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Structural and Gas-Sensing Properties of
WO3; Nanocrystalline Powders Obtained by a
Sol-Gel Method From Tungstic Acid

Ismael Jiménez, Jordi Arbiol, Albert Cornet, and Joan Ramon Morante

Abstract—WO3 nanocrystalline powders were obtained from influence of annealing on structural properties and grain growth
tungstic acid following a sol-gel process. Evolution of structural has been presented and this route has never been applied to gas
properties with annealing temperature was studied by X-ray gengors, as far as we know. This method presents the advan-

diffraction and Raman spectroscopy. These structural properties . - . S
were compared with those of WQ nanopowders obtained by the tage of being cleaner than the pyrolytic route and no filtration is

most common process of pyrolysis of ammonium paratungstate, N€€ded. Dried gels were characterized by Raman spectroscopy
usually used in gas sensors applications. Sol-gel WiGshowed a and X-ray diffraction (XRD) to determine its nature. Nanocrys-
high sensor response to N@ and low response to CO and CH. talline powders were obtained by annealing of dried gels and
The response of these sensor devices was compared with that oty were characterized by transmission electron microscopy

WO3 obtained from pyrolysis, showing the latter a worse sensor L
response to NQ. Influence of operating temperature, humidity, (TEM), XRD, and Raman. These structural characteristics were

and film thickness on NO, detection was studied in order to compared with those of W{obtained by the pyrolysis of am-

improve the sensing conditions to this gas. monium paratungstate. Finally, sensitive layers were obtained
Index Terms—Gas sensor device, nanoparticles, preparation, from these nan(_)powders and_the_performance of the obtained
structural characterization, WO 5. gas sensor devices was studied in CO,,Céhd NG atmo-
spheres.

. INTRODUCTION

OWADAYS, WQ; is an appreciated material in different
applications like solar cells [1], [2], catalysis [3], [4],

Il. EXPERIMENTAL

WO; nanocrystalline powders were obtained following a
I-gel route using tungstic acid as a precursor. Tungstic acid

electrochromic devices [5], [6], and gas sensors [7], [8]. Ma s dissolved in a mixture of methanol and water with a molar
thods h b lied to obtain thin fil f thi terial”; . )
MELNoas have been applied to obrain thin Iims of this materl tio of 25. This solution was heated at 80 for 24 h under

such as sputtering [9], CVD [10], spray-pyrolysis [11], an{ftho of 2. : . )
spin coating or dip coating of sol-gel precursors [12]. stirring in air. Afterwards, it was dried by further heating at

On the other hand, some applications in the field of gas seéég c '3 %.Glénfed geristwegi 9alcmed n athljlrnace gt 400, 500,
sors often use nanopowders. These devices are usually oper ?d and ¢ or ?ho ?m rt'lancl)crys a tme V\éf thi l-el
at temperatures ranging from 200 to 40D so the material has (_;] ?/\r/itﬁrthc:acc;?p;rt?es gfsthrgcv\%;bﬁ);?feeé If?cs)rr? rlsl S;S:ge
to be thermally stabilized at higher temperatures. After this aw a?nmonium gargtungstate a series of samples ngée

nealing, they are implemented as a sensitive layer. One of the btained by the latt te. First ' i tat
most used routes to obtain W®anopowders is the pyrolysisaso obtained by the fatter route. FIrst, ammonium paratungstate

of ammonium paratungstate [13], [L4]. It has been shown t was dissolved in water (2.5% in weight). It was gently stirred
this route is able to obtain W{with nanometric grain size, and or.Zh? at roolm tlem%%ra(tju[e.t? n|tr|c.aC|d S?Iltj.tlon &20/0 n
it is a well-known technique in the field of gas sensors. HowY¢'d ) W?S S OENty a deth' o the ﬁre\t”%u;t;% 'cz’g g _Ia_\rr]nmo-
ever, its preparation needs using nitric acid and it can Ieadgwm paratungstate and this was heate r - 'he

contamination of samples if it is not removed at the right step +SS§'““°“ was filtrated t_o remove nitric acid gnd then dried at
preparation. 20°C for 8 h. The resulting material was calcined in a furnace

In this paper, we present nanocrystalline Wabwder ob- at 400, 500, 600, and 70C for 5 h to obtain nanocrystalline

) . . . Os.
tained by a sol-gel process from dissolution of tungstic acw 3 . .
in a mixture of methanol/water, which is a route that has be nXRD patterns of the nanopowders were obtained with a

scarcely used in catalysis [15]. Besides, no complete study ab{f o> D_'SOO X-ray diffractometer using Cu-Kadiation,
yu I ysis [15] ! P 1y with operating voltage of 40 kV and current of 30 mA. Raman

scattering measurements were obtained in backscattering ge-
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Fig. 1. Comparison of the XRD spectra of commercial tungstic acid and dri

gel obtained ?‘i"g. 2. Comparison of the Raman spectra of commercial tungstic acid and

dried gel obtained.

