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Abstract

Ultra-fine nanoparticles, mono-dispersed nanospheres and nanorods of Y(OH)3 and Y2O3 were successfully prepared via

electrodeposition from chloride bath at different temperatures of 10, 25, 40 and 80 1C followed by heat-treatments at 600 1C in dry

air atmosphere. Thermal behavior of the hydroxide samples was investigated by differential scanning calorimetry (DSC) and

thermogravimetric (TG) analysis. The structural and morphological characteristics of the products were determined by X-ray diffraction

(XRD), FT-IR, scanning and transmission electron microscopy (SEM and TEM). Effects of bath temperature on the mechanism of base

electrogeneration and deposit formation on the cathode surface were proposed and discussed. The results showed that the crystal

structure, composition and morphology of the products are mainly affected by the temperature of electrodeposition bath.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Yttrium compounds, Y2O3 and Y(OH)3, are important
engineering materials due to their excellent chemical and
physical properties, such as high permittivity, high melting
point, high strength and high fracture toughness. For example,
Y2O3 is widely used in yttrium aluminum garnets (YAG) [1,2],
Eu-doped Y2O3 phosphors [3] and yttria stabilized zirconia
(YSZ) films [4]. It could be used as a waveguide material due
to its high refractive index, or as a buffer layer for ferroelectrics
and superconductors because of its low lattice-mismatch with
silicon [5,6]. In recent years, various physical and chemical
methods such as chemical precipitation [7–9], sol–gel [10,11],
combustion [12], pyrolysis [13], solvothermal [14–17] and
hydrothermal [18–24] techniques have been employed for the
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synthesis of nanoparticles, nanotubes, nanorods, nanowires
and nest-like structures of Y2O3 and the related compounds.
Besides these methods, cathodic electrodeposition has been
also applied as an attractive technique in the preparation of
yttrium oxide and hydroxide thin films or coatings on various
substrates [25–33]. The most successful development principle
in this clean and inexpensive technique has been mentioned as
a powerful control on the structural and morphological
properties of the deposited films via parameters such as
current density, potential, concentration, pH, temperature,
surfactant and substrate type. Lee and Tak synthesized
Y2O3 films on indium–tin-oxide (ITO) via cathodic electro-
deposition of yttrium hydroxide followed by heat-treatment
[26]. Zhitomirsky and Petric [27] performed cathodic deposi-
tion of Y2O3 from the aqueous baths of Y(NO3)3 and YCl3 on
Ni substrates and found that the amount of hydroxide deposit
could be controlled by changing the current density, deposition
time and yttrium salt concentration. Recently, Tondo et al.
ll rights reserved.
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[33] prepared Y2O3, Y2O3/Co3O4 and Y2O3/Au composite
coatings on AISI 430 plates from chloride salt dissolved in
hydroalcoholic solution containing chitosan as binder. How-
ever, all of these works [25–33] have mainly focused on the
preparation of thin, adhesive and track-free Y2O3 films or
coatings on various substrates without considering the struc-
ture of the obtained products at nanoscale. Thus, cathodic
electrodeposition of nanostructured Y2O3 powder is an inter-
esting subject to study. On the other hand, due to the nanosize
dependent physico-chemical properties of metal oxides, which
enhance their effective surface areas and also develop their
utilization in many fields, preparation of nanostructured
yttrium oxide and hydroxide is valuable. In the previous
works [34–37], we applied cathodic electrodeposition for
preparation of the nanostructured yttrium oxide and hydro-
xide powders and reported that the various nanostructures of
Y2O3 such as nanospheres [34], nanorods [35], ultra-fine
nanoparticles [36] and nanocapsules [37] are achievable by
cathodic electrodeposition. For this purpose, Y(OH)3 was first
galvanostatically grown on the cathode via base electrogenera-
tion. Then it was thermally converted into final oxide product
via heat-treatment at 600 1C. Our studies [34,35] showed
that the electrodeposition from YCl3 � 6H2O (0.01 M) bath
at room temperature with applying the current densities
of 2 and 0.1 mA cm�2 promote the formation of Y2O3

nanospheres and nanorods, respectively, indicating the impor-
tance of the applied current density. Also, electrodeposition
from the same bath at low-temperature of 10 1C and the
current densities of 0.5 and 0.1 mA cm�2 resulted in the
Y(OH)3 and Y2O3 ultrafine nanoparticles [36] and nanocap-
sules [37], respectively. However, effects of deposition condi-
tions on the electrodeposition mechanism, and the structural
and morphological properties of the products have not been
systematically investigated until now. In this study, cathodic
electrodeposition of Y2O3 was systematically carried out in a
galvanostatic mode from chloride bath at different tempera-
tures of 10, 25, 40 and 80 1C, and the effects of the bath
temperature on the mechanism of base electrogeneration, and
crystal structure, composition and morphology of the products
were investigated.
2. Experimental procedure

