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Abstract. Ceramic ZrTiO4 powders were prepared by a sol-gel method using zirconium oxychloride and titanium tetraiso-
propoxide. In situ high temperature X-ray diffraction results show that crystallization of the amorphous gel starts at 400 °C.
Single-phase ZrTiO4 nanoparticles were obtained after heat treatment at 450 °C for one hour. An average particle size of 46 nm
has been determined by nitrogen adsorption analysis. After pressing these sinteractive powders, pellets with controlled pore
size distribution were obtained by sintering at temperatures as low as 400 °C. The analysis of pores by mercury porosimetry
gives an average porosity of 45%. The electrical resistivity, determined by impedance spectroscopy measurements at 24
°C under different humidity environments, shows the ability of these pellets to adsorb water vapor in the porous surfaces.
Pellets fabricated with the nanosized powders prepared by the sol-gel technique are proposed as good candidates to be used

in humidity sensing devices.
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1. Introduction

Ceramic materials based on zirconium titanate (ZrTiO,4) are
extensively used in humidity sensors [1-3], resonators for
microwave telecommunications [4-6], catalysis [7-9], and
optical devices [10]. Other materials, based on zirconium
titanate, have found applications as high temperature pig-
ments and ceramic composites [11]. Titanate-based com-
pounds have also been considered for use as ceramic ma-
trices for the disposal of surplus nuclear weapons material
[12-14]. Tt has been shown that mixed TiO,-ZrO, binary
oxides exhibit higher photocatalytic activity than pure TiO,
[15, 16]. Crystal structure studies have shown that ZrTiO4
presents the orthorhombic structure [17], and at tempera-
tures above 1200 °C ZrTiOy4 has the «-PbO, structure (space
group Pcnb) with a total disordering of Ti** and Zr** cations
occupying the available octahedral sites [13, 18]. Classical
ZrTiOy4 synthesis involves a solid state reaction of a stoichio-

*To whom all correspondence should be addressed.

metric mixture of zirconium and titanium oxides at tempera-
tures above 1400 °C [19], and more recently the preparation
of agglomerated 0.5-3.0 um single phase ZrTiO4 particles
at 1300 °C from the precursor oxides [20]. Solid state reac-
tions involve grinding and thorough mixing of precursor
powders followed by high temperature prolonged sinter-
ing; the results are usually low specific surface area pow-
ders. These powders, upon pressing and sintering, result in
non homogeneous rather dense materials lacking the nec-
essary porosity for humidity sensing devices. The sol-gel
technology may overcome these problems because highly
sinteractive (high specific surface area) powders may be
prepared, requiring much lower sintering temperature [21].
The sol-gel technique has been widely used to produce ce-
ramic materials which are difficult to obtain by conventional
techniques. Detailed descriptions of the sol-gel technique
may be found elsewhere [22, 23]. However, it is impor-
tant to have in mind, when using the sol-gel technique, the
control of hydrolysis and condensation rates of the molec-
ular precursors, usually metal alcoxides. For this reason,



32 Cosentino et al.

seemingly identical procedures can lead to different ma-
terials, and extreme care must be taken when establishing
routine procedures. A number of ZrO,-TiO; binary oxides
prepared by the sol-gel technique have been reported [24—
27]. Fully crystalline and stoichiometric ZrTiO4 have been
obtained with a crystallization temperature of 400 °C by
preparing TiO; and ZrO gels and mixing them on a 1:1 ratio
[24]. The low temperature synthesis of ZrTiO4 from dif-
ferent precursors with a Zr:Ti concentration ratio of 1:1 has
been reported [26], with ZrTiO4 phase formation around 700
°C. More recently, pure ZrTiO4 phases have been obtained
at 650 °C, but the preparation procedure is not clear, and the
XRD results are dubious [28]. The preparation of ZrTiO4 at
800 °C for catalysis application, also by a sol-gel method,
was recently reported [29]. One of the most common tech-
niques for preparing metal oxides is the polymeric precursor
technique [30]. Even though low particle size and sinterac-
tive powders are obtained, high crystallization temperatures
are required for ZrTiO4 [31, 32].

With respect to sensitivity to humidity, mixed ZrO,-TiO;
binary oxides are comparable to commercial MgCr,;O4-
TiO; ceramics [32]. The conduction mechanism is not clear,
although it has tentatively been related to oxygen vacancies,
since doping with MgO and Fe,03, as well as heating in
a nitrogen atmosphere, create oxygen vacancies in porous
ZrO,-TiO, ceramics [1]. The presence of oxygen vacancies
may enhance the adsorption of water at the grain bound-
aries, in the form of Vo-OH™, which in turn give rise to
mobile protons. The higher the adsorbed water content, the
more hydroxyl groups are formed on the surface, increasing
the dielectric constant and lowering the dissociation energy.
The consequence is an increase in the number of charge
carriers [33].

