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Pt-loaded  mesoporous  WO3 was  fabricated  by  nanocasting  method.  Mesoporous  structure  provided
ordered  tunnel  which  was  convenient  for gas diffusion  and the  large  specific  surface  area  which  could
offer  more  active  sites.  The  noble  metal  (Pt) improved  the catalytic  efficiency  which  played  crucial  role
in enhancing  the  performance  of  the gas  sensor.  The  obtained  materials  were  characterized  by  X-ray
diffraction  (XRD),  Brunauer-Emmet-Teller  (BET),  Transmission  electron  microscopy  (TEM)  and  X-ray
photoelectron  spectroscopy  (XPS).  Characterization  indicated  that the  synthesized  materials  had  ordered
t
O3

ard template
esoporous

mmonia

mesoporous  structure  with  excellent  crystallinity  and  the  pore  size  was  about  10.6  nm.  Static  test  system
was  employed  to measure  ammonia  sensing  properties  for the  as-prepared  samples.  The  sensor  based
on Pt-loaded  WO3 presented  higher  sensitivity,  quicker  response-recovery  rates,  excellent  repeatability
and  selectivity.  It indicated  that  the  Pt-loaded  mesoporous  WO3 was  a potential  ammonia  gas  sensor
material.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Global environmental issues caused by kinds of released chem-
cal pollutants have attracted widespread attention. Ammonia
NH3) as a kind of reducing and colorless gas with special odor
s a major air contamination produced from agricultural practices,
ndustrial emissions and refrigerators [1]. Its long-term exposure
nd inhalation to higher concentrations >5000 ppm can cause seri-
us health problems and even lead to death [2]. The American
ational Institute for Occupational safety and Health has set up

he safety standard towards NH3 and the limitation of immediately
angerous to life or health concentration (IDLH) is stipulated to be
00 ppm. Owing to the low density and volatile nature of ammo-
ia, the affected area is quite large once a leakage of ammonia has
appened [3]. Therefore, the increasing demand of detecting low

mmonia concentration under low temperature is urgency in many
reas, such as food technology, chemical engineering, medical diag-
osis and industrial process.

∗ Corresponding authors at: State Key Laboratory on Integrated Optoelectronics,
ollege of Electronic Science and Engineering, Jilin University, 2699 Qianjin Street,
hangchun 130012, China

E-mail addresses: gaoyuan@jlu.edu.cn (Y. Gao), lugy@jlu.edu.cn (G. Lu).

ttp://dx.doi.org/10.1016/j.snb.2016.07.085
925-4005/© 2016 Elsevier B.V. All rights reserved.
Extensive efforts on research of new sensors have been carried
out to detect and forewarning NH3 gas such as electrochemical
sensors [4], optical sensors [5,6] and SAW (surface acoustic wave)
sensors [7,8]. In the sensors above, sensing materials play vital roles
in sensing performance. Some promising sensing materials, such
as SnO2, ZnO, WO3 and CuBr [9,10], have been reported applied in
NH3 gas sensors. However, among the numerous materials, metal
oxide semiconductor (MOS) materials have gained great focus on
a global scale for the simple design structure and low cost. The
abundant microstructural defects exist in MOS  are beneficial for
the formation of absorbed oxygen ions [11,12]. WO3 as an n-type
MOS  is promising and frequently used as sensing material, because
it shows unique sensing properties to NO2 and reducing gases. Fur-
thermore, WO3 can also detect NH3 even in the presence of other
gases such as H2, CO and CH4 [13]. Some of attempts have been
devoted to fabricated WO3 gas sensor with optimizing sensitiv-
ity, selectivity, response rate and long-term stability. And some of
efforts have been exert on obtaining pure or transition metal doped
nanostructured [14], mesoporous [15] and macroporous [16] WO3
based materials.
Mesoporous materials based on metal oxides have become
strategic for sensor devices due to the lightweight, high surface area
and the well-defined porous architecture. High surface area favors
the gas-oxide interaction [17,18], moreover, the mesoporous struc-

dx.doi.org/10.1016/j.snb.2016.07.085
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2016.07.085&domain=pdf
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ure significantly improve gas diffusion throughout the porous and
onsequently the sensing performance [18]. To further improve the
as response, noble metals (such as Pd, Pt and Ag) have been applied
o modify the sensing material to enhance the catalytic reaction
ith the target gas [19,20]. High response and selectivity of WO3
oped with Pd to H2 gas was reported at a working temperature
f 200 ◦C [21]. Morazzoni and co-workers reported that Pt homo-
eneously dispersed into the oxide matrix, which could catalyze
he electron transfer between gas molecules and the semiconduc-
or [22]. These indicated that the noble metals in such materials act
s catalysts of the chemical interaction between gas molecule and
he semiconductor [23].

