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Introduction

Thin-film deposition of metal oxides and hydroxides by elec-
trochemical methods is a rapidly developing field.[1±16] In a
review on this area, Cryston and Lee[2] suggested that elec-
trochemical methods offer simple and inexpensive alterna-
tives to currently used techniques. These methods of deposi-
tion can be categorized into three main groups: electropho-
retic deposition,[17±24] deposition on electrochemical forma-
tion of less soluble metallic species and deposition by elec-
trochemically altering the pH of the solution near the
electrode surface.[1±8,10±16] Recently, we employed the last-
named approach[25] in a novel electrochemical sol±gel proc-
ess in which thin films of methylated silica are deposited on
conducting surfaces by application of moderate potentials
(in the range of �0.5 V to �1.5 V versus Ag/AgCl). We sug-
gested that the variation of the pH near a conductive sur-
face in the presence of the (hydrolyzed) alkoxysilane effect-
ed its polymerization. While electrochemical induction of
pH changes is known in the context of the formation of in-
soluble oxides and hydroxides and their subsequent precipi-
tation,[1,3,4,6,7,10, 11,13±16] its use for locally effecting the poly-
merization of sol±gel monomers and increasing their rate of

polymerization is, to the best of our knowledge, unknown.
Here we extend our methodology[25] to the important family
of zirconia coatings, and report on the electrochemically in-
duced formation of these films and convenient thickness
control in the range of several hundreds of nanometers.
As ZrO2 films have already been prepared electrochemi-

cally,[4,13±16,26] we highlight the special features of the electro-
chemical sol±gel approach reported here. First, whereas pre-
cipitation of ZrO2 has been effected by electrogeneration of
a base at negative potentials, the electrochemical sol±gel
method makes it possible to use both positive potentials
(leading to acid-catalyzed polymerization) and negative po-
tentials (leading to base-catalyzed polymerization). Second,
the precursor is [Zr(OPr)4] instead of the commonly used
Zr salts.[4,13±15] Third, water is used as a limiting reagent in
alcoholic medium (in contrast to the standard use of water
as both solvent and reagent[4,13±15]). Fourth, a polycondensa-
tion process rather than precipitation[4,7,10, 13±15] leads to film
formation. Fifth, the films are exceptionally smooth,[27] down
to a roughness of 0.7 nm for a 5î5 mm area. The convenient
control of film thickness by changing the applied potential
or the time for which it is applied is a key feature of this
method.

Results and Discussion

Zirconia-based thin films were electrodeposited from a solu-
tion of zirconium tetra-n-propoxide [Zr(OPr)4] in 0.1m
LiClO4 in 2-propanol, to which small and controlled
amounts of water were added (solution A). Deposition was
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Abstract: A novel electrochemical
method for deposition of ZrO2 thin
films is described. The films, 50±600 nm
thick, were obtained by applying mod-
erate positive or negative potentials (+
2.5 V to �1.5 V versus SHE) on con-
ducting surfaces immersed in a 2-prop-
anol solution of zirconium tetra-n-
propoxide [Zr(OPr)4] in the presence
of minute quantities of water (water/
monomer molar ratios in the range of

10�5 to 10�1), which was the limiting re-
agent. Oxidative electrochemical for-
mation of solvated H+ and reductive
formation of OH� catalyze the hydrol-
ysis and condensation of the metal alk-
oxide precursor. The magnitude of the
applied potential and its duration pro-

vide a convenient way of controlling
the film thickness. The films consist of
an amorphous phase, as revealed by
XRD measurements. The effects of dif-
ferent parameters, such as the applied
potential and its duration, the amount
of added water and the current±time
characteristics, were studied. A mecha-
nism for the electrodeposition of the
zirconia films which is in accordance
with our findings is proposed.
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carried out by applying constant potentials at electrodes
while stirring solution A.

