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a  b  s  t  r  a  c  t

For  improving  the low-temperature  response  and  selectivity  of  WO3-based  sensors,  Ag nanoparticles
(AgNPs)  have  been  used  to  modify  the  WO3 nanoplates.  Ag@plate-WO3 nanocomposites  with  vari-
ous  amounts  of  AgNPs  were  synthesized  by  growing  AgNPs  on  WO3 nanoplates.  XRD,  SEM,  TEM and
XPS  spectrum  were  used  to characterize  the  Ag@plate-WO3 samples.  The  gas-sensing  properties  were
evaluated  at r.t.  −250 ◦C using  NO gases  with  various  concentrations  (0.5–50  ppm).  AgNPs  enhance
the  low-temperature  response  and selectivity  of  the  Ag@plate-WO3 sensors  for  NO  detection,  and  the
amounts  of  AgNPs  influence  the  NO-sensing  performance  of  the Ag@plate-WO3 sensors.  The  sample  with
0.5% AgNPs  shows  the  best  performance.  Its  optimum  operating  temperature  is  around  170 ◦C, but  it
hemical sensor
ow-temperature sensing
electivity

shows  response  even  at room  temperature.  The  Ag@plate-WO3 sensors  have  a  high  selective  response  to
NO gas,  among  various  gases  (i.e., H2 and CO) and  organic  vapors  (i.e., alcohol,  acetone,  methanol  and  ben-
zene).  The  morphologies  of WO3 nanocrystals  also  influence  the  NO-sensing  properties  of  the  Ag@WO3

sensors,  and  the plate-like  WO3 samples  are  better  than  the  particle-like  WO3 samples  in  improving  NO-
sensing  performance.  The  NO-sensing  enhancement  should  result  from  the synergistic  effects  of  AgNPs
and the  loose  house-of-card  structure  of  plate-like  WO3 aggregates.

© 2013 Elsevier B.V. All rights reserved.
. Introduction

Chemical sensors based on semiconductive metal oxide nano-
tructures (SMONs) have wide applications in various industries
nd environment control [1–5]. Fabrication and performance eval-
ation of the SMON sensors have attracted increasing attention in
ecent decades [6–12]. Not the sizes but the exposed facets of the
MONs have effects on their gas-sensing performance [13]. Var-
ous synthetic methods have been developed to achieve SMONs

ith various morphologies and dimensions for sensing applications
7,14,15]. The SMON sensors can be sensitive to various gases (e.g.,
2 [3], NH3 [16], CO [17], and NOx [18]) and organic vapors (e.g.,
thanol [14], acetone [19], and benzene [20]). Although wide inves-

igations on the SMON sensors have been done, how to enhance
he sensitivity, how to improve the selectivity, and how to reduce

∗ Corresponding author. Tel.: +86 371 67781046; fax: +86 371 67781593.
E-mail addresses: dlchen@zzu.edu.cn, dlchennano@hotmail.com (D. Chen).

925-4005/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.snb.2013.05.006
the working temperature are still challenges in development of
high-performance chemical sensors [21].

Nitric oxides (NOx: NO and NO2) are common toxic gases gen-
erated by the burning of coal, seriously harmful to environment
and human being’s health [22]. To develop NOx-sensing sensors
with high performance for environmental monitoring and con-
trol is a significant research topic [15,23–25]. The SMON sensors,
including In2O3 nanoparticles (NPs) [26], porous SnO2 powders
[27], TiO2/ZnO double films [28], SnO2/In2O3 nanocomposites [29],
ZnO hollow hemisphere and urchin-like structures [30], and MoO3
[31], have been reported for NOx detection. However, to meet the
requirements of high sensitivity, low operation temperature and
good selectivity at the same time is still a great challenge for NOx

sensors [15,23,25–27,30].
Modifying SMONs with noble metal NPs [31–38] and other

functional species [21,27,39] is an efficient way to improve the

their gas-sensing performance [40]. Zhang et al. found that Au
NPs can enhance the sensitivity and shorten the response time
of ZnO nanoplate sensors for ethanol vapors [33]. Liu et al. found
that the addition of Au NPs into ZnO flowers led to improved

dx.doi.org/10.1016/j.snb.2013.05.006
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:dlchen@zzu.edu.cn
mailto:dlchennano@hotmail.com
dx.doi.org/10.1016/j.snb.2013.05.006


