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ABSTRACT The structure of WO, /ZrO, was studied by X-ray
diffraction, laser Raman spectroscopy and measurement of elec-
trical properties using impedance spectroscopy. Results from
classical analysis were consistent with a structure comprising
nanometric ZrO, particles covered by a WO, surface layer.
Based on this information we modelled the impedance spec-
tra as the superposition of two contributions. The values of the
electrical properties estimated from our model indicated the
presence of a dielectric and a semiconductor. The first phase had
electrical properties closely matching the reported values for
ZrO,, whereas the semiconductor phase was assigned to a non-
stoichiometric WO, phase. The tungsten-bearing species had
temperature-dependent properties and play an important role in
the ac response of the studied system and also in oxidation—
reduction processes. The activation energy is 1.3 eV for ZrO,,
whereas WO, has two slightly different energy values (2.4
and 2.1 eV) in different temperature ranges. Use of impedance
spectroscopy provides valuable information about the surface
structure as well as the contribution of the bulk, which may be
important in catalysis.

PACS 68.35.Bs; 81.05.Ys; 82.65.Dp

1 Introduction

Development of new solid acids has received spe-
cial attention for years to improve solid materials and because
of ecological concerns pointing at the replacement of liquid
acids still used as catalysts, particularly in the petrochemical
industry. On the other hand, mixed oxides with high acid-
ity have been developed and used as catalysts or supports in
reactions such as cracking, isomerization, oxidation, acetyla-
tion and others [1-4]. Recently, the WO, /ZrO, system has
received much attention because of its good combination of
activity and selectivity [3,5-7]. That is the resultant of bal-
anced surface acid properties, density of acid sites and high
thermal stability. In spite of the different studies made, the
structure of the active surface species has not been fully under-
stood. A major complication is the fact that catalysis occurs at
the surface of the solids, and it is difficult to probe it.
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The structure of the active material is peculiar, inasmuch
as a metastable structure has to be attained [2, 3, 7, 8]. Itis gen-
erally agreed that catalytically active WO, /ZrO; consists of
nanometric particles of tetragonal zirconia stabilized by a sur-
face layer of WO,, where x > 3.

The analysis of the structure of solid catalysts has re-
lied heavily upon spectroscopic techniques, such as infrared,
Raman, X-ray photoelectron spectroscopy (XPS), X-ray ab-
sorption spectroscopy (XAS), high resolution electron mi-
croscopy (HREM) and others. The catalysts generally consist
of a mixture of ceramics and metals, i.e. insulators and con-
ductors. Some researches have been developed to determinate
their electrical properties as a function of temperature and
significant efforts have been made in establishing structure—
property relationships, which are very important for practical
applications.

To investigate electrical features of WO, /ZrO,, we de-
cided to study it by using impedance spectroscopy [10],
a powerful technique for determining electrical properties of
materials. It is interesting for our purposes because the exper-
imentally observed frequency dependence of the impedance
contains information about intragranular and interfacial re-
gions in the material being studied, as well as about their
interrelations. The information can be extracted by modelling
the spectra using simple equivalent electrical circuits, each of
them corresponding to different structural units of the mate-
rial. Some characteristics of the circuits may be suggested by
direct observation of the resultant impedance plots, coupled
with structural information gathered with other techniques.
Impedance spectroscopy allows us to determine not only the
electrical properties, but also the structure of the phases com-
posing WO, /ZrO,. We are analysing the extension of this
methodology to other so-called monolayer systems, a group
of industrially important catalysts.

2 Experimental procedure

We prepared a WO, /ZrO, sample by selective
precipitation from aqueous solution [9,14,15] The
(NH4)¢HoW 2,049 (Strem Chemicals, 99.9%) and ZrOCl,
(Aldrich, > 98 wt. %, Hf 0.5 wt. %) solutions (0.5M each)
were mixed and then hydrolysed under stirring by addition
of a NH4,OH (Baker 28%) solution until the pH was 10. The
precipitate was filtered and then washed repeatedly by redis-
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persion in a NH4OH solution (pH = 10) until the chlorine
level was below 10 ppm. We dried the filtrate at 383 K dur-
ing 15h, and then heated the resulting solid at 5 K/min to
1073 K and kept it for 3 h at this temperature. The chemical
analysis, after calcinations at 1073 K, was carried out using
a plasma optical emission spectrometer (Perkin Elmer model
400). This method of synthesis resulted in samples containing
about 10 wt. % tungsten.

The sample was characterized by using X-ray diffraction
(XRD, model D500, Siemens) with Cu K|, radiation at a scan-
ning rate of 0.003° s~!. The Scherrer relationship was used to
calculate the crystallite size of zirconia using the (1 1 — 1) and
(111) reflections of the monoclinic and tetragonal phases.
Quartz was used for instrumental calibration.