In our present work, we described a simple impregnation route
o load different weight percent of Pt (0.2%, 0.5% and 1.0%) into

esoporous WO3 samples for NH3 sensing purpose. Nanocasting
as adopted to prepare mesoporous WO3 by replicating the struc-

ure of hard template. The highly ordered mesoporous structure
as observed with average pore diameter about 10 nm,  and a high

pecific surface area (85.8 m2 g−1) was obtained. The gas sensors
abricated with the obtained materials presented good sensing per-
ormance toward NH3. Working at a temperature as low as 125 ◦C,
he gas response of 1.0% Pt-loaded mesoporous WO3 to 200 ppm of
H3 reached as high as 13.6. The structure, morphology and chem-

cal state were also investigated to give a further understanding.
oreover, the related mechanism of gas sensing would be illus-

rated in this paper.

. Experimental details

All the chemical reagents used in the experiments were obtained
rom commercial sources as guaranteed-grade reagents and were
ithout further purification.

.1. Preparation

The three-dimension ordered mesoporous silica KIT-6 was pre-
ared in acidic condition using a mixture of Pluronic P123 as
tructure directing agent and butanol. 6 g of P123, an amphiphilic
riblock copolymer of EO20PO70EO20, was firstly dissolved in 217 g
eionized water, and then diluted 37 wt% aqueous HCl solution
as mixed with 6 g of n-butanol at 35 ◦C by stirring 1 h. 12.9 g

f tetraethylorthosilicate (TEOS) was subsequently added into the
ystem and vigorous stirring for 24 h. The obtained mixture were
laced in an autoclave and heated for 24 h at 100 ◦C under static
onditions. The prepared white precipitant powder was further
ried at 100 ◦C after filtering and washing using deionized water,
nd subsequently calcined at 550 ◦C for 6 h.

The mesoporous WO3 was prepared by nanocasting method
sing the above mesoporous KIT-6 as the template and phospho-
ungstic acid as the tungsten precursor. 0.5 g of KIT-6 and 0.7 g of
hosphotungstic acid were mixed in 25 mL  of ethanol, the obtained
lurry was stirred at 40 ◦C till all the solvent was evaporated fur-
her followed by calcination at 300 ◦C for 2 h. The mixture of silica
nd oxide was dissolved again in ethanol with 0.35 g of W precur-
or for second impregnation and calcined for another 2 h at 300 ◦C.
equentially, the resultant mixture was solved again in ethanol
ith 0.15 g of phosphotungstic acid, dried at 40 ◦C and calcined at

00 ◦C for 2 h. Finally the KIT-6 was removed with HF (2 mol/L) for
he WO3 materials. The as-prepared slurry was centrifuged, washed
t room temperature and dried at 80 ◦C.
Different weight percent of Pt (0.2%, 0.5% and 1.0%) was  loaded in
anocasted WO3 by wet impregnation method. Chloroplatinic acid
s Pt precursor was dissolved in the mixture of mesoporous 0.3 g of
O3 and 20 mL  ethanol. The slurry was dried at 40 ◦C and followed
tors B 238 (2017) 473–481

by calcination at 300 ◦C for 2 h, and the mesoporous Pt-loaded WO3
was obtained.

2.2. Characterization

The crystallinity and phase of the sensor materials were char-
acterized by X-ray diffraction (XRD, Rigaku D/MAX-2550), where
Cu-K  ̨ radiation (� = 0.15418) was  used for the X-ray source and
the diffracted X-ray intensities were recorded as a function of
2�. N2 adsorption-desorption isotherms were measured with a
Micrometrics Gemini VII surface area and porosity system by high
purity nitrogen as adsorbate at 77 K. The specific surface area
was estimated by the five points Brunauer-Emmet-Teller (BET)
method, and the pore size distribution was obtained by using the
Barrett-Joyner-Halenda (BJH) analysis. The samples were degassed
under vacuum at 200 ◦C for several hours prior to the measure-
ment. Transmission electron microscopy (TEM) and high resolution
transmission electron microscopy (HRTEM) characterization were
performed with a JEOL TEM-2100 instrument at an acceleration
voltage of 200 kV. The samples for TEM were prepared by dispers-
ing the final dry powders in ethanol; these dispersions were then
dropped on carbon-copper grids. X-ray photoelectron spectroscopy
(XPS) was carried out at room temperature on Thermo ESCALAB
250 spectrometer. During the XPS analysis, an Al K  ̨ X-ray beam
was adopted as the excitation source. The measurement spectra
were decomposed into Gaussian components by a least-square fit-
ting method. The binding energies (±0.2 eV) were calibrated with
reference to the C 1s peak (284.8 eV).