Film characterization : The composition of deposited films
was determined by elemental analysis (EPXMA, electron-
probe X-ray microanalysis) and XRD. In the EPXMA
measurements the atomic concentration of zirconium in-
creased with decreasing electron-beam intensity. Since the
penetration of the electron beam (ca. 1 mm) exceeded that
of the film thickness at high beam intensities, it is evident
that as the intensity decreased the fraction of the elements
in the film increased. This implies that Zr is the major com-
ponent of the deposited layer. As expected, XRD (data not
shown) revealed that the films are composed of amorphous
ZrO2, due to the low temperature at which deposition took
place. This is in complete agreement with previous reports,
for example, by Chaim et al. ,[15] who deposited ZrO2 under
galvanostatic conditions in aqueous solutions starting from
ZrO2+ as the precursor. They also observed a very broad
XRD peak around 2q�308. Only annealing at temperatures
above 900 K produced a mixture of tetragonal and mono-
clinic polymorphs of zirconia.[15]

Our as-deposited dried films were exceptionally smooth,
as was evident by AFM. Figure 1 shows four samples that
were scanned under identical conditions. Whereas bare ITO
(Figure 1a) is characterized by lumps that are about 440 nm
long (i.e., in the xy plane) with an average height of about
34 nm (along the z axis), the coated ITO samples are much
smoother: The roughness factor (RMS value) of 5î5 mm
samples that were coated at negative potential (Figure 1c,

d) is about 0.5 nm, and they are smoother than a zirconia
film obtained by dip coating (Figure 1b).[4,13±15,17,19,21, 23,27,28]

To the best of our knowledge, such smooth films have never
been reported previously. This suggests that the electro-
chemical deposition has a significant levelling effect on the
surface. Moreover, as the absolute value of the applied po-
tential and its duration increase, the samples become
smoother (Figure 1c, d). These observations suggest a depo-
sition mechanism which involves very small clusters that fill
the rough contours of ITO. Although stirring was essential
to achieve smooth surfaces, the rate of stirring had little
effect on the smoothness. The SEM images (not shown) also
show highly smooth surfaces over large areas (up to ca.
100î100 mm).

Factors affecting film deposition

Applied potential : Controlling film thickness is a nontrivial
task in practically all methods of coating.[1,2,7,10, 11] Figure 2
shows the convenient control of film thickness, ranging from
several tens of nanometers (a film thickness of 55 nm is ob-
tained by simple dip coating) up to several hundreds of
nanometers, by variation of the applied potential. Film
growth is more sensitive to negative than to positive poten-
tials, as will be discussed below. The positive potential is
limited (on ITO) to +2.5 V versus Ag/AgBr, because con-
siderable oxygen evolution occurs beyond this voltage, while
the negative potential is limited to �1.6 V, beyond which
massive hydrogen evolution occurs. The presence of phe-
nolphthalein in solution A resulted in the formation of a

pink color near the electrode
surface on applying potentials
more negative than �1.0 V. The
color became darker as the po-
tential was made either more
negative or applied for a longer
period.

Amount of added water : As
can be seen in Figure 3, the
effect of added water on thick-
ness passes through a maximum
on applying negative or positive
potentials for 30 min. The fact
that almost no film is deposited
when no water is added is very
important and is discussed
below. Moreover, we draw at-
tention to the similarity in be-
havior under acidic and alkaline
conditions, which suggests that
the role played by water is simi-
lar in both potential regions.

Duration of the applied poten-
tial : The influence of the time
for which the potential was ap-
plied on the film thickness is
shown in Figure 4 for negative

Figure 1. AFM images of 5î5 mm samples: a) bare ITO plate (RMS roughness value of the coating (Ra=
7.622 nm, z scale: 80 nm)), b) dip-coated ITO (Ra=0.615 nm, z scale: 20 nm), c) coated ITO on applying
�0.9 V for 30 min (Ra=0.568 nm, z scale: 20 nm), and d) coated ITO on applying �1.4 V for 30 min (Ra=
0.522 nm, z scale: 20 nm). All coated surfaces were dried for one week at room temperature after the deposi-
tion stage.
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(�1.2 V) and positive potentials (+2.5 V). In both regimes,
during the first 15 min or so the films are rapidly built up,
after which an almost constant thickness is reached.
Figure 5 shows the effect of negative applied potential on

the current±time behavior. Similar behavior was observed
for positive potentials. Formation of the film is accompanied
by a decrease in the current, which is due to gradual block-
ing of the electrode surface towards the electroactive spe-
cies. As the current varies linearly with the concentration
gradient of the electroactive species at the electrode surface,

