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Cubic Stabilized Zirconium Oxide Anodic Films
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A new methodology was developed to obtain cubic, stabilized zirconium oxide films prepared
at room temperature. The zirconium oxide films were prepared electrochemically by anodic
oxidation of metallic zirconium at constant current density. The oxide films were analyzed
by X-ray diffraction, scanning electron microscopy, and X-ray photoelectron spectroscopy.
The oxide films grown in H3PO, solutions are monoclinic, and the ones prepared in phosphoric
acid solution containing Na,[Ca(EDTA)] complex are cubic. An explanation for the zirconium
oxide stabilization obtained by the electrochemical method is proposed that assumes a
destruction and rebuilding of the oxide film during the dielectric breakdown.

Introduction

Zirconium oxide, known as zirconia, is a material
extensively used in industry as refractory and oxygen
sensor materials. However, for any of its applications
it is necessary to control its crystal structure. At room
temperature, pure zirconium oxide occurs in the mono-
clinic phase changing to the tetragonal phase at 1270
°C. At temperatures close to 2370 °C, the tetragonal
zirconium oxide becomes cubic, and it melts at 2680 °C.
The tetragonal to cubic phase transformation is revers-
ible. On the other hand, the tetragonal to monoclinic
transformation occurs throughout cooling, with thermal
hysteresis at 950 °C. During the transformation from
tetragonal to monoclinic phase, a mechanic degradation
process occurs due to the larger molar volume of the
tetragonal phase (3—5%). High temperatures are neces-
sary in ceramic processing; therefore, the tetragonal to
monoclinic transformation must be prevented during
the material cooling. The preparation of stabilized
zirconium oxide films in either tetragonal or cubic phase
can be made by different methods, such as the oxide
mixture and chemical methods.2 Another method used
is doping the oxide with CaO, MnO, MgO, Nb,Os, or
Y,03, which form solid solutions with ZrO,. These
dopants inhibit the transformation from the tetragonal
(or cubic) to the monoclinic phase during cooling.34
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Several papers describe the electrochemical formation
of the zirconium oxide films on metallic zirconium
substrate at room temperature.>~10 The zirconium oxide
obtained by electrochemical methods crystallizes during
the film growth in the monoclinic phase. At very high
fields, a dielectric breakdown occurs, resulting in frac-
ture of the oxide film and formation of pores. The film
is quickly regenerated, leading to a high local current
densities in the pores. Considering the conditions of the
breakdown and rebuilding processes during the film
growth and the fact that solution anions migrate into
the film during the breakdown process and can be
incorporated into the oxide film structure, we decided
to investigate the effect of the addition of Ca?* complex
ions to the solution. This process can generate solid
solutions in ZrO,, allowing the cubic phase stabilization.
In this paper we present a new electrochemical method
for preparing a stabilized zirconium oxide film, as well
as the results of the film characterization by X-ray
diffraction (XRD), scanning electron microscopy (SEM),
and X-ray photoelectron spectroscopy (XPS).

Materials and Methods

The oxide films were grown anodically on a zirconium
substrate in 0.1 mol L™ phosphoric acid aqueous solution at
a constant current density. Initially, the oxide films prepared
in acid aqueous solution with no dopant ions were studied.
Then, the oxide films formed in 0.1 mol L™ phosphoric acid
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Figure 1. Chronopotentiogram obtained during the ZrO, film

growth in 0.1 mol L™t H3PO, solution, i =36 mMAcm™2, T=5
°C.

solutions containing Na[Ca(EDTA)] at different concentra-
tions were investigated. The experiments were carried out at
temperatures between 5 and 25 °C. Zirconium plates (A = 0.5
cm?) and a semicircular platinum sheet (A = 21 cm?) were used
as working and auxiliary electrodes, respectively. The oxide
growth was followed by potential—time curves. A power supply
was used to generate the current between the working
electrode and the auxiliary electrode.

