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The present work demonstrates a facile approach to fabricate highly ordered nanotubular ZrO,-HfO, binary oxides. Zr-Hf alloy was
electrochemically anodized in an ethylene glycol electrolyte containing small amounts of fluoride via a two-step process. The field
emission scanning electron microscopy images show the highly ordered nanotube arrays with a length of approximately 6.8 pm, an
average diameter of approximate 32 nm and a tube density of 3 x 10'° cm? were formed on the Zr-Hf alloy surface. X-ray photoelectron

studies indicates that monoclinic ZrO, and HfO, with small amount of tetragonal phase ZrO, coexist in the nanotubular binary oxides
layer after thermal annealing at 400 °C for 3 h. The present electrochemical approach can be extended to prepare the highly ordered

INTRODUCTION

Due to the high thermal and chemical stability, high
dielectric constant, improved mechanical strength, catalytic
properties and low electrical conductivity, zirconia (zirconium
oxide, ZrO,) has been widely used as protective coatings,
optical films, gas sensors, solid electrolytes, catalysts and
catalyst supports'*. Hafnia (hafnium oxide, HfO,) has similar
crystal structure and ion conductivity with zirconia, but much
higher thermal and chemical stability and much lower electrical
conductivity”®. Mixing small amount of hafnia into zirconia
to form binary ZrO,-HfO, system can lead to a noticeable
enhancement of the properties of ZrO, and allow to overcome
the high cost problem related to the use of pure Hf oxides’.
Furthermore, highly ordered nanotubular binary ZrO,-HfO,
materials have much higher surface area, which benefits to
drastically improve working efficiency, to induce new func-
tionalities and hence broaden their applications'®"". Therefore,
binary ZrO,-HfO, materials with highly ordered nanotubular
structure are appealing and the facile methods to fabricate them
are desired.

Electrochemical formation technique has been widely
used to prepare highly ordered architectures due to the advan-
tages of the simplicity and the unnecessity of vacuum and
high temperature. Not only as the usual method to produce
porous anodic alumina oxide (AAO) templates'*", electro-

spectroscopy analysis provides evidence that the composition of the formed nanotubes is ZrO,-HfO, binary oxides. X-ray diffraction |
nanotubular oxides with a wide range of composition and functionalities. I
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chemical anodization has also been used to fabricate vertically
orientated self-organized oxide nanotubes on pure valve metals
such as Ti">'8, Zr'*2, Hf**», Nb**, W2 and erc?. So far as we
know, though a great effort has been made to synthesize ZrO,
or HfO, nanotubes by anodizing of pure Zr or Hf metal in
certain electrolytes'®?, the fabrication of highly ordered
nanotubular binary ZrO,-HfO, materials by electrochemical
anodizing of Zr-Hf alloy has not been reported earlier.

In the present work, the feasibility to fabricate highly
ordered nanotubular ZrO,-HfO, binary oxides by electro-
chemical anodization is exploited. Zr-Hf alloy is electro-
chemically anodized in an ethylene glycol electrolyte via a
two-step process at room temperature. The morphology and
composition of the anodized oxide layer is studied, which
confirms the successful fabrication of the highly ordered ZrO--
HfO, binary oxides nanotubue arrays via the electrochemical
anodization approach.

EXPERIMENTAL

Zr-Hf binary alloy foils (97.9:2.1 wt. %; 0.2 mm thickness;
Yunjie Metal Co., Ltd., P. R. China) were abraded with 200,
800, 2000# grit emery papers, degreased ultrasonically in
absolute ethanol for 3 min, chemically etched in a HF/HNOs/
H,O (3:14:5 in mass) solution for 5 s, then rinsed with deioni-
zed water and finally dried with air.
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The electrochemical anodization experiments were carried
out using an electrochemical set-up consisting of a DH1719A-
5 potentiost (Beijing Dahua Electronic Co., P.R. China) and a
two-electrode arrangement with the pre-treated Zr-Hf binary
alloy foil as the working electrode and a stainless steel plate
as the counter electrode. The anodization electrolyte was a
mixed solution of ethylene glycol (100 mL) and 17.5 wt. %
NH.F aqueous electrolyte (2 mL), which was prepared from
analytical grade chemicals and deionized water. The first
anodization step was conducted at 30 V for 0.5 h and then the
anodic layer formed was removed by ultrasonically soaking
in ethanol for 5 min and then peeling away with an adhesive
tape. Under the identical conditions, the second anodization
step was performed for 20 min, after which the samples were
rinsed with deionized water and then dried with air. All the
above experiments were conducted at room temperature.

The morphologies of the samples were characterized using
a field emission scanning electron microscope (FESEM, FEI
Nova 400, Holland). The chemical and phase composition of
the samples was analyzed by X-ray photoelectron spectroscopy
(XPS, Thermoelectron ESCALAB250, USA) and X-ray
diffraction (XRD, X'Pert PRO, PANalytical B.V., Holland),
respectively.

RESULTS AND DISCUSSION

Fig. 1a shows the surface morphology of the oxide layer
after the one-step anodization. Many irregular nanopores
distribute randomly on the surface, which indicates that the
one-step anodization process is insufficient for obtaining well-
aligned nanotubular oxide layer. The irregular nanoporous
anodic layer was subsequently removed. The corresponding
imprints display an ordered hexagonally packed pattern with
an average diameter of 40 nm (Fig. 1b). Further information
about the imprints arrangement regularity can be derived in
virtue of FFTs (the inset in Fig. 1b). Six distinct spots uniformly
distribute on each edge of the hexagon, which confirms that
the imprints have a regular hexagonal pattern. Fig. 1c and 1d
(with the inset), respectively illustrate the top view and cross-
sectional view of the anodic oxide layer formed during the
second anodization step. The highly regular and ordered
nanotube arrays with a length of approximately 6.8 um, an
average diameter of approximate 32 nm and a pore density of
3 x 10" cm™ are grown.