this clearly suggests that as the film grows, thickens and is
cross-linked it becomes less permeable to the species being
oxidized or reduced (see below). Due to constant stirring of
the solution, such a decrease in the current is not observed
in the absence of the zirconium monomer. Water depletion
as another plausible explanation of the decay was ruled out,
as doubling the water content by injecting an additional
900 ppm of water after 30 min had no apparent effect on the
current. Interestingly, although the initial current density in-
creases as the applied potential becomes more negative, the
curves eventually merge (after 10±15 min), and similar cur-
rent densities result. This suggests that the film grows quick-
ly during the first 10±15 min of applying the potential, and
that the steady-state current attained after this time has
almost no effect on film growth and originates from its po-
rosity. Therefore, the decrease in the current could be a
good indicator for film growth (see below).
Interestingly, two independent measurements could be

correlated to an approximate straight line, namely, the thick-
ness (Figure 4) and the current density (Figure 5b), as ob-
tained by applying �1.2 V for different durations (Figure 6).

Similar results (not shown) were obtained for gold, on
which zirconia was deposited by applying �1.4 V. Film
growth on gold also ceased after about 15 min, and the cur-

Figure 2. Thickness of zirconia electrodeposited films as a function of the
applied potential. All potentials were applied for 30 min with slow stir-
ring of solution A (see Experimental Section). Unless otherwise stated,
this solution was used in the other figures as well.

Figure 3. Effect of added water on the thickness of the electrodeposited
zirconia films after applying a) �1.2 V and b) +2.5 V for 30 min.

Figure 4. Rate of ZrO2 film buildup on ITO surfaces on applying �1.2 V
(open circles) or +2.5 V (filled circles).

Figure 5. Effect of the applied negative potential on initial current densi-
ties and on current decay profiles at ITO electrodes: a) �1.0 V,
b) �1.2 V, c) �1.4 V, d) �1.5 V, and e) at a gold electrode (�1.4 V). Note
that the currents in lines a±d merge after approximately 15 min.

Figure 6. Cathodic current densities versus thickness of the film when
�1.2 V versus Ag/AgBr was applied at ITO electrodes. The data were
taken from Figures 5b and 4, respectively. The line is only to guide the
eye.
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rent density correlated reciprocally with film thickness.
These findings again indicate that the decay of current in
both systems is due to the gradual blocking of the electrode
surfaces during film deposition.

The conducting substrate : Under comparable conditions of
preparation films deposited on ITO are significantly thinner
than those deposited on gold (Table 1), because the reduc-

tion kinetics are more facile on gold than on ITO (Figure 5,
curve e). This observation also seems to rule out an electro-
phoretic mechanism, which would favour the surface with
the lower rate of electron transfer, that is, higher overpoten-
tial, namely, ITO (see explanation in ref. [24]). The fact that
simple dip coating resulted in a similar film thickness for
both substrates corroborates the electrochemical origin of
film growth.
Furthermore, comparison of the current decays during

buildup of the films on ITO and gold electrodes (Figure 5,
curves c and e) shows that the decrease in reduction current
density for gold is much steeper than that for ITO. This also
suggests that electrochemical deposition of the gel is faster
on gold than on ITO. In addition, the current densities
measured at the steady state (>15 min) are also different:
the gold electrode exhibits higher current densities than
ITO. Nevertheless, these steady-state currents do not lead to
substantial film thickening.

Stirring speed : With decreasing stirring speed, the films
thicken. Nonetheless, we maintained a constant stirring
speed to avoid inhomogeneities in the deposited films. The
fact that the thickness of the deposited films decreased with
increasing stirring speed suggests that deposition depends
on the formation of a local gradient of electrogenerated spe-
cies (i.e., OH� and H+), which is strongly affected by con-
vection. On the other hand, it indicates that formation of
the film is not limited by mass transport to the film/electro-
lyte interface, which should be enhanced by stirring the sol-
ution.

Electrochemical studies

Our findings clearly indicate that the sol±gel films are de-
posited as a result of applying either positive or negative po-
tentials. Moreover, Faradaic processes, that is, oxidation and
reduction of electroactive species, and not charging of the
electrode surface, are responsible for drastically enhancing
the rate of film deposition. Therefore, we primarily tried to
determine the oxidation and reduction processes and the
products that account for this electrocatalytic deposition
process.