4 Actuat

s
t
f
r
n
C
I
o
X
i
a
P
r
l
a
c
o
e
e
t
A
o
t
t
s
A
[

o
W
w
N
P
s
s
W
[

S
t
u
s
m
fi
a
d
a
s
C
s
n
h

p
N
v
N
r
i
n
N
i
r
a
t
s

46 D. Chen et al. / Sensors and 

ensor response, selectivity and short response and recovery times
o acetone vapors via the formation of Au/ZnO hybrids and sur-
ace coarsening of ZnO flowers [41]. Lee et al. reported the
oom-temperature sensing of Au NP-functionalized In2O3
anowire field-effect transistor (NW-FET) for low-concentration
O gases, and found that the presence of Au NPs on the surface of

n2O3 nanowire serves to enhance the CO oxidation due to a higher
xygen ion-chemisorption on the conductive Au NP surfaces [42].
ue et al. reported Pd–ZnO nanoflower sensors with high sensitiv-

ty, fast response, high selectivity and low work temperature, and
ttributed the enhanced performance to Schottky contact at the
d/ZnO interface and catalytic activity of Pd NPs [43]. Yuasa et al.
eported H2-sensing Pd/SnO2 sensors which show that Pd has a
arge electrical sensitization effect (e.g., enhancement in sensitivity
nd reduction in operating temperature) by efficiently catalytic
ombustion of H2 on Pd [44]. Zhou et al. found that the modification
f Au, Pd, and Pt NPs to homogeneous In2O3 NPs thin film sensors
nhanced the sensitivity to H2S, H2 and CO, respectively [45]. Lee
t al. reported the effect of Ag decoration on the gas sensing charac-
eristics of SnO2 nanowire (NW) networks, and found that isolated
g nano-islands enhance the C2H5OH response, whereas continu-
us Ag decoration layers reduce the response to C2H5OH, compared
o pristine SnO2 NWs  [46]. Chen et al. reported a selective, room-
emperature NH3 gas sensing platform with enhanced sensitivity,
uperfast response and recovery, and good stability, using
g nanocrystal-functionalized multiwalled carbon nanotubes

47].
Tungsten oxide (WO3), an n-type semiconductor with a bandgap

f 2.5–2.8 eV, has important applications in various fields [7,48–53].
O3-based nanomaterials with various morphologies have been
idely investigated for chemical gas sensors [20,54–62], to detect
H3 [16], H2 [63], ethanol [64–66], modified with Au NPs and
t NPs. Very recently, we developed a topochemical approach to
ynthesize two-dimensional WO3 nanoplates with a single-crystal
tructure and high specific surface areas [67], and the as-obtained

O3 nanoplates showed highly sensitive to the vapors of alcohols
68] and acetone [19].

WO3-based materials are also useful in NOx detection [69–72].
quare-like WO3 nanosheets synthesized by hydrothermal
reatment [73], atmospheric plasma-sprayed WO3 coating [74],
ltrafine WO3 NPs by a nanocasting route [75], WO3 hollow micro-
pheres [76], lamellar-structured WO3 particles by an acidification
ethod [77], porous WO3 by anodizing sputtered tungsten thin

lm [78], mesoporous WO3 by a silica template method [79]
nd monoclinic WO3 film by aerosol assisted chemical vapor
eposition [80] are reported for NO2-sensing application. The
ddition of metal NPs and carbon nanotubes can improve the
ensing performance of WO3 sensors for NO2 detection [80,81].
omparatively, the WO3 sensors for NO-sensing applications are
eldom reported [18,61,82]. To the best of our knowledge, WO3
anoplates decorated with Ag NPs for the NO-sensing application
ave not been reported yet.

In this paper, we introduce a novel Ag@plate-WO3 nanocom-
osite for NO-sensing application by photo-induced growth of Ag
Ps on single-crystalline WO3 nanoplates, which are synthesized
ia a topochemical intercalation approach [67,84]. The effects of Ag
Ps on the NO-sensing performance (i.e., sensitivity, selectivity and

esponse times) of the Ag@plate-WO3 sensors are systematically
nvestigated. In addition, the influences of WO3 morphologies (e.g.,
anoplates and NPs), operation temperatures, the amounts of Ag
Ps on the NO-sensing property are also investigated. The results

ndicate that the Ag@plate-WO3 sensors have highly selective

esponse upon exposure to NO gases (0.5–100 ppm) at a large oper-
tion temperature window (25–200 ◦C). The related mechanism for
he enhanced NO-sensing performance of the Ag/plate-WO3 sen-
ors is carefully discussed.
ors B 185 (2013) 445– 455

2. Experimental

2.1. Synthesis of Ag@plate-WO3 nanocomposites

WO3 nanoplates were synthesized on the basis of intercalation
chemistry and topochemical approach according to the previous
reports [67,84]. Tungstic acid (H2WO4) reacted with n-octylamine
to form tungstate-based inorganic–organic hybrid belts (THBs)
using heptane as the solvent. The molar ratio of n-octylamine to
H2WO4 is 8:1, and the volume ratio of heptane to n-octylamine
is about 8:1. The as-obtained THBs were then treated with a
HNO3 aqueous solution (∼6 mol/L) to remove organic species, and
two-dimensional H2WO4 nanoplates were obtained. The H2WO4
nanoplates obtained were finally calcined at 400 ◦C for 2 h in air to
synthesize WO3 nanoplates.