(TEM) was carried out on a Phillips CM30 SuperTwin electron
microscope operated at 300 keV with 0.19 nm point resolution.
For TEM observations, WOnanopowders were ultrasonically
dispersed in ethanol and deposited on amorphous holey carbon
membranes.

Sensitive films were deposited by pulverization coating [16]
of annealed nanopowders over alumina substrates with interdig-
ited Pt electrodes. These substrates also had a Pt heater on the
backside for self-heating. Sensing films had a thickness of a few
microns to have sensor resistance in the rangeXotfckM< in
air. These gas sensor devices were placed in a stainless steel test
chamber where a controlled atmosphere was provided by means
of mass flow controllers. The same computer, using acquisition . :
boards, acquired the response of the sensors to different concen- -~ .
trations of CO, CH, and NQ in synthetic air. e o

IIl. RESULTS AND DISCUSSION Fig. 3. General TEM view of W@ nanoparticles annealed at 400 for 5 h.

A. Structural Characterization

Dried gels were obtained after heating the dissolution of Raman spectroscopy was used to confirm XRD results. Fig. 2
tungstic acid in methanol and water at8D and evaporate the presents a comparison of the Raman spectra of commercial
solvent at 110C. These dried gels were characterized by XRRungstic acid and dried gel. Tungstic acid has its main peaks
and Raman. In Fig. 1, XRD spectra of commercial tungstic acéd 806 and 710 cm'. These peaks are shifted to 812 and 700
and these dried gels are compared. Dried gels present a nain! for the dried gel. These bands are well identified as
peak af = 24.2°. This corresponds to the peak (200) of WO belonging to the stretching mode O-W-0O, which in monocrys-
in triclinic structure (JCPDS card 20-1323). Crystalline WOtalline WO, are present at 807 and 715 th[17]. However,
presents a pseudocubic structure with a slight distortion of ttiee peak at 947 cm', that is present in commercial tungstic
cubic ReQ-type lattice, being monoclinic and triclinic theacid, has not completely disappeared in dried gel. This peak
most common structures at ambient temperature [17], althougtreported to correspond to the mode=\\O, which is also a
it appears that it is really triclinic WQthat is the equilibrium bond of tungsten oxide hydrates (WOnH,O) when a water
form at ambient pressure and temperature. However, it i®lecule occupies one axial position [12], [17]. This confirms
interesting to notice that dried gels still present small peakse XRD result about that some tungsten oxide hydrate was
at260 = 16.5° and20 = 25.6°. Although these peaks arepresent. However, the presence of structural water should be
also present in tungstic acid, tungsten oxide hydrates {W@@aken into account as it has been reported to be present in this
- nHyO) present main peaks af = 16.5° and26 = 25.7° stage [15] and it could be the responsible for the shift in the
(JCPDS card 43-0679). It seems more reasonable to asdtgman peaks due to lattice distortion.
these signals of dried gels to tungsten oxide hydrate, which isDried gels were calcined to obtain nanocrystalline VO
an intermediate product between tungstic acid and tungstBmey were annealed for 5 h at 400, 500, 600, and°fh air,
oxide [15]. Therefore, dried gels should be identified as WQn order to monitor the evolution of strucutral characteristics
with a small amount of W@- nH,O. with annealing temperature. Fig. 3 shows a TEM micrograph of
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] hedron and the tilting of the W§octahedra. Therefore, WO

] “ sol-gel WO, obtained by the sol-gel process had structural properties closer
] w | uﬂ‘ to those of crystalline W@ Crystalline size was also estimated
I J LLUL S A j\\_JW/\MT"/“S\/ by Scherrer’s equation (see Table I) and it had similar values

