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Zirconium (IV) hydroxide or hydrate oxide films, which are typically difficult to prepare by
electrochemical methods using aqueous solutions, are easily fabricated in an acetone bath
using Zr anodes as the metal sources and a metal-free solvent containing halide ions as the
supporting electrolyte. This method is also confirmed to be applicable to aluminum
anodes. In the early stage of electrolysis, anodic oxidation of the metal anode proceeds in
the presence of water as an impurity in the solvent. Subsequently, pitting corrosion of the
oxide film on the metal anode occurs as a result of the action of halide ions. The
corrosiveness of the halogen additive appears to be an important factor determining the
dissolution or deposition of metal species in this stage. That is, Br− is more active for
electrochemical dissolution of a passive oxide film on the anode compared to I−. Finally, Zr
species are deposited on the cathode surface via reactions with cathodically generated
hydroxide ions. In these processes, the metal plate acts as a soluble anode and as a metal
source for electrodeposition. The coating of Zr (IV) hydroxide film on a stainless steel
substrate is shown to act as an effective barrier against electrolytic corrosion.
C© 2004 Kluwer Academic Publishers

1. Introduction
The anodic dissolution of refractory metals (Al, Ti, Si,
etc.) has recently been recognized as a new route for
the fabrication of advanced inorganic materials. Two
approaches have been proposed. One involves the fab-
rication of passive oxide films with unique structures
on the metal surface after anodic dissolution [1, 2]. In
particular, the selective dissolution of Al2O3 film on
Al provides the nano-pore arrays, and such films are
widely used as molecular membranes, templates for
nano-sized materials [3, 4], and substrates with high
specific surface area for fixing catalysts [5, 6]. Recently,
Sugiura and coworkers reported that anodic polariza-
tion of polycrystalline TiO2 in H2SO4 aqueous solu-
tion under ultraviolet irradiation resulted in the selec-
tive etching of bulk crystal to afford skeleton structures
consisting of grain boundaries [7]. The other approach
involves the fabrication of inorganic functional mate-
rials by reduction of dissolved metal ions generated
through anodic dissolution of metals. Electrochemical
synthesis of nano-sized metal clusters from a soluble
metal anode in acetonitrile containing tetraoctylammo-
nium salts serving as the supporting electrolyte has been
proposed [8, 9]. In this method, metal cations dissolved
from the anode are cathodically reduced, and the re-
sultant aggregates of metal particles are stabilized by

tetraoctylammonium cationic surfactants. Anodic elec-
troplating of metal nitrides (MNx ) using a correspond-
ing soluble metal anode (M) [10] can be easily carried
out in a liquid-NH3 medium [11], but such aqueous
solutions are difficult to prepare.

The present authors have recently reported a new
electrochemical method for the preparation of TiO2 thin
films, a refractory metal oxide, based on the use of a
soluble titanium anode as a metal source in organic so-
lutions with conductive additives [12]. In this method,
anodic oxidation of the titanium anode occurs in the
initial stage of electrolysis. TiO2+ is subsequently pro-
duced through dissolution of the oxide films and is elec-
trodeposited directly onto the cathode surface. TiO2+
cations, which immediately undergo hydrolysis to form
insoluble hydroxides or hydrated oxides in aqueous en-
vironments, can be readily stabilized in organic solvent.

In this contribution, the technique is extended to the
synthesis of zirconia (ZrO2) and alumina (Al2O3) thin
films. Oxo-metal ions produced as a result of electro-
chemical dissolution of Al or Zr anode, are directly
deposited onto the cathode surface as metal hydroxide.
Finally, deposited films are converted into the oxide
forms by dehydration and crystallization at elevated
temperature. Alumina and zirconia thin films have a
number of applications from an industrial point of view,
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including surface insulation (chemical and electrical) of
various metal substrates [13], catalysts, sensors [14],
and electrolytes for solid oxide fuel cells (SOFC) [15].
In the conventional aqueous electrolysis system for fab-
rication of these films, however, the use of a soluble
metal salt and control of the solution environment (pH
and/or atmosphere) are required to stabilize the metal
ions in solution [16, 17]. In contrast, the solutions used
in the technique proposed here do not contain metal
compounds at the start of electrolysis, thereby eliminat-
ing the need to find suitable soluble metal compounds.

