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The noble metal-doped WO3; nanoplates were synthesized from a low-grade scheelite

concentrate for NO, detection with enhanced sensing performances.
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ABSTRACT

To break the limitation of raw materials for preapar functional WQ
nanomaterials, a low-grade scheelite concentratesekected as the tungsten source,
and WQ nanoplates doped with Ag, Pd, Au and Pt were ggitled through three
combined processes including NaOH leaching, chdmipeecipitation and
acidification. The microstructure and NQensing properties of pure and noble
metal-doped W@ nanoplates were investigated. The microstructhegacterization
demonstrated that all WiOproducts were composed of interlaced and irregular
nanoplates with the thickness of 10-30 nm, and I&émgth and width of these
nanoplates were in the range of several hundredmeaters. N@ sensing properties
indicated that W@ nanoplates doped with noble metal nanoparticlelSsibérd
obviously higher responses and shorter responsestiman pure W@nanoplates.
Especially, noble metal-doped W@anoplates exhibited distinct behaviors in terms
of the enhancement of sensing properties. Pd-ddf€x nanoplates exhibited
highest response to NOand Ag-doped W@nanoplates exhibited fastest response
speed. Additionally, Ag-, Pd- and Pt-doped YWanoplates exhibited a relatively
lower optimal operating temperature. The enhanc@d $¢nsing performance can be
ascribed to the large specific surface area of;\Wahoplates, the catalytic activities
of noble metal nanoparticles, and the varied wariction energies together with the
lower activation energies.
Keywords. Scheelite concentrate; Noble metal doping; AW@noplates; N& Gas
sensing mechanism
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1. Introduction

Over the past few decades, air pollution has dddamore and more attention
due to its serious harm to environment and humaaittheTherefore, there is an
increasing requirement for the detection of toxid &xplosive gases like NOH,S,
H,, SO, NH; and so on [1, 2]. Among these detrimental gas&€3; N a sort of
corrosive and poisonous gas, which is mainly dériirem the exhaust of industrial
plants and automobile engines as well as high-teatyoe combustion of fossil fuels
[3-6]. It is a main contributor to acid rain ands@lcan bring about a variety of
adversely environmental effects such as visibiguction, ozone layer thinning and
acidification [7-9]. More importantly, NOis extremely harmful to human health,
which can damage human’s respiratory system afatively low concentration [10].
Therefore, numerous efforts have been made to olevelD, sensor for detecting
low-concentration even ppb-level NO

Recently, semiconductor metal oxides (SMO), sucW&s, ZnO, InO3, NIiO
and SnQ@ have received considerable attention in the fafldyas sensors such as
atmosphere detection, medical diagnosis, automelniission inspection, fossil fuel
combustion control, food processing, and homelaecursty due to their obvious
advantages such as low cost, high response, simpgi&mentation, outstanding
selectivity, and compatibility with micro-assembigchnology [11-18]. Especially
among the numerous gas sensing materials, tunggtda (WQ) with a wide band
gap from 2.4 to 2.8 eV, an important n-type funtélbosemiconductor material, has
attracted more and more attention due to its culstg sensing performance such as
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high sensitivity, good stability, fast responsedneary speed, and extraordinary
selectivity towards various gases, specially towadd, [3, 8, 19-22]. Over the past
few years, for the sake of meeting the needs oftioed application, considerable
efforts have been devoted to improve gas sensingepties. As a consequence,
various nanoscale W{nhanomaterials, including nanoplates [23, 24], panicles
[25], nanotubes [26], nanorods [27], nanofiberd,[2Bd nanospheres [29] have been
successfully prepared and showed enhanced sensipgrpes for different detected
gases. However, as far as we know, the raw mageoalpreparing functional W
nanomaterials are mainly analytical pure reagenish sas sodium tungstate,
ammonium metatungstate and tungsten hexachlorideturmgsten metal. These
chemicals are relatively expensive and complex map@ration process, which
extremely restricts their large-scale applicatiord anevitably brings about some
environmental pollution in their preparation prases Therefore, using a cheaper
tungsten-containing raw material to synthesize\WW@nomaterials will provide a new
idea for the development of functional tungstenamaaterials. To the best of our
knowledge, there are few reports on the synthddisnational WQ nanomaterials by
using some tungsten-containing raw materials. Hemadg believed that this will be
an interesting insight in material science, whidh ke an efficient and cost-effective
method to prepare functional nanomaterials.

Additionally, a variety of noble metal elements neyst in tungsten ores, which
are beneficial to the improvement of the gas segnperformance of functional WO

nanomaterials. As is well known, some noble mdthents (Pd, Ag, Pt and Au) can
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be used to enhance the sensing performance of W&Domaterials due to their
sensitization effects together with thermally arfteroically stable for long-term
operation [30, 31]. Some studies demonstratedthi@aenhanced sensing properties
could be ascribed to the reduced activation enefdiie chemical reactions between
sensing material and the detected gas due to modlel’'s catalytic effect, so that it
could more easily react with detected gases [3R,S3/eral works have been carried
out to identify the sensitization role of noble aletopants. For instance, Akbar et al.
[34] reported that the addition of noble metal hadvide influence on catalytic
activity, gas adsorption, and band bending of sendacting oxide nanomaterials.
Kamble et al. [35] prepared Ag-decorated W@as sensor, which exhibited an
obviously enhanced N@ensing performance compared with pure one andl dmoail
used for the detection of sub-ppm level NsOncentration. Wu et al. [36] prepared the
Pd-doped mesoporous W®ensor, which had a higher response tanttomparison
with pure one. Zhang et al. [7] synthesized bilager nanoparticle-decorated WO
porous thin films, revealing that Au doping couldtronly improve NQ sensing
performance but also reduce the optimal operatglgperature as well as the
response/recovery speed. Gu et al. [31] studiedatbmically dispersed Pt(ll) on
WO; for catalytic oxidation and highly selective sewgsiof trimethylamine. They
indicated that the atomically dispersed Pt(ll) onOyVnot only decreased the
activation energy, but also increased the numbexctife sites, which resulted in an
enhancement in the gas sensing properties. Thediesimainly focused on the effect

