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Zirconia nanorods and nanoparticles were grown hydrothermally starting from zirconium monoxide powder.
The process was performed in an autoclave using NaOH as a mineralizer at nominal concentrations 15 M,
20 M and 25 M, and at a temperature of 200 °C for 1 week. The samples were characterized by high resolution
transmission electron microscopy, showing that the nanorod diameter spanned from 25 to 200 nm and their
length from a few hundred nm up to 2 pm. X-ray photoelectron spectrometry showed that after the treatment
all the material was zirconium (IV) oxide, as confirmed by X-ray diffraction and selected area electron
diffraction. The latter showed that the nanobars were in the monoclinic phase and the nanopowders in the

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Zirconium dioxide ZrO, (zirconia) is an important ceramic material
with applications in solid oxide fuel cells, catalysts, oxygen sensors,
damage-resistant optical coatings, as gate dielectric, biomaterial,
protective coating for optical mirrors and filters. It is a wideband
semiconductor, with bandgap in the range of 5-7 eV, which depends on
the phase. The room temperature phase is monoclinic, evolving to
tetragonal and cubic with increasing temperature; an orthorhombic
form has been reported, too [1]. Nano-sized zirconia has specific optical
and electrical properties as well as prospective applications in
transparent optical devices, electrochemical capacitor electrodes,
oxygen sensors, fuel cells, catalyst and advanced ceramics. It has been
recently investigated as an intermediate biomaterial coating [2]. One
important area is the coating of solid surfaces with nanostructured
zirconia by surface modification which would improve the biocompat-
ibility of ceramic coatings [3].

Cubic zirconia nanotubes 50 nm in diameter and up to 17 um in
length have been deposited electrochemically on zirconium metal using
a 1M (NH4),SO, electrolyte containing 0.5wt.% NH4F in a three
electrode cell [4-6]. Using the same electrolyte, but varying the voltage
from 10 to 40V, zirconia nanotubes of 40 nm in diameter and up to
12 pm in length were grown [7]. These nanotubes were orthorhombic
when prepared at voltages below 30 V, with some monoclinic material
above 50 V. Ti-Zr oxide nanostructures have been recently grown by
electrochemical treatment of titanium-zirconium alloys [8].
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Electrochemical treatments are limited to substrates of low
resistivity. Insulating substrates require other surface modification
techniques, such as the hydrothermal process, a process that can be
scaled to mass production. Kanade used the hydrothermal treatment
to modify the surface of commercial monoclinic zirconia powders of
particle size around 500 nm. They used 10 M NaOH solutions in a
Teflon container inside an autoclave at 120 °C for 70 h, obtaining
spherical particles in the range of 24-36 nm. Their X-ray diffraction
(XRD) measurements showed the coexistence of monoclinic and
cubic zirconia, and the selected area electron diffraction (SAED)
recorded from the nanoparticles showed that they were in the
monoclinic phase. They also report on the formation of disordered
Zr-Na-0 phases [9].

In this paper we report on the hydrothermal treatment of
zirconium monoxide ZrO powders at concentrated alkaline condi-
tions, which leads to zirconia nanobars and nanopowder.

2. Experimental

The starting material was commercial ZrO (99.3%, BALZERS). In each
experiment three portions of 0.25 g ZrO were put in each of three Teflon
vessels, filled with NaOH solutions of 15, 20 and 25 M. The three vessels
were placed in an autoclave, sealed and heated up to 200 °C for 7 days.
The product was washed with deionized water until neutral pH was
achieved, and stored for analysis. The growth parameters were selected
based on our previous experience with TiO, nanostructures [10,11],
which growth requires highly concentrated solutions; and with the
growth of zirconate films, which required temperatures around 200 °C
and times larger than the titanium based counterparts [12,13].

XRD measurements were performed using Cu Ko radiation
(Siemens D5000 diffractometer). Samples for X-ray photoelectron
spectrometry measurements (XPS, Physical Electronics 1257 system)
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were prepared by collecting the powder material on an adhesive tape.
Samples for transmission electron microscopy (TEM) and SAED (FEI,
Tecnai G2F20 S-Twin) were prepared by ultrasonic dispersion of the
powder in isopropanol and putting one drop of the thin slurry on a
microscope copper grid.

3. Results
3.1. XRD

XRD measurements performed on the hydrothermally treated
samples showed the reflections from monoclinic ZrO, in all cases,
indicating that the ZrO starting material was oxidized to ZrO,. No
other phases were observed. This means that no crystalline material
with Zr-Na-O composition was formed, and that all the starting ZrO
material was oxidized to ZrO,.