Taking advantage of the sol-gel method, the low tem-
perature preparation of ZrTiO4 ceramic nanoparticles was
successfully achieved and is here described. The material
was prepared by a modified sol-gel method, in which the
titanium alcoxide was hydrolized in the presence of zirco-
nium oxychloride, as opposed to hydrolising in pure acidic
water. Our aim using this modified approach is to ensure
the maximum contact between titanium and zirconium, thus
leading to lower formation temperatures for ZrTiOy. It is
shown that the ZrTiO4 phase is obtained in the pure form at
400 °C, and that after pressing and sintering the nanosized
particles, the electrical conductivity of the sintered pellets
increases with increasing relative humidity. These materials
prepared by a sol-gel method are more favorable for applica-
tions in humidity sensing devices than the ones obtained by
the conventional solid state synthesis for many reasons: the
sol-gel material is homogeneous, crystallizes at a lower tem-
perature, and upon pressing and sintering produces ceramic
pieces with suitable porosity for use in humidity sensing
devices.

2. Experimental
2.1. Ceramic Powder Preparation

The starting materials were a solution of zirconium
oxychloride ZrOCl,.8H,0 and titanium tetraisopropoxide
(Ti[OCH(CH3),]4—Alfa Aesar). The zirconium oxychlo-
ride, 159 gL~ concentration, was prepared by dissolving,
in hydrochloric acid, hydrous zirconium oxide ZrO,.nH,O
(>99%) produced at IPEN-Brazil. For the preparation of
10 g of the ceramic powders in the nominal composition
7Zr0,:TiO,, 14 mL of titanium tetraisopropoxide were
slowly added to 39 mL of a zirconium oxychloride solution
(pH ~ 0.5) under continuous stirring at room temperature.
The suspension was stirred for approximately seven
days. The solution, milky with a white precipitate at the
beginning, was translucent, almost transparent after long
time stirring. The obtained sol was then transferred to a
Petri dish and dried at approximately 40 °C for another
seven days. A yellowish transparent glassy material was
then obtained (Fig. 1, top) and ground in an agate mortar
to obtain the amorphous ZrTiO4 ceramic powder (Fig. 1,
bottom). These figures were obtained with a stereoscope
optical microscope Nikon model SMZ 800, coupled to a
JVC model TK-C1380E digital camera.

Some specimens were also prepared by the polymeric
precursor technique and by mixing the oxides. For the poly-
meric precursor technique, zirconium oxychloride (obtained
by adding hydrochloric acid to zirconium oxide produced
at this Institute), titanium chloride, 99.5% citric acid and
ethylene glycol were used. The powder preparation consists
essentially on mixing zirconium oxychloride and titanium
chloride on the desired stoichiometry, keeping at 60 °C and
adding citric acid. Ethylene glycol is then added and the
temperature of the solution is raised to 110 °C for the for-
mation of the polymeric resin. The calcination of the resin
is performed in two steps: at 250 °C for 1 h, resulting in a
brownish glassy powder, and at 730 °C for 1 h, with a2 °C
min~! rate, yielding a fine white ceramic powder. For the
mixing of oxides technique, zirconium oxide and titanium
oxide were mixed in a 1:1 molar ratio, pressed at 147 MPa
and sintered in air at different temperatures (950, 1050, 1150
and 1250 °C) for obtaining specimens with different pore
volume content [3].

2.2.  Characterization

The stoichiometry of the powders was analyzed by X-ray
fluorescence in a Jordan Valley ED-XRF model Ex-Calibur
spectrometer. Standard compositions of (ZrO,),(TiO2);—x
(x = 0, 0.25, 0.50, 0.75 and 1), both oxides from Alfa
Aesar, were prepared by mixing and pressing for XRF
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Figure 1. Optical images of the ZrTiO4 prepared by sol-gel technique. Top: as obtained; bottom: after grinding.

measurements to establish a calibration curve. The relative
concentrations of Ti and Zr in the powders obtained by the
sol-gel technique were determined as 50.1% and 49.9%,
respectively.