2. Experimental
All electrodeposition experiments were performed in a
two-electrode cell with undivided anodic and cathodic
space as shown schematically in Fig. 1. Polycrystalline
aluminum and zirconium foils (10 × 10 mm2, thick-
ness 0.15 mm) were used as the soluble anode, and
platinum foil and stainless steel (10 × 10 mm2, thick-
ness 0.10 mm) were used as the cathode. The backs
of electrodes were covered with insulating tape to pre-
vent the development of an inhomogeneous potential
distribution during electrolysis. The anode and cath-
ode were set parallel at an opposing distance of 5 mm.
The supporting electrolyte was 0.01 M I2 or Br2 in
acetone solvent, and the as-received acetone reagent
used in this study contained a small amount of water
as an impurity (about 0.13 M). Electrolysis was car-
ried out by applying a constant current or voltage using
a DC power supply at room temperature. After elec-
trolysis, the morphology and elemental distribution of
the deposited films were observed by scanning elec-
tron microscopy (SEM; JSM-5310/LV, Jeol) and elec-
tron probe microanalysis (EPMA; JXA-8900, Jeol),
and the crystal structure before and after heat treatment
was analyzed based on X-ray diffraction (XRD) pat-
terns (RINT-2500V, Rigaku; Cu-Kα radiation). Ther-
mal analysis of cathodic deposits was performed by
TG/DTA (TG/DTA 300, Seiko). The compositions of
the deposited film and the solvent after electrolysis were
analyzed by inductively coupled plasma (ICP) spec-
trophotometry (IRIS Advantage, Nippon Jarrell Ash).
ICP analysis was carried out after evaporating off the
solvent by dissolving the films and the residue in 2 M

Figure 1 Schematic model of anodic dissolution of metal plate and sub-
sequent cathodic deposition by the proposed technique.

HCl solution to determine the amount of Al or Zr. The
corrosive potential and current of stainless steel cov-
ered with the film after thermal treatment at 773 K
were evaluated through measurement of potentiody-
namic current-potential curves in 0.1 M KCl solution.
A Pt plate and an Ag/AgCl (sat. KCl) electrode were
employed as the counter and reference electrodes, re-
spectively. The exposed area of the working electrode
was 0.25 cm2. All potentials were recorded at room tem-
perature (∼293 K). The potential was controlled using
a potentiostat and was varied from −1.0 V to positive
potentials at a scan rate of 1 mV/s.

3. Results and discussion
After electrolysis under a constant applied current of
5 mA for 10 min using the Zr anode, gel-like translu-
cent thin films were produced on the cathode surface
in acetone baths containing I2 or Br2 (abbreviated I-
ACE and Br-ACE). The presence of Zr, O, and a trace
amount of halogen was identified in the film by qual-
itative EPMA analysis, where the halogen impurities
disappeared after thermal treatment above 773 K. As
the solvent does not include a metal source, this re-
sult suggests that metal ions released from the anode
deposit directly onto the cathode surface. Films con-
taining Al and O were obtained in a similar manner
using the Al anode. Therefore, in addition to Ti, Nb,
and Ta [18], which have already been demonstrated as
being feasibility for deposition by this process, Zr and
Al films can also be electrodeposited by a simple elec-
trochemical process. In this process, a metal plate acts
as a soluble anode and a metal source for electrodeposi-
tion. Similar deposition will occur for transition-metal
anodes such as Zn and Fe instead of refractory metals
(Al, Zr, and Ti etc.) in an acetone bath containing a
halogen. In this case, metal ions are integrated onto the
cathode as the metal or a hydroxide depending on the
specific chemical behavior.

