditions, which was shown in the Fig. 6d.

To quickly detect the gas, the response–recovery time of the
sensors were explored. The transient dynamic response of the
pureWO3 and 2 at% Pd-WO3 sensors in Fig. 7a and b shows that
the response–recovery time of pure WO3 and 2 at% Pd-WO3

sensors are relatively fast. The corresponding response–recovery
time is 2/10 s and 1/9 s toward 100 ppm acetone at their optimal
temperature (300 �C). The response–recovery times of the pure
WO3 and 2 at% Pd-WO3 sensors at increasing concentrations of
acetone vapor are also displayed in Fig. 8c and d. The response–
recovery time of the pure WO3 sensor is 9/10, 8/10, 7/13, 3/8, 2/9,
2/9, and 2/10 s when exposed to acetone gas at 1–500 ppm. In
addition, the response–recovery time of the 2 at% Pd-WO3

sensor is 10/12, 9/11, 8/10, 2/9, 1/9, 2/8, and 2/8 s exposed to
acetone gas at 1–500 ppm. A comparable investigated of the
sensing characteristics of the response–recovery time between
the sensors in this work and other previously-reported acetone
sensors is given in Table 2. It was evident that the 2 at% Pd-WO3

sensor has a fast response and recovery.
Stability and reproducibility are also vital parameters of

gas sensors. To survey the stability and reproducibility of the
sensor response, 5 reversible cycles consisting of response
and recovery processes for the pure WO3 and 2 at% Pd-WO3

sensor to 100 ppm acetone vapor are displayed in Fig. 8a and
b. It was veried that the sensor revealed a relatively
d on various sensing materials toward acetone

temperature Response time Recovery time Reference

14 s 16 s 44
41 s 47 s 45

17 s 50 s 46
10 s 26 s 47
149 s 133 s 48
28 s 38 s 42
15 s 12 s 49
21 s 6 s 50
2 s 23 s 51
5.2 s 12.8 s 52

— — 53
8 s 19 s 54

32 s 35 s 55
— — 56
8 s 19 s 57
1 s 9 s This work
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invertible characteristic at each cycle. In this gure, the
sensors were shown to display excellent stability and revers-
ibility in each cycle. In Fig. 8a, the pure WO3 sensor response
toward 100 ppm acetone vapor for each cycle were 29.472,
30.175, 28.08, 29.399, and 30.515, which is less than a ve
percent change in the response. However, Fig. 8b show that,
the 2 at% Pd-WO3 sensor responses toward 100 ppm acetone
vapor for each cycle were 107.29, 108.748, 108.502, 106.495
and 108.984, which is less than a two change. Furthermore,
the pure WO3 and 2 at% Pd-WO3 sensor stabilities were also
inspected for 1 month, as shown in Fig. 8a and b. The sensor
response value varied and uctuated within an extremely
narrow range, and deviations in the sensor response values
can be regulated lower than 5%. These results demonstrate
that the sensor have favorable stabilities when used to detect
acetone vapor.
Gas sensing mechanism

As is known, the sensing of n-type semiconductors occurs via
a the surface-controlled mechanism, which is determined by
the adjusting of the resistance produced by the desorption
and adsorption of acetone gas molecules on the surface of the
sensor.58,59 W6+ is an n-type semiconductor that acts as an
electron donor when exposed to air, where oxygen molecules
capture electrons from the WO3 conduction band and act as
electron acceptors. An electron depletion layer and chemi-
sorption of oxygen ions (O2

�, O� and O2�) occur on the
surface of the sensing material, eqn (1)–(3).58,60,61 When
exposed to acetone, acetone molecules react with the adsor-
bed oxygen ions and are oxidized into intermediate products
CH3COCH2

� and OH�, eqn (4).62 Electrons are simulta-
neously released back to the surface of the material via eqn
(5)–(8),62 which reduces the resistance and width of the
depletion layer (Fig. 9).

O2 (gas) 4 O2 (ads) (1)
Fig. 9 Schematic of sensing mechanisms of pure WO3 and Pd-WO3 sen
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O2 (ads) + e� 4 O2
� (2)

O2
� + e� 4 2O� (3)

CH3COCH3 (gas) + 3O� / CH3COCH2
� + OH� + e� (4)

CH3COCH3 (gas) + OH� / CH3CHO + CH3O
� (5)

CH3COCH3 (gas) + O� / CH3CO
+ + CH3O

� + e� (6)

CH3O
+ / CH3

+ + CO (7)

CO + O� / CO2 + e� (8)

The main reasons for the improvement in the gas sensi-
tivity of the Pd-WO3 nanosheets are that the. Pd-WO3

contains a lamellar structure with a large specic surface
area, which is conducive to gas diffusion. According to the
catalytic spill-over effect, when exposed to air, Pd nano-
particles can dissociate O2 into O�, and then O� overow
adsorbs onto the WO3 surface.63 Then, Pd reduces the acti-
vation energy required for the reaction which shortens the
response–recovery time and improve the sensitivity. It forms
CH3COCH2

�when exposed to acetone, which and diffuses to
the WO3 surface via the same process and enhances. The
sensitivity to acetone gas is in the doped sensor compared
with pure WO3. This phenomenon may occur due to the
removal of the depletion layer by a spill-over effect, which
improves the gas sensitive response. The presence of Pd
nanoparticles promotes the transfer and regeneration of the
electrons and oxygen species consumed in the acetone gas
reaction, and reduces the response recovery time of the
sensor. The fast response–recovery time is greatly ascribed
to the morphology and structure of materials, which provide
more surface-active sites to promote interaction with
acetone.64
sor.

This journal is © The Royal Society of Chemistry 2019
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Conclusions

In this paper, pure WO3 nanosheets and a series of Pd-WO3

nanosheets doped with different amounts of Pd were synthe-
sized through one-step hydrothermal method. The experi-
mental results showed that the gas sensor doped with 2 at% Pd
(Pd-WO3) had the best gas sensitivity to acetone and also had
a fast response, high sensitivity, high selectivity and low
detection limit. Therefore, it has potential application prospects
for acetone detection. The 2 at% Pd-WO3 gas sensor had a fast
response toward 100 ppm acetone with a sensitivity 3.64 times
higher than that of the pure WO3 sensor. Moreover, the sensor
has a low detection limit (50 ppb) and excellent selectivity to
acetone (Sacetone/Sethanol ¼ 5.06). The excellent gas sensitivity of
this material was mainly attributed to the high catalytic activity
and overow effect of the Pd nanoparticles, which provided
more active sites for this sensitive material.
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