Figure 7 shows the cyclic voltammogram of an ITO elec-
trode in 2-propanol and 0.1m LiClO4 before and after
adding 900 ppm of water and 1.12m [Zr(OPr)4]. The reduc-

tion and oxidation of 2-propanol commence at potentials
more negative than �1.0 V and more positive than +2.0 V,
respectively. Evidently, the addition of water (Figure 7b)
significantly increases the currents associated with the re-
duction and oxidation waves; however, these diminish as
soon as the monomer [Zr(OPr)4] is added, presumably be-
cause of its reaction with water. Note that [Zr(OPr)4] is not
electroactive in this potential window. Therefore, one has to
take into account the electroactivity of the solvent and the
added water. The reduction of 2-propanol is likely to give
the alkoxide ion,[29] and therefore, the two reduction proc-
esses are given by Equations (1) and (2).

Me2CHOHþ e� !Me2CHO� þ 1=2 H2 ð1Þ

H2Oþ e� ! 1=2 H2 þ OH� ð2Þ

The electrochemically generated alkoxide will react with
water to yield hydroxyl ions [Eq. (3)].

Me2CHO� þH2O!Me2CHOHþOH� ð3Þ

The anodic processes increase the local concentration of
protons by generating ketone[29] or oxygen [Eqs. (4) and (5)].

Me2CHOH!Me2COþ 2Hþ þ 2 e� ð4Þ

H2O! 1=2 O2 þ 2Hþ þ 2 e� ð5Þ

Figure 8 shows that indeed both the cathodic (measured
at �1.5 V) and anodic (at +2.0 V) currents vary linearly
with the amount of added water. However, while the anodic
current vanishes as water is eliminated, the cathodic back-
ground current is significant. This suggests that the reduc-
tion of the iPrOH contributes more to the total current than
its oxidation. Moreover, this observation, along with the
number of electrons that are involved in the reduction and

Table 1. Dependence of film thickness on the method of deposition and
the electrode material.

Method Thickness [nm]
on ITO on gold

dip coating 50�10 60�10
�0.9 V, 30 min 70�10 100�10
�1.4 V, 30 min 280�10 560�10

Figure 7. Cyclic voltammetry of an ITO plate in 0.1m LiClO4 solution of:
a) dry iPrOH, b) iPrOH with 900 ppm (0.05m) water and c) iPrOH with
0.05m water and 1.12m [Zr(OPr)4].
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oxidation of water [Eqs. (2) and (5), respectively] account
for the increase in the cathodic and anodic currents by fac-
tors of 2 and 15, respectively, upon adding 0.9m
(16000 ppm) of water.
In view of the high reactivity of [Zr(OPr)4] towards water

and the low concentration ratio (r=10�5±10�1) one might
expect that all of the added water would disappear by hy-
drolyzing the monomer to (mono)hydroxylated zirconium
propoxide species with liberation of PrOH [Eq. (6)]. How-
ever, since film growth is evident only in the presence of
water (see Figure 3) it seems that some of the water remains
in the system as such. This can be understood by recalling
that the solvent, nPrOH and iPrOH, is in such large excess
over water that the hydrolysis equilibrium is quenched and
some of the water is retained as a free reagent [Eq. (6)], in
accordance with Le Ch‚telier×s principle.

ZrðOPrÞ4 þ xH2O! ZrðOPrÞ4�xðOHÞx þ xPrOH ð6Þ

This process has an equilibrium constant of K�1700,[30]
from which it can be deduced that although most of the
water in the solution is consumed, a small fraction still re-
mains as free water. Employing high initial concentrations
of the monomer and solvent (1.12m and 8.5m, respectively)
while introducing low concentration of water (0.05m) results
in an equilibrium concentrations of water of about 0.2mm

(only 0.4% of its initial value) and of the monohydroxylated
species of about 0.05m. Indeed, Figure 7 shows that the
cathodic and anodic signals significantly decrease on adding
the monomer to the mixture of water and 2-propanol. The
only significant process that one might expect is the conver-
sion of [Zr(OPr)4] to mixed [Zr(OPr)x(O-2-Pr)4�x] alkoxides.
Since this mixed alkoxide behaves esentially like the original

alkoxide, we shall continue to use the notation [Zr(OPr)4]
below, where OPr refers to nPr or 2-Pr groups. This means
that at least the cathodic current (Figure 5) which is meas-
ured in the presence of the monomer is mainly due to
PrOH reduction. This is in accordance with our findings that
added water had no significant effect on the measured cur-
rent.
To better understand how film growth affects the current,

we studied the current decay under well-controlled condi-
tions using a gold disk electrode (Figure 9). We applied

�1.2 V for 3 min in five successive periods. It is evident that
as deposition proceeds, the current decreases. This decrease
is diffusion-controlled, as is evident from the linear depend-
ence on t�1/2 (not shown). We used a simple model, based on
two resistors in series, to represent the film and the solution
(Figure 10). Therefore, the respective currents can be treat-

ed by the Savÿant approach[31] [Eq. (7)], where iTotal, iSolution
and iFilm are the total current, the current that is controlled
by the gradient formed in solution and the current control-
led by transport in the film, respectively.