of a single noble metal on WGensing materials. However, there are few reports
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related to the modification of nanostructured YW&&nsing materials with different
noble metal elements.

Herein, a low-grade scheelite concentrate was teelegs the tungsten source,
where the sodium tungstate-containing leachingtemiuvas firstly obtained by a
high-pressure leaching method with sodium hydroxadethe leaching agent. Then
calcium tungstate was prepared by a chemical pgtattgn method. Subsequently,
using the as-obtained calcium tungstate as theumec pure and noble metal-doped
WO; nanoplates were synthesized at room temperatura bynple acidification
method. It is expected that such combined procabgpmvide a new insight into
preparing WQ functional nanomaterials by using a cheaper sithesbncentrate as
the tungsten source as well as improving sensiogepties by utilizing the noble
metal element existed in this mineral materialse Tinsitu doping of noble metal
elements onto W@sensing materials was performed to simulate theistence in
tungsten raw material, and their effects on micumstire and N@ sensing

performance of the products were also investigaystemically.

2. Experimental
2.1. Materials

In this work, a low-grade scheelite concentrate wsed as the tungsten source,
which was purchased from Gansu Xinzhou Mining Add. And all chemical
reagents (Kemiou Chemical Reagent Co., Ltd) usedhe present work were of

analytical grade without any subsequent purificati@atment. Deionized water was
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directly used in all experimental operations.

The X-ray Fluorescence spectrometry (XRF) and Xdtfyaction (XRD) were
performed to determine the chemical compositionsthd low-grade scheelite
concentrate before the experiments, and the camnelspg results are illustrated in
Table 1 and Fig. 1, respectively. It can be obgkrfrem Table 1 that the main
valuable composition of the scheelite concentrapte is WQ, and the main
impurity components are S)0CaO, BOs, FeOs;, MgO and S@ It can be seen from
Fig. 1 that tungsten in the scheelite concentraitgsin the form of Cawg
2.2. Synthesis of WO3 nanoplates

The synthesis of pure, Ag-, Pd-, Au-, and Pt-dold¢Q; nanoplates mainly
includes the following three steps.

Firstly, the scheelite concentrate was convertdd imater-soluble NAVO,
compound by leaching experiments. All the leacl@rgeriments were performed in a
microform high-pressure autoclave with a volum@®s® mL. The apparatus equipped
with a stirring speed controller and a temperatcwatroller was purchased from
Shanghai Yanzhen Co., Ltd. In the preparation m®cB g of scheelite concentrate,
3.51 g of sodium hydroxide, and 5 mL of deionizestev were added into the above
autoclave. Then, the leaching experiments werepadd for 120 min at the reaction
temperature of 18 with a stirring speed of 400 rpm. After naturatiyoling down
to 50°C, the digested slurry was removed and then trdatedashing and filtering to
obtain the sodium tungstate-containing leachingutsmi. The main chemical

compositions of the as-obtained leaching soluticerewanalyzed by inductively
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coupled plasma atomic emission spectrometry (ICE)AENd the corresponding
results are shown in Table 2. The obtained leackaigtion mainly contains W and
trace of impurities such as Si and Mo. The contérither impurities in the leaching
solution are close to those in tungsten-contaicimgmical purity or analytical purity,
which have no effect on the later preparation of M@ omaterials.

Secondly, the sodium tungstate in leaching soluti@s converted to calcium
tungstate by a simple chemical precipitation. 5ehthe above leaching solution was
added into a 250 mL beaker and then 70 mL of deeshiwvater was added to dilute
the leaching solution. The pH value of the dilutedching solution was above 13.
Subsequently, to obtain Ag-, Pd-, Au-, and Pt-dopé@; nanoplates, a certain
amount of silver nitrate solution (1.699 g/L), palium chloride solution (1.773 g/L),
chloroauric acid solution (5.850 g/L) or chlorojét acid solution (6.706 g/L) was
added into the above diluted leaching solution ieuee the molar ratio of Ag/W,
Pd/W, Au/W or Pt/W to be 0.7 mol%, and the as-at@dihomogeneous solution was
determined as solution A. 2 g of Ca@las added into 20 mL of deionized water and
continuously stirred to form solution B. Subsequgrhe solution B was slowly
added into the solution A and vigorously stirred f® min. In the case, a large
amount of white precipitate, namely calcium tungstavas formed. The obtained
white precipitate was separated by washing andrifily by using deionized water,
and subsequently dried in a drying oven.