Ag@plate-WO3 nanocomposites were synthesized by a photo-
induced reducing method using the above WO3 nanoplates as
the substrate. Typically, polyvinylpyrrolidone (PVP K30) and WO3
nanoplates were dispersed in an ethanol/water (7:3 in volume)
mixture under magnetic stirring, and a AgNO3 aqueous solution
was then added into the above PVP–WO3 suspension. The as-
obtained Ag+–PVP–WO3 suspension was finally irradiated by a
Xenon lamp (350 W)  for ∼1 h. In the precursors, the molar ratio of
the repeat unit of PVP to Ag is 5:1, and the mass ratios of Ag to WO3
were 0.25%, 0.5%, 1% and 2%, respectively. The solids were collected
by filtration, washed with H2O/ethanol mixtures thoroughly, and
then dried at 80 ◦C in a reduced pressure. The as-obtained samples
were marked as x%Ag@plate-WO3, and the x values were 0, 0.25,
0.5, 1 and 2, respectively.

For the purposes of comparative study, WO3 nanoparticles were
synthesized by calcining H2WO4 nanoparticles at 500 ◦C for 1 h.
The x%Ag@particle-WO3 composites with WO3 nanoparticles were
synthesized using the similar method.

2.2. Characterization of phases and microstructures

The phases of the Ag@WO3 samples were determined by XRD
patterns (X‘Pert Pro X-ray diffractometer equipped with Cu K� radi-
ation). The TEM, HRTEM images and SAED patterns were recorded
on a Tecnai-G 20 transmission electron microscope with an accel-
eration voltage of 200 kV. SEM images were obtained using a
JEOL-6700F scanning electron microscope.

2.3. Fabrication of WO3 and Ag@WO3 sensors

The WO3 and Ag@WO3 sensors were fabricated according to
the previous reports [68]. The Ag@plate-WO3 nanocomposites
were mixed with a small amount of de-ionized H2O/ethanol
mixture to form a paste in a glass dish. The Ag@plate-WO3 paste
was then brush-coated onto the surface of an Al2O3 microtube
with four Pt electrodes. After the Ag@plate-WO3 coating was
air-dried, the coating process was repeated until a continuous
coating was  formed. The Ag@plate-WO3-coated Al2O3 microtube
was then fixed to a special pedestal with 6 poles by welding
the four Pt electrodes to 4 poles of the pedestal, respectively. A
heating coil (Ni–Cr) was  then inserted through the Al2O3 micro-
tube and its two  ends were welded to the other two poles of the
pedestal. A schematic diagram of the Ag@plate-WO3 sensor was
shown in Scheme 1(a). The other sensors with WO3 nanoplates,
WO3 nanoparticles, and Ag@particle-WO3 nanocomposites were
fabricated used the similar process.

2.4. Measurement of the gas-sensing performance of Ag@WO3

sensors

The gas-sensing test was  conducted using a commer-
cial computer-controlled WS-30A system (Zhengzhou Winsen
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Fig. 1. XRD patterns of the Ag@plate-WO3 nanocomposites with various amounts
cheme 1. (a) A schematic diagram of the Ag@plate-WO3 sensor. (b) An equivalent
ircuit of the gas-sensing testing system used.

lectronics Technology Co., Ltd., Zhengzhou, China) under a static
esting condition [19,68]. The sensors, integrated in a large circuit
oard with 32 inlet-sites, were encased in a transparent glass cham-
er with a volume of ∼16.7 L. The test system was placed in a ven-
ilating cabinet with a large draught capacity. NO was used as the
arget gas to evaluate the gas-sensing performance of the Ag@WO3
ensors. To investigate the selectivity of the Ag@WO3 sensors, some
rganic vapors (e.g., methanol, ethanol, isopropanol, methanol, ace-
one and benzene), CO, H2, SO2 and NO2 were also used as the
arget substrates. The target gases were sampled using syringe-
ike samplers with a volume range of 1–10 �L. Their concentrations
0.5–100 ppm) were calculated according to the densities of liquid
rganic substrates and the volume of the chamber [19]. The oper-
tion temperatures varied from room temperature to 250 ◦C. The
elative humidity (RH) of the environment was 16–50%.

An equivalent circuit of the gas-sensing test system is given in
cheme 1(b). The Ag@WO3 sensor (R) is connected in series with the
oad resistor (R0) with a known resistance, and a source voltage (U0)
f 5 V is loaded on the circuit. The system measures the voltages (U)
oaded on the resistor R0, and the resistances (R) of the WO3 sensors
an therefore be calculated according to Eq. (1) [68].