2.3. Fabrication and measurement of the gas sensor

The sensor was  fabricated in accordance with the literature [24].
The obtained samples were mixed with an appropriate amount of
deionized water to form a paste. Later on, the paste was coated onto
the outside surface of an alumina ceramic tube (4 mm in length,
0.8 mm in inner diameter and 1.2 mm in outer diameter, attached
with Pt wires on a pair of Au electrodes). The gas sensing material
was covered on the whole surface of the Au electrodes to guaran-
tee good contact. The products were sintered at 300 ◦C after dried
under IR radiation. Ni-Cr alloy coil was  subsequently inserted into
the alumina tube as a heater to control the operating temperature.
In order to improve the stability and repeatability, the fabricated
sensor was  aged at 200 ◦C for 72 h in air. The gas sensing properties
were measured with a RQ-2 characterization system under labo-
ratory conditions (50 ± 2% RH, 25 ± 1 ◦C). The measurement was
processed by a static process: the desired amount of target gas was
injected into the test gas chamber for the measurement of sensing
performance, afterwards atmosphere air was drew into the test gas
chamber as background gas, and the sensor was put into the test
chamber for the measurement of the sensitive performance. The
gas response was defined as S = Ra/Rg (reducing gas) and S = Rg/Ra

(oxidizing gas), where Ra and Rg were the resistance in air and the
target gas, respectively. In addition, the response time was defined
as the time required for the gas response to reach 90% of the final
equilibrium value after test gas was injected, and the recovery time
was the time needed for the gas response to decrease to 90%, from
the final equilibrium value, after the gas sensor was exposed to air
again.

3. Results and discussion

3.1. Structure and morphology characterizations of obtained

materials

X-ray diffraction analysis of the obtained materials is carried
out for phase identification, and the results are shown in Fig. 1. As
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Fig. 1. XRD curves of obtained materials (WO3, 0.2% Pt-WO3, 0.5% Pt-WO3, 1.0% Pt-WO3): (a) low-angle patterns of materials (KIT-6 as reference pattern); (b) wide-angle
patterns of materials (WO3 PDF 89-4476 as reference pattern); (c) partial enlarged details of Fig. 1(b). (For interpretation of the references to colour in the text, the reader is
referred  to the web  version of this article.)
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ig. 2. Nitrogen adsorption-desorption isotherms of obtained mesoporous materia
ion).  (a) WO3, (b) 0.2% Pt loaded WO3, (c) 0.5% Pt loaded WO3 and 1.0% Pt loaded
eferred to the web  version of this article.)

isplayed in Fig. 1(a), each low-angle XRD pattern of the obtained
aterial presents a sharp diffraction peak and two barely vis-

ble peaks accordance with silica template KIT-6. The peaks of
211), (220) and (332) reflect the ordered three-dimensional cubic
esostructure of obtained materials. The peaks of each materials
ccur at almost the same degree indicates the successful replica-
ion from the silica template. With the increasing of Pt content
 the corresponding pore size distribution (—�— adsorption, desorp-
. (For interpretation of the references to colour in this figure legend, the reader is

loaded in mesoporous WO3, the peaks of obtained materials slightly
move towards the higher degree. This phenomenon is on account of
Pt loading in mesoporous framework which is obviously reflected
from a decreased pore diameter. However, with the comparison

of silica template KIT-6, the corresponding replica present some-
what lower intensity diffraction peaks, which means a slightly
lower overall nanostructural order as frequently found for repli-
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Table  1
The textural properties of mesostructured samples.

