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A solution phase synthesis is used to prepare tetragonal zirconia nanoparticles.
Ammonia solution and zirconia precursor solution were prepared separately and
then mixed together to get colloidal hydroxide precipitate. The colloidal
hydroxide was treated with silica sol and then the precipitate was separated
and dried. The dried powder was then calcined at different temperatures for 2 and
6h. The mean particle size of the powder calcined at 1000°C was found to be
around 810 nm. The thermal analysis of dried powder indicates the formation of
bulk tetragonal zirconia phase at 780°C. X-ray diffraction (XRD) and infrared
spectroscopic analyses confirm the presence of 100% tetragonal zirconia phase in
the powder calcined at 1000°C. The addition of silica stabilised the tetragonal
zirconia phase. It is advantageous to use this powder as catalyst or catalyst
support that operates at high temperatures.

Keywords: chemical synthesis; nanoparticle; ZrO,; SiO,; X-ray diffraction;
differential thermal analysis; thermogravimetric analysis; transmission electron
microscopy; infrared spectroscopy

1. Introduction

Zirconia has been shown to be effective both as a catalyst and a support [1]. It has been
found that zirconia has high catalytic activity for the isomerisation of olefins [2] and
epoxides [3]. Zirconia is an important promoter in the catalytic converter system for
automobile emission control and has been shown to regulate the redox reaction of the
ceria catalyst support. Several methods have been developed to increase the surface area
and stabilise the tetragonal phase of zirconia (t-ZrO,). These include the addition of
additives such as sulphate [4], potassium [5,6], rare earth ions [7—13] and silica [14,15]. It
has been reported that the surface area of zirconia is increased by the presence of a small
amount of silica [16,17]. However, the effect of these additives varies with the preparation
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method and the amount of additives. Recently, Chandradass et al. [18] prepared ZrO,—
SiO, particle by oxalate processing and reported that the size of zirconia nanoparticle
decreased with the increase in silica content. This investigation is focusing on the
development of a zirconia catalyst with fine particle size and high thermal stability.

2. Experimental procedure

Zirconium oxychloride ZrCl,O - 8H,O (Junsei chemical, South Korea) was dissolved in
distilled water taken in a beaker to 0.8 M concentration. The hydrogel was obtained by the
dropwise addition of ammonium hydroxide (Dae Jung, South Korea) until the pH reaches
10. The silica sol was prepared by the following process as reported elsewhere [19]:
tetraethoxysilane (TEOS) and aqueous solution of ethanol (C,HsOH) were mixed with
magnetic stirring in a beaker; then 0.01M HCI (1ml) was added as a catalyst for
hydrolysis reaction. The volume ratio of TEOS : C,HsOH : H,O was maintained at 1:5:5.
The silica sol is formed after 1.5 h stirring. The required amount of silica sol was added to
the colloidal hydroxide such that the final composition contains 10 wt% SiO,. It was then
stirred for 1h. The precipitate was centrifuged, washed and redispersed in water for three
times. The centrifuged cake was oven dried. The dried cake was crushed and calcined in air
in a muffle furnace at different temperatures for 2 and 6 h.

X-ray diffraction (XRD) analysis of the calcined powders was carried out in an X-ray
diffractometer (Philips X’pert MPD 3040) over a 26 range of 10-80° at a rate of 3° min™".
The samples were continuously scanned with a step size of 0.05° (26) and a count time of 1s
per step. The volume fraction of monoclinic phase in the mixture of both monoclinic and
tetragonal phases was determined by the relative intensity relationship of the XRD [20]:

Lu(111) + 1,(T11)
Lo(111) + Ly(T11) + I(111)

where the subscripts m and ¢ refer to the monoclinic and tetragonal phases, respectively,
and 7 refers to the intensity of the corresponding peak. The thermal decomposition
behaviour of the dried powder was studied by thermogravimetric—differential thermal
(TG-DT) analysis (SCINCO, STA 1500). The average size of the particles was estimated
from the transmission electron microscopy (TEM) micrographs using standard software
(ImageJ). The morphology of the calcined powder particles was observed using TEM
(JEM 2100F). Fourier transform infrared spectral (FTIR) analysis was made on a Nicolet
Impact 410 digital signal processing (DSP) spectrophotometer using the KBr pellet made
with the powder sample.