3.2. XPS

XPS measurements were performed on the starting as well as on
the treated material. The starting ZrO powder, as received, exhibits
the XPS 3d photoelectron doublet at 182.4 eV (3ds;) and 184.8 eV
(3ds3/2), energies corresponding to ZrO, (spectrum not shown) [14].
The inset (a) of Fig. 1 is a high resolution spectrum of the starting ZrO
material after erosion with argon ions. The dominant 3ds, signal is
located at 182.4 eV, but the curve fitting shows a second peak at lower
binding energy corresponding to a value between the binding
energies of metallic zirconium and ZrO,, attributed to the suboxide
Zr0 [15]. This means that the surface of the grains is oxidized to ZrO,.
Because of the granular nature of the material, sputtering with argon
ions does not fully eliminate this ZrO, coating, exposing only a
fraction of the bulk ZrO material.

Fig.1b) is a broad scan of a sample treated in 20 M NaOH. A small
Nals photoelectron peak is detected, as shown in the inset c).

3.3. TEM and SAED

The morphological examination by TEM shows three kinds of
materials: micrometer sized ZrO, grains, ZrO, nanobars and ZrO,
nanopowder.

The TEM observation of powders treated in a solution 20 M NaOH
(see Fig. 2), showed the formation of nanobars during the hydrother-
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Fig. 1. XPS spectra of zirconium oxide. a) Zr3d doublet from the starting ZrO. b) Broad
spectrum from a sample treated hydrothermally and ¢) zoom showing the incorporation of
sodium.

Fig. 2. Bright field image of ZrO, nanobars, prepared in 20 M NaOH solution.

mal process. They grew on the surface of the precursor particles nearly
perpendicular to the surface. The diameter of the nanobars ranged
from 20 to 60 nm, and length from 200 to 300 nm. EDS analysis of the
nanobars showed a composition of Zr and O, in a ratio Zr:0 = 1:2, with
no traces of contaminants from the preparation process.

Fig. 3 shows nanobars from a sample prepared in a solution 25 M
NaOH. The inset is an electron diffraction diagram obtained by Fast
Fourier Transform (FFT), showing that the nanobars are in the
monoclinic phase. High resolution images allowed the observation
that the nanobars tend to growth in [001] direction, as indicated in the
figure.

Fig. 4 shows a cumulus of nanoparticles from a sample treated in a
solution 20 M NaOH. The inset shows the corresponding diffraction
pattern which, opposite to the nanobars, corresponds to the
tetragonal phase.

Fig. 3. HRTEM image of zirconia nanobar prepared in 25 M NaOH solution. The inset
image corresponds to the FFT, showing the growth direction and a twin along the axis.
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Fig. 4. Bright (left) and dark (right) field images of ZrO, nanopowders prepared in 20 M NaOH solution. The inset image corresponds to the diffraction pattern of the cumulous of

particles. The dark field image was obtained using the 110 reflection.

4. Discussion

The XRD diagrams showed that all the ZrO starting material was
oxidized to ZrO,. Therefore, the significant differences as compared
with the work of Kanade et al. [9] should not be attributed to the
different starting material, ZrO or ZrO,, but to the preparation
conditions, i.e. higher temperature, higher mineralizer concentration
and longer duration.

XRD did not detect crystalline phases containing sodium, element
absent in the nanorods. However, some sodium was detected by XPS,
suggesting that these are remnants from the starting solution or that
sodium is included in some non-crystalline products as reported in
[9], but no sodium is incorporated in the nanorods, which are pure
monoclinic ZrO,. This behavior strongly departs from the growth of
titania based nanostructures under similar conditions, which lead to
nanowires of sodium-hydrogen titanates instead of pure TiO, [10,11].

There is no explanation for the coexistence of two different phases
and morphologies. The growth of the monoclinic nanobars can be
understood as dissolution followed by reprecipitation, with a growth
habit defined by the direction of faster growth. The round nanoparticles
can be a remaining of the oxidized starting material after leaching, but
this does not explain why they come out to be tetragonal. “No
exhaustive theory has been developed to predict quantitatively the
formation and growth of nanocrystals with a definite crystal structure as
influenced by parameters of a hydrothermal synthesis” [16], and further
work must look for the influence of the growth conditions on the
overgrowth properties.

The SAED of Fig. 4 corresponds to polycrystalline material, where
the reflections are better defined as in samples grown under lower
temperatures and shorter treatments (see Fig. 3b of ref. [9]). This
means that crystallinity was enhanced by the longer treatment at
higher temperature.

5. Conclusions

Large aspect ratio ZrO, nanorods grew hydrothermally on ZrO,
powder particles after hydrothermal treatment in 15, 20 and 25 M

NaOH at 200 °C for 1 week. The nanorods were single monoclinic
crystals 25 to 200 nm in diameter and a length ranging from a few
hundred nm up to 2pum. No sodium from the solution was
incorporated in the nanorods. The nanorods coexist with dispersed
ZrO, nanoparticles in the tetragonal phase.
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