Thirdly, WO; nanoplates doped with Ag, Pd, Au and Pt were pespat room
temperature by a simple acidification method. Theddwhite product was added into
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20 mL of 4 M HNQ and continuously stirred for 24 h. Then, the asioled products
were washed and filtered by using deionized watal, subsequently dried in a drying
oven for 12 h. To obtain more stable W@anoplates, the dried products were
annealed for 4 h at 40C in a tube furnace.
2.3. Sructural characterizations

The elemental components of the scheelite condentk@re determined by
X-ray Fluorescence spectrometry (XRF, Shimadzu XRE6). The crystalline
structure and phase purity of the scheelite comaentand the as-synthesized WO
nanoplates were analyzed by X-ray diffraction (XREANalytical X'Pert Pro) with
Ko radiation and copper target in diffraction angéages of 10-90and 15-70)
respectively. The main elemental compositions of feaching solution were
examined by inductively coupled plasma atomic eimisspectrometry (ICP-AES,
Thermo Fisher Scientific). The surface morphologg anicrostructure of the WO
samples were characterized by using a field-emiss@nning electron microscope
(FESEM, ZEISS Ultra Plus) and a high-resolutiomsraission electron microscope
(TEM, FEIG-20) equipped with an energy-dispersive spectrasctpDS). The
elemental components and elemental valence of g pkbducts were examined by
X-ray photoelectron spectroscopy (XPS, ESCALAB 26Pusing Al Ka radiation.
The main chemical groups of the as-synthesized; Wéhoplates were analyzed by
Fourier transform infrared spectroscopy (FTIR, NIEDY 380). The specific surface
areas of the as-obtained W®amples were analyzed by a Brunauer-Emmet-Teller
(BET, Micro-meritics ASAP 2020 instruments, USA) timed.
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2.4. Fabrication of gas sensor device

The WQ nanoplates-based gas sensor devices were pregmtalow: firstly, a
moderate amount of the as-synthesized;W@&nhomaterial and absolute ethanol were
put into 1.5 mL centrifugal tube and then ultrasafly dispersed for 15 min to form a
viscous paste. Secondly, the paste was uniformifecbon the outer surface of an
Al,O3 ceramic tube equipped with four Pt lead wires amal Au electrodes to form
the sensing film. As a resistance heater, a Ni-May aheating coil was inserted
through the ceramic tube to control the desiredaip® temperature. Subsequently,
the WQ nanoplates-coated AD; ceramic tube was directly welded to a pedestal with
six probes to assemble the final sensor devicealllginto enhance the long-term
stability and repeatability of the Whanoplates, all sensor devices were aged in
ambient air at 308C for 24 h before use.
2.5. Gas sensing measurements

Gas sensing measurements of pure, Ag-, Pd-, Ad-P&doped W@nanoplates
were performed in a fume hood with a relative hutyi(RH) of below 30% by using
a static gas-sensing system (WS-30A, Weishengraldcs Co., Ltd). The operating
temperature (§) of the WQ sensor was adjusted from 75 to 225y changing the
heating voltage. In order to obtain the fixed Néncentration in the range of 50
ppb-5 ppm, a certain volume of N@ith the original concentration of 0.02% was
injected into the test chamber with a capacity &fL1by a syringe. The resistance
value of the as-prepared W@anoplates-based sensor was determined by mawgjtori
the voltage signal, where 5 V dc bias was used dmtwwo Au electrodes. The
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responses (S) of the sensor exposed to reducingxditing gases were calculated
based on the equations of/ Ry and R/R,, respectively, where fand R referred to
the sensor resistance in the presence and abstdeteoted gas, respectively [37].
The response time ) was defined as the time for the sensor to re@éh 6f the
whole resistance change in the case of the chentigorof NG, molecules, and the
recovery time (ko was the required time for the sensor to fall @8clof its base

resistance in the case of the desorption o MOlecules [38].

3. Results and discussion

3.1. Structural and morphological characteristics

The EDS analysis of pure W§@anoplates was firstly carried out to determine
whether there were other impurities in the W§ample, and the result is illustrated in
Fig. 2(a). It demonstrates that the Wj@oducts consist of two elements of W and O,
demonstrating that the products show high puritg. B(b) further investigates the
phase purity and crystal structure of pure and exabétal-doped WOsamples by
XRD. As observed in Fig. 2(b), the peaks of all #sesynthesized W samples can
be matched well with monoclinic-structured \W@hich are in good agreement with
the standard data file (JCPDS No. 43-1035). Th&kged (200), (020), and (002)
planes are all narrow and strong, indicating tHathe as-prepared W{products
have good crystallinity. Obviously, the main peaspure and noble metal-doped

WO; samples have the same position in the XRD patteAdditionally, the
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diffraction peaks corresponding to other componemts not observed, further
revealing that no other impurities are observethewWQ products prepared from a
low-grade scheelite concentrate. More importamibydiffraction peaks related to Ag,
Pd and Pt elements are found, which may be asctindélde low content of noble
metal in the W@ products. A small reflection peak correlated tal(lfrom Au
(JCPDS No. 04-0784) can be found, which indicdteseiistence of Au in W

Fig. 3 illustrates the low- and high-magnificatiS8&M images of pure and noble
metal-doped W@nanoplates. It can be clearly seen from the lowmifecation SEM
images (Fig. 3a, 3d, 3j and 3m) that compared wiitler WQ samples, the Au-doped
WO;3; nanoplates sample (Fig. 3j) has the worst dispiditgi As seen from the
high-magnification SEM images, all the W@roducts are composed of interlaced
and irregular nanoplates with the thickness of D0a®), and the length and width of
the nanoplates are in the range of several hunthedmeters. These W@anoplates
in different directions loosely stack together arwtrespondingly create a large
number of porous passageways, which is helpful e diffusion of gaseous
molecules and the subsequent interaction betwesaoga molecules and sensing
material.

