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Abstract The formation and growth of a self-organized
zirconia porous layer can be achieved directly by anodization
of Zr in chloride containing electrolytes. The morphology of
the porous layers is affected by electrochemical conditions
such as CI" concentration. Zirconia nanotubes with diam-
eters ranging from 250 to 300 nm and a length of 33 um
were formed under proper conditions. The nanotubes have
smooth and straight walls. The composition of the nano-
tubes was characterized by using an energy dispersive
spectrometer. Selected area electron diffraction investiga-
tion reveals that the as-anodized zirconia nanotubes have an
amorphous structure. Crystal phase transition and structural
stability of the ZrO, nanotubes after heat treatment were
characterized. A possible growth mechanism is presented.
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Introduction

Zirconia has been widely used as a structural ceramic
material [1, 2], catalyst or catalyst support [3, 4], sensor [5,
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6], solid electrolyte [7], etc. In particular, zirconia (ZrO,)
nanotubes have generated a lot of interest because of their
unique physical and chemical properties. They are signif-
icantly different from their microcrystalline counterparts
[8-10] due to their enhanced surface area to volume ratio,
quantum confinement, and changes in the lattice parameters
[11]. There were many researches which focus on the
synthesis of zirconia nanotubes using the templating
technique [12—14] or hydrothermal method [15]. Self-
organized zirconia nanotubes prepared by electrochemical
processes have also attracted much interest in the past
several years owing to their importance in basic scientific
research, potential technology applications, and precise
control of critical electrochemical process parameters, such
as the anode voltage, time, and compositions of electrolyte
[16-19]. However, all anodically fabricated ZrO, nanotubes
reported to date had fluorine present in the electrolyte [16—
22]. It has been hypothesized that fluorine ions are essential
and perhaps a unique ingredient for the formation of
nanoporous or nanotubular ZrO, because of the formation
of complex ZrF¢>~ in solution [23, 24]. To the best of our
knowledge, there were no reports about the preparation of
zirconia nanotubes in Cl -containing electrolyte.

In this paper, formamide (FA) and glycerol (GE; volume
ratio 1:1) electrolytes containing 0.5-5 wt.% HCI were used
to prepare zirconia nanotubes by electrochemical method.
High-aspect-ratio ZrO, nanotubes were obtained under the
appropriate HCl concentration. A possible growth mecha-
nism and electrochemical reactions are presented.

Experimental

In this work, zirconium foil samples (10 mmXx7 mmx
0.5 mm) with a purity of 99.7% were obtained from
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General Research Institute for Nonferrous Metals (Beijing,
China). Before the experiments, the samples were rinsed
and sonicated in acetone, ethanol, and deionized (DI) water,
and then dried in the air. The electrochemical cell consisted
of two electrodes with zirconium foil as anode and Pt foil
(20 mmx20 mmx0.1 mm) as counter electrode. The
distance between anodic and cathodic electrodes was
25 mm. Electrolytes in this process were formamide and

glycerol (volume ratio 1:1) containing 0.5-5 wt.% HCI and
3.5 wt.% H,0. All the electrolytes were prepared from
analytical grade chemicals. Electrochemical treatment po-
tential was 20 V supplied by a high-voltage direct current
potentiostat (TPR25024, Dahua Coop, Beijing, China) and
swept from an open-circuit potential (OCP) to 20 V with a
sweep rate of 0.1 V/s, followed by holding the potential at
20 V for 5 h. This slow voltage sweep procedure can obtain

Fig. 1 SEM images of the anodized samples in different HCI concentration at 20 V for 5 h: surface view in a 0.5 wt.% HCI, b 1 wt.% HCl, ¢
2 wt.% HCI, d 5 wt.% HCI; e bottom view and f cross-section of (c)
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a more regular surface morphology than putting the voltage
directly at 20 V. A similar behavior was reported by
Tsuchiya et al. [24, 25].

After being removed from the anodizing solution, the
samples were cleaned in ethanol and DI water and then dried
and characterized. The microstructure of the specimens
before and after heat treatment was carefully examined by
a scanning electron microscope (SEM Philips XL 30). The
specimens for transmission electron microscope (TEM,
Philips Tecnai 20) were prepared by scratching the nanotubal
layer with a sharp tool, then sonicated in ethanol and
observed on a carbon-coated copper grid. The elemental
composition and phase structure of the resulting nanotubes
were analyzed using energy dispersive spectrometer (EDS)
and X-ray diffraction (XRD) on a D/MAX2500PC diffrac-
tometer (Rigaku Japan) with Cu K« radiation, respectively.