Thermogravimetric analysis (Shimadzu model TGA-50)
was carried out in the dried powder under synthetic air in the
room temperature —800 °C range, with a 20 °C min~! heat-
ing rate. Differential Scanning Calorimetry analysis (Shi-
madzu model DSC-50) was carried out in the 25-475 °C at
the same rate.

The specific surface area of the powders was evaluated
by gas adsorption analysis by the BET method using a Mi-
cromeritics ASAP 2000 equipment. For this measurement,
the powder was heated under vacuum overnight at approx-
imately 150 °C for elimination of moisture from surfaces
and open pores; pure dry nitrogen was the carrier gas.

Scanning electron microscopy experiments were carried
out on powder suspensions in a LEO 440 SEM equipment
for observing particle shape and to evaluate average particle
size.

X-ray diffraction analysis was performed in all powders
with CuKa radiation in the 20-80° 26 range in a Bruker-
AXS D8 Advance X-ray diffractometer.The pellets had the
diffraction measurements performed in the 20-50° 26 range
on their flat surfaces. High temperature in situ X-ray diffrac-
tion experiments were performed in air in the same diffrac-
tometer in a 8-6 configuration with an Anton Paar high tem-

perature sample chamber and a Braun PSD detector (0.007
20 step size, 0.0061 s counting time). The sol-gel prepared
ZrTiO4 powders were placed on top of a platinum strip
to be heated at 4 °C s~! to dwelling temperatures in the
room temperature-800 °C range, for measuring the phase
evolution from amorphous to crystalline as a function of
temperature.

Powder density was evaluated by mercury porosimetry
with a Micromeritics Autopore III porosimeter. The pore
size distribution and the apparent density of the pellets were
evaluated in the 360 £m-0.003 xem (30 A) range using mer-
cury pressure up to 414 MPa.

For electrical measurements, the powders were pressed
into cylindrical pellets and heat treated at 200, 300 and
400 °C for 3 h. The temperature of 300 °C was the lowest that
produced pellets with mechanical resistance enabling han-
dling the specimens for electrical measurements and for fur-
ther use in sensing devices. Therefore, samples heat treated
at temperatures of 300 °C and higher were chosen for the
study of the dependence of the electrical response on the rel-
ative humidity. The electrical characterization of the ceramic
pellets was performed by impedance spectroscopy measure-
ments (Hewlett Packard 4192A Impedance Analyzer) over
the 5 Hz—13 MHz frequency range at 24 °C. A sample cham-
ber, consisting of a glass cup with a lucite lid and stainless
steel feed-thru electrodes, was designed to keep the samples
in a constant humidity environment. To improve electrical
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contacts, silver electrodes were applied to the flat surfaces of
the ceramic pellets by painting with silver paste and curing
at 250 °C for 15 min.

3. Results and Discussion
3.1.  Powder Analysis

Figure 2 shows the thermogravimetric analysis of the
zirconia-titania powder prepared by the sol-gel technique.
A significant mass loss is measured from room temper-
ature to approximately 600 °C due to the removal of water,
organic substances, and chloride. The remaining material
corresponds to 42.9% of the mass before heating. The mass
loss occurs in at least three steps: 33.8% from RT to 384 °C,
20.1% in the 384-417 °Crange, and 3.2% in the 417-600 °C
range. The sharp feature of the mass loss in the second step
might be associated to the exothermic crystallization pro-
cess. Carefully controlled differential scanning calorimetry
experiments, as shown in the inset of Fig. 2, did not allow
for determining unambiguously the expected exothermic
peak of the crystallization process. High temperature in situ
X-ray diffraction analysis (see below) helped to determine
accurately the crystallization temperature. The temperatures
450 °C and also 600 °C were chosen as calcination temper-
atures for the powders prepared by the sol-gel technique.
Figure 3 shows X-ray diffraction patterns of the powders
obtained by the sol-gel technique after calcination at 450 °C
for 1 h (Fig. 3a) and at 600 °C for 1 h (3b). For comparison
purposes, the diffraction pattern of a powder obtained by
the polymeric precursor technique and calcined at 730 °C
for 1 h is also shown (Fig. 3c). The diffraction patterns
of Figs. 3a and 3b show that the powders are crystallized
in the ZrTiO4 structure according to ICDD file #80-1783.
Only the reflections due to the ZrTiO, phase are identified
in powders obtained by the sol-gel technique and calcined
at 450 and 600 °C. Similar results are obtained in powders
prepared by the polymeric precursor technique. Moreover,
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Figure 2. Thermogravimetric analysis of the ZrTiO4 powder prepared by
a sol-gel technique and dried at 35 °C; heating rate 20 °C min~!.
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Figure 3. X-ray diffraction patterns of the ZrTiO4 powders obtained by
the sol-gel technique and calcined at 450 (a) and 600 °C (b) for 1 h; for
comparison purposes, the X-ray diffraction pattern of the powder obtained
by the polymeric precursor technique and calcined at 730 °C for 1 h is also
shown (c) [3]. Indexation according to ICDD file 80-1783.

the crystallization occurs at a temperature lower than that of
the powders obtained by the polymeric precursor technique
[3]. Most of the methods for obtaining ZrTiO4 crystalline
powders require temperatures close to 700 °C [33].