TEM and HRTEM were also employed to further deteemihe microstructure
and crystallinity of the as-prepared \W/@anoplates, and the corresponding results are
presented in Fig. 4. As clearly seen from the TEMges (Fig. 4a, 4c, 4e and 4Q),
except for many nanoplates, there are some blatisliaped shadows in the field of

view. These shadows are the nanoplates perpendiulthe plane, which further
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confirms the hierarchical nanoplate structure @f &s-prepared W samples. Such
results are in good accordance with the SEM obsenjavhich is helpful to improve
gas sensing properties due to its porosity stractlihe clear lattice fringes can be
seen from HRTEM images, revealing the high crysitl of these WQ
nanomaterials. The inter-planar spacings of 0.384(lRig. 4b, 4d and 4f) and 0.384
nm (Fig. 4h) can match well with the (200) and (0panes of monoclinic-structured
WO;, respectively, which are in accordance with theDXRsults. The interplanar
spacings of 0.243 and 0.181 nm in Fig. 4b can lgood accordance with the (111)
plane of Ag and the (102) plane of AY respectively, demonstrating the existence of
Ag in the form of silver metal (A% and silver oxide (AgD). The inter-planar
spacings of 0.215 nm in Fig. 4(d), 0.204 nm in Hiff), and 0.226 nm in Fig. 4(h)
can match well with the (111) plane of Pg@e (200) plane of Au, and the (111)
plane of PtQ respectively, indicating that these noble metaments exist in the
form of metallic or metallic oxide nanoparticleshel SAED pattern inserted in each
TEM image further reveals that the noble metal-doj¢O; nanoplates belong to
polycrystalline structure.

The elemental mapping images were investigatedrtbdr verify the existence
and distribution state of noble metal elements e WQ samples and the
corresponding results are illustrated in Fig. 5.08served in this figure, each WO
sample consists of W, O, and corresponding nobl@alneéement. More importantly,
for each WQ sample, the noble metal elements are uniformlyridiged in the
visible area.
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The surface chemical components and electronictsiies of noble metal-doped
WO3; nanoplates measured by XPS are illustrated in@-igihe binding energies of all
the WQ samples were calibrated with reference to the Gebk (284.8 eV). As seen
in Fig. 6(a), the W 4f spectra of noble metal-dop¥®; nanoplates have two strong
peaks centered at 35.68—-35.88 eV and 37.88—-37.98teth can be identified to the
binding energies of W 4% and W 4§, respectively, demonstrating that the tungsten
in the WQ crystal exists as W [25, 39]. As observed in Fig. 6(b), the peaksaifla
metal-doped W@nanoplates centered at 530.38-530.58 eV are pomdsg to O 1s,
which can be contributed to lattice oxygen*Jan WO; lattice [8, 40]. Fig. 6(c)
displays that the doublets located at 368.38 ard2B7eV are attributed to Ag 34
and Ag 3d),, respectively, of which one is related to a sirgjleer metal (A§) and
the other is in accordance with a silver oxide @) due to the partial surface
oxidization of Ag [15, 41]. Fig. 6(d) shows thatetipeak situated at 338.11 eV is
contributed to Pd 3d of a palladium oxide (BH@2, 43]. Fig. 6(e) presents that two
strong peaks situated at 83.99 and 87.68 eV, raégpl¢ which correspond to Au
4f7, and Au 4§, implying the existence of Amanoparticles in the Au-doped WO
crystals [44]. Fig. 6(f) shows that the peak loda#t 79.26 eV is ascribed to Pt 4f,
indicating that Pt exists in the W§@ample in the form of P¥J45].

Fig. 7 illustrates the FTIR spectra of pure and leometal-doped W@
nanoplates in the wavenumber range of 500-4008 tnean be clearly observed that
there are some differences in these FTIR spectiaalFthe WQ samples, the peak
positions are basically same, but the intensitieth® peaks related to some special
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functional groups change slightly. Meanwhile, faick WQ sample, no peaks
correlated to corresponding noble metal elemenfaaned because of the low content
of noble metal in the W§nanoplates. Furthermore, there are no other petkied to
some impurity components, demonstrating that aMHO; samples are of high purity.
The peaks situated at ~3425 tmrecorresponding to —OH stretching vibration [25].
The peaks positioned at ~1631 trmre contributed to O-H bending vibration band.
The peaks at ~968 ¢hare assigned to W=0 bond stretching. The peakg32 cnt
are attributed to the W-O-W stretching vibratiorttod bridging oxygen [25].

Fig. 8 illustrates the N adsorption-desorption isotherms of pure and noble
metal-doped W@samples. All the W@samples exhibit type-IMsotherms with H3
hysteresis loops, indicating that the W&amples have typical mesoporous structure.
The average specific surface areas of the pure, Rd-, Au-, and Pt-doped WO
samples are determined to be 27.57, 34.93, 362384 4nd 42.31 ffy, respectively.