1
itotal
¼ 1

isolution
þ 1
ifilm

ð7Þ

Assuming diffusion-controlled conditions gives Equa-
tion (8),

Figure 8. A) Cathodic and B) anodic current densities versus amount of
water added to dry iPrOH+0.1m LiClO4 solution. Figure 9. Current±time transients recorded with a gold electrode in solu-

tion A. The potential was stepped from 0 V to �1.2 V at different times
during film deposition: a) first 3 min to e) after 12 min of deposition.

Figure 10. Schematic diagram of the concentration gradient of electroac-
tive species that is formed during film deposition. For symbols, see text.
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1
itotal
¼ p1=2t1=2

nFAD1=2
solutionCsolution

þ d

nFADfilmCfilm
ð8Þ

where n is the number of electrons that are exchanged per
molecule [n=1, see Eq. (1)], F the Faraday constant, A the
electrode area (0.07 cm2), t the measurement time, Dsolution,
Dfilm and Csolution, Cfilm are the diffusion coefficients and the
concentration gradients of the species in solution and in the
film, respectively, and d is the film thickness. Clearly, the
sum of Csolution and Cfilm (Figure 10) is equal to the total con-
centration gradient of the species between the electrode and
the bulk [Eq. (9)].

Csolution þ Cfilm ¼ C* ð9Þ

Therefore, plotting i�1 as a function of t1/2 [Eq. (8)] should
result in a linear dependence, whereby the slope and the in-
tercept are given by Equations (10) and (11).

slope ¼ p1=2

nFAD1=2
solutionCsolution

ð10Þ

Intercept ¼ d

nFADfilmCfilm
ð11Þ

Indeed, all curves recorded after a known time of apply-
ing a negative potential gave a linear plot of i�1 as a function
of t1/2 (Figure 11), but with different slopes and intercepts.

Extracting the slope and introducing the diffusion coeffi-
cient of propanol (Dsolution=1.6î10

�5 cm2s�1[32] allows Csolu-
tion, and therefore Cfilm, to be calculated for each curve. Intro-
ducing the latter value to the intercept of each curve
[Eq. (11)] made it possible to determine Dfilm, given d from
profilometry. As expected, we obtained a constant diffusion
coefficient, Dfilm= (2.2�0.7)î10�8 cm2s�1, for the solvent in
the film.
Finally, the permeability of the films towards conventional

one-electron redox couples was examined. Three species
were used: hexacyanoferrate(ii), hexaammineruthenium(ii),
and ferrocene, of which the first two are hydrophilic and the
last-named is hydrophobic. The redox responses of
[Fe(CN)6]

3� and [Fe(C5H5)2] at freshly deposited films
(treatment a as detailed in the Experimental Section) are

shown in Figure 12. These voltammograms show that the
electrochemistry of [Fe(C5H5)2] is practically unaffected by
the wet zirconia film, but the hydrophilic species (shown for

[Fe(CN)6]
3�) show no penetration at all (the currents of

[Fe(C5H5)2] and [Fe(CN)6]
3� on bare ITO are 140 and

125 mA, respectively). As for treatments c and d, the hydro-
philic species exhibited higher currents, while the currents
that originated from the electrochemistry of [Fe(C5H5)2]
were unchanged. Furthermore, we studied the effect of film
deposition on the diffusion coefficient of [Fe(C5H5)2]. The
results were unquestionable: the diffusion coefficient of fer-
rocene was not affected by the growth of the film, as veri-
fied by chronoamperometry (D�3.7î10�5 cm2s�1).[33] All of
these findings imply that the freshly formed zirconia film ex-
hibits a certain degree of hydrophobicity, which might be
due to the first, strongly adsorbed layer of propanol, and
perhaps also to some incomplete hydrolysis of the monomer
leaving ZrOPr residues. Indeed, the hydrophobicity decreas-
es as a result of exposure to the atmosphere. The separation
between the oxidation and reduction waves of [Fe(C5H5)2]
(ca. 400 mV) in Figure 11 is mainly due to sluggish kinetics
at the ITO/solution interface. Replacing ITO by gold, which
exhibits faster kinetics, decreases the potential peak separa-
tion.