Percentage of monoclinic phase =

00, (1)

3. Results and discussion

The thermal behaviour of the as-synthesised zirconia precursor powder with 10 wt% silica
is shown in Figures 1 and 2. There is an endothermic peak at 100°C, with a corresponding
weight loss of 6.3%, due to the evaporation of water, solvent and other residuals. A second
weight loss of 10.6% occurred between 100°C and 400°C is associated with sample
dehydroxylation. The initial formation of tetragonal zirconia is indicated in the
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Figure 1. DTA and TGA of as-synthesized zirconia precursor with 10 wt% silica.
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Figure 2. XRD patterns of the zirconia powder with 10 wt% silica calcined for 2h at (a) 600°C;
(b) 800°C; (c) 1000°C; and (d) 1200°C (v — monoclinic: 4 — tetragonal).

thermogram by a wide exothermic peak at approximately 405°C [21]. A second exothermic

peak located at 780°C is ascribed to the bulk crystallisation of tetragonal zirconia [22].
The XRD patterns of the powders calcined at different temperatures are shown in

Figures 3 and 4. The powders composed mainly of tetragonal phase after calcination at
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Figure 3. XRD patterns of the zirconia powder with 10 wt% silica calcined for 6h at (a) 600°
(b) 800°C; (c) 1000°C; and (d) 1200°C (v — monoclinic: 4 — tetragonal).
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Figure 4. TEM micrographs of the zirconia powder with 10 wt% silica calcined for 2h at (a) 600°
(b) 800°C; (c) 1000°C and (d) 1200°C.
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600°C and 800°C. Interestingly, the monoclinic phase content decreased on increasing
calcination temperature, and 100% tetragonal phase is retained at 1000°C. But,
calcination at 1200°C leads to the transformation of some amount of tetragonal phase
to monoclinic phase. The amounts of monoclinic phase present after calcination at
different temperatures are given in Table 1. Diffraction peaks ascribed to crystalline silica
(quartz) were not observed in the samples at the temperature range studied. The crystallite
size of the calcined particle was calculated from full width at half maximum (FWHM)
using Scherer’s formula [23]

D =k)\/Bcosé, 2

where k is a constant equal to 0.9; X is the wavelength of Cu-Ka (0.15406 nm) and B is the
integral breadth (radians) at half maximum intensity. The calculated crystallite sizes are
given in Table 2. The crystallite size decreases after calcination up to 1000°C and then
increases after calcination at 1200°C. As reported previously, the monoclinic phase is the
stable phase at low temperatures, but the tetragonal phase is formed first on heat
treatment [24]. The presence of the tetragonal phase at low temperatures can be attributed
to several factors, such as chemical effects (the presence of anionic impurities), phase of
structural similarities, as well as particle size effects (based on the lower surface energy in
the tetragonal phase compared with the monoclinic phase) [25]. Improved stability of the
tetragonal phase over a large temperature range has been observed in zirconia doped with
small amounts of CaO, MgO and Y,0; [26-28] including mineralisers such as CeO, [29].
The stabilisation of t-ZrO, is attributed to the structural similarity of the dopant oxides

Table 1. Percentage of monoclinic zirconia phase in the calcined powders.

Monoclinic phase (%)

Calcination

temperature (°C) Calcined for 2h Calcined for 6 h
600 18 20
800 11 8

1000 0 0

1200 56 79

Table 2. Particle size of the calcined powders calculated using Debye Scherer formula.

Particle size (nm) calcined for 2h Particle size (nm) calcined for 6 h

Calcination
temperature (°C) Tetragonal Monoclinic Tetragonal Monoclinic
600 17 14 18 17
800 17 8 16 17
1000 9 - 14 -

