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bstract

ungsten oxides and tungsten oxide hydrates are among the most used materials in electro-, photo- and gaso-chromic applications. Lately, tungsten
xides have been commonly applied as sensing layers for hazardous gas detection as well. In this work, a soft chemical nanocrystalline processing
oute has been demonstrated for the preparation of hexagonal tungsten oxides. The acidic precipitation was followed by hydrothermal and heat
reatments at low temperatures. The morphology of parent phases, such as amorphous WO3·2H2O, orthorhombic WO3·1/3H2O, and resulting oxides
ith open structured nanosized hexagonal platelets of h-WO3 particles have been studied by scanning electron microscopy (SEM), by conventional

ransmission electron microscopy (TEM) and by high resolution transmission electron microscopy (HRTEM). Structural and electrochemical

erformance of thin films have been determined by atomic force microscopy and cyclic voltammetry. The ion insertion properties of tungsten oxide
ydrate and tungsten oxide films show a clear dependence on the presence of structural water and on the close packed structure. Sensing properties
f the prepared tungsten oxides have been tested with respect to ammonia gas.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Metal oxides are polymorphic compounds and controlled
hemical processing may stabilize oxide polymorphs that would
therwise be energetically unstable. Recent studies by the
uthors’ group1–3 led to the hypothesis that the ability for selec-
ive detection of a particular gaseous analyte in the presence
f interfering gas mixtures (i.e. sensor selectivity) is largely

etermined by the chosen crystalline polymorph (specific crys-
allographic phase) of a stoichiometric and pure metal oxide used
or sensing. Transition metal oxide such as MoO3 and WO3 were
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cience, H-1525 Budapest, P.O. Box 49, Hungary. Tel.: +36 1 392 2249;
ax: +36 1 392 2226.

E-mail address: balazsi@mfa.kfki.hu (C. Balázsi).
URLs: http://www.mfa.kfki.hu/ (C. Balázsi),

ttp://www.mfa.kfki.hu/nanodp/ceramic/ (C. Balázsi).

d
g
s
o
o
r
a
c
t
t
r

955-2219/$ – see front matter © 2007 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2007.09.001
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sed as model systems in those studies. Orthorhombic (�-phase)
oO3 was found to exhibit high specificity to the detection of

mmonia and amines. Issues of structural stability due to the
igh volatility of this material, however, limit its use in high-
emperature sensing applications. The search for alternative

aterials that are isostructural with MoO3 identified tungsten
xides as promising candidates. It seems that “loosely-bound”
pen structures are necessary in order to achieve selective amine
etection, as they enable the reaction of lattice oxygen with the
as and provide easy mechanisms for accommodating the off-
toichiometric metal: O ratio. The layered structure tungsten
xide dihydrate (H2WO4·H2O) and the open structure hexag-
nal form of WO3 seem to be good candidates for the use of
eaction-based, and adsorption (chemisorption)-based sensing
pplications. Several decades earlier H2WO4·H2O was suc-

essfully applied as the parent phase for metastable hexagonal
ungsten oxide representing an optimal substance in intercala-
ion chemistry. For the preparation of H2WO4·H2O, two main
outes4,5 are known. The main difference between these two

mailto:balazsi@mfa.kfki.hu
dx.doi.org/10.1016/j.jeurceramsoc.2007.09.001
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a Type 247-MKS 4-channel readout which is calibrated to read
the flow rate of the gases directly in sccm. The combined flow
rate of the gases was maintained at 1000 sccm. The gas mix-
ture is passed through a tube furnace (Lindberg/Blue), which
14 C. Balázsi et al. / Journal of the Euro

ethods is in the rate of precipitation caused by differing pH in
he reaction solutions. The morphology and structural stability
f precipitated grains is directly controlled by precipitation and
recipitate washing conditions.6–9 In the present study acidic
recipitation is carried out by a nanocrystalline processing route;
he preparation of nanocrystalline hexagonal WO3 is demon-
trated in a powder bed and in a thin layer over a silicon wafer
eposited from a precursor suspension in situ with the purpose
o integrate sensing layers into silicon chip technology. Electro-
hemical and sensing properties of the prepared tungsten oxides
re tested under normal testing conditions.

