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Thin films of yttrium hydroxide were obtained from aqueous Y(NOs3); and YClj; salt solutions via cathodic
electrodeposition. The electrodeposition yield was studied under various experimental conditions. By varying
the current density, deposition time and yttrium salt concentration, the amount of the deposited material could
be controlled. Electrochemical intercalation of poly(diallyldimethylammonium chloride) into the hydroxide
deposits has been demonstrated and the mechanism of intercalation has been discussed. The deposits were
studied by X-ray diffraction, thermogravimetric analysis and scanning electron microscopy. Formation of
crystalline yttrium oxide films from the hydroxide precursor was observed at 600 °C.

Introduction

The feasibility of cathodic electrolytic deposition of various
ceramic materials has recently been demonstrated, includ-
ing individual oxides and hydroxides,"!! complex oxide
compounds!®!%!2 and composites.!*!> This method offers
important advantages®' and holds promise for various
applications.!”!> Cathodic electrodeposition is achieved via
hydrolysis of metal ions or complexes®®? by electrogenerated
base to form oxide,! hydroxide!'"'* or peroxide®’ deposits on
cathodic substrates. Hydroxide and peroxide deposits can be
converted to corresponding oxides by thermal treatment.

Electrodeposition of yttrium oxide films as well as complex
oxide films containing yttrium oxide is of considerable interest
for electrochemical and electronic applications.'®'® Matsuda
et al. investigated electrodeposition of Y,0Oj; in a dimethylfor-
mamide solvent containing a small amount of water.'®
However, for applications, requiring electrodeposition from
aqueous solutions, it is important to clarify the effect of
additives and processing parameters on deposit yield, deposit
crystallinity and film morphology. This research, motivated by
the importance of yttrium oxide for various applications, also
addresses the possibility of electrodeposition of organoceramic
materials based on yttrium hydroxide.

The intercalation of organic polymers into ceramics resulted
inthe development of novel organoceramic nanocomposites. '
These materials exhibit unique mechanical, thermal, electrical,
optical and magnetic properties.”***?® Various methods have
been used for preparation of organoceramic materials,
including melt intercalation,® precipitation from aqueous
solutions,” intercalation polymerization®® and alternate
adsorption.?* Significant interest has been generated in
poly(diallyldimethylammonium chloride) (PDDA) organo-
ceramics.'>?32* PDDA is a charged polycation. Recent studies®
showed the feasibility of electrochemical intercalation of
PDDA into thin films prepared via cathodic electrodeposition
and formation of organoceramic deposits.

This paper presents experimental data on the deposition of
yttrium oxide from aqueous solutions and of organoceramic
materials from yttrium hydroxide-PDDA via cathodic electro-
deposition.

Experimental procedures

Commercial purity Y(NOj3);-5H,O (Aldrich), YCl;-6H,O
(Alfa Aesar) and poly(diallyldimethylammonium chloride)
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(Aldrich) were used as starting materials. A scheme of the
structure of PDDA is shown in Fig. 1.

Electrodeposition experiments were performed from aqu-
eous solutions in galvanostatic mode. Cathodic deposits
were obtained on chemically cleaned Ni substrates
(60 x 60 x 0.1 mm) at current densities ranging from 1 to
10 mA cm ™2 The electrochemical cell used for the deposition
process is described elsewhere.” After drying at room
temperature, the electrolytic deposits were scraped from the
Ni electrodes for X-ray diffraction and thermal analysis.
Multilayer deposits were obtained by repeated deposition steps
(deposition intervals of 15-30s, and a current density of
5mA cm2) in which each deposited layer was dried at 200 °C
for 5min on a hot plate. Deposit weights were obtained by
weighing the Ni substrates before and after deposition
experiments followed by drying at room temperature for
72 h. The phase content was determined by X-ray diffraction
(XRD) with a diffractometer (Nicolet 12) using monochroma-
tized Cu Ko radiation at a scanning speed of 0.5°min .
Thermogravimetric analysis (TGA) and differential thermal
analysis (DTA) were carried out in air between room
temperature and 1200°C at a heating rate of 5°C min '
using a thermoanalyzer (Netzsch STH-409). The microstruc-
tures of the deposited films were studied using a Philips 515
scanning electron microscope (SEM).