Sample Surface area
(m2/g)

Average pore size
(nm)

Pore volume
(cm3/g)

WO3 77.45 10.09 0.2493
0.2% Pt-WO3 77.89 9.98 0.2485
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the clear well-developed lattice fringe of material. The crystal-

F
c

0.5% Pt-WO3 82.05 9.75 0.2557
1.0% Pt-WO3 85.82 9.65 0.2663

ated materials [25]. Fig. 1(b) presents the wide-angle XRD patterns
f mesoprorous materials, obviously all the peaks of the patterns
an be identified as the reflections of monoclinic tungsten oxide
JCPDS Card No. 89-4476) [26] with lattice parameters a = 7.327 Å,

 = 7.564 Å and c = 7.727 Å. The XRD patterns of obtained samples
eveal the characteristic peaks at 2� value of 23.12◦, 23.59◦ and
4.38◦ which are indexed to the diffractions of the (002), (020) and
200) planes of monoclinic WO3, respectively. Fig. 1(c) reveals the
artial enlarge details of wide-angle patterns of obtained materi-
ls, from which a low intensity peak (marked with red asterisk)
ccurs at 2� value of 38.75◦ of 1.0% Pt-loaded WO3 sample corre-
pond to the (111) planes of the cubic Pt phase (JCPDS Card No.
1-1174, lattice parameter a = 4.028). However, no reflection peak

ndexed Pt can be found from the pattern of other sample loaded
ith Pt, which may  be caused by the low amount of Pt loaded in

he mesoporous WO3 or a homogenous distribution of Pt particles
24].

Nitrogen physisorption experiments are performed on all
he prepared mesoporous materials. The adsorption-desorption
sotherm and corresponding pore-size distribution of obtained

aterials are shown in Fig. 2. The mesoporous sample shows a
ype IV Brunauer isotherm with a capillary condensation occur-
ing in the relative pressure (P/P0) of 0.7–1.0 in the high pressure
egion. The isotherms obtained for the prepared samples show H1
ysteresis loops which are typical characteristics of materials with
esoporous structure. The curves of insets in Fig. 2 reveal the dis-

ribution of pore size conditions with two peaks occur at about
 nm and 12 nm,  respectively. The one peak occurs at 3 nm is tensile
trength effect (TSE) peak, the other peak occurs at 12 nm is a most
robable distribution peak. The average BET specific surface area,
JH pore size distribution and pore volume of samples are reported

n Table 1. The obtained BET surface areas provided by samples are
n the range of 77–85 m2/g, which confirms the mesoporous mate-
ials with large surface area have been fabricated successfully. In
etails, the surface area increases with the increasing of Pt concen-
ration, which may  be caused by the incorporation of Pt attached on

he WO3 framework affects the integrity and mesostructure [24].
he increasing crystallinity of Pt loaded in mesoporous framework
ay  also contribute to the increasing surface area. The pore size

ig. 4. (a) TEM and HRTEM images of 1.0% Pt loaded mesoporous WO3, (b) energy dispe
olor  and Pt in green). (For interpretation of the references to colour in this figure legend
Fig. 3. TEM image of mesoporous WO3 material prepared by nanocasting.

of materials mentioned in Table 1 is all around 10 nm,  which is
the average pore size distinguished from the most probable statis-
tic method in Fig. 2. Comparatively, the broad pore size appeared
among the materials may  due to the slightly soluble of WO3 in HF
in the process of removal silica template. With the increasing con-
tent of Pt, the average pore size become small may be caused by
the impregnation of Pt precursor. Although there are subtle dis-
tinctions, the fabricated samples possess the similar surface area,
pore size and pore volume, which indicate the fabricate process has
barely influence on the mesostructured of materials.

Detailed mesostructure features of prepared materials are fur-
ther investigated by transmission electron microscopy (TEM). Fig. 3
shows the distinguishable periodic ordered mesoporous structure
matched well with the mesoporous replication silica template KIT-
6. This feature suggests that WO3 particles assemble together inside
the pore of the hard template. The TEM image of the edge part
marked by the black line is magnified as the inset image in Fig. 3. It
reveals that the mesoporous WO3 possesses mesopores with aver-
age pore size about 10.6 nm which is corresponded with BET result.
The TEM and high resolution TEM (HRTEM) images of the 1.0% Pt
loaded on the mesoprous WO3 are shown in Fig. 4(a). It can be
observed that the ordered mesoporous structure still exists after
the impregnation of Pt, which indicates that the Pt loading does
not disturb the WO3 assemble. The inset of HRTEM image presents
lographic planes (111) of platinum (JCPDS Card No. 87-644) and
(020) of monoclinic WO3 (JCPDS Card No. 89-4476) are observed
with the corresponding lattice distance of 0.232 nm and 0.378 nm,