The crystalline structure of the oxide films was determined
by XRD utilizing a Siemens D5000 diffractometer using a Cu
anode (Cu Ka = 1.5418 A). The morphology of the oxide films
was characterized by a Zeiss 950 SEM and the presence of
dopants on the oxide film was determined by energy-dispersive
X-ray spectroscopy (EDX) using a PGT Prism spectrometer.

The surface analysis by XPS was performed using a Kratos
XSAM HS spectrometer. The radiation source used to excite
the photoelectrons was Mg Ko energy of 1253.6 eV and power
given by 15 kV and 15 mA. The pressure in the analysis
chamber was 107° Torr. The samples were flooded with low-
energy electrons from a flood gun to avoid charging effects.
The spectra were referenced to the carbon 1s line from
adventitious hydrocarbons, set at 284.8 eV. Argon ion sput-
tering (3 kV, 20 mA) was employed to remove surface layers
in order to analyze the variation of composition with depth.

Results and Discussion

Figure 1 shows a typical potential—time curve for the
oxide film grown in phosphoric acid aqueous solutions.
This curve is characterized by two regions: the initial
region presents a linear increase of the potential, and
in the second region almost no change in the average
potential is observed, although it shows an oscillation
of approximately 20 V. An electric field applied to an
oxide film causes electric charge transport through the
film. The charges can be carried by ions or electrons.
Thus, in an experiment in which the charge flux, which
is a linear function of the current density, is constant,
there could be different processes contributing to this
flux: ion transport, i; electronic transport, i, and
dissolution current, igq.

In the region of linear potential increase, the main
contribution to the charge flux is the ionic conduction,
i, which leads to an oxide film growth. On the other
hand, the constant potential region is characterized by
electronic conduction through the film from the solution
interface due to the reaction:

H,04) — 2H(g + 26~ + 1,0,

In the intermediate region observed in Figure 1, the
curve levels off, indicating that the values of iy and ie
become important.
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Figure 2. 2. Chronopotentiogram for the ZrO; film growth

in 0.1 mol L™ H3PO, solution with 0.1 mol L™ Na[Ca(EDTA)]
solution, i =36 mA cm=2, T =5 °C.

The second region indicates that the oxide film suffers
rupture by electronic!® or mechanical processes.’? The
mechanical stress!? can be generated inside the oxide
film by interfacial tension of anion adsorption, electric
field, hydration and dehydration processes, and the
difference between metal molar volume and oxide molar
volume due to the presence of impurities such as
solution ions inside the film. Sato and Cohen'? devel-
oped a model to describe the oxide film rupture by
mechanical stress related to the electric field and
interfacial tension. From another point of view, Ikono-
pisovl! proposed the electron avalanche model. In this
model,*! the electrons resulting from the water oxidation
reaction are accelerated by the electric field through the
oxide film from the solution—oxide interface. The elec-
tron avalanche occurs due to defects in the oxide film
like incorporated electrolyte anions. The electric field
ionizes these defects and the electrons move from the
impurity levels to the conduction band, accelerated by
the field. The electrons collide with the oxide molecules
and provoke new ionization, giving rise to the electron
avalanche phenomenon. Sparks were observed in the
oxide film surface after the beginning of the constant
potential region.

For the film grown in phosphoric acid solution con-
taining Nay[Ca(EDTA)] complex, presented in Figure 2,
the potential curve as a function of time presents the
same characteristics described in Figure 1 for the film
growth in H3PO4 solution, although the potential break-
down occurs at lower values, indicating the presence of
defects in the oxide film. The increase of the potential
oscillations with time in Figure 2 probably is related to
the increase of the defect density in the oxide.

The morphology of the oxide films prepared in pure
H3PO4 is completely different than the morphology of
the oxide films grown in the presence of Nay[Ca(EDTA)]
complex. The oxide films prepared in 0.1 mol L™t Hs-
PO, solution showed a compact and uniform microstruc-
ture, while the ones prepared in the presence of calcium
complex were porous, as shown in parts a and b of
Figure 3, respectively. We performed qualitative EDX
microanalysis in the film shown in Figure 3 and
detected Zr, Ca, and O.