Stefanov et al. [19] mentioned that the fabrication
of zirconia thin films in aqueous system is problem-
atic from an electrochemical point of view. That is, the
hydrolysis of zirconium salts in aqueous solutions pro-
ceeds rapidly, and results in the production of the poly-
meric chains of zirconium hydroxide in all solutions.
This rapid process leads to weak adhesion to the sub-
strate. To resolve this problem it is necessary to main-
tain acidic conditions to stabilize the electrolyte during
electrolysis, and pretreat the substrate to strengthen ad-
hesion. In contrast, refractory aluminum species will
dissolve in aqueous solutions over a wide range of
pH as an ionic state (Al3+ under acidic conditions and
Al(OH)−4 or AlO−

2 under alkaline conditions). For this
reason, there have been many studies on the electro-
chemical synthesis of alumina thin films in aqueous
solutions containing aluminum salts [13, 14]. As the
technique proposed here has a number of advantages for
the preparation of zirconia films as opposed to alumina
films, the mechanism of electrolysis for Zr deposition
is investigated below in detail.

Fig. 2 shows the typical evolution of applied voltage
under a constant applied current of 5 mA using the
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Figure 2 Applied voltage change in (a) I-ACE and (b) Br-ACE baths as
a function of electrolysis time under a constant applied current of 5 mA.

Zr anode in I-ACE and Br-ACE. The applied voltages
were roughly constant in the early period of electrol-
ysis (<1 min; stage I), and then increased gradually
with time (stage II). This behavior is comparable to
the anodic oxidation of zirconium substrate under gal-
vanostatic conditions [20]. In general, the anodic be-
havior of refractory metals is a competitive process be-
tween anodic oxidation due to growth of the passive
film and electrochemical dissolution of the oxide film
or anode. Anodic oxidation in this case is described
by

Zr + 2H2O → ZrO2 + 4H+ + 4e− (1)

The halogen additive does not take part in the growth
of the anodic oxide film. As the applied voltages in stage
I are largely independent of the kind of additive, this
process described by Equation 1 occurs preferentially
in this stage. However, in stage II, the applied voltages
differ remarkably between I-ACE and Br-ACE. This is
due to the difference in corrosiveness of the halogen
additive, with the result that Br-ACE exhibits lower

Figure 3 SEM images of the surface of a Zr anode after electrolysis at 50 V for 10 min in Br-ACE.

voltage, representing more aggressive dissolution of the
Zr anode compared to I-ACE.

Fig. 3 shows an SEM image of the surface of the
Zr anode after potentiostatic electrolysis at 50 V for
10 min in Br-ACE. The surface became tarnished and
blackish with appreciably pitting as a result of selective
dissolution (pitting corrosion). In general, the develop-
ment of spatial variation in electrical conductivity of the
anodic oxide films results in local dissolution (pitting
corrosion) at sites of relatively high conductivity. The
observed voltage change is consistent with a process in
which the formation rate of the passive film is initially
higher than the dissolution rate, but gradually decreas-
ing over time such that the dissolution rate becomes
predominant [21].

Fig. 4 shows the variation in the amounts of Zr in the
solvent and as-deposited film after galvanostatic elec-
trolysis under 5 mA as a function of time, as determined
by ICP analysis. The amount of Zr in the solvent and
cathodic film increase linearly with electrolysis time,
independent of the kind of additive, suggesting that the
deposition amount, reflecting the film thickness, can be
easily manipulated by the electrolysis time. The Zr con-
tents of the solvent and film prepared in Br-ACE were
higher than those prepared in I-ACE in all cases, consis-
tent with the expectation regarding the corrosiveness of
the halogenated bath. Commonly, the addition of halo-
gen molecules (X2) to acetone solvents results in the
production of proton and halide ions by the following
H2O-catalyzed reaction [22].

