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Abstract

Cathodic electrosynthesis of TiO,, ZrO, and ZrTiO,
deposits on platinum substrates was performed via
hydrolysis of TiCl, and ZrOCI, salts dissolved in a
mixed methanol-water solvent in presence of hydrogen
peroxide by an electrogenerated base. The deposits
were characterized by XRD, TG/DTA, SEM and
EDS. Deposits as obtained were amorphous. The
crystallization behaviour of the deposits has been
studied. Crystallite sizes were derived at different
temperatures from X-ray broadening data. A
possible mechanism of electrosynthesis and the role
of hydrogen peroxide are discussed.

1 Introduction

A cathodic electrodeposition process has recently
enabled the formation of films of different ceramic
materials. These materials encompass individual
oxides (Al,O3, ZrO,, CeO,, PbO et al.'7) as well as
complex compounds, including ferroelectric mate-
rials (BaTiO; and PZT??), high temperature super-
conductors (YBa,Cu;0, '*'"), and biomaterials.'>"?
Cathodic electrodeposition is achieved via hydrol-
ysis of metal ions by an electrogenerated base to
form metal oxide/hydroxide films on the cathodic
substrate. Different chemical reactions available
for the generation of base were discussed in litera-
ture.? It should be noted that reduction of water
and nitrate are important cathodic reactions used
for the electrodeposition process. However, the
electrodeposition of titania in this way presents
difficulties. The titanium nitrate salt is an unstable
compound and is not available commercially.
Difficulties are also associated with the use of
other inorganic salts of Ti*" in aqueous solutions
since they are easily hydrolyzed in water to form a
titanium hydroxide precipitate. Matsumoto and
coworkers used TiCl; salt for electrodeposition.®?
They suggested that Ti** ions do not exist in the
solution since they transform to Ti*" or TiO?".3°
In their experiments on electrodeposition of
important ferroelectric materials such as BaTiO;
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and PZT difficulties were encountered with the
control of deposit stoichiometry due to different
deposition rates of individual components. No
deposition was achieved by the authors on
platinum substrates. It should be noted that
electrodeposition holds important perspectives for
the development of various ferroelectric thin film
devices. Since titanates constitute one of the impor-
tant groups of ferroelectric materials currently
used in industry, it is important to develop an
electrodeposition process for formation of titania
and stoichiometric complex titanates on platinum
substrates.

In previous works, a novel approach has
been advanced for the electrodeposition of oxide
films. The problem of titania electrodeposition
was solved by use of a peroxocomplex'® of tita-
nium instead of titanium ions. The peroxocomplex
of titanium is stable under certain conditions in
aqueous solutions,'® therefore water can be used
as a solvent and a source of OH™ groups which
are necessary for the deposition process. Deposi-
tion was performed from mixed N,N-Dimethyl-
formamide(DMF)-water solutions.'* It was pointed
out that non-aqueous solvents are preferable for
morphology optimization, however the deposition
process needs certain amounts of water for base
generation and for prevention of formation of
non-stoichiometric titania. Deposition of titania
was achieved via hydrolysis of the peroxocomplex
by electrogenerated base and thermal decomposi-
tion of the obtained deposit (hydrated peroxocom-
pound). This approach has been further expanded
to formation of complex compounds. ZrTiO, has
been deposited on graphite from a mixed water—
methanol solvent.!® Tt was established that the use
of a peroxoprecursor provides equal deposition
rates of the individual components and allows to
obtain a deposit of desired stoichiometry. How-
ever, the exact mechanism of ZrTiO, electrodepo-
sition 1s not fully understood. The purpose of this
work is to study the deposition of titania, zirconia
and ZrTiO4 on platinum substrates and to get a
better understanding of the mechanism of deposi-
tion via peroxoprecursors.
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2 Experimental Procedures