2.1. Samples preparation

An additive-free 0.01 M YCl3 � 6H2O (Merck) aqueous
solution was used as the electrodeposition bath. The
Table 1

The applied electrochemical parameters in the electrodeposition experiments a

Sample name Hydroxide YH

Oxide YO

Applied current density (mA cm
�2

) 1 1

Deposition time (min) 30 30

Bath temperature (1C) 10 25

Current efficiency (%) 88 83
electrochemical cell included a cathodic steel substrate (316
L, 100� 50� 0.5 mm3) centered between two parallel gra-
phite counter-electrodes. Prior to each deposition, steel
substrates have given an galvanostatically electropolishing
treatment at a current density of 0.5 A cm�2 for 5 min in a
bath (70 1C) containing 50 vol% phosphoric acid, 25 vol.%
sulfuric acid and balanced deionized water. All electrodeposi-
tion experiments were performed galvanostatically at a
current density of 1 mA cm�2 for 30 min at different bath
temperatures of 10, 25, 40 and 80 1C as listed in Table 1.
After electrodeposition, the steel electrodes were washed
several times with double-distilled water and dried at room
temperature for 48 h. Then the deposits were scraped from
the steel electrodes and the obtained powders were subjected
to further analysis. Heat-treatment of the hydroxide powders
was conducted at the temperature of 600 1C in dry air
atmosphere for 3 h.

2.2. Samples characterization

The crystal structure of the prepared hydroxide and oxide
samples was determined by X-ray diffraction (XRD) with a
diffractometer (Phillips, PW-1800) using monochromatized Cu
Ka radiation at a scanning speed of 0.51/min. Thermal
analysis of the hydroxide samples was investigated by differ-
ential calorimetric analysis (DSC, STA-1500) in air between
room temperature and 600 1C at a heating rate of 5 1Cmin�1.
The surface morphology of the samples was studied using
scanning electron microscopy (SEM; Philips 515, 3 kV accel-
erating voltage) and transmission electron microscopy (TEM;
Phillips EM 2085, 100 kV accelerating voltage). IR spectra
were recorded by a Bruker Vector 22 FT-IR spectrometer.

3. Results and discussion

3.1. Mechanism of deposit formation and effects of bath

temperature

The deposition of yttrium hydroxide on the cathode surface
from chloride medium can be explained through a two-step
electrochemical–chemical (EC) mechanism as follows:
1.
nd s

C-10

C-10
Electrochemical step (base electrogeneration at the
cathode surface):

O2þ2H2Oþ4e
�-4OH�; E0 ¼ 0:18 V vs: Ag=AgCl

ð1� 1Þ
amples name.

YHC-25 YHC-40 YHC-80

YOC-25 YOC-40 YOC-80

1 1

30 30

40 80

70 61
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2H2Oþ2e�-H2þ2OH�; E0 ¼�1:08 V vs: Ag=AgCl

ð1� 2Þ
2.
 Chemical step (deposit formation):

Y3þ ðaqÞ�þ3OH�ðaqÞþyH2O-½Y ðOHÞ3 � yH2O�k

ð2� 1Þ

Y3þ ðaqÞ�þð3�xÞOH�ðaqÞþxCl�þyH2O

-½Y ðOHÞð3�xÞðClÞx � yH2O�k ð2� 2Þ
The reactions of (1-1) and (1-2) result in the increase of
local pH at the cathode surface. This process is known as

electrogeneration of base. By increasing the OH� concen-
tration to the required conditions in the chemical step
(Eq. (2-1) and (2-2)), yttrium hydroxide will form and
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1. (a) CV curves of the steel electrode from chloride bath at different