Proposed polycondensation mechanism

In view of the above results, we propose adopting the mech-
anism that is commonly accepted for ZrO2 sol±gel formation
with catalysis under acidic or alkaline conditions.[34±36] Clear-
ly, the electrochemical processes eventually generate H+ or
OH� [Eqs. (1)±(5)]. Although protons and hydroxide ions
are generated electrochemically even in the absence of
water, water is crucial for the deposition of a zirconia film
(Figure 3). This implies that water is involved not only in
the electrochemical reaction but also in the condensation
itself [Eqs. (12) and (13)]. Specifically, under oxidative con-
ditions, H+ is formed, which then protonates [Zr(OPr)4] to
[Zr(OPr)3(PrOH)]

+ . Nucleophilic substitution takes place
with water to give [Zr(OPr)3(H2O)]

+ [Eq. (12)]. The mo-
noprotonated species condenses to form Zr-O-Zr bonds by

Figure 11. Dependence of the reciprocal current from Figure 9 on t1/2.

Figure 12. Cyclic voltammetry of a) 5 mm [Fe(C5H5)2] and b) 5 mm

[Fe(CN)6]
3� in 0.1m LiClO4 iPrOH solution, recorded with scan rate of

100 mVs�1and ITO electrodes (treatment a, as described in the Experi-
mental Section).
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reacting with another monomer molecule (either hydrolyzed
or not), releasing either a water molecule, propyl alcohol or
dipropyl ether [e.g., Eq. (13)].

½ZrðOPrÞ3ðPrOHÞ�þ þH2O! ½ZrðOPrÞ3ðOH2Þ�þ þ PrOH

ð12Þ

½ZrðOPrÞ3ðOH2Þ�þ þ ½ZrðOPrÞ4� ! ½ZrðOPrÞ3OZrðOPrÞ3�þ
PrOHþHþ

ð13Þ

Under reductive conditions, it is OH� which forms [Zr(O-
Pr)3(OH)] by nucleophilic substitution, releasing PrO�

[Eq. (14)]; the monohydroxylated species condenses with
another monomer to form Zr-O-Zr bonds by a hydrolytic
mechanism [Eq. (15)][34,36]). Hence, the role played by water
is primarily to provide the nucleophile, which attacks zirco-
nium and forms [Zr(OPr)3(OH)]. The fact that most of the
cathodic current is attributed to the reduction of the solvent
supports this claim.

½ZrðOPrÞ4� þOH� ! ½ZrðOPrÞ3OH� þ PrO� ð14Þ

½ZrðOPrÞ3OH� þ ½ZrðOPrÞ4� ! ½ZrðOPrÞ3OZrðOPrÞ3� þ PrOH

ð15Þ

The fact that the film ceased growing after reaching a cer-
tain thickness, which depends primarily on the nature of the
electrode material, is apparently due to the flux profile of
the electrogenerated species. Clearly, the lower the overpo-
tentials for solvent oxidation and reduction, the larger the
fluxes of these species are. In other words, as the flux of pro-
tons or hydroxyl ions increases, the reaction zone will
extend farther into the solution. Yet, as the film is built, it
slows down significantly the diffusion of both the solvent
and water and hence decreases the rate of film deposition.
The film will presumably grow until it reaches the diffusion
layer of the electrogenerated protons or hydroxyl ions. In-
creasing the flux by applying more negative or positive po-
tentials pushes this layer deeper into the solution. On the
other hand, it is evident that a certain concentration of H+

or OH� is required at the film/electrolyte interface to drive
film growth. Convection of the solution tends to level this
pH gradient and therefore decreases the rate of film deposi-
tion.