. Experimental details

.1. Sample preparation

H2WO4·H2O samples were prepared by acidic
recipitation4–6 from sodium tungstate solution. The prepara-
ion method of Zocher combining washing and centrifuging
he precipitated gel was modified.10 An overnight cooling
f the freshly precipitated gel was applied before washing
f the gel. The resulted gels were washed and centrifuged
–5 times depending on the process. Suspensions of the
ashed gels were passed to hydrothermal dehydration. The
ydrothermal reaction was carried out in Parr acid digestion
ombs at autogenous pressure at 125 ± 5 ◦C. Products after
ydrothermal dehydration were dried at room temperature or
sed as received suspensions. Droplet(s) of the as received
uspension were deposited onto ITO conductive transparent
lass and (1 1 0) oriented silicon wafers. The silicon wafer
overed with the deposit and the resulted powder was then
assed to final dehydration (330–340 ◦C furnace temperature,
0 min annealing time, ambient air).

.2. Measurements

Structural characterization was conducted using X-ray
iffraction (Bruker AXS D8 Discover X-ray diffractometer with
u K� radiation) and in situ high-temperature X-ray diffraction

HT-XRD), PANalytical X’pert Pro MPD X-ray diffractometer
quipped with an Anton Paar HTK-2000 high-temperature XRD
amera using Cu K� radiation. HT-XRD experiments were per-
ormed in static air using a 10 ◦C min−1 heating rate between
RD measurements.
The morphology of the samples was studied by scan-

ing electron microscopy (LEO 1540XB field emission SEM).
he structure of samples was investigated further by conven-

ional transmission electron microscopy (TEM) using a Philips
M-20 microscope and by high-resolution transmission elec-

ron microscopy (HRTEM) with a JEOL 3010 microscope.
FM measurements of WO3·1/3H2O layers deposited onto
�m × 5 �m Corning glass (2947) substrates were also carried
ut.
Electrochemical properties of tungsten oxide hydrate thin
lms were studied by cyclic voltammetry.11 The WO3·1/3H2O
lms were prepared directly from suspensions (received from

he hydrothermal process) on ITO conductive transparent glass

F
“
s
3

ig. 1. XRD patterns of Zocher type tungstic acid hydrate gel and its dehydration
erivatives. Sample “a” identified as WO3·1/3H2O, (JCPDS card 35–270) and
ample “b” identified as h-WO3 (JCPDS card 33–1387).

ubstrates. The substrates were consecutively rinsed with ace-
one, methanol and isopropyl alcohol and dried in air. The spin
oating speed was set at 2000 rpm.

Sensing layers have been produced by spin coating 10 mg
owder/5 ml n-butanol suspensions on Al2O3 substrates with
u-metallization. Sensing tests were carried out in the gas flow
ench set-up at SUNY, Stony Brook.12 The gases used in the
ensing setup were UHP nitrogen (Praxair), UHP oxygen (Prax-
ir), 1000 ppm ammonia in nitrogen (BOC gases). Concentration
f ammonia was varied by varying its flow rate in conjunction
ith nitrogen flow rates. The gases were controlled through 1479
KS Mass flow controllers whose channels were connected to
ig. 2. XRD patterns of tungsten oxide layers deposited on 100 Si wafer. Sample
WO3·1/3H2O” (JCPDS card 35–270) was formed by depositing a droplet of
uspension on Si and then dried at RT, under air. Sample “h-WO3” (JCPDS card
3–1387), the preceding sample heat-treated at 330◦/90 min, under air.
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ig. 3. Tungstic acid hydrate mother phase gel precipitated according to the
odified Zocher process.

an be heated at a programmed rate. The sensing element is
laced inside the tube furnace with quartz tube (2.5 cm diame-
er, 60 cm length) and is electrically connected to outsides leads
sing gold wires. Sensing experiments were carried out at room
emperature and at various temperatures up to 300 ◦C. Electrical
esistance measurements1,2 of the sensing films as a function of
he gas concentration were carried out using an Agilent 34401
igital multimeter.