S5 M than those obtained by the sol-gel process. These values agree
\E ] “‘1“ ‘! uﬁ‘ with those reported for WQobtained by pyrolysis [14].
’§ JUUJ\N j b AN A s | Raman spectra of both series of annealed samples were
% ] 1 also analyzed. Fig. 6 shows the evolution of sol-gel WO
] /V\ﬂ ) nanopowders with annealing temperature. It can be seen that
—_AWJA NN A W NV NI SN sol-gel WQ, present typical structure for crystalline WQvith
- M A three main regions at 900-600, 400—200, and below 200.cm
1 Sl S n e ] It has been established that they correspond, respectively, to
o a9 %o o | & | 7 stretching, bending and lattice modes. This great number of
2 active modes is due to the distortion of the Retfjpe structure

in real monoclinic situation, as group theory shows that this
Fig.4.  Evolution with annealing temperature of the XRD spectra of the sol-gstructure should only have two active modes [20]. It has to be
WOs. remarked that no signal of W O bond was found, what means

that any trace of water in dried gels was eliminated. Some other
a WO, grain annealed at 40C. It can be seen that particles ardechniques as spray pyrolysis or vacuum evaporation of powder
in the nanometric range. However, their size distribution wéve failed in achieving WOfree of water, according to their
not homogeneous, especially at low annealing temperatur8gman results [11], [21].
where big particles coexisted with smaller ones. Fig. 4 showsSimilar spectra were found for samples obtained by the py-
the XRD spectra of the annealed nanopowders. Main peakdytic process. Characteristics of the main Raman peak such as
were found aRf = 23.0°, 23.6°, and 24.8, which are identi- position and FWHM are presented for both series of samples
fied as corresponding to Miller index (002), (020), and (200i) Fig. 7. It can be seen that FWHM decreases with annealing
respectively, in triclinic WQ. Therefore, crystalline WQwas temperatures, which was expected as annealing at higher tem-
obtained after calcination of gels at 400 for 5 h. Annealing peratures must lead to a decrease in lattice defects and there-
at 300°C for 5 h or at 400°C for 2 h lead to amorphous fore peaks must narrow. On the other hand, evolution of peak
WOs3. No trace of tungsten oxide hydrate was found after thosition with temperature is not so straightforward. For sol-gel
annealing. Using Scherrer's equation [18], average crystallf¢O;, peak position is close to that usually found in the litera-
size of WQ; was estimated from XRD spectra averaging resultsre (807 cnt!) and it approaches this value as annealing tem-
from the three main crystallographic directions, with an errgrerature increases. Similar behavior has already been reported
lower than 5 nm. Values for each annealing temperature dog other sol-gel processes [12]. However, pyrolytic Wkas
shown in Table I. As it was expected, an increase in annealittgymain peak shifted from the common position and it does not
temperature leads to grain growth. However, this value hasnmwve to the common value as annealing temperature increases.
be taken as an estimation of the grain size average as THHNis could be a sign of a more distorted lattice and could ex-
images show a dispersion in grain size and in reported wonidin the difference in relative intensity of XRD signals pre-
about gas sensors based on YWidwders, sensor particles aresented before. Similar differences in Raman shift have been re-
on the range 100-1000 nm [19]. In this case, grain diameforted, probably due to the presence of water according to its
ranged from 27 nm for powder annealed at 4@to 68 nm Raman spectra. However, in our case, YWbtained by pyrol-
for the one annealed at 70C (Table I). ysis did not show any trace of water after annealing.

WO; powders were also obtained by the well-known method Therefore, the sol-gel process has been able to obtaip WO
of pyrolysis applied to ammonia paratungstate. As explaineanocrystalline powders with better structural properties than
before, ammonium paratungstate was dissolved in water ahdse obtained by pyrolysis of ammonium paratungstate. Pow-
a dissolution of nitric acid was slowly added. After heating aters annealed at 40C for 5 h appear to be already crystalline.

80 °C for 20 h, the remaining dissolution was filtrated and th€ontrol of grain growth is possible by varying the temperature
solid was further heated at 12@ for 8 h. This material was of annealing and its values are similar to those obtained by py-
also annealed at 400, 500, 600, QD for 5 h in air in order rolysis.

to compare both kinds of WQannealed under the same con-

ditions. Fig. 5 shows XRD spectra corresponding to J\D-
tained from ammonium paratungstate after annealing at €00
compared with sol-gel WQannealed at the same temperature. Since WQ annealed at 400C was already crystalline and
JCPDS card 20-1323 values for crystalline W&De also shown. it has the smaller grain size, it was chosen as the best candi-
It can be seen that it has the same structure as previous soldge as sensing element. It has been extensively reported that
WO;3 but, in this case, reflection corresponding to (002) had tlsenall grain sizes and high surface areas lead to better response
higher intensity, which does not fully agree with relative interto gases for gas sensors based on metal oxides. As interactions
sities commonly reported. This can be due to intrinsic defedse surface processes, more surface sites for reaction are avail-
due to the displacement of tungsten from the center of its octible respect to the bulk when grain size decreases. However,