tions of the cathode potential (b) and pH (c) during the deposition expe
deposit on the cathode. Fig. 1a shows the cyclic voltam-
metry (CV) curves of steel electrode from chloride bath
with the scan rate of 30 mV s�1 at different temperatures
of 10, 25, 40 and 80 1C. All the polarization curves (except
ones recorded at temperature of 80 1C) show approxi-
mately a same profile but with differences in the potential
domains. These curves can be divided into the four zones.
Zone I, at the potentials higher than –0.3 V, dissolved
oxygen molecules (Eq. (1-1)) is reduced and local increas-
ing of the pH at the cathode surface occurred. This step
showed lowest current density in all the curves. In next
zone, fast increasing the current density is observed and
potential moves to the water reduction potentials (zone II).
After this stage, a steady state is observed for the current
density (zone III). This phenomenon is attributed to the
surface blocking by the film formed from the chemical
step. In this zone, the current density is slightly lowered
6 7 8 9 10 11
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which is related to the complete blocking of the cathode
surface and insulating nature of hydroxide film. Further
continuation of potential scan towards the cathodic poten-
tials results in an increase of the current density due to
hydrogen evolution reaction (zone IV in Fig. 1a). At the
same time, strings of H2 gas bubbles start being observed.
This feature may indicate that the film formed on the steel
undergoes local breakdown manifested in gas bubbles,
creating sites of stronger reduction current. At bath tem-
perature of 80 1C, due to the reduced hydrogen evolution
potential i.e. H2 overpotential at the steel surface, the water
reduction and H2 bubbling occurred at higher potentials. As
a result, reduction active sites always exist on the cathode
surface and the steel surface is not completely blocked by the
hydroxide film. Thus, it is expected that no film formation
zone (zone III) be observed in the polarization curve of 80 1C
(as seen in the Fig. 1a). Fig. 1b shows variations of the
potential during the electrodeposition of Y(OH)3 at different
bath temperatures. The potential values suggest that the
reduction of water (Eq. (1-2)) has a major role in the
production of OH� at all the applied deposition conditions.
The hydrogen evolution can make a unique porous structure
and preferred growth at a certain direction. Thus it can be
said that morphology of the products will be affected by bath
temperature.

The bath temperature affects the kinetic of the involved
reactions, diffusion velocity of ions and interfacial pH.
These changes could be explained by considering the
Y(OH)3 precipitation, bath temperature and solubility
constant Ks, which they are theoretically linked by the
Van’t Hoff relation:

d lnKS

dT
¼

DHo

RT2
ð3Þ

where DH0 is the standard enthalpy of dissolution of
Y(OH)3. So taking into account that the dissolution DH0

term in relation (3) is low in general, Ks is considered
constant, as a rough approximation. Then from the set of
relations at constant temperature,

KS ¼ ½Y
3þ �½OH��3 ð4Þ

KW ¼ ½H3O
þ
�½OH�� ð5Þ
Fig. 2. Schematic view of the electrochemical (a) and chemical (b) step
following relation is obtained:

1

½H3O
þ � ¼

1

KW

KS

½Y3þ �

� �1=3

ð6Þ

The expression of the interfacial pH for starting pre-
cipitation (pHst) becomes

pHst ¼ pHeþconstant ð7Þ

This relation shows that the bath temperature has
theoretically a continuous influence on pHst [38], as a
result the facility to form the final deposit mass. In fact,
bath temperature seems to influence the change in the
deposition reactions. Fig. 1c shows variations of the pH on
the cathode surface during the electrodeposition of
Y(OH)3 at different bath temperatures. These curves
clearly indicate that pH at the cathode surface is quickly
increased at initial times of the deposition process due to
base electrogeneration in the electrochemical step (reac-
tions of (1-1)). It is worth noting that the rate of base
generation at the elevated bath temperatures is higher
compared with the lower temperatures, as one can
obviously see from the slope of the pH curves in Fig. 1c.
With increasing the pH at the cathode surface at longer
deposition times, the conditions for the chemical step are
ready and yttrium hydroxide starts to form and deposit on
the cathode surface. Considering the solubility constant of
Y(OH)3 (Ksp¼ [Y