Results and discussion

Figure 1a—d shows the surface morphologies of the samples
after anodizing for 5 h in FA + GE (volume ratio 1:1)
electrolytes containing 0.5-5 wt.% HCI. Oxidizing zirconi-
um in electrolyte containing 0.5 wt.% HCI resulted in a
compact zirconia layer with volcanical knobs on the
surface. These knobs have sizes of 10-20 um (Fig. 1a).
After anodization in electrolyte containing 1 wt.% HCI, the
surface of the zirconia layer appears to be rough with a few
pores displaying in a partial area (Fig. 1b). In 2 wt.% HCI
electrolyte, nanopores with discrete, hollow, and cylindrical
features are formed over the substrate (Fig. 1¢). The inner

diameters of the pores are 200-250 nm as shown in high
magnification in Fig. lc. A cabbage-like surface mor-
phology is observed on the zirconia layer fabricated under
5 wt.% HCI concentration (Fig. 1d). It can be seen that the
pores overlap together and become wide and irregular.

From the SEM images, it indicates that the 2 wt.% HCI
concentration is an appropriate one for the preparation of
zirconia nanotubes in this experiment. Bottom and cross-
section views were obtained from a mechanically cracked
oxide film after anodization in 2 wt.% HCI electrolyte
(Fig. le,f), where some pieces lie upside down. It can be
seen that densely packed nanotubes are synthesized in such
electrolyte (Fig. 1f). The closed and dome-like bottom is
apparently a barrier oxide layer (Fig. le). Lateral image
(Fig. 1f) of the nanotube reveals that these nanotubes
possess smooth and straight walls with an outer diameter of
about 250-300 nm and a length of 33 um. A big diameter
may facilitate their use as a catalyst, chemical sensor, and
host container that may be filled with other materials and
inert chamber for chemical reactions [16].

Elemental composition of the nanotubes formed in 2 wt.%
HCI electrolyte is confirmed by EDS. The result (Fig. 2)
shows that besides zirconium (Zr) and oxygen (O), chlorine
(Cl), gold (Au), and carbon (C) were also present in these
nanotubes. Chlorine was detected because the remnant
solute (HCI) had not been completely eliminated. The
carbon was detected due to the organic solvent used in the
experiment and contamination of instruments, while the Au
was detected due to the gold coating of the samples.

For a more detailed microstructural characterization,
TEM investigations were carried out for the cross-section

Fig. 2 EDS spectrum of the
zirconia nanotubes prepared in
2 wt.% HCI electrolyte
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Fig. 3 TEM image (a) and
selected area diffraction pattern
(b) of zirconia nanotubes
formed in FA + GE (volume
ratio 1:1) containing 2 wt.% HCI

view of the sample anodized in 2 wt.% HCI electrolyte at
20 V for 5 h. As seen in Fig. 3a, straight and hollow
nanotubes are revealed, showing almost the same wall
thickness. The diameter of the nanotubes is about 250—
300 nm. Figure 3b is a selected area electron diffraction
pattern of the zirconia nanotubes, indicating the amorphous
structure of the as-anodized nanotubes.

Figure 4 is the cross-sectional view of the zirconia
nanotube arrays obtained in 2 wt.% HCI and annealed at
400 and 800 °C. Compared with the as-prepared nanotubes
(Fig. 11), the microstructure of the sample changes slightly
after annealing at 400 °C (Fig. 4a). At 800 °C, the
nanotubal structure had a little collapse and cracks
(Fig. 4b) and some hubble-like particles with sizes of 1—
2 um were observed on the walls. These may be due to the
phase transformation and volume expansion in the nano-
tubes during heat treatment. X-ray diffraction analysis was
taken to identify the crystalline phases that may be present
in the zirconia nanotubes after annealing at 400 and 800 °C.
The results are shown in Fig. 5. It is clear that after
annealing at 400 and 800 °C, the amorphous oxide layer
transformed to tetragonal ZrO, and monoclinic ZrO,,
respectively. As shown in Fig. 5a, peaks at 30.12°,

Fig. 4 SEM images of the
anodized sample in 2 wt.% HCl
and annealed at 400 (a) and
800 °C (b)

@ Springer

35.21°, 50.40°, and 60.20° correspond respectively to the
(101), (110), (112), and (211) planes of tetragonal ZrO,
(PDF card no. 79-1770). After annealing at 800 °C, the
crystalline phase of the structure was predominantly
monoclinic ZrO, (PDF card no. 37-1484) with a little
tetragonal ZrO, (Fig. 5b).