 = U0 − U

U
× R0 (1)

For reducing gases (or vapors) and n-type semiconductor
ensors, the sensitivity (Sr) is defined as Eq. (2); whereas for
xidizing gases and n-type semiconductor sensors, the sen-
itivity (Sr) is defined as Eq. (3). Here, Ra and Rg are the
esistances of the WO3-based sensors in air and in target gases,
espectively.

r = Ra

Rg
(2)

r = Rg

Ra
(3)

The response time (�res) is defined as a duration in which the

ariation amplitude of the voltage of the load resistor is not larger
han 5%, starting from the time point of gas-on. Similarly, the recov-
ry time (�rec) is defined as a duration in which the variation
mplitude of the voltage of the load resistor is not larger than 5%,
tarting from the time point of gas-off [68].
of  Ag NPs: (a) pure WO3 nanoplates, (b) WO3 nanoplates with 0.25 wt.% Ag NPs, (c)
WO3 nanoplates with 0.5 wt.% Ag NPs, (d) WO3 nanoplates with 1.0 wt.% Ag NPs,
and (e) WO3 nanoplates with 2.0 wt.% Ag NPs.

3. Results and discussion

3.1. Synthesis and characterization of Ag@plate-WO3
nanocomposites

Single-crystalline WO3 nanoplates were formed by an
intercalation–topochemical approach, making good use of the
inheritable two-dimensional [WO6] layers in the precursors of
tungstic acid [66,83]. A typical XRD pattern of the WO3 nanoplates
obtained was shown in Fig. 1a. It can be indexed to a triclinic
WO3 phase according to the JCPDS card No. 32-1395 [68]. The
as-obtained WO3 nanoplates are of a high specific surface area and
good redispersibility [67].

The formation of Ag NPs on the surface of WO3 nanoplates is
achieved via a photo-induced reduction reaction shown as Eq. (4):

Ag+ − PVP@plate-WO3
UV–vis−→ Ag0@plate-WO3 (4)

Fig. 1(b)–(e) shows the XRD patterns of the Ag@plate-WO3
nanocomposites with various amounts of Ag NPs (0.25–2.0%). One
can find that the peaks belonging to WO3 phase are not changes,
whereas a new peak located at 38.1◦, belonging to the (1 1 1) deflec-
tion of face-centered cubic structured Ag (JCPDS card No. 04-0783),
becomes stronger and stronger as the amount of Ag increases.
The XRD results confirm the formation of metal Ag phase in the
Ag@plate-WO3 samples. The increasing intensity of the Ag (1 1 1)
peak (marked by a star) indicates that the more the amount of
Ag+ in the precursor, the more the amount of the metal Ag in the
Ag@plate-WO3 nanocomposite.
SEM and TEM observations were used to characterize the
microstructures of the as-obtained Ag@plate-WO3 nanocompos-
ites. Fig. 2 shows the typical results of sample 0.5%Ag@plate-WO3.
Fig. 2(a) shows a SEM image. The small particles marked with
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Fig. 2. SEM and TEM observations of the 0.5%Ag@plate-WO3 nanocomposite: (a) SEM image, (b) low-magnification TEM image, (c) high-resolution TEM (HR-TEM) image,
a
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nd  (d) selected area electron diffraction (SAED) pattern.

rrows should be Ag NPs, which are attached on the surfaces of
O3 nanoplates. The TEM image in Fig. 2(b) shows that the Ag NPs
ith small sizes are anchored on the surfaces of WO3 nanoplates,

imilar to the SEM observation in Fig. 2(a). Fig. 2(c) shows an HRTEM
mage. One can find that the sizes of Ag NPs are 5–15 nm.  The corre-
ponding SAED pattern shown in Fig. 2(d) has two sets of diffraction
pots: the bright spots belonging to the triclinic WO3 phase, and the
eak ones belonging to the cubic Ag phase.

The elemental compositions and chemical states of the
.5%Ag@plate-WO3 nanocomposite were further determined using
PS spectra. A survey scanning spectrum in Fig. 3(a) indicates that

he sample consists of W,  O, Ag and C. The elements of W,  O and Ag
elong to the 0.5%Ag@plate-WO3 sample, and the elemental C may
ue to the residual PVP molecules absorbed and the carbon tape
sed to attach the sample powders during the XPS measurement.
he W 4f spectrum shown in Fig. 3(b) has two obvious peaks at
5.1 and 37.2 eV, belonging to W 4f7/2 and W 4f5/2 of WO3, respec-
ively [85]. Fig. 3(c) shows the Ag 3d spectrum, which consists of
wo sets of peaks: one is the strong set with two peaks at 373.6 and
67.8 eV, which corresponds to the binding energies of Ag 3d3/2
nd Ag 3d5/2 of metal Ag NPs, respectively [85,86]. The XPS results
f Ag 3d confirm the existence of metal Ag species, agreeing with
he TEM, SEM observations and XRD results (Figs. 1 and 2). Fig. 3(d)
hows the high-resolution scan of C 1s, of which the weak peak with

 binding energy of 286.6 eV belongs to PVP molecules adsorbed,
nd the strong peak at 284.6 eV should belongs to the inorganic

 from the carbon tape [85]. The O 1s in Fig. 3(e) can be well fit-
ed by two peaks centered at 529.9 and 531.3 eV, which should

elong to WO3 and PVP molecules, respectively [85]. The XPS spec-
ra reconfirm that the 0.5%Ag@plate-WO3 nanocomposites consist
f WO3 and metal Ag, besides a small amount of PVP molecules
dsorbed.
3.2. NO-sensing response of Ag@plate-WO3 sensors