rsive analysis of 1.0% Pt loaded mesoporous WO3 (W element represented in red
, the reader is referred to the web version of this article.)
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Fig. 5. XPS spectra of the obtained mesoporous materials: (a) survey scans of all the samples, (b) Pt spectrum of mesoporous WO3 loaded with 1.0% Pt, (c) O 1s spectrum of
pure  mesoporous WO3, (d) O 1s spectrum of mesoporous WO3 loaded with 1.0% Pt.
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ig. 6. (a) The sensor sensitivity of obtained materials towards 200 ppm of NH3 a
btained samples to NH3 with different concentration under each optimum operat

espectively. The energy spectrum and the distribution of Pt and
 elements are exhibited in Fig. 4(b). W element as the “mother

hase” presents high intensity peak, and concentration of Pt is low
hich presents weak intensity peak in the EDX spectrum. In addi-

ion, Cu and C signals are associated with the carbon-coated Cu grid

hat supports the prepared materials [27]. Pt element (marked with
reen color) is dispersed uniformly observed in inset of Fig. 4(b),
nd there is no indication of aggregation phenomenon, which con-
ction of the operating temperature; (b) the dot-line gas response patterns of the
perature.

firms Pt is successfully loaded on the mesoporous WO3 (marked
with red color).

The composition and the chemical state of the elements existed
in the surface of obtained materials are performed by XPS as shown
in Fig. 5. The main structures in the spectra are analyzed and

reproduced at the background of Shirley. The surface of prepared
mesoporous materials are obviously composed of tungsten and
oxygen elements in Fig. 5(a). As shown in Fig. 5(b), the high resolu-
tion spectrum of 1.0% Pt-loaded WO3 demonstrates peaks occur
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Fig. 7. Dynamic response-recovery characteristic curve of obtained mesoporous materials towards different ammonia concentration from 50 to 1500 ppm: (a) resistance
curve  of pure WO3, (b) response curve of 1.0% Pt-loaded WO3.
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Fig. 8. Variation in (a) response time and (b) recovery time for the prepared

t 74.42 eV and 71.10 eV (gap = 3.3 eV) which are assigned to Pt
f5/2 and Pt 4f7/2, respectively. These values are in good agreement
ith the platinum metal [28]. Pt 4f band shape and peak position

ndicated that platinum is dispersed as the form of Pt (0) centers
nly [29]. However, from Fig. 5(a), the peak presents Pt element
an barely be visible in the whole spectrum which may  due to the
igh intensity of other element peaks submerge the Pt peak. The
igh resolution XPS spectrum of O 1 s in Fig. 5(c) and (d) could
e resolved to three Gaussian function peaks with the energy of
530.5 eV, ∼531.2 eV and ∼531.9 eV, which are attributed to three
inds of oxygen species on the surface of the mesoporous mate-
ial. The first was lattice (surface) oxygen O2−, the second was  a
issociative type O−, and the third was a molecular-type adsorbate
2

−. O− adsorbate, occupies more percentage in the case of 1.0% Pt-
oaded WO3, is more important than others [30]. O2− is attributed
o the oxygen ions in the crystal lattice which is thought to be pretty
table and have no contribution to the gas response. However, Ox

−

s attributed to the adsorbed oxygen ions in the oxygen deficient
egions [31], which have a significant role in the gas sensing prop-
rty. Compared Fig. 5(c) with Fig. 5(d), the Ox

− in 1.0% Pt-loaded
O3 is more than pure mesoporous WO3, which may  due to an

nteraction of ion-adsorbed oxygen with Pt (0). The existence of Pt
0) can be confirmed by the results of XRD patterns, TEM images
nd XPS spectra.