It can be concluded that the specific surface afgaure WQ nanoplates is greatly
improved by noble metal doping, which is conduciee enhancing the sensing

properties of the samples.
3.2. Gas sensing properties

The responses of pure and noble metal-doped W&Doplates to 5 ppm NGt
75-225°C are illustrated in Fig. 9(a). As is well-knowhgtsensor response mainly
depends on the operating temperature due to Iteemde on the thermodynamics and

kinetics of the chemisorption of gaseous molecoleshe surface active sites of the
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sensing materials. For all sensors, there are airoilange trends, i.e., the responses
of all WO; nanoplates to 5 ppm NGOncrease gradually and then reach a maximal
value along with increasing the operating tempeeatls a result, an optimal
operating temperature of 176 for pure and Au-doped Winanoplates, and 15C

for Ag-, Pd- and Pt-doped Wihanoplates are respectively achieved to balaree th
activation and desorption of gas molecules, thergaining a peak response for
each sensor [37]. Obviously, the responses of noletal-doped W@nanoplates are
significantly higher than those of pure \W@anoplates. Especially, the Pd-doped
WO;3; nanoplates exhibit highest response value at atively low operating
temperature of 158C. Compared with pure and Au-doped W@noplates, Ag-, Pd-,
and Pt-doped W@nanoplates obviously reduce the optimal operatingperature at
which the peak response can be obtained. The aesuéis can be contributed to the
different catalytic activities of the noble metanoparticles as well as the varied
work function energies of W{and noble metal elements.

Fig. 9(b) presents the base resistance valuesrefgnd noble metal-doped WO
nanoplates at 75-22% in air. Obviously, all the base resistance valogsioble
metal-doped W@nanoplates are higher than those of pure;\Wahoplates due to the
different work function energies of WGnd noble metal elements, resulting in the
formation of Schottky junctions in the contact nfees of WQ and noble metal. It
should be mentioned that the base resistance véle-doped WQ nanoplates at 75
°C is not presented here because its base resisgnoe large to be detected at a
relatively low operating temperature. When the apeg temperature is below 100,
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the base resistance values of all the as-synthleSi#@; sensing materials are higher
than 100 M2. However, the values rapidly decrease as the tpgréemperature
further increases. Especially, the values obtaatetie optimal operating temperature
of 150 °C for Ag-, Pd- and Pt-doped Wnanoplates or 175C for pure and
Au-doped WQ nanoplates are less than 10@Mevealing that all the as-prepared
WO; sensing materials can meet the requirement ofpthaetical application. As
observed from the inserted image, the base resestamlue has a good linear
relationship with the operating temperature inrdnege of 125-178C. Therefore, the
base resistances at 125-%5are chosen to calculate the activation enerdigleo
reactions between the as-synthesized;\&€hsing materials and N@olecules. The
activation energies are calculated according to #ehenius’ equation of
In(1/R)=A-E/KT, where R is resistance, A is Arrhesi constant, T is Kelvin
temperature, K is Boltzmann constant, and E isgnéarrier [32]. The calculated
results are illustrated in Fig. 9(c). Accordingtte calculated results, the activation
energies of the reactions between pure, Ag-, Pd-, &nd Pt-doped W{nanoplates
and NQ are 0.84, 0.22, 0.20, 0.58 and 0.68 eV, respédgti@orrespondingly, the
response values to 5 ppm N@ 150°C are obviously improved in the following
order: pure, Pt-, Au-, Ag-, and Pd-doped W@noplates. This further proves that the
sensor response has a direct relationship withattieation energy of the reaction
between sensing material and N@loble metal doping can obviously reduce the
activation energy of the reaction between sensiaterial and N@ which is helpful

to the chemical adsorption of oxygen species amdatceleration of the surface
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chemical reactions of the sensing materials, ardstibsequently enhancement of
NO, sensing performance. In addition, the larger $pesurface area can also be
beneficial to the enhancement of the sensor regpons

Fig. 9(d) shows the dynamic response curves of pnck noble metal-doped
WO;3; nanoplates to 5 ppm NCat their optimal operating temperatures. For each
sensor, the response quickly increases along wghinjection of NQ into test
chamber, and then decreases along with the retdaN®,, implying that the W@
nanoplates are classified to n-type metal oxideig@mluctor material. Meanwhile, it
also shows that the sensor responses at their @pbtperating temperatures are
obviously improved in the order as follows: puré, Rg-, Au-, and Pd-doped WO
nanoplates, demonstrating that the catalytic eftédcPd is obviously stronger in
comparison with those of other noble metals anccttalytic effect of Pt is relatively
weaker in this case.

Fig. 9(e-f) illustrates the response times and vepptimes of pure and noble
metal-doped W@nanoplates to 5 ppm N@t 75-225C. It can be seen in Fig. 9(e)
that the response speed of noble metal-doped Wa@oplates is significantly faster
than that of pure W@nanoplates at a fixed operating temperature, itidigahat
noble metal doping can effectively accelerate thenusorption of detected gaseous
molecules on the surface active sites and subsdgupromote their chemical
reactions with sensing materials. This is maintyitaited to the catalytic activity of
noble metal nanoparticles and the low activatioargies of the reactions between

sensing materials and NOHowever, the changes in the recovery time of eobl
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metal-doped W@nanoplates are relatively complex. It can be teatvserved in Fig.

9(f) that the recovery times of noble metal-dope@iManoplates are usually longer
than those of pure one below 145, and the corresponding values are shorter than
those of pure one above 1%5. It should be mentioned that the recovery timpuk
WOz nanoplates at 7%& is not illustrated in Fig. 9(f) because it talkekng time to
recover to its initial value at such low operatiegiperature.