We  firstly investigated the gas-sensing properties of the
Ag@plate-WO3 sensors with various amounts of Ag NPs exposed
to NO gases with various concentrations operating at 150 ◦C. Fig. 4
shows the typical response results operating at 150 ◦C. Fig. 4(a)–(e)
shows the typical response (U–t) plots recorded under the NO gases
with concentrations of 0.5, 1, 2, 5 and 10 ppm, respectively. One
can find that the Ag@plate-WO3 sensors are highly sensitive to a
low-concentration NO gas (e.g., 0.5 ppm), and the response voltages
(U) increase with the increase in the NO concentration under the
testing conditions. For the NO gas with a given concentration, the
Ag@plate-WO3 sensors with various amounts of Ag NPs show dif-
ferent response voltages (U), and 0.5%Ag@plate-WO3 sensor shows
the largest change in response voltages (U) under gas-on and gas-off
conditions, indicating that the amount of Ag NPs have a key influ-
ence on the NO-sensing property of the Ag@plate-WO3 sensors.

Fig. 4(f) shows the change of sensitivity (Rg/Ra) as a func-
tion of the NO concentration ([NO]/ppm). The sensitivities of
the Ag@plate-WO3 sensors increase linearly with the increase
in [NO] for all cases under the [NO] range of 0.5–10 ppm.
For a given [NO] value, the sensitivities of the Ag@plate-WO3
sensors operating at 150 ◦C have a decreasing order shown
as followings: 0.5%Ag@plate-WO3 > 0.25%Ag@plate-WO3 > plate-
WO3 > 1%Ag@plate-WO3 > 2%Ag@plate-WO3. Fig. 4(g) compares
the sensitivities of the Ag@plate-WO3 sensors with various Ag
amounts under different NO concentrations. One can find that the
sensitivities of the Ag@plate-WO3 sensors have maximum values at

around 0.5% of Ag NPs for NO gases with various concentrations. In
addition, a small amount of Ag NPs (<1%) can obviously enhance the
sensitivities, whereas a large amount of Ag NPs (e.g., >2%) is unfa-
vorable in enhancing the sensitivity of the Ag@plate-WO3 sensors.
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Fig. 3. XPS spectra of the 0.5%Ag@plate-WO3 nanocomposite: (a) survey scan, (b) W 4f, (c) Ag 3d, (d) C1s, and (e) O 1s.

Fig. 4. (a)–(e) Typical response profiles of the Ag@plate-WO3 sensors with various amounts of Ag NPs (0–2 wt.%) operating at 150 ◦C under NO gases with various concen-
trations: (a) 0.5 ppm, (b) 1 ppm, (c) 2 ppm, (d) 5 ppm, and (e) 10 ppm; (f) S–C curves of the Ag@plate-WO3 sensors operating at 150 ◦C with R0 = 20 M�; (g) change of the
sensitivity as a function of the amount of Ag NPs for the Ag@WO3-plate sensors.
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the NO concentration, and the amount of Ag NPs has an impor-
tant effect on the sensitivity at a low operation temperature of
50 ◦C: 0.5%Ag@plate-WO3 > 1%Ag@plate-WO3 > 0.25%Ag@plate-
WO3 > 2%Ag@plate-WO3 > plate-WO3. When comparing with
ig. 5. (a)–(d) Response profiles of the Ag@plate-WO3 sensors with various amoun
ith  R0 = 20 M�, (b) 170 ◦C with R0 = 20 M�, (c) 200 ◦C with R0 = 4.7 M�,  and (d) 25

ccording to Fig. 4(g), the 0.5%Ag@plate-WO3 sensor has a sensi-
ivity of 15, 43, 90, 191 and 344 for the NO gases of 0.5 ppm, 1 ppm,

 ppm, 5 ppm and 10 ppm, respectively, operating at 150 ◦C.
For SMON sensors, operation temperature is a key factor influ-

ncing their gas-sensing performance. We investigated the effects
f operation temperatures on the NO-sensing performance of the
g@plate-WO3 sensors. Fig. 5(a)–(d) shows the typical response
rofiles of the Ag@plate-WO3 sensors with various amounts of Ag
Ps (0–2 wt.%) exposed to 1 ppm NO gases operating at 130–250 ◦C.
ne can see that the response changes in voltages at 150–170 ◦C
re higher than those at 130 ◦C or 250 ◦C, indicating that the
g@plate-WO3 sensors have an optimum operation temperature
ange at 150–170 ◦C, and too low or too high operation tempera-
ures are unfavorable in improving their NO-sensing performance.
he plots of sensitivity versus operation temperature in Fig. 5(e)
how that the Ag@plate-WO3 sensors with various amounts of Ag
Ps (0–2 wt.%) have a maximum sensitivity at around 170 ◦C, and