Experimental results

Deposits were successfully obtained from aqueous solutions of
Y(NO3); and YCl;. Fig. 2 shows the deposit weight versus time
dependences obtained at constant current density of
5mA cm 2. The weight increase was essentially linear with
no appreciable difference between nitrate and chloride baths.
Fig. 3 shows the weight of the coating as a function of Y(NO3)3
concentration for various current densities. Deposit weight
decreases rapidly as the concentration of Y(NO;); decreases.
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Fig. 1 Schematic structure representation of PDDA.
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Fig. 2 Deposit weight as a function of deposition time at a current
density of 5 mA em 2 for 0.02 M aqueous solutions of Y(NO3); (a) and
YCl; (b).

The results given in Fig. 3 indicate that the deposit weight
increases with current density at constant deposition time.

The deposits were analyzed by XRD both before and after
sintering in air at different temperatures. The fresh deposits and
those thermally treated at 300 °C exhibited a very broad peak
near 20~30°, but were essentially amorphous (Fig.4). On
sintering the deposits at 600 °C the XRD pattern displayed
peaks of Y,03; (JCPDS Index Card 25-1200). Thermogravi-
metric analysis revealed weight loss (Fig. 5) during heating. A
sharp reduction of sample weight was observed up to
~600°C. The total weight loss at 1000 °C was found to be
48.6%. Two endothermic peaks in the DTA curve at around
160 and 370 °C were recorded.

Electrodeposition experiments performed with aqueous
PDDA (0-2gL™!) solutions have not revealed deposit
formation. However, after the addition of YCI; or Y(NOs)3
to the PDDA solutions, cathodic deposits were obtained. The
data presented in Fig. 6 indicate that deposit weight increased
with the increase of Y(NOs); concentration at a constant
concentration of PDDA. Higher deposit weights were recorded
at higher current density.

Fig. 7 compares the results of TGA of a deposit obtained
from mixed 0.01 M Y(NO;);+1gL~' PDDA solution with
pure PDDA, both dried at room temperature for 10 days. TG
curves for the deposit and PDDA show two distinct steps in
weight loss. The deposit and PDDA lose weight continuously
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Fig. 3 Deposit weight as a function of Y(NO;); concentration in
aqueous solutions at a constant deposition time of 10 min and a current
density of 3 (a), 5 (b) and 10 (c) mA cm 2.
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Fig. 4 X-ray diffraction patterns of the electrolytic deposit obtained
from aqueous 0.01 M Y(NO;); solution at a current density of
5mA cm™ % as prepared (a) and after thermal treatment at 300 °C (b),
600 °C (c) for 1 h, compared to JCPDS data file 25-1200 for Y,05 (d).
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Fig. 5 TG (a) and DTA (b) data for the deposits obtained at a current
density of 5 mA cm™2 from aqueous 0.01 M Y(NO3); solutions.

until a sharp reduction of weight is observed at 300 °C. The
total weight loss for the deposit at 1000 °C was 54.1%. The
weight loss for the deposit can be attributed to decomposition
of inorganic and organic phases to form yttrium oxide. When
considering the deposited material as a mixture of yttrium
hydroxide and PDDA, the amount of an organic phase can be
evaluated as ~10.7 wt.%.

Thickness of the deposits was in the range up to several
microns. However the deposits were porous when their
thickness was higher than 3-5 um. Thin deposits (up to
~0.2 pm) of yttrium hydroxide were smooth and crack free.
However, cracking was observed when the deposit thickness
exceeded ~0.2 um (Fig. 8). In this work, multi-stage deposi-
tion was performed in order to avoid cracking. Yttrium
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Fig. 6 Deposit weight as a function of Y(NO;); concentration in
aqueous solutions containing 1 g L' PDDA at a constant deposition
time of 10 min and a current density of 3 (a) and 5 (b) mA cm 2.
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Fig. 7 TG data for deposits obtained from 0.01 M Y(NO5);+1 gL™!
PDDA solution at current density of 5mA cm ™2 (a), and for the
starting PDDA material (b) dried in air.