High temperature X-ray diffraction experiments were per-
formed for crystallization studies. Figure 4 shows the depen-
dence of the intensity of the (111) reflection (26 = 30.498°,
ICDD file # 80-1783) on the temperature upon heating the
ZrTiO4 amorphous ceramic powder from 27 °C to 800 °C.
Data were collected at the following temperatures: 27, 100,
200, 250, 300, 350, 400 to 500 °C at 10 °C increment, and
550to 800 °C at 50 °C increment. The heating rate for reach-
ing each temperature was set at 4 °C s~!. The inset shows
the (111) reflection at all these temperatures. Figure 4 shows
that crystallization starts at approximately 400 °C.

Figures 5a and 5b show the results of the scanning elec-
tron microscopy experiments on powders calcined at 450
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Figure4. Hightemperature in situ X-ray diffraction data: intensity of the
(111) reflection of ZrTiO4 powders obtained by the sol-gel technique as a
function of temperature in the 27-800 °C range. Inset: illustration of the
(111) reflection at different temperatures from 27 °C (bottom) to 800 °C
(top).
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Figure 5. Scanning electron microscopy micrographs of the ZrTiO4 powders obtained by the sol-gel technique: a) calcination temperature 450° C for 1h
(500X); b) 600°C for 1 h (500X); ¢) 450° C for 1 h (7000X); and d) 600" C for 1 h (7000X).

and 600 °C, respectively, for 1 h. Both powders consist of
large agglomerates probably resulting from the high com-
bustion heat produced during the thermal decomposition of
the powders. Larger magnification of these micrographs,
Figs. 5c and 5d, shows that the agglomerates are composed
of clusters of submicron sized particles.

A detailed analysis of the powders was done to find the
average equivalent diameter of the agglomerated particles.
The BET method for the determination of the specific sur-
face area by nitrogen gas adsorption analysis was applied.
The results show that the specific surface area of ZrTiO4
powder after calcination at 450 and 600 °C are 43 and 38 m>
g‘1 , respectively. Using the equation D (um) =6/ (p.S), the
equivalent spherical diameter of the particles D was evalu-
ated; p, determined by mercury porosimetry, and S stand for
the ZrTiO4 density (g cm™2) and the specific surface area
(m? g 1), respectively. These results are shown in Table 1.
Particles treated at 450 and 600 °C show no apparent modifi-
cation in their average size. The specific surface area shows
a slight decrease with consequent increase in the apparent
density and in the average size of the particles probably due
to particle sintering and pore elimination. Table 1 also shows
values of the mean crystallite size L of these powders, deter-
mined using the Scherrer equation [34]. The mean crystal-

lite sizes are of the same order of magnitude (approximately
half) of the values of the average particle sizes determined by
gas adsorption analysis. This means that the nanoparticles
obtained by the modified sol-gel technique here described
may be single crystalline, provided further cominution of
the dried gel is done.

3.2.  Analysis of the Sintered Pellets

The powders calcined at 600 °C were cold pressed and heat
treated at 300 and 400 °C for 3 h. Figure 6 shows the X-
ray diffraction patterns of these pellets. There is a partial
decomposition of the ZrTiO4 phase to monoclinic zirconia

Table 1. Specific surface area S, apparent density p, average equiv-
alent diameter D, and crystallite size L of the powders obtained by the
sol-gel technique after calcination at 450 °C and 600 °C.

Temperature of S r D L

calcination (m%/g) (g/em?) (nm) (nm)
450 °C 43 3.00 46.5 20.5
600 °C 38 3.19 49.5 21.5
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Figure 6. X-ray diffraction patterns of pellets sintered at 300 (a) and 400
°C (b) for 1 h, prepared with powders obtained by a sol-gel technique.
Also shown the X-ray diffraction patterns of pellets sintered at 1150 °C for
1 h from powders prepared by the polymeric precursor technique (c) and
sintered at 950 °C (d) and 1250 °C (e) for 1 h from powders prepared by
the solid state synthesis.