1200 28 14 18 19
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and ZrO,, and to the larger dopant cation radius compared with the Zr*" radius [30].
However, in the SiO,—ZrO, binary oxide, these arguments are not applicable, since the
Si** radius is smaller than the Zr*" radius and silica remains in its amorphous state during
the thermal treatments. In addition, silica crystal structure would not be cubic, tetragonal
or monoclinic [16]. Another explanation for the stability of the tetragonal phase of
zirconia in CaO-, MgO- or Y,03-doped zirconia systems is based on the formation of
oxygen vacancies resulting from the presence of divalent and/or trivalent cations. The
increase in oxygen vacancies improves the stability of the tetragonal phase in Y,03-ZrO,
system [31], because of the increase in lattice strains and/or crystal defects on the
tetragonal structure. Xu [32] and Hasse et al. [33] have reported the increase of monoclinic
phase in the zirconia powder synthesised by co-precipitation on increasing the calcination
temperature. The coarsening of the particles at higher temperatures has been cited as the
reason for the transformation of tetragonal phase to the monoclinic phase. This
explanation is not very reasonable, since the tetragonal phase in zirconia powder
(3mol% Y,03) can be retained at room temperature even when the grain size is 300 nm or
more [34-36]. As reported elsewhere [36], the monoclinic phase content in the powder
prepared by homogeneous precipitation was much less than by co-precipitation, which
suggests that the increase of the monoclinic phase at a higher calcination temperature was
more likely due to the inhomogeneous distribution of Y,O3 in the ZrO, powder. This
inhomogeneous distribution caused by the Y,O5 content in some ZrO, particles is less than
3mol% and so, the tetragonal phase could not be retained at room temperature when the
particles are coarsened. Based on the homogenous distribution of Y,0Oj3 in SiO; as reported
elsewhere [37], the phenomena in this study could be explained by the homogencous
distribution of SiO, in ZrO, powder. The process could be described as follows: at first a
homogenous precursor solution is formed. After the addition of NH,OH, Zr(OH), is
formed and precipitated. When the silica sol is added, Si(OH); layer is formed
homogeneously on the Zr(OH),4 precipitates. This layer prevents the coarsening of ZrO,
particles during calcination. The particle size reduction is due to the dehydoxylation of
hydroxides. Finally, during calcining, SiO, infiltrated into ZrO, particles and so the
monoclinic phase transforms to tetragonal phase. The hydrothermal treatment of the gel
[33] could greatly decrease the content of the monoclinic phase. In this synthesis, no other
treatment is needed and the transformation to monoclinic phase could be effectively
avoided during the calcination due to the presence of SiO, layer. This is a unique
advantage of this process.

TEM observations on ZrO-,—SiO, binary oxide show spherical morphology
(Figures 4 and 5). The particle size of the powder calcined for 2h initially decreases
from 26nm (600°C) to 8nm (1000°C) and then increases to 29nm (1200°C). Upon
increasing the calcination duration to 6h, the average particle size decreases from
31nm (600°C) to 9nm (1000°C) and then increases to 50nm (1200°C). As reported
elsewhere [17], the TEM pictures of the ZrO,-SiO, (Figure 6) show the presence of
crystalline zirconia particles surrounded by a layer of amorphous SiO,. The capability
of a thin layer to constrain the growth of crystalline particles must be explained by
taking into account the chemical interactions at the ZrO,—SiO, interface. These
chemical interactions, considered as chemical impurities, must be responsible for the
mentioned lattice deformations and further stabilisation of the tetragonal phase [17].
Figure 6 shows the energy-dispersive X-ray spectroscopy (EDX) analysis of zirconia
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Figure 5. TEM micrographs of the zirconia powder with 10 wt% silica calcined for 6 h at (a) 600°C;
(b) 800°C; (c) 1000°C and (d) 1200°C.

powder with 10wt% silica calcined at 800°C for 6h. It indicates the presence of both
silica and zirconia.

The FTIR spectra of zirconia precursor with 10wt% silica calcined at different
temperatures are shown in Figure 7. The absorption band observed at 3425cm™' and
1635cm ™" attributed to OH stretching vibration indicating the presence of molecular
water. The presence of molecular water in the calcined sample may be due to the
absorption of moisture during testing. The band around 2380cm™' can be attributed to
the absorption of CO,. The absorption band of CO, decreases in intensity as the
calcination temperature increases. The asymmetric Si—-O—-Si network reported at 1100 cm™"
for pure silica [38] shifted to approximately 1080 cm™' suggests that Si—-O—-Si is perturbed
by the presence of Zr in its environment. The characteristic bands ascribed to the
monoclinic phase of zirconia are 574 and 732 cm™" [39] and tetragonal zirconia is 480 cm ™'
[40]. In this study, these bands are observed at 587 and 745cm ™" for monoclinic zirconia
and 490 cm ™! for tetragonal zirconia. At 1000°C, the characteristic band corresponding to
tetragonal phase alone is present. For zirconia, shifts in wavenumber for the tetragonal
and monoclinic phase have been reported in binary oxides prepared by the addition of
divalent or trivalent oxides [40]. The incorporation of these oxides causes lattice
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> 200nm :

Figure 6. EDAX analysis of the powder calcined at 800°C for 6 h.

deformation on the crystalline structure, with subsequent modification on the force
constants of Zr—O and related bonds.

4. Conclusions

Ultrafine zirconia nanoparticles can be synthesised by a simple solution based process
with SiO, as a stabilising agent. The bulk tetragonal phase formed at 780°C is
retained up to 1000°C. The mean particle size of the t-ZrO, nanoparticles was found
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Figure 7. FTIR spectra of zirconia powder with 10 wt% silica calcined for 6 h (a) 600°C; (b) 800°C;
(c) 1000°C and (d) 1200°C.

to be around 8-10nm after calcination at 1000°C. The presence of silica layer
prevents the growth of zirconia particles and so the particles are retained in the
tetragonal form.
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