Comparing Fig.1c and 1d with Fig. la, it can be found
that the ordered nanotubes grown in the second-step
anodization appreciably outperform those fabricated by the
one-step anodization in terms of size uniformity and arrange-
ment orderliness, which confirms the necessity of the treatments
to induce the imprints with ordered hexagonally packed pattern
on the Zr-Hf surface and two-step electrochemical anodization
method is a facile approach to fabricate the highly ordered
nanotubular architecture.

The composition of the anodic nanotube arrays was
investigated by using X-ray photoelectron spectroscopy (XPS).
From the survey spectrum, the existence of elements Zr, Hf,
O, F and C is confirmed. C, F and small amount of O (shown
as peak 1 in Fig. 2d) might come from the anodization elec-
trolyte and/or are contaminations that induced during the

300nm

300nm

500nm

Fig. 1. FE-SEM micrographs of (a) top view of the first-step anodized
sample. (b) imprints after removal of the first-step anodized layer
(inset: FFTs pattern of the FE-SEM image). (c) top view and (d)
cross-sectional view of the two-step anodized sample (inset: low
resolution of cross-sectional view)

storage of the sample in air. The high-resolution spectra for
the major component elements of the nanotube arrays are
shown in Figs. 2 a-d. The Hf4f and O2s peaks are overlapped
(Fig. 2a). The deconvoluted Hf4f spectrum is centered at 17.6
eV, which can be attributed to Hf-O bond*. Moreover, the
formation of HfO, is confirmed by the Hf4ds, spectrum
(Fig. 2b). The binding energy (BE) of Hf4ds, has a value of
212.3 eV for the nanotube arrays, which is a little lower than
that of bulk HfO,, 213.1 eV?'. The shift to a slightly lower
value may be ascribed to the different chemical environment
that HfO, experiences from that in bulk HfO,. Analogous
consideration can be extended to the shifted BEs observed in
case of Zr3ds;, which is centered at 181.4 eV (Fig. 2¢), 0.8 eV
lower than that of bulk ZrO,, 182.2 eV*'. The peak 2 of Ols
spectrum (Fig. 2d) can be attributed to ZrO,-HfO, binary
oxides (M-O).

Quantitative analysis of XPS results reveal that the highly
ordered nanotube arrays anodically fabricated on Zr-Hf alloy
essentially consists of 25.6 at % Zr, 0.3 at % Hf and 57.3 at %
0. According to the peak 2 area of Ols spectrum (Fig. 2d),
the atomic fraction of O for ZrO,-HfO, binary oxides is
calculated as 48.7 at %, which is approximately twice of that
of Zr and Hf in the anodic nanotube array layer. Hence, it is
inferred that the highly ordered nanotube arrays consists of
oxides with stoichiometry of ZrO, and HfO,. Moreover, the
molar ratio of ZrO, and HfO, in the anodic layer is approxi-
mately equivalent to that of Zr and Hf in the alloy, implying
that the ratio of ZrO, and HfO, might be flexibly controlled
by adjusting the ratio of Zr and Hf in the alloy.

Fig. 3 illustrates the XRD patterns of the anodized sample
after further thermal annealing at 400 °C for 3 h in air. Besides
the diffraction peaks of metallic Zr-Hf substrate, some other
diffraction peaks are observed, among which the most majority
is the monoclinic diffraction peaks. According to JCPDS card
No. 37-1484 (monoclinic ZrO,) and JCPDS card No. 06-0318
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Fig. 2. XPS spectra of the two-step anodized sample (a) O2s and Hf4f with peak fitting, (b) Hf4d, (c) Zr3d and (d) Ols with peak fitting

(monoclinic HfO,) in the bottom of Fig. 3, these monoclinic
diffraction peaks can be identified as the mixture of monoclinic
710, and HfO,. In addition, the peak observed at 20 = 30.2°
suggests the existence of tetragonal ZrO, according to JCPDS
card No. 17-0923. The results show that the phase composition
of the annealed nanotube layer is the mixture of monoclinic
71O, and HfO, with small amount of tetragonal phase ZrO,,
which confirms that the fabricated nanotubes are ZrO,-HfO,
binary oxides.

The above experimental facts demonstrate that the highly
ordered ZrO,-HfO, binary oxides nanotube arrays can be
prepared by two-step electrochemical anodization. As ZrO,
and HfO, have solid solution behaviour over the entire compo-
sition range®, changing the composition of Zr-Hf alloys may
obtain the highly ordered nanostructured ZrO,-HfO, binary
oxides with a broad range of different amount ratios. The
fabricating approach proposed here may pave the way for
preparing the highly ordered nanotubular oxides with a wide
range of composition and functionalities.

Intensity (a.u.)

V-Monoclinic ZrO,-HfO,
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XRD patterns of the two-step anodized sample after thermal
annealing at 400 °C for 3 h
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Conclusion

The highly ordered ZrO,-HfO, binary oxides nanotube
arrays with a length of approximately 6.8 um, an average
diameter of approximate 32 nm and a tube density of 3 x 10"
cm™ were formed by electrochemically anodizing of Zr-Hf
alloy in an ethylene glycol electrolyte containing small amounts
of fluoride at 30 V with first 0.5 h anodization and second 20
min anodization. The as-formed ZrO,-HfO, binary oxide nano-
tube layer was then crystallized via a thermal annealing
process, after which the mixture of monoclinic ZrO, and HfO,
with small amount of tetragonal phase ZrO, were obtained.
The fabricating approach developed in the present work inspires
to prepare other highly ordered nanotubular oxides with a wide
range of composition and functionalities.
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