3þ ][OH–]3¼10�22.1), it is expected that
the yttrium hydroxide will deposit from the 0.01 M aqu-
eous solution of YCl3 � 6H2O at pH of about 7.3. In fact, at
this time of deposition, the OH� produced from the
electrochemical step has started to be consumed in the
chemical step. Deposit formation via the reaction of (2-1)
can result in the intercalation of chloride ions in the
deposit structure. Thus the Y(OH)3 and/or Y(OH)(3-x)
Clx composition is expected for the obtained deposits (as
confirmed by XRD and TG analyses). From Fig. 1c, it can
be seen that the chemical step was approximately started at
the times of 37, 58, 93 and 136 s after the starting of the
experiments (starting points of deposition). After these
points, the electrogenerated base in the electrochemical
step is subsequently consumed at the chemical step. As a
result, the slope of the pH curves is lowered and then it
s in the cathodic electrodeposition of Y(OH)3 from chloride bath.
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approximately remained constant (as seen in Fig. 1c).
However, the level of pH on the cathode surface is mainly
determined by the applied bath temperature. These find-
ings clearly indicate the direct effects of bath temperature
on the base electrogeneration and deposit formation,
which are in agreement with the theoretical calculations
(Eq. 7). The electrochemical (a) and chemical (b) steps
during the Y(OH)3 electrodeposition from chloride bath
are schematically shown in Fig. 2.

3.2. Thermal behavior of samples

To explore the mechanism of oxide formation during the
heat-treatment process, thermal behaviors of the prepared
Y(OH)3 powders were examined by differential scanning
calorimetry. The DSC and related TG curves are shown
in Fig. 3. The DSC curves in Fig. 3a show that all the
samples have approximately the same thermal behaviors.
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Fig. 3. DSC (a) and related TG (b) curves of the prepared hydroxide samp

TG curves.
These curves also exhibit three distinct endothermic
peaks with maximums at about 100, 415 and 485 1C for
all the samples, indicating the three successive stages of
physicochemical changes and oxide formation during the
heat-treatment (Fig. 3a). For all samples, the low tem-
perature endothermic peaks at temperatures less than
150 1C are related to the dehydration of free and physically
absorbed water molecules associated with the prepared
powders. Accordingly, the TG curves show weight losses at
this range of temperature, based on the below reaction
(section 1 in Fig. 3b):

½Y ðOHÞð3�xÞðClÞxUyH2O��!
25�150 3 C

½Y ðOHÞð3�xÞðClÞx�þyH2O

ð8Þ

In the literature [39,40], the temperature of chloride
removal from the deposit structure has been reported in
the range of 300–450 1C. On the other hand, it has been
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Fig. 4. XRD patterns of the prepared (a) hydroxide and (b) oxide samples

at different bath temperatures of 10, 25, 40 and 80 1C.
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found that the initially formed hydroxide phase transforms
into a-Y(OH)3 at about 350 1C [26,34]. It is also reported
that the initially formed deposit is transformed to the
yttrium oxyhydroxide at 400–450 1C [35]. Thus, the follow-
ing changes can be proposed for the peaks observed at the
temperatures 200–450 1C:

½Y ðOHÞð3�xÞðClÞx��!
150�400 3 C

½a-Y ðOHÞð3�xÞðClÞx� ð9Þ

½a-Y ðOHÞð3�xÞðClÞx�-½YOðOHÞð1�xÞ�þxHClþH2O ð10Þ

These conformations are seen at the XRD patterns,
where the patterns in Fig. 3b showed the a-Y(OH)3 and
YOOH diffraction peaks at this range of temperature.
From the results of TG analysis in Fig. 3c, it is seen that
the chloride ions have enough time for intercalation in the
deposit structure at lower applied current densities, prob-
ably due to the slow kinetics of base electrogeneration and
deposit formation. The sharp weight loss at the range of
400–450 1C is related to the removal of structural water
associated intercalated chloride ions in the deposit struc-
ture, which leads to conformation from yttrium hydroxide
into oxyhydroxide (section 3 in Fig. 3b). The last endother-
mic peaks at 500 1C for all samples show the complete
removal of the structural water and the formation of
well-crystallized final oxide product:

½YOðOHÞð1�xÞ�þ1=2O2-Y2O3þð1�xÞH2O ð11Þ

This transformation is also supported by the XRD
(Fig. 4c) which the patterns exhibited the crystalline cubic
phase of Y2O3 at 600 1C. Fig. 3c shows the weight losses
related to the dehydration of physical and structural water,
and removal of the intercalated chloride ions from the
hydroxide samples. Physically absorbed water shows a
direct trend with the applied bath temperature. In fact,
water molecules are better absorbed on the deposit
structure at lower temperatures. On the other hand,
chloride ions are also better intercalated at lower bath
temperatures (as seen from Fig. 3c). It seems that there is a
competition between the water molecules and chloride ions
for intercalation in the deposit structure. At higher bath
temperatures, the chloride ions cannot intercalate in the
deposit structure due to the intensive water reduction and
evolution of H2 bubbles on the cathode surface. The H2

bubbles may act as a barrier layer on the reaching of the
chloride ions to the cathode surface. Finally, from Fig. 3c,
it can be seen that there is no special trend for total weight
loss with bath temperature.

3.3. Crystal structure of the samples

The XRD patterns of the prepared hydroxide and oxide
samples are shown in Fig. 4. The hydroxide samples
prepared at lower temperatures (YHC-10 and YHC-25)
exhibits two very broad peaks near 2y¼30o and 55o, which
can be regarded as an amorphous or poorly crystallized
yttrium hydroxide. The broadening of diffraction peaks in
the patterns indicates that the crystal size of YHC-10 and
YHC-25 samples is fine (as confirmed by SEM and TEM
images). From the XRD patterns of the hydroxide samples
(Fig. 4a), it is clearly seen that the diffraction peaks come
sharp and new peaks are formed with increasing of the
bath temperature. These changes indicate that the deposit
is well crystallized at higher bath temperatures. It seems
that the bath temperature affects the nucleation and
growth of the deposit as well as base electrogeneration
reactions as mentioned above. All diffraction peaks except
(001) and (002) in XRD pattern of YHC-80 (Fig. 4a) can be
assigned to the hexagonal phase of the Y(OH)3 (JCPDS Card
no. 21-4547). Based on Ref. [41], it can be said that the (001)
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and (002) peaks have resulted from the intercalation of
chloride ions in the deposit structure during the deposition
process. It is worth noting that the XRD patterns of the
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Fig. 5. IR spectra of the prepared (a) hydroxide and (b) oxide samples.

Table 2

Origin of the IR absorption bands in the hydroxide and oxide samples.

Origin Wave number (cm�1) and intensitya Mode

Physically adsorbed water 3460–3470 (s)1630–1640 (s) H–O–

CO2 absorption from

atmosphere

1520–1525 (m)1395 (w)1070–1075

(w)855–860 (w)

Carbo

stretch

Y(OH)3 670 (s) and 470 (s) Y–O–

Y2O3 650 (s) and 425 (m) Y–O–

as: strong peak, w: weak peak and m: middle strong peak.
samples prepared at lower temperatures show a small broad
peak at 2y¼101, which can be resulting from chloride
intercalation in the deposit structure. It is also clearly seen
that the bath temperature has a major effect on the crystal
structure of the hydroxide deposits. For the heat-treated
samples, the XRD patterns in Fig. 4b show a marked increase
in the peak intensity and the formation of new peaks, as well
as a decrease in the peak width, confirming the process of
phase transformations into yttrium oxide. All patterns of the
oxide products can be readily indexed to a pure cubic phase of
Y2O3 (space group Ia3/(206 1)) with a lattice constant of
a¼1.06 nm (JCPDS 25-1200). The XRD patterns of the
samples show completely sharp peaks with difference in their
intensities. It seems that heat-treatment process could com-
pensate the effects of bath temperature where all oxide samples
show sharp peaks. Finally, it can be concluded that the bath
temperature has a major effect on the crystal structure of the
prepared hydroxides.

3.4. Spectral analysis

The IR spectra of the Y(OH)3 and Y2O3 products are
shown in Fig. 5 and the peak positions and their char-
acteristics are listed in Table 2. From the IR spectra, some
important points can be detected which are listed below:
–

s of

H s

nat

ing

H s

Y s
IR analysis confirmed the existence of physically
adsorbed water in the hydroxide samples which is
completely in agreement with the results of TG analysis.
–
 The peaks related to the physically adsorbed water are
also seen in the oxide samples due to the moisture
absorption during the testing.
–
 The peaks related to carbonate group stretching are
observed in all the samples due to the CO2 absorption
during the testing.
–
 The IR spectra are completely confirming the hydroxide
and oxide nature of the prepared samples.