he lower or higher operating temperatures lead to an obvious
ecrease in sensitivities for 1 ppm NO gas. The possible explana-
ion for the above temperature-dependent response is due to the
ood balance of the diffusion, adsorption, reaction and desorption
f the NO molecules on the Ag@plate-WO3 sensors at 150–170 ◦C.
he rapid and efficient diffusion and adsorption of the NO molecules
re the controlling steps for the sensing response. On the one hand,
igh operation temperatures are helpful to accelerate the diffusion
f the NO molecules and the reactions between NO molecules and
he Ag@WO3 sensors. But on the other hand, too high temperatures
e.g., 320 ◦C) are unfavorable to adsorption of NO on the Ag@WO3
ensors. The temperature-dependent response phenomenon is also
bserved in ZnO sensors, which show the highest sensitivity at
00 ◦C to 200 ppm NO [30]. The sensitivity of the 0.5%Ag@plate-
O3 sample is much higher than that of the other Ag@plate-WO3

amples with more or less amounts of Ag NPs, as shown as Fig. 5(f).
We also investigated the low-temperature sensing performance

f the Ag@plate-WO3 sensors to a 5 ppm NO gas. Fig. 6(a) shows the

oom-temperature (25 ◦C) NO-sensing result. The Ag@plate-WO3
ensors with various amounts of Ag NPs show perceptible response
hanges in voltages, and the 0.5%Ag@plate-WO3 sensor are the
ost sensitive one exposed NO gases at 25 ◦C. When the operation
g NPs (0–2 wt.%) under 1 ppm NO gases operating various temperatures: (a) 130 ◦C
ith R0 = 1 M�;  (e) S–T curves of the Ag@plate-WO3 sensors exposed 1 ppm NO gas.

temperature increases to 50 ◦C and 80 ◦C, the Ag@plate-WO3
sensors show increasing response signals in voltage change, as
shown as Fig. 6(b) and (c), respectively. Fig. 6(d) shows that the
changes in sensitivity are dependent on the concentration of NO
([NO] = 0.5–50 ppm) operating at 50 ◦C for the Ag@plate-WO3
sensors with various amounts of Ag NPs. One can see that the
sensitivities of Ag@plate-WO3 sensors increase with increases in
Fig. 6. (a)–(c) Low-temperature response profiles of the Ag@plate-WO3 sensors
with various amounts of Ag NPs (0–2 wt.%) under 5 ppm NO gases operating var-
ious temperatures with R0 = 20 M�: (a) 25 ◦C, (b) 50 ◦C, and (c) 80 ◦C; (d) S–C curves
of  the Ag@plate-WO3 sensors operating at 50 ◦C.
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ig. 7. Response and recovery times of the 0.5%Ag@plate-WO3 sensor at various
peration temperatures (25–250 ◦C) under a 5 ppm NO gas.

igs. 4(f) and 5(e), one can find that a higher operation tempera-
ure is favorable to enhance the sensitivity of a plate-WO3 sensor,
hereas the addition of Ag NPs is favorable in low-temperature
O-sensing performance of the Ag@plate-WO3 sensors.

Fig. 7 shows the response and recovery times of the
.5%Ag@plate-WO3 sensor upon exposure to a 5 ppm NO gas oper-
ting at various temperatures (25–250 ◦C). One can see that the
nhancement in operation temperature is helpful to shorten the
esponse and recovery times. The response and recovery times of
he 0.5%Ag@plate-WO3 sensor at 25–80 ◦C are about 250–500 s, and
he response time can reduce to about 10 s when the operation
emperature is higher than 100 ◦C.

.3. Selective gas-sensing performance of Ag@plate-WO3 sensors
o different gaseous substrates

We  comparatively investigated the selectivity of the plate-WO3
nd 0.5%Ag@plate-WO3 sensors to various gases or vapors at an
peration temperature of 200 ◦C. Fig. 8(a) shows the sensitivi-
ies of the plate-WO3 and 0.5%Ag@plate-WO3 sensors to hydrogen
100 ppm), CO (100 ppm), NO (2 ppm), acetone (100 ppm), ethanol
100 ppm), isopropanol (100 ppm), methanol (100 ppm), methanol
100 ppm) and benzene (100 ppm), respectively. One can find that
he plate-WO3 and 0.5%Ag@plate-WO3 sensors are selectively sen-
itive to NO gas. In addition, the 0.5%Ag@plate-WO3 sensor has
 higher sensitivity than the plate-WO3 sensor for the cases of
O, acetone, ethanol and isopropanol. For hydrogen, CO, methanol,
ethanol and benzene, both the plate-WO3 and 0.5%Ag@plate-
O3 sensors have low sensitivities at the testing conditions. The

ig. 8. (a) Comparison of the selective response of the 0.5%Ag@ plate-WO3 sensor to differ
ensor to different target gases operating at 150–250 ◦C.
ors B 185 (2013) 445– 455 451

enhanced sensitivity and high selectivity of the Ag@plate-WO3
sensors to NO gas is significant for practical applications. The
improvement in selectivity by adding noble metals is also observed
in Au-MCNT sensors for NO2 gas [32].