B. Sensor Devices: Gas-Sensing Properties
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TABLE |
EvoLUTION WITH ANNEALING TEMPERATURE OF THEGRAIN SizE AVERAGED FROM XRD DATA FOR PYROLYTIC AND SOL-GEL WO3
Annealing Temperature | Grain size of sol-gel WO3|Grain size of pyrolytic
(°O) (nm) WOj3 (nm)
400 27 27
500 37 38
600 53 50
700 68 69
lytic WO &
N pyrolytic 3 — —m— sol-gel Raman shift 3
el TE —&— pyrolysis Raman shift %
= o —w—sol-gel FAHM w
~ ~ =
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Fig. 5. Comparison of the XRD spectra of nanocrystalline \@wders  rig 7. Comparison of the evolution with annealing temperature of the FWHM
ggtél“g;g by pyrolysis and sol-gel annealed at 7@with the card JCPDS  and Raman shift of the main vibration mode of the pyrolytic and sol-gek WO

70 3.5

60
1 sol-gel WO, N
' R )
| ey _

—&— [CO]= 500 ppm
—®— [CH,]=5000 ppm
—®— [NO,]=5ppm

3.0

]."-7'
o

w
o

N
o

Intensity (a.u
1
Sensor Response (NO,)
N
o

&
(HO ‘0D) esuodsay Josusg

7
//

0 T T
250

T
T T T
1000 800 600 s00 350

- T t OC
Wave number (cm™) emperature (°C)

. . . . Fig.8. Response of the gas-sensor devices based on sol- ged¥\&dunction
Fig. 6. Evolution with annealing temperature of the Raman spectra of tB?operating temperature to 5 ppm of NC500 ppm of CO, and 5000 ppm of
sol-gel WQ. CH, in dry air.

the sensing material has to be previously annealed at high teesponse to N@has an opposite behavior. CO and Cigact
peratures, which increases grain size, to avoid drift in senseith chemisorbed oxygen, which has previously captured
response due to structural changes of the sensitive layer. Thedeetrons from the conduction band. After the reaction, these
fore, a compromise between stability and sensor response nelsttrons return to the conduction band so conductivity in-
be reached. creases. As these reactions are thermally activated, sensor
Sensor response to CO, ¢Hand NG was evaluated in the response is improved when operating temperature is increased
temperature range from 200 to 35Q. Since sensor resistancan the range of temperatures studied. On the other hand,iNO
decreased in the presence of CO and,Cihd increased chemisorbed on the surface of nanoparticles, captures electrons
in the presence of N§& sensor response was evaluated @d makes the conductivity decrease. Desorption of these
Rarr/Rgas for CO and CH and asRgas/Rarr for NO,.  molecules increases when temperature is raised and therefore
Fig. 8 shows that sensor response to CO and @idreases sensor response to NOncreases when operating temperature
when operating temperature is increased in this range, whilecreases. While sensor response to 5 ppm of Wé&s over
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60 at 20C°C, it was only around 3 for 500 ppm of CO or 5000

ppm of CH, at 350°C. | —m—p dryair
One of the remarkable features of Wid gas sensing appli- | T8 5 Zory/“;rH
cations is its high sensor response to\#dd its low response —w—SG 50% RH

to gases like CO and CHspecially if it is compared with the
most used Sn§) that usually has better performances in CO
and CH, detection. This makes W{an interesting material for
NO- detection avoiding significance interferences from CO or
CH, [22]. Although a completely satisfactory answer to this dif-
ferent behavior between these oxides has not been given yet, tt
different role played by oxygen vacancies seem to be the respor
sible for this different behavior. In tin oxide, oxygen vacancies
can be found as intrinsic point defects present in the latticeora 1
grain boundaries [23] and a diffusion of these vacancies betwee

the surface and the bulk is possible [24]. It has been shown ir. [NO,] (ppm)

[25] .that in tin oxide, th.e a(.:tlve oXygen species is probably .OFi .9. Comparison of the response of sol-gel (SG) and pyrolytic (P} 6O
and its correct formulation is an oxygen molecule adsorbed 'n@g, 1, and 2 ppm of N@in dry and humidified air (50% of relative humidity).
on an oxygen vacancy. This species is highly reactive with gas@srating temperature was fixed at 250.

like CO or CH,. On the other hand, oxygen vacancies have a
completely different behavior in W9 In this compound, point 70
defects like oxygen vacancies are largely eliminated by the fo 60
mation of crystallographic shear phases [26]. In tungsten oxid:

it is possible to shear the structure in such a way that the v: o ]
cancies are eliminated and tungsten atoms remain more clos¢2 ;|
spaced, so pairs of ¥ atoms would be found to compen- &
sate the charge of the oxygen that leaves the vacancy. This w 2 ]
confirmed in our samples by electron paramagnetic resonan @
(EPR) as no trace of paramagnetié Wsignal was found. While & 1
isolated W+ species are paramagnetic, pairs of these atoms a
diamagnetic and so EPR silent. In this situation, it would be ree 0
sonable to think that adsorption of oxygen molecules could nc
be done by the same mechanism of $n@hich would explain
the low response of WOto CO and CH. On the other hand,
W5+ atoms could be assigned as a chemisorption site for N&g. 10. Comparison of the evolution sensor response with operating
detection since it and Mo’ have been assigned like this intemperature of 3- and fm-thick sensitive layer to 5 ppm of NO

In,O3 and MoQ;, respectively [27].