Fig. 10(a-b) illustrates the dynamic response urvef the WQ
nanoplates-based sensors towards 50 ppb, 100 @plp@d, 500 ppb, 1 ppm, 3 ppm
and 5 ppm N@ at their optimal operating temperatures. For eaehsor, the
amplitude change in the sensor response increaséBlaconcentration increases.
For a fixed NQ concentration, the increase in the response fallthwe injection of
NO,, and subsequently decreases after the releaseDpffldm the test chamber,
indicating a good reversibility. Additionally, tHewest detection concentration is 50
ppb, indicating that the as-obtained ¥Wi@anoplates can be used for the detection of
ppb-level NQ.

The corresponding responses of pure and noble ‘tepad WQ nanoplates to
various concentrations of NGt their optimal operating temperatures are aisd
in Fig. 10(c-d). For each sensor, the responseeases as NOconcentration
increases, demonstrating that the sensor doeseach rthe saturation state for the
adsorption of N@ molecules. This may be attributed to the largeati¥e specific
surface area of the WiManoplates, which can supply more surface sitesHer
chemisorption reactions of gas molecules.
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The correspondingly enlarged response images & and noble metal-doped
WO; nanoplates-based sensors in the, @ncentration range of 1-5 ppm at their
optimal operating temperatures are shown in Fige)lOThe linear correlation
coefficients () of the sensor response curves as a function efdé@centration are
above 0.90, indicating a good linearly relationsiith NO, concentration for each
sensor. The slopes calculated based on the abovescof pure, Ag-, Pd-, Au- and
Pt-doped W@ nanoplates are 8.11, 30.61, 51.77, 25.83 and 9&kshectively.
Therefore, Pd-doped Winanoplates can supply more surface active siteshi®
chemisorption of N@molecules along with further increasing Néncentration and
exhibit highest response in comparison with otlerssers, which further proves that
the lower activation energy induced by the catalgffect of noble metal is helpful to
the enhancement of the sensor response.

The relationship between sensor response and blidcentration can be
estimated by the theory of power laws: Ssig™+1, where Go, refers to NQ
concentration, S is sensor response, m is an erpoaad k is a constant. The
calculated results are illustrated in Fig. 10(f)ss Aeen in this figure, the sensor
response linearly increases as JNfOncentration increases from 50 ppb to 5 ppm for
each sensor, which can be used to assess ddficentration based on its sensor
response value.

A summary presented in Fig. 11 is made to furtleteniine the effect of noble
metal element on N{Osensing properties of the W@anoplates in terms of response,
response/recovery time as well as operating teryeraSome important results are
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summarized as below. (1) Compared with Au dopihg,doping of Ag, Pd and Pt can
effectively reduce optimal operating temperaturg) Noble metal doping can
obviously improve the sensor response, especiallgidping. (3) Noble metal doping
can significantly reduce response time, especiatiydoped WQ nanoplates-based
sensor shows the shortest response time. (4) Cechpaith response time, the
recovery time changes relatively complex after aafletal doping, and Pd doping
obviously reduces the recovery time, while Ag dgpincreases the recovery time.
Although Au doping cannot reduce the optimal opegatemperature, the peak
response is still higher, and the response/recaves is relatively shorter. Pt doping
can reduce the optimal operating temperature, hritehhancement of NGensing
properties is not obvious. The above results aralgnascribed to the synergistic
effect of the large specific surface area, the ifeason effects of noble metal
nanoparticles and the varied work function energife&/O; and noble metal elements
together with the different activation energies tbé reactions between sensing
materials and N® The detail sensing mechanism will be discusskl. la

To further estimate N© sensing performance of the as-synthesized ;WO
nanomaterials, some comparisons between the aarpejdVQ nanoplates and other
nanostructured W@ materials were conducted in terms of operatingptrature,
response, response/recovery time as well as datdatiit. The results are illustrated
in Table 3. Obviously, these W@ensors in previous reports still have more s les
drawbacks, such as low response, slow responseégcspeed and high operating
temperature, which restrict their practical applaas. Although the Ag-, Pd-, Au-,
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and Pt-doped W@nanoplates are synthesized from a low-grade stheehcentrate,
the WQ nanoplates-based sensors show excellent, $€nsing performance
compared with other W{sensors reported in the literatures. Additionatiych
sensors can be used to detect low-concentratios) &l@l the detection limit is even
as low as 50 ppb.

Fig. 12(a-b) presents the reproductive cycles o pund noble metal-doped WO
nanoplates-based sensors exposed to 5 ppm &lOtheir optimal operating
temperatures. The results show that the amplitidege in the sensor response is
basically same at a fixed concentration of N@ suggests good repeatability and
excellent stability of the present Wanomaterials, which is beneficial to their
practical application. Fig. 12(c) illustrates thend-term stability of the W©
nanoplates-based sensors to 5 ppm BOtheir optimal operating temperatures. As
seen in this figure, all the sensors exhibit a gsiadbility during the test cycle of 30
days. Fig. 12(d) presents the selectivity of purel aoble metal-doped WO
nanoplates-based sensors towards various kindsoxaf gases, including NO
methanol, NH, acetone, methylbenzene, methanal, ang&@heir optimal operating
temperatures. Obviously, all the sensors exhiliftaexdinary selectivity towards NO
in comparison with other detected gases. The premimNG selectivity can be
attributed to the chemical reactions on the sudafeNQ; sensing materials between
NO, molecules and chemisorbed oxygen species.