Fig. 8(b) shows the selectivity of the 0.5%Ag@plate-WO3 sen-
sor to various gases or vapors operating at various temperatures
(150–250 ◦C). It is interesting that the sensitivity to NO gas
increases with decreases in operation temperature, whereas the
sensitivity to the other gases or vapors decreases when the opera-
tion temperature decreases from 250 ◦C to 150 ◦C. In another words,
the 0.5%Ag@plate-WO3 sensor is suitable for NO detection at low
operation temperature (e.g., less than 200 ◦C) due to its high sensi-
tivity and selectivity to NO gases.

The sensitive and interference effect of NO with NO2 and SO2
on the 0.5%Ag@WO3 sensor were also investigated. Fig. 9 shows
the typical results of the 0.5%Ag@WO3 sensor at operation tem-
peratures of 150–300 ◦C to different combinations of NO,  NO2
and SO2. One can find that the 0.5%Ag@WO3 sensor shows a
good selective response to NO and SO2 at 150–300 ◦C, and has
a similar response trend to NO and NO2 at various concentra-
tions (0.5–10 ppm). The sensitivities to SO2 are low (less than 5)
even to a high-concentration SO2 (100 ppm) at testing tempera-
tures of 150–300 ◦C, whereas the sensitivities to low-concentration
NO (e.g., 0.5–10 ppm) are larger than 20 at 150–300 ◦C. In addi-
tion, the SO2-sensing performance on the 0.5%Ag@WO3 sensor
shows a reverse temperature between 150 ◦C and 250 ◦C, lower
than that of the literature [87]. The 0.5%Ag@WO3 sensor shows
enhanced sensitivities to the combinational gases of (NO + NO2) and
(NO + SO2 + NO2), when one compares them with the sensitivities
of the pure NO at various operation temperatures. The sensitivi-
ties of the 0.5%Ag@WO3 sensor to the mixed gases, i.e., (NO + NO2)
and (NO + SO2 + NO2), are almost the sum of their individual sen-
sitivities under the similar testing conditions. It suggests that the
0.5%Ag@WO3 sensor has an efficient sensing to NOx (NO or NO2)
gases, the detection of which is not interfered by SO2.

3.4. Effects of the morphologies of WO3 nanocrystals on the
NO-sensing performance of Ag@WO3 sensors

The morphologies of the WO3 nanocrystals, including shapes
and particle-sizes, have important effects on the gas-sensing
performance of the WO3-related sensors. Fig. 10 shows the NO-
sensing results of WO3 nanoplates, 0.5%Ag@plate-WO3, WO3
nanoparticles, and 0.5%Ag@particle-WO3 sensors at various oper-

ation temperatures (100–170 C). As the figure shows, the
0.5%Ag@plate-WO3 sensor shows the highest sensitivities among
the tested samples. At 130–170 ◦C, the sensitivities of the
sensors have a decreased order as 0.5%Ag@plate-WO3 > WO3

ent gases operating at 200 ◦C, and (b) selective response of the 0.5%Ag@ plate-WO3
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Fig. 9. Sensitivities of the 0.5%Ag@plate-WO3 sensors to various gas combinations
of  NO, SO2 and NO2 at different operation temperatures (A = 0.5 ppm NO, B = 10 ppm
NO, C = 100 ppm SO2, D = 0.5 ppm NO2, E = 10 ppm NO2): (a) 150 ◦C, (b) 250 ◦C, and
(c)  300 ◦C.

Fig. 10. Comparison of the sensitivity as a function of NO concentration for the
sensors with 0.5%Ag@plate-WO3 (A), WO3 nanoplates (B), 0.5%Ag@particle-WO3

(C), and WO3 nanoparticles (D) at various operating temperatures: (a) 100 ◦C, (b)
130 ◦C, (c) 150 ◦C and (d) 170 ◦C.
ors B 185 (2013) 445– 455

nanoplates > 0.5%Ag@particle-WO3 > WO3 nanoparticles under a
similar condition. At a low operation temperature of 100 ◦C, the
0.5%Ag@plate-WO3 sensor shows a much higher sensitivity than
the other WO3-related sensors. The results indicate that the plate-
like morphology of WO3 nanocrystals is favorable in enhancing the
NO-sensing performance at low operation temperatures.