The Raman spectra of the WO, /ZrO, sample were ob-
tained with an Ar™-ion laser (Ionics, model 1400-5A) deliv-
ering about 30-40 mW of incident radiation. The excitation
line of the laser was 514.5 nm. The Raman spectrometer was
a double-monochromator device (SPX, model 1403). Meas-
urements were made at room temperature.

The ac response of WO, /ZrO, was measured by using
an impedance analyser (model 4192A, Hewlett-Packard) con-
trolled by a microcomputer. The frequency range scanned
was 5 Hz to 13 MHz, using 1 V as the applied voltage in all
cases. The measurements were made isothermally in air be-
tween 296 and 1103 K. Although electrical measurements
of ceramic materials are commonly performed on sintered
samples, in our case high-temperature sintering would cause
phase separation (WO, /ZrO, — WO3 4 ZrO;) and loss of the
structure responsible for catalysis. In view of that, we pre-
pared samples by cold pressing powders and placing gold
electrodes on opposite faces of the coin-shaped pellets.

3
3.1

Results and discussion

Structure

Below 1073 K, the diffraction pattern of WO,/
ZrO, indicated that the tetragonal phase of ZrO, was dom-
inant (Fig. 1). Rietveld refinement of the diffraction pattern
of WO, /ZrO, gave the following unit-cell parameters: a =
3.5994(10) A, ¢ =5.1507(13) A and V = 66.73 A [9,13].
These values were very close to those reported for the
metastable tetragonal phase of pure ZrO, [12, 13]. The agree-
ment between the unit-cell parameters for ZrO, in WO, /ZrO,
and those of pure tetragonal ZrO, is a clear indication of the
absence of a solid solution. Furthermore, the estimated aver-
age ZrO, grain size for metastable WO, /ZrO, was about
20nm [1, 14, 15]. The surface presence of WO, species sta-
bilized the tetragonal crystalline structure of the ZrO, nano-
metric particles presumably by restricting oxolation and inter-
crystallite sintering. Also, the lack of reflections in the X-ray
patterns related with specific tungsten oxo-species in the sam-
ples suggested that WO, species were highly dispersed on the
surface of the ZrO, nanoparticles.

Figure 2 shows the Raman spectra of WO3, ZrO, and
WO, /ZrO, samples containing about 10 wt. % of tungsten.
The ZrO, tetragonal phase can be identified from the peak
at 647 cm~!, while the presence of the Raman bands of
about 617 and 637 cm™~! are associated with the ZrO, mon-
oclinic phase [2,9,11,16-20]. The signals corresponding
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FIGURE 1 X-ray diffraction pattern of 9.7 wt. % W in WO,./ZrO; calcined

at 1073 K as an example of the characteristic behaviour for samples contain-
ing about 10 wt. % tungsten. T and M indicate the tetragonal and monoclinic
zirconia phases, respectively

617
637

Intensity (a.u.)

@
1200

1 1
700 800 1000 1100

Raman Shift (cm™)

FIGURE 2 Raman spectra of WO, /ZrO, samples calcined at 1073 K.
Characteristic profile of the samples containing about 10 wt. % tungsten are
shown: (I) polycrystalline WO3, (II) 10.5 wt. % W, (III) 9.7 wt. % W and
(IV) crystalline ZrO; calcined at 773 K
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to reported surface tungsten oxo-species were expected in
the 700-1060 cm ™! region for W—0O—W modes and W=0
stretching modes [17-20]. We observed a shoulder at about
985-992 cm~!, which is assigned to the symmetric stretch
mode of terminal W=O bonds, attributed to tungsten species
showing various degrees of polymerization [8, 18]. We did not
detect the strong bands at 715 and 807 cm ™!, which are char-
acteristic of WO3, even when the samples were heated above
1073 K, i.e. even when the WO, metastable tetragonal ZrO,
composite was destroyed.

From our previous results, as well as the experimental
evidence obtained in this study, we can conclude that the
obtained WO, /ZrO, consists primarily of a matrix of nano-
metric tetragonal ZrO, covered with tungsten oxo-species, in
agreement with previous reports [1-3,9, 14, 15].

3.2 Electrical measurements

In single-phase systems, the complex impedance
plane (Z” vs. Z', where Z' and Z” are, respectively, the
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real and imaginary components of the impedance) con-
sists of a regular semicircle. It is modelled as a resistance—
capacitance (RC) parallel circuit [21]. The resistance (R) is
usually determined from the low-frequency intercept of the
semicircle on the real axis (Z’), whereas the capacitance (C) is
estimated from the maximum of the semicircle. At that point,
Wmax RC = 1, where wmax = 27 fimax (fmax 1S the frequency at
the maximum of the semicircle).