An issue which is still unresolved is the complex effect of
water concentration on film thickness (Figure 3). It is evi-
dent from Figure 2 that the rate of H+ or OH� generation
governs the rate of film deposition, but this depends on the
potential and only to a lesser extent on water concentration.
In other words, the concentration of water must be above a
certain level so that, on one hand, every RO� that is electro-
chemically formed will immediately react with water to
form OH� , and on the other hand, that the species
Zr(OPr)4 will be able to undergo nucleophilic attack by
water to form [Zr(OPr)3(H2O)]

+ . An initial current density
of about 100 mAcm�2 (approximately equal to a flux of
10�9 mol s�1 cm�2) and a diffusion path of 10 mm would

result in a concentration of 1mm of generated electroactive
species. Therefore, the relatively small amounts of water (in
the 0.1mm range) will be fully consumed. Yet, we do not
have a clear explanation for the fact that higher concentra-
tions of water tend to decrease the film thickness.

Conclusion

Our study clearly shows that electrochemical reactions that
take place at the interface of conducting substrates result in
the formation of zirconium oxide thin films with thickness in
the submicrometer range. The effect of the different param-
eters that control the growth of the film on ITO and Au sur-
faces suggests a mechanism of electrochemical acid or base
catalysis. The major advantage of this approach is the ability
to control the deposition rate externally by means of the ap-
plied potential. However, the formation of thick films, in the
micrometer range, is limited due to hindrance of diffusion of
the electroactive species to the electrode surface and of the
protons and hydroxyl ions from the electrode to the solution
by the deposited film. In other words, the process is self-
controlled and ceases as the pH at the film/electrolyte inter-
face becomes insufficient to drive film deposition. This also
implies that the reported approach could be advantageous
for depositing films on the nanometer scale on conducting
surfaces.

Experimental Section

Chemicals : Zirconium tetra-n-propoxide ([Zr(OPr)4], 70% (w/w) in n-
propanol, ABCR) was used as received. Highly pure LiClO4, KNO3,
KBF4, and NaCl were purchased from Merck. 2-propanol (2-PrOH) was
dried over 0.3 nm molecular sieves for at least one week, which resulted
in a water content of less than 1 ppm (determined by the Karl Fischer
method). Highly purified water (EasyPure U.V., Barnstead) with resistiv-
ity of 18.3MWcm was used in all experiments. Phenolphthalein,
K3[Fe(CN)6], [Ru(NH3)6]Cl3 and ferrocene were obtained from Aldrich.
The conducting substrates were indium tin oxide on glass (ITO, Delta
Technologies Stillwater, MN) or thin gold films (ca. 2000 ä) deposited on
glass that was previously covered with a thin (ca. 5 nm) chromium layer.
The areas of ITO electrodes were ca. 1.2 cm2 in Figures 1±8, 11, and 12.
The area of all gold substrates was 0.07 cm2.

Electrochemical experiments were performed with a VersaStat potentio-
stat (EG&G). Cyclic voltammetry (CV) and chronoamperometry (CA)
were performed in a conventional three-electrode cell with a graphite
rod as auxiliary electrode and an Ag/AgBr wire as the reference elec-
trode. All potentials quoted here are versus this reference electrode, that
is about +70 mV versus standard hydrogen electrode (SHE). The depo-
sition solution consisted of 1.12m [Zr(OPr)4] to which 0.1m LiClO4 in 2-
propanol and 900 ppm of water (r=0.045) were added (solution A). Con-
stant potentials were applied to the substrates in the range of +2.5 V to
�1.5 V with continuous, slow stirring for 0.5±90 min. The substrates were
withdrawn from the deposition solution by a homemade lifter at a rate of
50 mms�1 while constantly applying the potential. The films were dried at
room temperature for at least 24 h.

For electrochemical characterization of the deposited films we used dry
2-propanol solutions that contained 0.1m LiClO4 and 5mm of the electro-
active species: hexacyanoferrate(ii), hexaammineruthenium(ii) or ferro-
cene. Voltammograms of each species were recorded a) Immediately
after deposition, b) After immersing the fresh gels in 2-PrOH for 3 h,
c) After immersing the fresh gels in the solution of the electroactive spe-
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cies for 3 h, and d) After drying the films for a week at room tempera-
ture.

Other instrumentation : The thickness of the deposited films was meas-
ured with a profilometer (P-15, KLA-Tencor Co.). AFM images were ac-
quired with a NanoScopeII (Digital Instruments, CA), operated in the
contact mode using a cantilever with a spring constant of 0.58 Nm�1.
Scanning electron micrographs and elemental analyses were acquired
with a JEOL JSM-6400 SEM with an electron-beam intensity of 15 or
10 keV. XRD spectra were recorded with a PW1710 diffractometer at
40 kV and 35 mA in the range of 20<2q<638.
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