3.3. Gas sensing mechanism
As a typical n-type metal oxide semiconductor, WMelongs to
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surface-controlled type of the sensing materialnd¢e the change in the sensor
resistance is relevant to the chemisorption ofaletegaseous molecules as well as
the chemical reactions between these gaseous nesesnud chemical components on
the WQ surface [48]. The commonly accepted sensing mestmaof the WQ
nanomaterial is the surface-depletion model [49le Bchematic illustration of NO
sensing mechanism of noble metal-dopeda&noplates is presented in Fig. 13.
The enhanced Nsensing properties of noble metal-doped vi@noplates can
be ascribed to the large specific surface area G Wanoplates, the sensitization
effects of noble metal nanoparticles, and the dawerk function energies of metal
noble and W@together with the different activation energiesha reactions between
WO; sensing materials and MOThe work function energies of WGand noble
metals [3, 5, 50-54], and the activation energieshe reactions between the WO
sensing materials and NQ@re listed in Table 4. As seen from Table 4, nob&dal
doping can significantly reduce the activation ggeof the reaction between WO
sensing material and NOnduced by the catalytic effect of noble metal,ichhis
helpful to the improvement of gas sensing propertie can also be seen from the
table that the work function energy of each nobégahis different from that of W)
resulting in the formation of Schottky junctions time contact interfaces of noble
metal and W@ Subsequently, the electrons transfer is accel@rdeading to a
broadening in the width of interfacial electron ijon layer. Correspondingly, the
WO; sensing materials are more sensitive to the d=tegas molecules. According to
the results illustrated in Fig. 10(b), the baseistance values in air of noble
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metal-doped W@nanoplates are higher than those of pure;\Wahoplates at 75-225
°C, demonstrating that the width of electron depletiayer increases after doping
noble metals [55]. As actively catalytic componenisble metal nanoparticles in
WO; nanoplates can accelerate the diffusion of oxymetecules onto the surface
sites and extract free electrons from the J@@nhduction band by the conversion of
gas molecules and ions, which improves the qualitg quantity of the chemical
adsorbed oxygen ions {90, and O) and simultaneously generates more surface
effective adsorption sites [34, 56]. These effextadsorption sites are beneficial to
the fast diffusion of N@ molecules and the subsequent ionization of, NONO,
(NO,+e —NO,") on the WQ surface. Because the optimal operating temperé&buare
pure and noble metal-doped W®anoplates is between 100 to 3 the oxygen
species on the surface of W@ainly exist as Q Thus, the chemical reaction relative

to the above can be presented as follows [17, 25].

02(gas) = 0, (ads) 1)
0,(ads) + e~ - 03 (ads) )
03 (ads) + e~ — 20~ (ads) ©)
NO,(gas) — NO, (ads) (4)
NO,(ads) + e~ - NO; (ads) (5)
NO,(ads) + 0~ (ads) + 2e~ — NO; (ads) + 02~ (ads) (6)

Meanwhile, the noble metal nanopatrticles on the;\W@face will create more
adsorption sites to adsorb and catalytically diggecoxygen molecules, which are
conducive to improving the sensitivity [57]. Comparwith other noble metal-doped
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WO;3 nanoplates, the Pd-doped \W@anoplates exhibit a highest response to Bl

a shortest recovery time at 1%D due to the smallest activation energy, indicativag
the catalytic effect of Pd is relatively strongercomparison with those of other noble
metals. The Pt-doped W@anoplates show a relatively lower response tg, d@d a
longer response/recovery time because of the velgtihigher activation energy,

indicating that the catalytic effect of Pt are tielaly lower.

4. Conclusions

The interlaced and irregular V§@anoplates with a single monoclinic structure
were synthesized from a low-grade scheelite conaenby three combined processes
including NaOH leaching, chemical precipitationdaarcidification. Meanwhile, the
in-situ doping of noble metal elements into YW@anoplates was carried out to
simulate their existence in tungsten raw matenmal their effects on microstructure
and NQ sensing properties were also investigated. The rastizicture
characterization demonstrated that the thicknesdl &/O; nanoplates was 10—-30 nm,
and the length and width of these nanoplates wereral hundred nanometers. The
noble metal nanoparticles were uniformly distrilcut®@ the corresponding noble
metal-doped W@sample. N@ sensing properties indicated that noble metal rippi
could effectively enhance the sensor response tpds@ell as reduce response time.
Especially, the doping of Ag, Pd and Pt could ohslg reduce optimal operating

temperature. Different behaviors in the improven@miO, sensing properties could
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be explained by the specific surface area of;\W&noplates, the catalytic activities of
noble metal elements, the work function energie®/@k and noble metal as well as
the activation energies of the reactions betweearsisg materials and NO In
addition, this work provides a new idea to prepdwectional WQ sensing
nanomaterials by using a low-grade scheelite cdratenas the tungsten source as
well as improving gas sensing properties by sinmgathe existence of noble metal
elements in tungsten raw materials. The noble rustpéd WQ nanoplates
synthesized from a low-grade scheelite concenteat@bited obviously enhanced
NO, sensing properties, which have a potential apjpdicain environmental

detection.
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Figure captions

Fig. 1. XRD pattern of the scheelite concentrate.

Fig. 2. (a) EDS spectrum of pure W@anoplates. (b) XRD patterns of pure and noble

metal-doped W@nanoplates.

Fig. 3. Low- and high-magnification SEM images afrg and noble metal-doped

WOs3 nanoplates. (a-c) Pure WQ(d-f) Ag-doped WQ. (g-i) Pd-doped W@ (j-I)

Au-doped WQ. (m-o) Pt-doped W@

Fig. 4. TEM and HRTEM images of noble metal-doped3j\hanoplates. (a-b)

Ag-doped WQ. (c-d) Pd-doped WO (e-f) Au-doped W@ (g-h) Pt-doped W@ The

insert in each TEM image presents the correspor@iigD pattern.