Polycrystalline materials show complex responses result-
ing from the overlap of the signals from the different compo-
nents. In such cases, circuit simulations are needed in order to
separate each contribution. Frequently structural information
is used in order to determine the equivalent circuit that best
meets all the requirements. Once that is done, the RC param-
eters are calculated as in a single-phase material.

The impedance spectra for our sample were obtained at
several temperatures. Below 573 K there was only an ill-
defined arc in the impedance plane. As the temperature in-
creased, conduction increased and the global signal had two
branches, as can be seen in Fig. 3, where two temperatures
are presented as examples of the general behaviour. The small
branch at the low-frequency range of the impedance plots cor-
responds to electrode effects and was not analysed further.
As we were using ion-blocking electrodes, the presence of
a spike at the low-frequency branch would reveal the presence
of ionic species, if they were moving. The absence of a spike
at the tail of the small arc indicated that conduction in our ma-
terial was primarily electronic [21].

The high-frequency signal in the impedance plane for
WO, /ZrO, was a deformed semicircle, indicating that the
electrical response of this material was composed of two
or more overlapping individual signals. We analysed vari-
ous element arrangements that could describe the electrical
response of the samples [10]. From analysis of previous re-
ports for this system [2,9] and our XRD and Raman results
presented previously in this work, we concluded that the phys-
ically correct equivalent circuit consisted of two RC parallel
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FIGURE 3 Characteristic behaviour of the complex impedance planes as
a function of the temperature for the WO, /ZrO, system. Two temperatures
are shown as examples of the general behaviour
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FIGURE 4 Complex impedance planes for WO, /ZrO; at 953 K, as an ex-
ample of the characteristic behaviour. The deconvolution corresponding to
the overlapping semicircles representing each phase is shown, as well as the
equivalent circuit

arms connected in series, shown in Fig. 4 for 953 K, as ex-
ample of the characteristic behaviour for samples containing
about 10 wt. % tungsten. Equation (1) describes the complex
impedance (Z) of the material, where the subscripts 1 and 2
correspond to each of the phase contributions. The equation
has been obtained considering the equivalent circuit; the R
and C values corresponding to each of the overlapping semi-
circles were determined by non-linear least-squares [22] for
each temperature. The overall fit was excellent at each of the
analysed temperatures.

Ry R,
Z(w) = +
1+ (a)R1C1)2 1+ (a)R2C2)2
a)C1 R% a)C2 R% (1)
i+ @R T 14 @CR)? ]
33 Relationship between structure and electrical

response of each phase

As mentioned before, our selection of the final
equivalent circuit was based on the need to be consistent with
the presence of a bulk ZrO; phase and a WO, surface phase
in WO, /ZrO,, determined by X-ray diffraction, Raman spec-
troscopy as well as HREM and its numerical simulations of
the model particles and other techniques [2,9, 14, 15]. Once
that was set, we analysed for self-consistency among the cal-
culated values of C and the proposed phases. The magnitude
of the capacitance and its temperature dependence provide
criteria for establishing the relationship between each semicir-
cle, i.e. each phase, and the pertinent microstructural features
of the material [23].

The high-frequency contribution (R, C;) exhibited C-
values of the order of 10~'! F, usually associated with the
bulk response of grains [23]. The capacitance remained al-
most constant with temperature (Fig. 5, full symbols), a char-
acteristic behaviour of classical dielectrics. The resistivity at
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813 K was 10° Q cm. There are reports about the resistivity
of ZrO, changing from 10° to 10* Q cm in the 650-970-K
range [24,25]. We also estimated the activation energy for
the intrinsic conductivity of the high-frequency component
from the slope of the Arrhenius curve (Fig. 6, full sym-
bols). The obtained value (E, = 1.32€V) is close to the re-
ported activation energy for the intrinsic conductivity in ZrO,,
1.12eV [24]. Based on the electrical information and the
structural characterization described previously, we assigned
the high-frequency component to the ZrO, nanocrystals. An-
other detail worth mentioning is that the activation energy for
conduction in the dielectric phase was approximately con-
stant in the studied temperature range, i.e. the structure did
not change. We have determined that ZrO, remains tetragonal
below 1073 K in WO, /ZrO, when this material is prepared
according to the method described in this article and else-
where [2,3, 8, 16, 18]. Thus, the last experimental point, at
high temperatures in the Arrhenius curve, may indicate that
the tetragonal phase has gone.