We employed XPS to characterize the oxide film
surfaces in order to identify the chemical states and
determine the amounts of the elements. The Zr 3d
spectra are shown in parts a and b of Figure 4 for the
ZrO; films prepared in agueous H3zPO4 and in the
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Figure 3. (a) Micrograph of the ZrO, film growth in 0.1 mol
L~! H3PO4 solution and (b) ZrO; film growth in 0.1 mol L™
H3PO, solution with 0.1 mol L™* Nay[Ca(EDTA)], i = 5 mA
cm~2, T = 20 °C.
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Figure 4. (a) Zr 3d XPS results for the ZrO; films prepared
in aqueous 0.1 mo L™* H3PO, and (b) Zr 3d XPS results for
the ZrO; film growth in 0.1 mol L=* H3PO4 solution with 0.1
mol L=* Nay[Ca(EDTA)], i =5 mA cm=2, T = 20 °C.

presence of 0.1 mol L™ calcium complex, respectively.
The shapes of the Zr 3d photoelectron doublets differ,
as well as their binding energies, indicating that the
calcium oxide-doped film, with a binding energy of 182.3
eV, is consistent with ZrO,, while the film grown in the
H3PO, solution, with a binding energy of 183.3 eV, could
be related to the formation of a Zr—OH species.’?

The XRD spectrum shows that the oxide films grown
from aqueous phosphoric acid solutions without the Ca
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Figure 5. X-ray diffraction spectrum for (a) ZrO, film growth
in aqueous 0.1 mol L~ H3PO4 solution (b) for ZrO; film growth
in aqueous 0.1 mol L™ H3PO, solution with 0.1 mol L™ Na-
[Ca(EDTA)]. i = 36 mAcm™2. T =5 °C. (®) peaks associated
with the baddeleyite phase of zirconium oxide; (M) peaks
associated with the cubic phase of zirconium oxide; (*) peaks
associated with metallic zirconium.

complex are crystalline and have monoclinic structure,
as can be observed in Figure 5a. The oxide film prepared
in aqueous phosphoric acid solutions in the presence of
the Ca complex presents a completely different XRD
diffraction pattern (Figure 5b). In Figure 5b, the pres-
ence of the peaks which characterize the cubic structure
of zirconium oxide is observed for this latter case.

The conventional method of zirconium oxide stabiliza-
tion is based on mixing oxide phases followed by
sintering at high temperatures. A possible explanation
for our results is that the grain sizes in the film are
small enough to predominantly lead to the crystalliza-
tion of zirconium oxide in the tetragonal phase at low
temperatures, according to Gravie's model.'* This model*
also states that when the grains grow as the sample is
thermally treated, zirconium oxide is converted to
monoclinic phase. To investigate this possibility, the
metal substrate was treated at 800 °C in order to grow
a thermal oxide. Then, the metal was anodized in
aqueous solution of 0.1 mol L= H3PO,4 with 0.1 mol L1
Ca complex. This oxide was peeled off from the electrode
and then treated at 1100 °C. It was necessary to scrape
off the oxide film from the substrate to avoid further
oxide growth on the metal. The results for the original
oxide film thermally formed at 800 °C, the anodically
prepared oxide film treated at 800 °C, and the powder
oxide peeled off from the electrode and treated at 1100
°C are shown in Figure 6. It can be observed that the
thermally formed film presents a monoclinic phase.
After the anodization, the oxide is partially converted
to the cubic phase. The powder, after thermal treatment
at 1100 °C, presents more cubic phase than the oxide
treated at 800 °C. This could be related to the ac-
cumulation of CaO in the surface and later diffusion
through the oxide during the high-temperature treat-
ment. Therefore, the proposition that the ZrO, prepared
by the electrochemical method is stabilized in the cubic
phase by a size effect’*can be excluded.