Fig. 5. Elemental mapping images of noble metaledopVQ nanoplates. (a-d)

Ag-doped WQ. (e-h) Pd-doped W4 (i-I) Au-doped WQ. (m-p) Pt-doped W@

Fig. 6. XPS spectra of noble metal-doped 3W@noplates. (a) W 4f peaks. (b) O 1s

peaks. (c) Ag 3d peaks. (d) Pd 3d peak. (e) Auedkp. (f) Pt 4f peak.

Fig. 7. FTIR spectra of pure and noble metal-dop&ak nanoplates.
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Fig. 8. N adsorption-desorption isotherms of pure and nobetal-doped W@

samples.

Fig. 9. (a) Response curves and (b) base resistages in air of W@nanoplates to
5 ppm NQ at 75-225°C. (c) Corresponding Arrhenius plots at 125-75 (d)

Dynamic response curves of W@anoplates to 5 ppm NQ@t their optimal operating
temperatures. (e) Response times and (f) recoiragstof WQ nanoplates to 5 ppm

NO, at 75-225C.

Fig. 10. (a-b) Dynamic response curves of the gsrisased on W{Qnanoplates as a
function of NQ concentration ranging from 50 ppb to 5 ppm at rthaptimal
operating temperatures. (c-d) The correspondingorese values at different
concentrations of N© (e) Enlarged response images in the,d@ncentration range
of 1-5 ppm at their optimal operating temperatu(gsPlots of In(S-1) vs. In[Go2]

for WO3; nanoplates at their optimal operating temperatures

Fig. 11. Summary of N@sensing properties of pure and noble metal-dop&as W
nanoplates at a fixed NOconcentration of 5 ppm. (a) The optimal operating
temperature. (b) The peak responses at their optiparating temperatures. (c)

Response time and (d) recovery time at 450

Fig. 12. (a-b) Reproductive cycles and (c) longretability of the sensors based on
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WO;3; nanoplates towards 5 ppm Bl@t their optimal operating temperatures. (d)
Comparisons of the sensor responses to variouss kiiddetected gases at their

optimal operating temperatures.

Fig. 13. Schematic illustration of the adsorpti@aation of NQ molecules on the

surfaces of (a) pure and (b) noble metal-doped;\W&hoplates, and (c) the energy

band change of noble metal-doped Wt@noplates before and after the adsorption of

NO, molecules.

Table 1 Main chemical compositions of the scheelitecentrate.
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Table 3 Comparison of NOsensing properties of noble metal-doped WO
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Table 4 Work function energies of W@nd noble metals, and the activation energies

of the reactions between the \W&ensing materials and NO
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Table 1 Main chemical compositions of the scheelite concentrate.

Element WO3 Ca0 SO, P.Og M gO SOs;
Content / wt. % 62.36 19.11 5.55 3.99 2.82 217
Element Fe,03 F Al 203 MoO3 As05 BaO

Content / wt. % 155 0.69 0.60 0.25 0.02 0.35




Table 2 Main chemical compositions of the leaching solution.

Element W S Mo As

Content g/L 122.2 0.33 0.52 0.061




Table 3 Comparison of NO, sensing properties of noble metal-doped WO3
nanopl ates-based sensors with other sensors.

T NO T T Detection
Material W > Response red T - Reference
(C)  (ppm) (s) limit (ppm)
Ag-doped WO
groopedi¥la 225 5 903  714/522 05 [5]
nanofibers
WOj;thin film activated
° 200 10 651  162/240 1 [46]
by Pd layer
Ag-functionalized WO
g _ ° 200 3 1222 4197 0.1 [35]
nanoigloos
Au-doped WO
pec Tl 150 5 100 ~ 5 [47]
nanoparticles
Ag-WOs film 200 3 1222 41/97 0.1 [35]
Au-impregnated WO
Preg ° 250 5 8366 642/~ 0.125 [44]
nanorods
WOj;thin film activated
° 150 10 345  210/360 1 [46]
by Pt layer
Ag-doped WO
greop ° 150 5 18354  14/189 005  Present work
nanoplates
Pd-doped WO.
op ° 150 5 28396  26/66 005  Present work
nanoplates
Au-doped WO
Heop ° 175 5 21229  9/108 005  Present work
nanoplates
Pt-doped WO
P ° 150 5 8168  36/131 005  Present work

nanoplates




Table 4 Work function energies of WO3 and noble metals, and the activation energies
of the reactions between the WO;3; sensing material's and NO..

Work function energy WO, Ag/Ag,0O PdO, Au Pto,
/ eV 5.7 4.26/5.0 39 5.65 5.93
Activation energy Pure WO, Ag-WO; Pd-WOs3 AuU-WO; Pt-WO5

/eVv 0.84 0.22 0.20 0.58 0.68
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Highlights

The monoclinic-structured WO3; with interlaced and irregular nanoplates were
synthesized from alow-grade scheelite concentrate.

In-situ doping of noble metal elements into WO3 nanoplates was carried out to
simulate their existence in tungsten raw material.

The noble metal-doped WO3 nanoplates exhibited distinct behaviors in terms of the
enhancement of NO, sensing properties.

The enhanced NO, sensing properties of the noble metal-doped WO3; nanoplates

were systematically discussed.
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