Sensor response to N@vas analyzed in more detail as WO it is found that exponent depends on humidity. In dry air, its
showed to have a good response to this gas. The best operataoe is 0.7 for sol-gel W@and 0.8 for pyrolytic WQ, while
temperature was fixed at 25@ because sensor response det a relative humidity of 50% its value increases to 1.1 for both
creased at higher temperatures and response and recovery timaerials. Although theoretical models account for a value of 1
were too slow (more than one minute) at lower temperaturdsr exponent: if the interaction is made by NDspecies [30],
Sensor response was monitored at different concentrationstdfas been shown that this parameter is highly dependent on the
NO, (0.5, 1, and 2 ppm) at two different humidity conditionsnicrostructure of the film, especially in thick-film gas sensors
(dry air and 50% of relative humidity). Sensor response ofjWQ28]. One accepted mechanism of interaction between water and
annealed at 400C, both sol-gel and pyrolytic routes, is showrin oxide, which has been deeply studied, involves the binding
in Fig. 9. It can be seen that in both conditions of humidityf a hydroxyl group to a tin atom of the lattice and the formation
sensor response of W(btained by the sol-gel route is betteiof an oxygen vacancy [29]. If this mechanism worked for tung-
than that of tungsten oxide obtained from pyrolysis. As grasten oxide, an oxygen vacancy would lead to the formation of
sizes were nearly the same, this difference is surely due to tapair of W+ by the mechanism explained before. This would
differences in structural properties previously presented. Thésad to more reaction sites for N@nd would explain the in-
confirms that the followed route is not only able to obtain a ma&rease in sensor response for N@hen relative humidity is at
terial with better crystalline properties but also gives a bettB0%. Nevertheless, spectroscopic measurements should be car-
sensor response to NOt is also remarkable that the influenceried on WQ; to confirm this hypothesis.
of water on sensor response is greater on sensors based on W@inally, microstructure effects on sensor response tg NO
obtained from the pyrolytic route, being greater at a relative hwhere evaluated by testing sensors with two different sensitive
midity of 50% than in dry air. Besides, if sensor resporfseig layer thickness (3 and 6m). Results are shown in Fig. 10. It
fitted using a functiort = A x C#, whereC' is the gas concen- was found that the thinner layer was more sensitive tg
tration of NGy, which is proportional to the partial gas pressurehe effect is clearer at lower temperatures. Similar results were

Sensor Response

T T T T — T
0.4 0.5 06 07 08 09 1 2

0

T T T T T T
200 250 300 350
Temperature (°C)
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found for gas sensors based on $ri06] where the sensitive [11]
layer was obtained using the same deposition technique. It was
attributed to the fact that sensitive films obtained by pulveriza-
tion coating have a higher surface area when the thickness ]
reduced from 6 to 3im. Therefore, more sites for reaction of

the NO; molecule are available respect to the bulk layer. [13]

[14]
IV. CONCLUSION

It was found that nanocrystalline WQpowders can be ob- [19]
tained from tungstic acid by a sol-gel route. Dried gels were
identified as WQ with a small amount water, either structural [16]
or as tungsten oxide hydrate. Crystallization was found after an-
nealing at 400°C. Grain growth was controlled by annealing [17
conditions. Structural properties were close to those reported
for monocrystalline W@, while nanopowders obtained by the
well-known method of pyrolysis of ammonium paratungstate[ls]
had some lattice distortions according to XRD and Raman refi9]
sults. Sol-gel material appeared to be suitable for Idénsing
applications at 250C, with a low sensor response to CO and
CH,. Its sensor response to N@as better than that of pyrolytic [20]
WO; under the same conditions due to differences in struc-
tural properties. Humidity affected NQdetection by varying 21]
the chemisorptions sites, although its influence was greater on
pyrolytic WOs. It was also shown that a film thickness ofigh ~ [22]
showed a better sensor response to,Ni@an that of a film of

6-m thickness due to the nature of N@iteraction.
[23]
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