As starting materials commercially guaranteed salts
of TiCly, ZrOCl,-8H,0 and hydrogen peroxide
H,0, (30 wt% in water) were used. Three different
solutions in a mixed methanol-water (3:1 volume
ratio) solvent were prepared. Stock solution 1 con-
tained 0-005 M TiCl, and hydrogen peroxide addi-
tive in a ratio of TiCl;:H,0, = 1:1-2. Stock solution
2 contained 0-005 M ZrOCl, and hydrogen peroxide,
Z1OCl;:H,0, = 1:1-2. For preparation of stock
solution 3 reagents were mixed in a ratio
ZrOCly: TiCl4:H,0, = 1:1:2+4, total concentration of
ZrOCl, and TiCl, was 0-005 M. Rectangular Pt spec-
imens (40 X 15 X 0-1 mm) were used as cathodic
substrates. The electrochemical cell for deposition in
a galvanostatic regime included the cathodic sub-
strate centered between two parallel platinum
counterelectrodes. Electrodeposition experiments
were performed at 1°C. Cathodic deposits were
obtained at a constant current density of 20 mA/cm?.
Deposition times were in the range of up to 20 min.
After drying at room temperature deposits were
removed from the substrates and subjected to X-ray
and TG/DTA study. The phase content was deter-
mined by X-ray diffraction with a diffractometer
(Phillips, PW-1820) using monochromatized CuK,
radiation. The Scherrer relationship
094
~ Bcosh

was used for calculation of the crystallite size from
X-ray line broadening measurements, where D is
the average crystallite size, A is the X-ray wave
length, B is the full width at half maximum of the
peak and 6 is the Bragg angle. A commercially
available computer program has been utilized for the
profile fitting procedure. Correction for instrumental
broadening has been performed. Thermal analysis
was carried out in air between room temperature
and 800°C at a heating rate of 10°C/min using a
thermoanalyzer (Setaram, TGA92). The microstruc-
ture of the obtained deposits was studied using a
scanning electron microscope (Jeol, JSM-840)
equipped with EDS. EDS studies were performed on
powder specimens which were obtained by removing
green deposits from the substrates and annealing
them in air at 800°C for 1 h.

3 Results

Performed experiments revealed the formation of
deposits from all the stock solutions used. X-ray
analysis was made on fresh deposits and those
thermally treated in air at different temperatures
for 1 h. The X-ray diffractograms of fresh deposits

exhibit their amorphous nature (Figs 1, 2 and 3).
Results of X-ray studies of deposits obtained from

stock solution 1 (deposits 1) show that faint peaks of

the anatase phase appear at 300°C. In Fig. 1 it can
be seen that deposit 1 thermally treated at 400°C
displayed anatase peaks, which are broadened due
to the fine size of the crystallites. Deposits 1 heated
at higher temperatures possess an anatase structure
up to 700°C. Further increase of the anneal-
ing temperature results in an anatase-rutile

Intensity (arb. units)
o

1 ' 1 1

1
20 30 40 50 60 70
2 B(degrees)

Fig. 1. X-ray diffraction patterns of deposits 1 obtained at a

c.d. of 20 mA/cm?; as-prepared (a) and after thermal treat-

ment at different temperatures for 1 h: 400 (b); 500 (c); 600
(d); 700 (e) and 800 (f) °C. (e anatase, A rutile).
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Fig. 2. X-ray diffraction patterns of deposits 2 obtained at a

c.d. of 20 mA/cm?: as-prepared (a) and after thermal treat-

ment at different temperatures for 1 h: 400 (b); 500 (c); 600

(d); 700 (e) and 800 (f) °C. (» monoclinic zirconia, A tetragonal
zirconia).
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Fig. 3. X-ray diffraction patterns of deposits 3 obtained at a

c.d. of 20 mA/cm®: as-prepared (a) and after thermal treat-

ment at different temperatures for 1 h: 400 (b); 500 (c); 600
(d); 700 (e) and 800 (f) °C (4 ZrTiO,).