.2. Gas sensing performances

To evaluate the potential applicability in gas sensors for ammo-
ia, some fundamental gas sensing properties of the obtained

aterials are investigated. As is well known, the operating tem-

erature has a great influence on the sensitivity of semiconductor
ased gas sensor, as it governs the mobility of electron and the elec-
rical conductivity of the metal oxide material [32]. There usually
porous materials as a function of temperature towards 200 ppm ammonia.

exists a temperature region in which the sensor shows the high-
est response. Fig. 6(a) depicts the variation sensor sensitivity of
the samples to 200 ppm of ammonia with the increasing opera-
tion temperature. It is obvious that all the response curves of the
samples present bell-shape in the range of 75 ◦C–250 ◦C, besides
the Pt-loaded materials present much higher responses. The gas
response to 200 ppm of ammonia is enhanced from 6.72 for pure
mesoporous WO3 to 13.61 for 1.0% Pt-loaded WO3 through the acti-
vation of Pt. In addition, the optimum operating temperature is
shift from 200 ◦C to 125 ◦C. The decreased operation temperature
may  be caused by the catalyst of Pt. When the concentration of Pt is
small, Pt dispersed on the part of inner surface of materials, the cat-
alyst cannot catalyze all the target gas (NH3). Some thermal energy
still needed to active the interaction happened on the surface of
materials. After enlarge the concentration of Pt, higher amounts of
electrons trapped by the finely dispersed Pt, the N H bond dissoci-
ation is further promoted. Fig. 6(b) depicts the dot-line gas sensor
response patterns toward different concentration of ammonia in
the range of 50–1500 ppm. The trend is that the response of each
sensor increases with the increasing tested gas concentration and
the increasing Pt loaded concentration. These phenomena includ-
ing the higher response and lower optimum operating temperature
are thought to be the typical characteristics of noble metal activa-
tion in gas sensing performance, which in turn directly verifies the
promotion effect of Pt functionalization [31,33]. In addition, the gas
response of larger Pt concentration loaded on the mesoporous WO3
towards NH3 was  depicted in Fig. S1†.

Fig. 7(a) displays dynamic resistance curve of pure mesostruc-
tured WO3 towards different ammonia concentrations from 50 to

1500 ppm at 200 ◦C. In Fig. 7(a), the gas resistance has an abrupt
decrease followed by a slow increase when ammonia is intro-
duced. Then, when the sensor exposed to ambient air again, the
resistance sharply increased. However, it has a higher value than
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Fig. 9. (a) Response-recovery detail pattern of 1.0% Pt-loaded WO3 towards 200 ppm ammonia at 125 ◦C with dynamic response-recovery cycles to 200 ppm ammonia inset,
(b)  the gas response of obtained samples toward different gases with a concentration of 200 ppm at 125 ◦C.
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Fig. 10. Schematic drawing of the reaction mechanism tow

efore NH3 introduced again and then with a slow recovery to ini-
ial value. These phenomenon can be related to the formation of
Ox due to the oxidation of NH3 in the sensing process. When
mmonia is introduced, sensor resistance decreases as adsorbed
xygen species (O−, O2−) is consumed. Meanwhile, NOx may  be pro-
uced at high temperature [34] (2NH3 + 5O− → 2NO + 3H2O + 5e−,
NH3 + 4O− → N2O + 3H2O + 4e−) which may  trap electrons, form
Ox

− species, and lead to the increase of resistance. However, when
mmonia is removed, oxygen is quickly adsorbed on the surface,
hich makes sensor resistance increase. The hard desorbed NOx

−

pecies [35] makes the recovery resistance higher than the origi-
al value. Fig. 7(b) demonstrates the dynamic response-recovery
attern of 1% Pt-loaded mesoporous WO3 to different ammonia
oncentrations from 50 to 1500 ppm at 125 ◦C. As shown in Fig. 7(b),
he gas response rapidly increases and decreases in response and
ecovery situations, respectively. The gas response increase with
he increasing concentration of ammonia. At the relatively low tem-
erature compared with 200 ◦C, unlike the case of pure mesoporous
O3, finely dispersed Pt may  acts as catalyst of the interaction

etween ammonia and Oo centers [36], decreasing the activation

arrier and promoting the dissociation of the N H bond. Under the

ower temperature of 125 ◦C, there is not enough thermal activa-
ion to produce NOx species who can trap electrons. As a result, the
btained material based sensor in (a) air and (b) ammonia.

unsatisfactory dynamic sensor response phenomenon eliminated
and good response-recovery properties can be observed.

The response and recovery time of the gas sensor are signifi-
cant parameters in the fields of harmful and toxic gas detection.
Fig. 8 depicts the variation in response and recovery time as a func-
tion of temperature for the obtained mesoporous samples toward
200 ppm of ammonia. The response and recovery time decreases
with increase in temperature for all prepared materials. This is
attributed to the fast adsorption and desorption of gas molecules
on the sensor surface at higher temperature. After loading Pt on
mesoporous WO3, the response and recovery speed becomes faster,
which indicates the catalysis of Pt. The response-recovery detail
of 1.0% Pt-loaded WO3 towards 200 ppm ammonia at 125 ◦C is
revealed in Fig. 9(a). As depicted, the response and recovery time
is 43 s and 272 s, respectively. The long recovery time may  be
attributed to the mesoporous structure which slow down the des-
orption rate of detected gas, and this phenomenon is also observed
in mesoporous In2O3 [37].