. Results

Figs. 1 and 2 show XRD patterns of the samples derived
rom the Zocher type tungstic acid gel. Sample “1a” is the pow-
er product after hydrothermal dehydration and sample “1b” is
he powder product after dehydration under air of sample “a”.

RD patterns were compared and checked with the Joint Com-
ittee on Powder Diffraction Standards files. Sample “1a” was

dentified as WO3·1/3H2O, (JCPDS card 35–270) and sample
1b” was identified as h-WO3 (JCPDS card 33–1387). Simi-

ig. 4. AFM images of WO3·1/3H2O nanocrystalline film after two washing
rocesses.

t

a
c
a

ig. 5. SEM image of h-WO3 derivative gained from the precursor shown in
ig. 3.

arly Zocher type tungstic acid derivatives deposited on (1 0 0)
i wafer are shown in Fig. 2. The sample “WO3·1/3H2O” is
ormed by drying (room temperature, under air) a droplet of
uspension on the Si wafer; sample “h-WO3” is the dehydra-
ion product of sample “WO3·1/3H2O” at 330◦/90 min under
ir. Comparing the patterns it is clear, that the dehydration pro-
ess of WO3·1/3H2O to h WO3 is undisturbed even in layers on
op of Si wafer.

In Fig. 3 tungstic acid hydrate gel, the mother phase of the
anosize dimension derivatives applied for sensing layers is
hown. This morphology seems to be promising as a precursor
or sensing layers with nanosize dimension grains. AFM images
n Fig. 4 show WO3·1/3H2O films derived from the mother phase
hown in Fig. 3. The grain size is uniform with grains packed
ogether to form a nanocrystalline film.

Fig. 5 shows hexagonal WO3 prepared by hydrothermal and
ir ambient dehydration processes from the mother phase. The

rystalline derivative consists of aggregates (1–2 �m) of rods
nd platelets with thickness of ∼20–30 nm.

Fig. 6. Plan view TEM image of WO3·1/3H2O film.
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Fig. 7. Plan view TEM image of h-WO3 film after annealing.

Fig. 8. Cyclic voltammetry of WO3·1/3H2O film derived from a 2× washed
precursor gel with respect to various scan rates, in 1 M LiClO4/PC.

Fig. 9. Sensing responses of h-WO3 to various levels of NH3 doses at 300 ◦C.

F
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c
t
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t
f

ig. 10. Sensitivity of h-WO3 sensor to NH3 as a function of concentration.

Carrying out TEM and HRTEM investigations (see
igs. 6 and 7) we found the correlation between structure
nd other properties of WO3 films. The average size of
rystallites after hydrothermal treatment is ∼50–100 nm and
he electron diffraction showed the orthorhombic phase of

O3·1/3H2O crystallites. After 330 ◦C air ambient treatment

f the powder, the average size of WO3 crystallites decreased
o ∼30–50 nm. Electron diffraction confirmed the phase change
rom orthorhombic to hexagonal one.

Fig. 11. In situ HT-XRD patterns of h-WO3 in static air.
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Cyclic voltammograms of samples with crystalline
O3·1/3H2O films derived from a 2× washed precursor gel

re given in Fig. 8. While no anodic peaks are observed, there
s a well-defined cathodic peak, indicating the quick process
or lithium insertion, even at very low voltages.

The plots in Fig. 9 show the response of the sensing layer
repared from h-WO3 to ammonia at various levels of ammo-
ia in one dose. The measurement was carried out at 300 ◦C.
he films showed a decrease in resistance on exposure to NH3,
hich is characteristic to an n-type semiconductor. The lay-

rs were found to be sensitive in the concentration range of
0–500 ppm and the sensing response was found to change lin-
arly with ammonia concentration (Fig. 10). The sensitivity at
ower temperature was not satisfactory; the sensitivity at higher
emperature seems to be promising. In situ HT-XRD patterns of
-WO3 in static air (Fig. 11) showed that h-WO3 was stable up to
25 ◦C.

. Conclusion

In this paper we report on the acidic precipitation route for
reparation of nanosize WO3·1/3H2O and h-WO3 powders and
uspensions. The electrochemical and gas sensing properties of
ayers based of nanopowders have been studied. The layers were
lectrochemically active and sensitive to NH3.
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