3.5. Morphological characterization

Figs. 6–9 show the surface morphology of the yttrium
hydroxide and oxide samples prepared at different bath
temperatures. The SEM images (Fig. 6a and b) show the
smooth and uniform surface morphology of the sample
prepared at bath temperature of 10 1C (YHC-10 and YOC-
vibration

tretchingH–O–H bending

e group stretchingCarbonate group stretchingCO symmetric

CO deformation

tretching

tretching
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10). However, due to the ultrafine size of both samples
particles, more information could not be detected from the
SEM images. High magnification by TEM (Fig. 6c and d)
revealed that the YHC-10 and YOC-10 samples are com-
posed of well-dispersed ultrafine particles with the sizes of
Fig. 6. SEM (a,b) and TEM (c,d) images of the

Fig. 7. SEM images of the (a,b) YH
smaller than 5 nm. In fact, these two samples are composed
of ultrafine particles which are well-dispersed without
aggregation. These results indicate that the ultrafine nano-
particles of Y(OH)3 and Y2O3 are achievable at low-
temperature chloride bath. For hydroxide sample prepared
YHC-10 and YOC-10 samples, respectively.

C-25 and (c,d) YOC-25 samples.



Fig. 8. SEM images of the (a) YHC-40 and (b) YOC-40 samples.

Fig. 9. SEM images of the (a) YHC-80 and (b) YOC-80 samples.
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at 25 1C (YHC-25), the rough and uneven structure is seen
in the SEM image (Fig. 7a), which is similar to cauliflower
texture. In fact, this structure is composed of agglomerates
of interconnected spherical grains. At a higher magnifica-
tion, the clusters of globules with void space in between can
be seen clearly (Fig. 7b). After annealing of YHC-25 at
600 1C, mono-dispersed oxide particles were obtained
(Fig. 7c and d). The YOC-25 sample is composed of well-
dispersed spherical particles with the average diameter of
500 nm (Fig. 7c). The observed changes in morphology may
be caused by removal of incorporated electrolyte and
chemisorbed water accompanied with structural transfor-
mation occurring during heat-treatment (as justified by TG
and XRD analyses). The SEM images exhibit sphere-like
morphology for the samples prepared at bath temperature
of 40 1C (Fig. 8a and b). After annealing at 600 1C, surface
of the spheres of oxide sample (YOC-40); becomes rather
smooth compared with its hydroxide precursor (YHC-40),
however, the oxide spheres are still agglomerated (Fig. 8b).
From these observations, the bath temperature of 25 1C and
current density of –1 mA cm�2 can be selected for the
preparation of the homogeneous and well-dispersed nano-
spheres of Y2O3. Fig. 9 shows the surface morphology of
the hydroxide and oxide samples prepared at temperature of
80 1C. A completely different morphology is seen in the
SEM images for these samples (Fig. 9). These samples are
made up of rods, which have grown directly on the cathode
surface and completely compacted together to form a
package. The rods have the same length and diameter.
But, the packages have completely different sizes. In fact,
YHC-80 and YOC-80 samples are composed of rods
packages with different sizes. This type of morphology
can be related to the intensive H2 bubbling on the cathode
surface at elevated temperature of 80 1C.

Finally, it can be concluded that the bath temperature
can be recognized as a main determining factor in the
cathodic electrodeposition of Y2O3, where the morphology
and crystal structure of the products are directly affected
by the bath temperature.
4. Conclusion

Cathodic electrodeposition of Y2O3 was performed from
chloride bath at different temperatures of 10, 25, 40 and
80 1C. For this purpose, Y(OH)3 was firstly electrodepos-
ited on steel substrate via base electrogeneration and then
converted into oxide by heat-treatment at 600 1C. Thermal
behavior of hydroxide samples during the heat-treatment
was analyzed by DSC–TGA. The effects of the bath
temperature on the base electrogeneration reactions, pro-
ducts composition, crystal structure and morphology were
investigated. The results showed that the ultra-fine nano-
particles, nanospheres and nanorods of Y(OH)3 and Y2O3

can be easily prepared at bath temperatures of 10, 25, 40
and 80 1C, respectively.
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