Capacitance values of the order of 107! F were obtained
from the low-frequency component (Fig. 5, open symbols).
Although those values are generally associated with grain
boundaries, this is true when ions are the main current-
carrying species [23]. Our assignment differs for a number of
reasons. First, large charges are not flowing through the sam-
ple. Second, there are reports of capacitance values similar
to those obtained in this study being exhibited by a second
phase [23]. Finally, as we were dealing with a pressed powder
rather than with a sintered sample, there must be expected an
electrical response as a combination of two well-defined com-
ponents. So, it has been concluded that the second semicircle
corresponds to the electrical properties of a second compon-
ent, namely WO, surface species.

In the studied temperature range, the capacitance values
assigned to WO, species show a temperature dependence, ex-
hibiting two dispersive stages around 923 and 1035 K (Fig. 5).
Two characteristics are pointed out here. Regarding the dis-
persive stage around 925 K, it should be linked with the be-
haviour exhibited by the corresponding Arrhenius curve, par-
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FIGURE 5 Temperature dependence of the capacitance of each phase in
WO, /ZrO;. The high-frequency contribution (full symbols) is associated
with the ZrO, nanocrystals and the low-frequency contribution (open sym-
bols) is associated with the WO, surface species
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FIGURE 6 Arrhenius dependence of the conductivity for each phase in
WO, /ZrO;

ticularly the sudden decrease in conductivity slightly below
950 K, open symbols in Fig. 6, which shows the typical shape
of a non-degenerate extrinsic semiconductor [26]. On the
other hand, the behaviour observed around 1035 K may origi-
nate from partial reduction of WO, regions, an aspect that has
been recently discussed [27]. It is worth noting that heating
WO, /ZrO; causes the formation of dark-coloured partially
reduced oxides. A surface-reduction process could provide
electrons and change this material into an n-type donor semi-
conductor, enriching the total conductivity. This would estab-
lish a link between dielectric relaxation and electrical conduc-
tion. This means that the dielectric dispersion observed at 923
and 1035 K, open symbols in Fig. 5, must be related to the
mechanism of charge conduction, which should be electronic
charge carriers jumping between permitted sites. It also pro-
motes a considerable dipolar activity in the WO, species at the
mentioned temperatures. The activation-energy values of the
two components in WO, /ZrO, are given in Table 1. Also, itis
very important to note that although the system is of nanomet-
ric order, its electrical behaviour is of one typical bulk, in both
of the phases present.

Based on the electrical measurements, the results suggest
a direct relation between the electrical conductivity and the
density of defects, originating by partial reduction of W atoms
on the surface. Then, atoms in the vortex structures during the
heating can generate unsatisfied coordination sites with high
surface energy, providing the increase of the total electrical
conductivity. These coordinately unsaturated W+ ions would
act as Lewis-acid sites. The acidity of these sites might be very
strong, according to the high charge, the quite small ionic radii
(0.58 A for octahedrally coordinated W atoms) and the high
electronegativity (x; = 22.1 of the cation) [28].

This study indicates that the analysis of the ac response
of systems forming monolayer structures is useful to deter-
mine their structure and the properties of the bulk and surface
phases. This also shows that the interaction of a nanostruc-
tured material with an applied ac field can render important
physical information and that, although the system is of nano-
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Temperature range (K) E, (ZrOy) (eV) E, (WOy) (eV)
873 <T <1035
1035 < T <1103

1.32£0.03
1.32£0.03

2.44+0.03
2.16£0.03

TABLE 1 Activation-energy values for conduction in granular (ZrO;) and
surface (WO ) phases of WO, /ZrO,

metric order, its electrical behaviour is of typical bulk. As in
the present case, the electrical characterization of the WO,
surface species and its relationship with the electronic con-
ductivity could be useful in order to evaluate possible prac-
tical systems, essentially for oxidative desulphurization re-
actions [2]. The thermal activation process generates surface
defects; this means that there must be a large quantity of hot
points per unit area that is directly related to the chemical
potential and catalytic activity, promoting an increase of the
charge-carrier density.

4 Conclusions

It is remarkable that we have used the ac tech-
nique to determine structural characteristics of different
temperature-dependent conducting phases of an un-sintered
solid system. As discussed, it was done in particular for
WO, /ZrO,, which is an important catalytic system. The elec-
trical response of WO, /ZrO, obtained by impedance spec-
troscopy was modelled as a combination of two phases, whose
main electrical features were simulated by two parallel RC
elements in series. Using impedance data we determined the
temperature dependence of conductivity of each phase.

The results indicate a direct relation between the electrical
conductivity and the density of defects, originating by partial
reduction of W6+ atoms on the surface.

Analysing the worked out parameters and comparing them
with those in the literature, we conclude that our results are
consistent with a physical structure consisting of nanometric
ZrO, crystallites covered by surface WO, species. So, in our
opinion this work opens up the possibility to carry out sys-
tematic investigations about structural properties of catalytic
systems through ac measurements.
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