CH3COCH3 ↔ CH3C(OH)CH2

→ CH3COCH2X + H+ + X− (2)

In addition, the reaction of halogen molecules with H2O
also results in the production of H+ and X−. Thus, pro-
tons and halide ions (X−) will present in the solvent
and will play a role as supporting electrolytes dur-
ing electrolysis, as evidenced by the lack of anodic
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Figure 4 Amount of Zr in (a) solvent and (b) as-deposited films as mea-
sured by ICP spectroscopy as a function of electrolysis time under ap-
plication of 5 mA current.

oxidation of Zr and film formation on the cathode in
acetone without halogen additive under an applied elec-
tric field.

Halide ions in an electrolyte strongly promote an-
odic corrosion. The etching force for an anodic ZrO2/Zr
film decreases in the order Cl− > Br− > I− [20]. In
the authors’ previous study, the difference in corrosive-
ness between I− and Br− was distinctly revealed in the
case of anodic dissolution of Ta and Nb in the same
solvent. In these cases, anodic dissolution of M2O5/M
proceeded only in Br-ACE, but not in I-ACE. These
facts can be understood by the difference in durability
of the metals with respect to halide ions, i.e. (Al, Zr, Ti)
� (Ta, Nb). Another group reported that Br− ions form
the strongest chemical bond with the outermost layer
of oxide, strongly assisting in the potential-dependent
chemical dissolution of the oxide film [23]. In addition,
the ionic radius of aggressive halide ions may affect the
dissolution rate of ZrO2/Zr. That is, small bromide ions
are able to infiltrate into the passive oxide film more
readily than the larger iodine ions, thereby promoting
dissolution of the metal substrate [24]. As a result, the
deposition of Zr in the case of Br-ACE proceeds faster.
Although the addition of hydrogen halide (HX) will
give a similar result, gas-phase additives are difficult to
handle for processing. Thus, I2 or Br2 are considered
to be the most appropriated additives as an aggressive
reagent for the present solvent.

As stated already, the ZrO2/Zr layer dissolves due to
the effect of halide ions, releasing zirconium species
into the solvent. Consistent with reaction (2), the
present halogenated acetone solvent has a high proton
content. According to the literature [22], [H+] of I-ACE
is estimated to be 2 × 10−4 M for 0.01 M I2, as de-

termined by neutralization titration. Therefore, ZrO2+
(zirconyl ion), which is a stabilized form in the acidic
conditions, is considered to be released to the solvent
as a result of anodic corrosion. If this ZrO2+ readily
precipitates as polymeric zirconia and deposits elec-
trophoretically on the cathode, the zeta potential of
the solution would shift from nearly zero to positive
in an acidic solution after electrolysis [25]. The zeta
potentials of the solutions, however, did not change
after electrolysis. This supports the idea that the zir-
conium species existed as an isolated ion state in the
solution. We have already investigated the role of water
in the present technique using Ta anode [18]. Although
the Br-ACE contained a large amount of H2O (2 M),
anodic dissolution and cathodic deposition proceeded
similarly to when the solvent did not contain additional
H2O (0.13 M). Judging from this result, it is thought
that strict control of the electrolysis condition such as
dehumidification of organic solvent or deposition in an
inert atmosphere is not necessary. However, attempt to
increase the H2O content in Br-ACE (about 8 M) has
led to the formation of powdery white deposits that has
very weak adhesion to the cathode.

The following reaction for ZrO2+ may also proceed
to yield Zr(OH)2+

2 due to the influence of water present
as an impurity in acetone [26].

ZrO2+ + H2O → Zr(OH)2+
2 (3)

In this case, ZrO2+ and/or Zr(OH)2+
2 diffuse in the

cathodic direction to deposit electrochemically on the
cathode surface. Hydrolysis of zirconium species with
OH− (as described by reactions (4) and (5) below) pro-
duced by the reduction of H2O (6) and/or dissolved
oxygen (7) results in the accumulation of a gel on the
cathode surface [27–29].