3.5. Comparisons of the Ag@plate-WO3 sensors with other
NOx-sensing sensors

Tsang et al. [69] have investigated the effects of Ag species on the
NO-sensing property of the WO3-based sensors, and found that the
1%Ag-doped WO3 (average particle size: 300 nm)  sensor showed
sensitivity as high as 38.3 at an optimum operation temperature
of 250 ◦C to 40 ppm NO in air. Penza et al. [88] investigated WO3
thin film sensors activated by noble metals (Pd, Pt, Au) layers, and
found that the thicknesses of the noble metals layers influenced
the NO-sensing performance at optimum operation temperatures
of 150–200 ◦C: the WO3 thin film with a 30 nm Pd activation layer
having the highest sensitivity of ∼50–440 ppm NO and the response
time ranging in several minutes. Wang et al. [89] investigated the
sensing property of the WO3-based materials with 1 wt.% metal
oxides to NH3 and NO at 350 ◦C, and found that the additives of
Mg,  Zn, Mo,  and Re oxides showed good responses to 40 ppm NO,
but their sensitivities at the testing conditions were lower than
10. Rao et al. [70] reported a NO-sensor based on WO3 nanowires
with diameters of 5–15 nm,  and it had the highest sensitivity of
∼20–10 ppm NO at an optimum operation temperature of 250 ◦C.
Ying et al. [29] found that the 2%Al2O3-coated 75% SnO2–25% InO1.5
nanocomposite sensor shows a sensitivity of ∼100–1.0 ppm NO at
150 ◦C due to the high adsorption to NO. In the present work, the
0.5%Ag@plate-WO3 sensor shows an optimum operation temper-
ature range at 150–170 ◦C (Fig. 5), short response times (less than
10 s, Fig. 7), and high sensitivities to NO gas (e.g., 55 for 1 ppm NO, 90
for 1 ppm NO, Fig. 4). In addition, the Ag@plate-WO3 sensors have
unique response to NO at low operation temperature 25–80 ◦C.
When comparing the literature data with the presented results, one
can readily find that the Ag@plate-WO3 sensors reported here show
an lower optimum operation temperature, more rapid response,
and higher sensitivities to low-concentration NO gas. The high NO-
sensing selectivity of the Ag@plate-WO3 sensors to various gases
(Figs. 8 and 9) is another advantage over these literature reported
before [69,70].

3.6. Possible mechanism for the enhanced NO-sensing
performance of Ag@plate-WO3 sensors

WO3 is an n-type semiconducting metal oxide. In air, O2
molecules are adsorbed on the surfaces of the WO3 nanoplates,
and then transfer to O−, O2−or O2

− ions by gaining electrons from
the conductive band of WO3 nanoplates at an elevated temper-
ature, forming a electron-deleted area with a high resistance, as
shown as process 1 in Fig. 11(a). When exposed to reducing gases
(e.g., ethanol, acetone, CO, H2, etc.), the WO3 nanoplates can obtain
electrons and enhance their conductivity [19,68]. When exposed
to oxidizing gases (e.g., NO, NO2, etc.), the WO3 nanoplates lose
electrons to form depletion layers and enhance their resistance.

Ag NPs enhance the NO-sensing performance of the plate-WO3
sensors by improving the selectivity and reducing the operation
temperature. The possible mechanism can be understood from the
following aspects. Firstly, Ag NPs act as the active sites to enhance
the selective adsoption of NO molecules, as shown as process 2–3

in Fig. 11(a). NO is a polar molecule with positive charge local-
ized on the nitrogen and negative charge on one of the oxygen
atoms, and electron interaction with the Ag NP will repel the neg-
atively charged oxygen and attract the positively charged nitrogen
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ig. 11. (a) Schematic description of the absorption and reaction of O2 and NO mole
ggregates of with a house-of-card structure.

32]. Secondly, the Schottky defects at the interface of Ag–WO3
an reduce the activation energy and accelerate the reaction rate,
esulting in enhancement of the gas-sensing performance.

Compared with Ag@particle-WO3 sensors, the enhanced
O-sensing performance of Ag@plate-WO3 sensors should be
ttributed to the loose aggregates of WO3 nanoplates with a house-
f-card structure, as shown as Fig. 11(b). This loose structure is
avorable in rapid diffusion of NO molecules [68].

. Conclusions

Novel Ag@plate-WO3 nanocomposites were synthesized by
hoto-induced growth of Ag NPs on WO3 nanoplates. Ag NPs
nhanced the sensitivity of the Ag@plate-WO3 sensors for NO
etection. The amounts of Ag NPs influenced the NO-sensing
erformance of the Ag@plate-WO3 sensors, and the 0.5%Ag@plate-
O3 sample with 0.5% (in mass) Ag NPs showed the best

O-sensing property at a large operation temperature range of
5–200 ◦C to 0.5–100 ppm NO gases. The optimum operation tem-
erature of the Ag@plate-WO3 sensors was around 170 ◦C, but
hey had an obvious response at low temperatures, even at room
emperature. The NO-sensing performance of the Ag@plate-WO3
ensors was characteristic of high selectivity to various gases (i.e.,
2 and CO) or organic vapors (i.e., alcohol, acetone, methanol and
enzene). The morphology of WO3 nanocrystals also influenced the
O-sensing performance of the Ag@WO3 sensors, and the plate-like
O3 was prior to particle-like WO3. The enhancement in NO-

ensing performance of the Ag@plate-WO3 sensors was attributed
o the functional modification of Ag NPs and to the loose aggregates
f WO3 nanoplates with a house-of-card structure.
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