The aforementioned mechanism is not the only one
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280 Chem. Mater., Vol. 11, No. 2, 1999

750

500

counts

250 (b)

(©

0 T T T T T T T T T
20 30 40 50 60 70

20
Figure 6. X-ray diffraction patterns for ZrO, films: (a)
thermal oxide prepared at 800 °C for 2 h, (b) oxide film
prepared anodically after substrate treatment at 800 °C, and
(c) powder from the film described for part b after treatment
at 1100 °C. Anodically grown in aqueous 0.1 mol L™ HzPO4
solution with 0.1 mol L™! Nay[Ca(EDTA)]. i = 36 mAcm™=2. T
=5 °C. (@) peaks associated with the baddeleyite phase of
zirconium oxide; (M) peaks associated with the cubic phase of
zirconium oxide; (*) peaks associated with metallic zirconium.

that could explain our results. Another possibility for
the zirconium oxide stabilization by the electrochemical
method is associated with the breakdown phenomenon
of the oxide film. In agreement with the Ikonopisov
model,!* the applied electric field can ionize and ac-
celerate the defects present on the oxide film. The
resulting electrons collide with the oxide molecules,
causing new ionization processes, initiating the electron
avalanche phenomenon schematically presented in Fig-
ure 7, which locally leads to the film’s destruction. As a
consequence, the electrolytic solution penetrates into the
oxide film carrying away the ions present in this phase.
Corroborating with this statement, results of the quan-
tification of these ions obtained by the combination of
XPS and argon ion sputtering presented in Table 1
indicate that the concentration of calcium is higher in
the film surface (accordingly to longer sputtering times).
Simultaneously, the applied current is concentrated at
this point because the local electrical resistance is much
lower than the oxide resistance, since the film is thinner
at the pore. The conduction of a high current around a
porous channel as thin as 1 um generates heat dissipa-
tion high enough to promote the decomposition and
vaporization of the electrolyte inside the holes, forming
the doped zirconium oxide (Figure 7). Semiquantitative
EDX measurements showed that the bulk concentration
of calcium in the oxide was approximately 12 atom %.
The Ca/Zr ratio calculated from Table 1 decreases with
sputtering time, indicating that the concentration of
calcium ions in the film is higher at the surface than in
the bulk. The other ions detected by XPS, Na and P,
arise from the solution and remain on the film surface
after the solution vaporization process.

Conclusions

In this paper we described a new method to introduce
large quantities of dopants in oxide films and demon-
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Figure 7. Schematic representation of the breakdown phe-
nomena which leads to the zirconium oxide stabilization in
the cubic phase.

Table 1. Quantification (atom %) Measured by XPS for
Different lon Sputtering Times for the ZrO, Film Grown
in Phosphoric Acid Solution Containing Na[Ca(EDTA)]

Complex

quantification (atomic %) for
different ion sputtering times

element  noion sputtering 60 min 120 min 240 min
e} 47.3 415 38.1 39.1
C 40.7 41.2 38.4 36.5
N 2.0 3.0 5.3 2.3
Na 0.8 1.8 1.1 1.0
P 3.2 3.9 8.3 5.4
Ca 4.5 6.2 6.2 10.2
Zr 15 25 25 55

strated the viability of preparing stabilized zirconium
oxide films at room temperature using electrochemical
methods. The film grown in the presence of Nay[Ca-
(EDTA)] complex was cubic, as indicated by XRD, SEM,
and XPS measurements. The electrochemical oxide
growth was characterized by an initial linear potential
increase, which was related only to the oxide growth. A
second region, with an oscillatory potential behavior,
was related to the breakdown phenomenon. We pro-
posed that the local destruction and rebuilding of the
oxide film lead to the incorporation of the solution ions.
These ions migrate into the oxide during the film
rebuilding as the electric current flows through the
pores created by the local film destruction.
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