ZrO2+ + H2O + 2OH− → Zr(OH)4 (4)

Zr(OH)2+
2 + 2OH− → Zr(OH)4 (5)

2H2O + 2e− → 2H2 + 2OH− (6)

O2 + 2H2O + 4e− → 4OH− (7)

Fig. 5 shows EPMA elemental distribution maps for
the Pt cathode surface after electrolysis using the Zr
anode in I-ACE. At high voltage (50 V), platelet films
with cracks are deposited on the entire surface. The
crack development will depend mainly on the hydro-
gen gas evolution in accordance with reaction (4), and
on volume shrinkage resulting from evaporation of sol-
vent during drying. However, a uniform coating with-
out structural defects is desired from the viewpoint of
practical application. Such a smooth defect-free film
was successfully obtained by electrolysis at 10 V for
10 min. TG/DTA of as-deposited film detected a ma-
jor weight loss in each of the two temperature ranges
(RT–723 K and 723–823 K), and the total loss up to
1473 K was about 35%. This is similar to that of zir-
conium hydroxide, which was electrochemically pre-
pared in ZrOCl2 aqueous solution [30]. The first de-
crease in the weight (∼30%) appears to result from the
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Figure 5 EPMA elemental distribution maps of the surface of films prepared at (a) 50 and (b) 10 V for 10 min.

evaporation of acetone and/or water remained in the
film. In the second stage, the sudden loss (∼35%) with
an exotherm is attributable to the dehydration of hy-
droxide or hydrated oxide. The exothermic peak is con-
sidered to be due to crystallization of zirconia phase.
The crystal structures of deposited films before and af-
ter heat treatment were determined by analysis of XRD
patterns measured at ambient temperature. As expected,
the as-deposited film is amorphous, and becomes mon-
oclinic ZrO2 crystal upon thermal processing at 1273 K
in air.

Fig. 6 shows the potentiodynamic polarization curve
for the stainless steel substrate covered with Zr(OH)4
film (50 V, 10 min in I-ACE) after annealing at 773 K
for 60 min in 0.1 M KCl solution (pH 6.5). For compar-
ison, this figure also shows the curve for an uncoated
stainless steel substrate after annealing. The polariza-
tion curves of two substrates show Tafel-type behavior.
The corrosion potential (Ecorr) of the coated stainless
steel substrate is shifted toward a more positive poten-
tial compared to the uncoated sample. Moreover, the
corrosion current of the coated substrate was reduced
by two orders of magnitude. These results indicate that
the dense zirconia coating inhibits the permeation of
aggressive ions (Cl−) through the film [31], acting as

Figure 6 Potentiodynamic polarization curve of (a) zirconia-coated
stainless steel substrate (50 V, 10 min) after annealing at 773 K for
1 h in 0.1 M KCl solution, and (b) uncoated stainless steel substrate after
identical thermal treatment.

an effective barrier against electrolytic corrosion [32].
Since the present electrochemical method is one of sim-
ple solution process, any electrically conductive sub-
strate and/or complex shaped substrate are thought to
be applicable for anti-corrosion coating.
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In conclusion, zirconium (IV) and aluminum (III) ox-
ide films were successfully fabricated in an acetone bath
containing conductive halide additives using a soluble
Zr and Al anode as the metal source. The electrode-
position mechanism was resolved into three processes.
First, anodic oxidation of the metal anode proceeds in
the presence of water as an impurity in the acetone sol-
vent. Subsequently, the oxide film on the metal anode
undergoes pitting corrosion through reaction with the
halide ions, and finally, the metal species produced by
this corrosion are deposited directly onto the cathode
surface through reaction with hydroxide ions generated
at the cathode. In the present electrolysis mechanism,
the corrosiveness of halogen additive was found to be a
significant factor determining the deposition amount of
metal species. That is, bromide ions are more aggressive
for electrochemical dissolution of the metal anode com-
pared to iodide ions. A stainless steel substrate coated
with the zirconia film exhibited good protection against
electrolytic corrosion.
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