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This study investigates the influence of particle size on the solid-solid transition in zirconium (ZrO,)
nanoparticles. The Simultaneous Thermogravimetry/Derivate Thermogravimetric-Differential Thermal
Analysis (TG/DTG-DTA) was used to evince the phase transitions processes as well as the quantity of volatile
compounds and the residual organic matter formed during the synthesis of nanoparticles. Field Emission

Scanning Electron Microscopy (FE-SEM) and Transmission Electron Microscopy (TEM) were used to prove the
increase and agglomeration ;1;of particle size after each thermal cycle.

1. Introduction

Zirconia, or zirconium oxide (ZrO,), is an important functional
material that is widely used as a biofuel cell electrolyte, as a
semiconductor in materials, and as catalyst support [1-5]. Interest in
the study of zirconia is related to its unique properties, namely its
polymorphic nature and acidic and basic properties, which depend on
factors such as the type of heat treatment, refractory character,
mechanical properties, antimicrobial agent, chemical stability and ionic
conductivity [6-8].

At ambient pressure zirconia is found in the monoclinic phase (m),
which is stable until approximately 1170 °C. Close to this temperature
occurs the transition to tetragonal phase (m — t), which is stable until
2370 °C. The tetragonal to cubic transition (t — c) occurs above 2370 °C
and this phase is stable up to 2680 °C [9,10]. In literature it is related
that under cooling conditions the tetragonal phase is transformed in
monoclinic phase near 950 °C [9].

The use of zirconia depends of its phase. The cubic phase is used in
the determination of thermodynamic parameters, whereas the tetra-
gonal phase is applied as a cutting and grinding tool. The monoclinic
phase can be applied in CO adsorption [11,12]. All the ZrO, phases are
applied as catalyst or catalyst support. Consequently, it is important to
have information regarding the thermal behavior of the different
phases.

No reports were found in the scientific literature regarding the
thermal behavior of ZrO, nanoparticles under various heating and
cooling cycles, thus the main objective of this study was to perform the
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cyclic thermal study of this material using TG/DTG-DTA assisted by
electron microscopy (TEM and FE-SEM).

2. Experimental
2.1. Materials

The precursor used was Zr(IV)butoxide (Zr(OC4Hg)4) 80 wt% solu-
tion in 1-butanol and hydrogen peroxide (H,05) 30 wt%, both of which
were obtained from Aldrich.

2.2. Preparation of Zirconia nanoparticles (ZrO,)

The ZrO, nanoparticles were prepared by advanced oxidation
process and then a hydrothermal process, following the procedures
described in [13].

2.3. Simultaneous Thermogravimetry/Derivative Thermogravimetric-
Differential Thermal Analysis (TG/DTG-DTA)

The TG/DTG-DTA curves were obtained using Netzsch equipment,
model STA 449 F3, under the following experimental conditions: 70 pL
a-alumina open crucibles, sample mass of about 11.0 mg, heating rate
of 10.0 °C min ™!, dry air atmosphere at a flow rate of 50.0 mL min~?
and a temperature range of 30.0-1000.0 °C. For the cycle, the tem-
perature range was 30.0-1300.0°C (in the first heating) and
650.0-1300.0 °C (in the second and third heatings).
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Fig. 1. TG-DTA of ZrO, between 30 and 1000 °C (a) 30-1300-650-1300-650-1300 °C (b) and magnification of thermal events: endothermic m — t transition (b) and exothermic t — m

transition (c).

2.4. Field Emission Scanning Electron Microscopy (FE-SEM) and
Transmission Electron Microscopy (TEM)

To determine the particle size of the ZrO, from synthesis, it were use
images obtained using a transmission electron microscope (TEM,
Philips, model CM200), for calcined ZrO, it were used images from a
field emission scanning electron microscopy (FE-SEM, JEOL 7500F).
The sample suspensions were prepared in isopropanol using an ultra-
sound bath to disperse the materials. For the TEM analysis, one drop of
this suspension was deposited on a carbon coated copper grid and for
the FE-SEM analysis several drops were deposited over a conductive
silicon substrate.

3. Results and discussion
3.1. TG/DTG-DTA Analyses

The TG/DTG-DTA curves for ZrO, are shown in Fig. 1a. The TG
curve shows three steps of mass loss. The first step occurred in the range
of 30.0-229.6 °C with Am = 5.02%, which was due to the evaporation
of water and 1-butanol. The second and third mass loss steps occurred
between 229.6-494.8 °C and 494.8-798.5 °C and are attributed to the
thermal decomposition of residual organic matter, with
Amyo, = 7.55%, corresponding to the exothermic events in the DTA
curve, with a peak at 338.8 °C and an exotherm from 388.1-864.5 °C.
The residue of 87.53% (ZrO,) was stable until 1000,0 °C. The ZrO,
phase obtained from synthesis was the tetragonal phase (t) [13]. Fig. 1b
shows the TG-DTA cycle; the endothermic peak (m — t transition) was
not observed in the first heating. However, during the first cooling one
exothermic peak was observed in the DTA curve at 902.6 °C, which was
attributed to the (t — m) transition. These observations confirm the
formation of the zirconia phase from synthesis.

Fig. 1b also shows that in each thermal cycle the exothermic peak
refers to (t — m) transition of ZrO,, was displaced to higher tempera-
tures. However the peak referring to the (m — t) transition did not
change. For better visualization of these thermal events the magnifica-
tion of the m — t and t — m transitions are shown in Fig. 1c and d,
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respectively. In the first cooling the peak refers to the t — m transition
occurred at 902.6 °C. In the second and third coolings the peak
temperature (T,) of these events were 923.6 °C and 934.0 °C respec-
tively. This displacement could be associated with the growth that the
particles underwent during heat treatment; whereas a bigger particle
requires higher energy to change its structure, and this consequently
occurs at higher temperatures [13]. It is possible to see that the peak
associated with the m — t transition is larger than the t — m peak. This
is due to the fact that the m — t transition is a diffusion process, in other
words it happens at gradative temperatures. Then the particle size does
not influence this process [9].

The t — m transition is a martensitic event and the multiple peaks in
the exothermic event are associated with atomic changes in different
particles, which have different sizes [9,14,15].

3.2. Field Emission Scanning Electron Microscopy (FE-SEM) and
Transmission Electron Microscopy (TEM)

The particles from synthesis (Fig. 2a) had diameters between
4.5-8.5 nm that were dispersed. After the first thermal cycle the ZrO,
particles increased to 300-450 nm and they were agglomerated
(Fig. 2b). The agglomeration of the particles increased at the end of
the third cycle (Fig. 2c), which was associated with the particle size:
475-700 nm. These observations evidenced the effect of particle size on
the temperature peak of the ZrO, t — m transition.

4. Conclusions

The simultaneous TG-DTA data provided previously unreported
information about the thermal behavior of ZrO, nanoparticles. The TG-
DTA curves of ZrO, nanoparticles showed the mass losses steps that
referred to water and 1-butanol volatilization and the degradation of
organic matter. Analyzing the DTA curve cycle and the electron
microscopy images it was possible to observe the m —t and t—m
transitions, wherein the last transition showed a higher temperature
peak in each cycle. This could be explained by the fact that the increase
in particle size requires higher activation energy for the atomic motion
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Fig. 2. TEM image of ZrO, from synthesis (a); FE-SEM images of ZrO, at the end of the first thermal cycle (b) and the third thermal cycle (c).

to occur.
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