(Figs. 6a and 6b). As the temperature is lower than the cal-
cination temperature, mechanical stresses during pressing
could be the main reason for that decomposition. Similar
results have been observed in nanosized tetragonal zirconia
particles submitted to mechanical stress by grinding [35].
In the same figure, the X-ray diffraction patterns of ZrTiO4
specimens obtained by solid state synthesis (mixing, press-
ing and sintering), Fig. 6d and 6e, and by the polymeric
precursor technique, Fig. 6¢, are also shown, for comparison
purposes. The pellets prepared using powders obtained by
the polymeric precursor technique and sintered at 1150 °C
(Fig. 6¢) are ZrTiO4 single phase. The pellet obtained by
solid state synthesis and sintered at 950 °C has two phases:
monoclinic zirconia and rutile TiO,. The ZrTiO4 phase is
found only after sintering at 1050 °C and higher tempera-
tures, becoming ZrTiOy4 single phase only after sintering at
1250 °C (Fig. 6e), in agreement with reported results [36].

The application of the ZrTiOj sintered pellets we are look-
ing for is as humidity sensing main component. Therefore,
one of the main requirements is a large distribution of pores
for accommodation of water species for changing the elec-
trical resistivity. Figure 7 shows the results of the pore
size distribution analysis of the pellets sintered at 300 and
at 400 °C, prepared from powders obtained by the sol-gel
technique. Pore distribution is about the same for both speci-
mens, with approximately 45% pore volume and similar size
distribution. Both specimens have also a large pore density
in the region 50300 A. This is important for designing ce-
ramic humidity sensors because the larger is the pore density
in that range, the better is the linearity and the sensitivity of
the sensor [37].

As both specimens had approximately the same pore
size distribution, the one sintered at the lower tempera-
ture (300 °C / 3 h) was chosen for electrical measure-
ments by the impedance spectroscopy technique. Two were
the humidity conditions: under open air (relative humid-

(b)
47 45.7 % porosity

(a)
4- 44.6 % porosity

incremental intrusion (uL/g)
o

001 01 1 10 100
diameter (um)

Figure 7. Pore size distribution in ceramic pellets obtained by sintering
at 300 and 400 °C for 1 h pressed powders prepared by a sol-gel technique.
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Figure 8. Room temperature impedance diagrams of pellets sintered at
300 °C for 1 h, prepared from powders obtained by a sol-gel technique, at
two humidity conditions.

ity 60%), and inside a sample chamber closed with a satu-
rated potassium chloride solution (84%). Figure 8 shows the
[—Z"(w) x Z'(w)] impedance diagrams of the pellet under
60% and 84% relative humidity, measured at room temper-
ature, in the 5 Hz—13 MHz frequency range. The numbers
in the plots represent the logarithm of the frequency of the
applied voltage signal (50 mV). Each impedance diagram
is composed of one well defined semicircle representing
the electrical response of the interfaces (mainly composed
of pores). The electric resistance of the specimen is deter-
mined by the intercept of the semicircle in the low frequency
region of the real axis of the impedance diagram [3]. One
can see that the higher is the relative humidity the lower is
the value of the electrical resistance. The porous structure of
the specimen, determined by mercury porosimetry, adsorbs
water molecules yielding hydroxyl groups, which, by their
turn, dissociate to produce H* charge carriers, responsible
for enhancing the electrical conductivity. A detailed analy-
sis of the electrical behavior by the impedance spectroscopy
technique will be published elsewhere [38].

4. Conclusions

A successful preparation of clustered nanosized particles of
ZrTiO4 ceramic powders by a modified sol-gel technique
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allowed for sintering at relatively low temperatures porous
ceramic pellets. The crystallization temperature of the pow-
ders was accurately determined as 400 °C by in situ high
temperature X-ray diffraction. The average size values of
the nanoparticles is approximately twice that of the crys-
tallite size value. The sol-gel technique is an appropriate
technique for preparing sinteractive ceramic nanoparticles
for the design of ceramic pieces to be used in humidity sens-
ing devices. The electrical response of the pellets prepared
by pressing and sintering nanosized powders prepared by
the sol-gel technique showed that these ceramics may be
used in humidity sensing devices. The studies on the main
requirements for using these pellets in humidity sensors,
namely, sensitivity and selectivity to moisture, speed and
stability of the electrical signal are under way.
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