hydroxide deposits showed low adhesion to Ni substrates. In
contrast, deposits obtained from mixed PDDA containing
solutions were adherent to the substrates and exhibited
enhanced resistance to cracking. Crack free organoceramic
deposits can be obtained as monolayers, when film thickness is
in the range up to ~1 pm. Morphologies of the deposits
obtained in the presence of PDDA were influenced by the
current densities and yttrium salt concentrations. Lower
current densities and lower yttrium salt concentrations were
preferable in order to obtain more uniform and adherent
deposits.

Discussion

It is known?’?® that positively charged Y**, Y(OH)*™,
Yz(OH)z‘” species exist in yttrium salt solutions; however
Y3 can be considered as a main yttrium species in acid and
neutral solutions.?” It is supposed that positively charged
yttrium species are hydrolyzed by electrogenerated base to
form cathodic deposits. According to ref. 27, the yttrium
species precipitate as yttrium hydroxide. Therefore, cathodic
deposition of yttrium hydroxide could be expected.

The deposit weight was observed to increase with deposition
time, as shown in Fig. 2. At this point it should be mentioned
that the yield of some other metal hydroxides obtained from
chloride baths was found to be greater than the yield obtained
from nitrate baths.? However, no appreciable difference in
deposit weights for nitrate and chloride baths was observed in
this work. In dilute solutions, the rate of hydrolysis reactions
depends on the rate of diffusion of the reacting species,'***
detracting from the deposition process efficiency. According to

Fig. 8 SEM photo of the electrolytic deposit obtained from 0.01 M
Y(NO,); solution at current density of 5 mA cm™2.

ref. 30, the amount of material deposited from dilute solutions
is proportional to the square root of deposition time. There-
fore, lower deposition rates of yttrium hydroxide can be
expected at lower yttrium salt concentrations. Indeed, experi-
ments performed from dilute Y(NOs3); solutions of various
concentrations indicate an increase of the deposit weight with
the increase of Y(NOj3); concentration (Fig. 3).

Thermal analysis of the deposits revealed weight loss (Fig. 5)
which could be attributed to dehydration of the hydroxide
deposit to form Y,O;. Observed endotherms could be
attributed to different stages in the dehydration of hydroxide
precursor. Results of thermal analysis are in a good agreement
with the X-ray data, as evidenced by the amorphous nature of
fresh deposits and crystallization of Y,0; after thermal
treatment at 600 °C.

Cracking was observed in the deposits obtained when the
deposit thickness exceeded ~0.2 um. This cracking is asso-
ciated with drying shrinkage.>® It is in this regard that deposit
microcracking associated with drying shrinkage is a common
problem in the wet chemical methods, once thick coatings are
formed. In this work, similar to refs. 15 and 31 the cracking
problem was approached by multiple deposition. Cracking in
ceramic films and green ceramic bodies can be prevented by use
of binders. However, the most common binders used in ceramic
processing are nonionic type polymers (polyvinyl alcohol,
polyvinyl butyral, ethyl cellulose, polyacrylamide, etc.). These
polymers are used in electrophoretic deposition®* where
charged ceramic particles provide electrophoretic transport
of adsorbed polymeric molecules to form deposits. However,
the application of these polymers for electrolytic deposition
presents difficulties, as formation of ceramic particles is
achieved near the electrode surface.”> PDDA is a charged
polycation (Fig. 1) with inherent binding properties. Therefore,
electrophoretic motion of PDDA toward the cathodic
substrate can be expected. In a previous investigation® the
feasibility of electrochemical intercalation of PDDA into a
gadolinium hydroxide deposit was demonstrated. It was
established that by use of PDDA the problems related to
deposit cracking could be diminished. Moreover, the organo-
ceramic material was obtained via cathodic electrodeposition.