The 1.0% Pt-loaded WO3 was  investigated by testing 200 ppm
of ammonia for five times under the same condition to evaluate

the repeatability properties, and the dynamic response-recovery
cycles are present in the inset of Fig. 9(a). The gas resistance curve
presents the similar continuous recycles and the error is limited in
the range of 3%. These factors reveal the sensor based on Pt-loaded
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Table  2
Comparison of the gas-sensing performance of various oxide based sensors toward
ammonia.

Sample T (◦C) C (ppm) S (Ra/Rg) Refs.

1.0% Pt-WO3 125 200 13.61 This work
Hierarchical SnO2 200 300 6 [38]
Mesoporous SnO2 260 500 5 [39]
2.0% V-WO3 700 500 14 [40]
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Wahba, F. Morazzoni, Sol-gel derived mesoporous Pt and Cr-doped WO3 thin
WO3 nanofiber 200 100 5.5 [41]

O3 has good repeatability. The selectivity of obtained samples
o 200 ppm of different test gases is carried out in Fig. 9(b). It is
bvious that the sensitivity to ammonia is higher than that of other
ases for the fabricated gas sensors. Compared with pure meso-
orous WO3, Pt-loaded mesoporous WO3 materials enhance the
ensitivity towards NH3 and present little change towards other
ases. This means that the Pt-loaded WO3 enhanced the selectivity
o ammonia. Comparison of the gas sensing performance of various
as sensors to ammonia in other researches is displayed in Table 2.

The ammonia gas sensing mechanism of the fabricated sensor
s based on the changed conductance, which can be depicts by

olkentein’s model [3] as shown in Fig. 10. It is generally accepted
hat the charged species such as O−, O2− are adsorbed on the sur-
ace of metal oxide in air through capturing free electrons from the
ensing materials. Leading to the formation of a thick space charged
ayer and a consequently high resistance of the sensor. Once the
ensor is in the exposure to ammonia, the ammonia will react with
he adsorbed oxygen species and the released the captured elec-
rons, resulting in a thin space charged layer and the decrease of
he resistance.

Pt-loaded mesoporous WO3 presents the enhanced gas sens-
ng performance which is attributed to the catalyst and the matrix.
he enhancement caused by Pt can be explained by catalytic pro-
otion. When the mesoporous material is loaded with uniformly

istributed Pt on over the surface, Pt acts as the efficient catalyst
or adsorption-desorption reactions of oxygen and ammonia gas
36] and catalyzes the conversion of ammonia as a pretreatment.
n case of catalytic reaction, the ammonia is first adsorbed on a
atalyst (Pt), gets split up into ions, then spills over on the surface,
nd reacts with surface oxygen ions on the sensor material, thereby
ecreasing the resistance of the sensor and enhancing the response
42]. The matrix with mesoporous structure promotes the diffu-
ion and transport ammonia into the sensing layer, and this effect,
ogether with the electronic sensitization promoted by the Pt cat-
lyst located on the surface, further enhances the gas sensitivity of
he material.

. Conclusion

Mesoporous WO3 and Pt-loaded mesoporous WO3 have been
uccessfully prepared by nanocasting method. The obtained mate-
ials presented highly ordered mesostructure with a high specific
urface area (85.8 m2 g−1), which is convenience for gas diffusion
nd can provide more active sites. It was found that Pt-loaded mate-
ials enhance the sensitivity significantly toward ammonia. Apart
rom the outstanding response, the Pt-loaded WO3 also present
ood response-recovery properties, repeatability and selectivity.
urthermore, Pt-loaded materials decrease the operating tempera-
ure, from 200 ◦C to 125 ◦C, and the sensitivity achieves to 13.6. The
nhancement of the gas sensing properties is attributed to the effect
f the matrix and the catalyst Pt. Pt acted as catalyst decreasing

he resistance of the sensor and enhancing the response. It demon-
trates that the Pt-loaded mesoprous WO3 is an excellent ammonia
as sensing material of chemical sensors.
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