transformation. Figure 1 indicates that XRD spectra
taken from deposit 1 annealed at 800°C displayed
reflexes of rutile in addition to those of anatase.
On exposure of deposits 1 to the temperature of
1000°C, X-ray diffraction patterns exhibit only
peaks of rutile. In Table 1, experimental data are
given on crystallite size of deposits 1 thermally
treated at different temperatures. From this table
it can be seen that nanometer-sized anatase forms
at 400°C and crystallite size increases with temper-
ature. It is interesting to notice, that rutile crystal-
lites at 800°C are significantly larger than the
anatase ones from which they were derived.
Figure 2 shows XRD data for deposits obtained
from stock solution 2 (deposits 2). Small reflexes
appear at 400°C, which become more clear and
sharp at higher temperatures. It is reasonable to
attribute these peaks to tetragonal zirconia. However
it should be noted that it is difficult to distinguish

between the cubic and tetragonal zirconia phases
owing to peak broadening. After annealing at 500
and 600°C the samples consisted of mixtures of
tetragonal and monoclinic zirconia. At 600°C
monoclinic zirconia is dominant, at 800°C the
tetragonal phase was not detected in the XRD
pattern. As is seen from Table 1, sizes of tetragonal
and monoclinic crystallites are on the nanometric
scale, while crystallites of the monoclinic phase at
500°C were smaller than those of the tetragonal
phase.

XRD data for deposits obtained from stock
solution 3 (deposits 3) are summarized in Fig. 3.
Deposit crystallization was observed at tempera-
tures exceeding 600°C. The only crystalline phase
in deposits 3 thermally treated at 700 and 800°C is
ZrTiOy4, no peaks due to individual oxides were
detected. The observed d-values match well with
the Joint Committee on Powder Diffraction Stan-
dards (JCPDS) data for this material. It is remark-
able, that in the temperature region of 400-600°C
deposit 3 remains amorphous, whereas crystalliza-
tion of deposits 1 and 2 was detected. Data pre-
sented in Table | indicate formation of nanosize
ZrTiO4. However it should be noted again that the
calculations performed in this work were based on
the suggestion that small particle size is the only
reason of XRD line broadening.

Figure 4 shows an assemblage of TG/DTA curves
for deposits 1, 2 and 3. For deposit | the total
weight loss in temperature region up to 800°C was
about 29% of the initial sample weight, however
essentially most of the weight loss occurred below
300°C. The DTA curve exhibits a broad endotherm
around 130°C and an exotherm at 440°C. For
deposit 2, two distinct steps in the TG curve are
distinguished. A sharp reduction of sample weight
was observed up to ~200°C and in the region
330-415°C, then the weight fell gradually. Weight
losses at 330 and 415°C were 29 and 34% respec-
tively, the total weight loss in the temperature
region up to 800°C was 36%. Two endothermic
peaks around 130 and 350°C and an exothermic

Table 1. Crystallite sizes of different phases obtained from X-ray line broadening measurements. Reflexes used for calculations
are designated

Particle size

(nm)
Temperature Titania Zirconia Zirconium
(°C) titanate
Anatase Rutile Tetragonal Monoclinic ZrTiO,
(101) (110) (111) (11-1) (111)
400 13
450 12
500 15 31 11
600 20 17
700 34 20 17
800 59 147 27 18
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Fig. 4. DTA ((a).(c).(e)) and TG ((b).(d),(f)) data for deposits

1((a),(b)) deposits 2 ((c).(d)) and deposits 3 ((e).{f)) obtained
at a 10°C/min heating rate.

effect around 460°C were observed in the DTA
curve. The endothermic peak around 130°C and the
exothermic peak were very broad. It is thought that
the two endothermic peaks correspond to two
steps in weight losses.

TG records for deposits 3 show two distinct
steps in weight loss up to 200°C and in the region
410-500°C. Weight losses at 235, 540 and 800°C
were 23, 27 and 28%, respectively. A very broad
endotherm around ~130°C is seen in the DTA
curve, a small endothermic effect could be also
distinguished at ~430°C. When the specimen was
heated to higher temperatures an exothermic peak
at ~680°C was observed. For deposits 3, as for
deposits 2, a possible link emerges between the
observed endothermic effects and the steps in
weight loss in corresponding temperature regions.

Fig. 5. SEM picture of green deposit 3 on a Pt substrate.

SEM observations indicate a fine particle structure
of the deposits. A SEM picture of the green deposit
3 on a Pt substrate is shown in Fig. 5. The sample
also shows cracks which arise owing to drying
shrinkage. EDS data taken from 15 powder samples
show the Ti/Zr ratio to be in the region 0-98-1-05.