Electrodeposition experiments performed with aqueous
PDDA (0-2gL™"') solutions have not revealed deposit
formation, in agreement with previous results.® It is important
to note that electrophoresis is related to the motion of charged
particles toward the electrode, but it is not responsible for the
interfacial phenomena related to deposit formation. In this
work, cathodic deposits were obtained after the addition of
Y(NOs); or YCI;3 to the PDDA solutions. Deposit weight
increased with the increase of yttrium salt concentration at a
constant concentration of PDDA, as shown in Fig. 6. Turning
again to the experimental data presented in Fig. 3, it is seen that
the amount of the yttrium hydroxide deposited from pure
Y(NOs); also increases with the increase of yttrium salt
concentration.

The experimental results obtained indicate that PDDA acts
as a binder, providing better adhesion of organoceramic
deposits and reducing cracking. The amount of an organic
phase in deposits obtained from mixed 0.01 M
Y(NO;);+1gL~! PDDA solutions at a current density of
5mAcm? was evaluated as ~10.7 wt.%. However, the
experimental data presented in ref. 22 indicate that the
organoceramic material obtained by chemical precipitation
cannot be considered as a simple mixture of an inorganic
material and polymer. The initial degradation of the polymer
was observed in the composite.?

In previous work,’ it was suggested that intercalation of
polymer particles into the electrolytic deposit was achieved by
their adsorption on the surface of colloidal particles, which are
produced near the cathode and form a cathodic deposit. A
model has been developed® based on electrostatic attraction of
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oppositely charged colloidal particles of gadolinium hydroxide
and polymer. However, according to ref. 33 the attraction
between colloidal particles and polyelectrolytes is due to
electrostatic, hydrophobic, and dipole—dipole interactions. It
was pointed out’® that the adsorption of polyelectrolytes is a
complicated phenomenon, which is influenced by the pH and
ionic strength.** The attraction of a polyelectrolyte to an oxide
surface can be electrostatic and nonelectrostatic or a combina-
tion of both.** Moreover, chemical bonding was observed
between inorganic phases and intercalated polymers.?!"? It is
also expected that electrodeposition of yttrium hydroxide is
influenced by polymer intercalation. Indeed, the adsorption of
polyelectrolytes on colloidal particles may result in particle
bridging and heterocoagulation.>’

It may be noted that particle interaction can be influenced by
the electric field, the proximity of the electrode and by electrode
reactions. Indeed, coagulation of charged particles can be
enhanced by the electric field*® or by electrohydrodynamic
flows.*® Sader and Chan*® examined double-layer interaction
between spherical particles in the vicinity of a charged flat
surface. It was concluded that the proximity of a charged plate
could result in reduction or enhancement of the interaction,
which is strongly dependent on the electrical properties of the
confining plate and of the particles. Therefore, more detailed
work, currently under way, is necessary for a better under-
standing of the mechanism of deposit formation.

Experimental results of this work coupled with the results of
previous investigations on zirconia deposition from aqueous
solutions!! pave the way for electrodeposition of yttria-
stabilized zirconia films for applications in fuel cells. As
pointed out in ref. 10, electrodeposition allows film formation
on the atomic scale and is now an important tool in the
formation of nanostructured materials.®® Electrolytic coatings
are highly uniform, sinter-reactive and offer important
processing advantages.'-¢

Conclusions

Electrodeposition of yttrium oxide was achieved via hydrolysis
by the electrogenerated base of Y(NOj); and YCl; salts
dissolved in water and thermal decomposition of hydroxide
precursor obtained. Results of X-ray and thermogravimetric
analysis show that formation of crystalline yttrium oxide from
the hydroxide precursor occurs at 600 °C. Films were obtained
as monolayers or multilayers. The amount of the deposited
material can be controlled by variation of the deposition time,
current density and yttrium salt concentration. The electro-
deposition process has been quantified in experiments per-
formed with Ni substrates. The experimental conditions were
determined for the electrochemical intercalation of positively
charged poly(diallyldimethylammonium chloride) into the
hydroxide deposits. It was established that the films, obtained
from solutions containing the cationic polymer with inherent
binding properties as an additive, adhered well to the substrates
and exhibited enhanced resistance to cracking. These results
pave the way for formation of yttrium oxide films as well as
organoceramic films for various applications.
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