Figure 6 is the current-time transients during anodiza-
tion in different electrolytes for 5 h after a potential sweep
from OCP to 20 V. As shown in the figure, all the curves
went through three steps: a drastic drop at first (before
15 min), then a slow decrease during 15-150 min, and
finally a steady state (after 150 min). This phenomenon has
been found in several reports including titanium [17] and
zirconium [21, 26]. Also, the concentration of HCI had a
strong promoting effect on the current density (Fig. 6a—d).
With increasing Cl* concentration, the conductivity of the
electrolyte enhanced and an additional dissolution process
took place. Different oxide morphologies (Fig. 1a—d) were
obtained corresponding to the different reaction rates in
these electrolytes. Zirconia nanotubal structure can only be
synthesized in a moderate HCl concentration (2 wt.%).
When the HCI concentration was increased to 5 wt.%, the
nanopores overlap together and become wide and irregular.
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Fig. 5 XRD patterns of the samples obtained in 2 wt.% HCI
electrolyte with annealing at 400 °C (a) and 800 °C (b)

This may result from the additional chemical dissolution of
pore wall during anodization.

From the current-time curves, the growth mechanism of
the ZrO, nanotube can be divided into three stages. (1)
formation of ZrO, film at the surface of zirconium: oxide
grows at the surface of the metal due to the interaction of
metallic cations with O*" and OH~ coming from H,O [27].
This reaction happens with a high speed which can be
confirmed by the big current at the beginning of anodiza-
tion (Fig. 6). Then with the growing of the oxide layer,
resistance increases and reaction speed decreases. So, a
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Fig. 6 Current-time curves for the anodization of Zr in different HCI
concentrations at 20 V for 5 h

drastic drop of current happens. The overall reactions are
represented as:

Zr — 7t 4 4e” (1)
Zr*" + 2H,0 — ZrO, + 4H" (2)

(2) Field-assisted dissolution of the oxide as soluble
chloride complexes at the oxide/electrolyte interface: With
the generation of the ZrO, film, the volume must expand at
the surface of the metal substrate due to the participation of
O atoms into Zr. Then volume stress becomes higher and
reaction heat becomes more difficult to be released. In order
to lower the internal energy, a large number of microcracks
arise on the oxide/electrolyte interface. At the same time,
selective dissolution takes place due to electric field and the
microcracks on the oxide layer [28]. Because of the
occurrence of microcracks, the electric field distribution
within the oxide film changes. Especially, at the bottom of the
cracks, field increases greatly. As a result, the concentrations
of anions, such as CI", O*", and OH increase because of
electrostatic attraction. So, it turns easier for ZrO, to dissolve
into the electrolyte at the bottom of the cracks. Then, small
pits are formed on the surface of the layer. This reaction of
electrochemical dissolution can be described below:

Z10, + 6CI™ + 4H" — [ZrCls)* 4+2H,0 (3)

(3) Deepening of the pores on oxide layer: small pits
originating from this oxide layer make the barrier layer at
the bottom of the pits relatively thinner than at the wall. On
the one hand, these pits increase the electric field intensity
across the remaining barrier layer, resulting in their further
expansion. On the other hand, they provide an easier
pathway for more O*" or OH to migrate through the
barrier layer, leading to further metal oxidization. So,
corrosion pits grow up with time. In this stage, the rate of
current decrease being retarded may result from the
formation of the corrosion pits [28]. The growing of pores
is related to the forming of oxide film at the metal/oxide
interface and electrochemical dissolution of oxide film at
the oxide/electrolyte interface of the pore bottom. When the
chemical dissolution and electrochemical etching speed are
too large or too small compared to the oxide formation, the
ZrO, nanotubes cannot be formed. There exists a stable
equilibrium between the formation and dissolution of the
oxide, where the current maintains a steady value.

Conclusion

Self-organized zirconia porous layers are fabricated by
electrochemical anodization of zirconium in FA and GE
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(volume ratio 1:1) electrolytes containing HCI. The
morphology of the anodized oxide layer changes remark-
ably along with the changing of HCI concentrations. After
anodization in 2 wt.% HCI for 5 h at 20 V, zirconia
nanotubes with a diameter ranging from 250 to 300 nm and
a length of 33 um were formed. The as-grown zirconia
nanotubes have an amorphous structure. After annealing at
400 and 800 °C, this amorphous zirconia nanotube layer
transformed to tetragonal ZrO, and monoclinic ZrO,,
respectively. Furthermore, the possible reactions during
the formation of the nanotubes are revealed too.
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