4 Discussion

The reported results indicate that the proposed
approach has no restriction with regard to plat-
inum being used as a substrate in the deposition
process. The mechanism of film formation via a
peroxocomplex was discussed in previous works!*!>
and can be used to provide an explanation of the
experimental data described above. It is implied that
the peroxocomplex of titanium [Ti(O,)(OH), ,]*™*
is hydrolized by the electrogenerated base to form
the cathodic deposit. According to Ref. 16, below
pH 1 the peroxocomplex is mononuclear, increase of
the pH value causes transformation to a dinuclear
and then to a polynuclear complex. Further pH
increase results in precipitation of the peroxo-
titanium hydrate TiO;(H,O),. In the electrosyn-
thesis method the high pH of the cathodic region
brings about formation of a peroxotitanium
hydrate, which precipitates on the electrode. The
cathodic reaction that generates OH" is:

2H,0 + 2¢ <> H,+ 20H" (1)

The following anodic reaction occurs simultane-
ously:

JH,0 <= O,+4H" - de )

Phase evolution of deposits obtained from stock
solution 1 with temperature are in good agreement
with Ref. 14. According to the X-ray data, crystal-
lization of anatase was observed after thermal
treatment at 400°C. It is important to note that
particle size of titania is on a nanometric scale,
(Table 1). This is remarkable, because nanostruc-
tured titania exhibits important properties and is
now a subject of intensive investigation.'”" Recently
it has been established that electrodeposition can
be used for formation of nanostructured oxides.??
Obviously, the extension of this method to titania
electrodeposition is of significant interest. Crystallite
sizes of electrodeposited titania at different tempera-
tures are close to those for chemically precipitated
titania.”” A higher crystallite size of rutile than
that of anatase observed at 800°C is also in agree-
ment with Ref. 19. Observed weight losses (Fig. 4)
are attributed to decomposition of the peroxo-
complex and liberation of water and oxygen:

2TiOy(H,0), = 2TiO, + O, + 2xH,0  (3)
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The exothermic peak on the DTA curve at 440°C
is associated with crystallization of titania.

It is reasonable to expect that in analogy to
titania the formation of zirconia can be achieved via
a peroxoprecursor. Indeed, according to literature,?!
the hydrated zirconium peroxide ZrO;(H,0), can be
precipitated from zirconium salt solutions in pres-
ence of hydrogen peroxide. However, the mecha-
nism of zirconia deposition remains questionable
taking into account ZrO;(H,0), non-stability.*!
Moreover, in contrast to titania, electrodeposition
of zirconia can be achieved without hydrogen per-
oxide.*?*® Turning again to the wet chemical
method of powder processing it should be pointed
out that zirconium forms different ionic species
depending on the experimental conditions, %
moreover hydrolysis conditions have a significant
influence on crystallization behaviour of precipi-
tated hydrous zirconia subjected to thermal treat-
ment.”* A detailed study of the influence of
hydrogen peroxide on zirconia deposition is in
progress and will be reported in due time.

As seen from Fig. 2 the main crystalline phase
in region 400-500°C is tetragonal zirconia. How-
ever, the size of tetragonal crystallites exceeds the
critical value of about 10 nm,** as a result trans-
formation to monoclinic phase was observed. The
crystallite size of the tetragonal phase at 500°C
is higher than that of the monoclinic phase. This
result is consistent with Refs 23 and 25. Results of
thermal analysis exhibit two steps in weight losses
and corresponding endotherms which probably
can be attributed to a gradual decomposition of
the green deposit to form zirconia. It is in this
regard that different stages in weight losses were
reported®® in thermal analysis experiments per-
formed with chemically precipitated zirconia. The
exothermic effect at around 460°C is associated
with crystallization of zirconia phases and is in
agreement with the X-ray data. The crystallization
temperature of electrosynthesised zirconia is close
to that for the chemically precipitated mate-
rial.?*#>2 The results of ZrTiO, electrodeposition
experiments described in previous work'’ showed
that the deposit remains amorphous up to 600°C,
whereas according to Refs 4 and 14 crystallization
of titania and zirconia was observed at ~400°C.
However it is reasonable to assume that the crys-
tallization behaviour depends upon electrolyte
composition, nature of solvent and substrate. In
the light of the above, experimental data should
be compared for experiments performed in similar
conditions. The results of this work provide such
a possibility. Results of X-ray studies show that
ZrTiO, crystallizes directly from the amorphous
phase. No peaks of individual components were
observed in diffraction patterns obtained at differ-

ent annealing temperatures. Comparison of X-ray
data for deposits 1-3 indicates that crystallization
of individual oxides is observed at temperatures
at least by 200° lower than the crystallization
temperature for zirconium titanate. With this fact
in mind, it can be expected that in the case of
composition fluctuations in deposit 3, peaks of
individual components can be observed. This is
especially evident taking into account the nano-
metric size of zirconia and titania crystallites
obtained from stock solutions 1 and 2 respectively.

At this point it is important to note that no
exotherms corresponding to crystallization of indi-
vidual components were detected in the DTA
curve for deposit 3. From the results of X-ray
studies it can be concluded that the exotherm at
~ 680°C can be attributed to ZrTiO, crystalliza-
tion. In this respect, results of Okamoto et al.’’ of
thermal analysis of titania and zirconia mixtures
of different degrees of homogeneity should be
mentioned. Remarkably, in the case of composi-
tion fluctuations in the mixture of two gels, DTA
curves have a quite different behaviour from that
for coprecipitated gel, exhibiting additional peaks
at temperatures lower than temperature of ZrTiO,
crystallization.”’

Observed weight losses are associated with the
decomposition of the peroxoprecursor. According
to the experiments and calculations performed in
Ref. 28 the composition of the peroxocompound
obtained via the chemical precipitation method was
established as ZrTiOs 43(OH); 13xH,0. According
to Ref. 29, the amorphous peroxoprecursor under-
goes three structural transformations as the tem-
perature increases. It can be supposed that the
steps in weight losses observed in this work corre-
spond to different stages of structural transforma-
tions.”” Going on to Ref. 28 the width of the
endothermic peak for deposit 3 around ~130°C
can also be attributed to a gradual decomposition
of the hydrated peroxide.

On the basis of the above experiments it can be
concluded that the temperature of ZrTiO, formation
via electrosynthesis is in agreement with the temper-
ature of formation of this material via the chemical
precipitation method.”®* It is important to see that
the electrodeposynthesis is similar to the wet chem-
ical method of powder processing making use of
electrogenerated base instead of alkali. Obviously,
electrosynthesis not only produces ceramic materi-
als but also provides their deposition. Going on to
Murata et al.*® we can conclude that hydroden per-
oxide allows us to prevent different hydrolysis rates
of individual components and enables us to obtain
material of a desired stoichiometry. Hydroxide ions
generated in cathodic reactions allows us to per-
form hydrolysis and obtain colloidal particles near
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the cathode. It was supposed'>!” that the deposi-
tion can be achieved via electrophoretic motion of
these particles towards the cathode.

Results of this work provide a basis for elec-
trosynthesis of different ferroelectric titanates and
solid solutions on Pt substrates, which are impor-
tant for electronic applications. As an extension of
this work recently we have shown the possibility
of electrosynthesis of lead zirconate-titanate (PZT)
on Pt and on platinized silicon wafers. Results of
these studies will be published soon.

5 Conclusions

The feasibility of electrosynthesis of titania, zirconia
and zirconium titanate ceramic deposits on plat-
inum substrates has been demonstrated. Obtained
materials were found to be amorphous, while their
crystallization temperatures are in agreement with
those of corresponding powders produced by
chemical precipitation methods. The reported data
show that the sizes of the obtained crystallites are
on a nanometric scale, and their variation with
temperature as well as phase evolution has been
studied. Results of X-ray studies, thermal analysis
and EDS showed that the electrosynthesis of
zirconium-titanate via a peroxoprecusor route
enables control of its stoichiometry. The obtained
results pave the way for the electrodeposition of
ferroelectric titanates and their solid solutions.
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