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Abstract

Formation of the negatively charged colloidal zirconia species i.e. [ZrO]~ at the cathode surface and low adhesion of the hydroxide
deposit to its surface are common problems in the cathodic electrodeposition of zirconia. Deposition experiments with the direct current
mode led to the total spallation of the deposit from the cathode surface and no deposit was obtained in practice. In order to minimize
these problems, pulse current deposition was applied in the electrodeposition of ZrO,. The results showed that the control of the base
electrogeneration and deposit formation on the cathode surface is achievable using the pulse current mode. The XRD analysis and SEM
observations revealed that the crystal structure, phase content and surface morphology of the prepared zirconia powders are
significantly affected by the variation of f,g or f,,/t. ratio. This work clearly showed that the pulse current electrodeposition can be
introduced as an alternative route in the ZrO, cathodic electrodeposition and preparation of its nanostructured powder.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Zirconium oxide (ZrO,), also called zirconia, is an
important versatile ceramic material due to its novel
physicalchemical properties. Its high melting point,
refractoriness, low thermal conductivity, high strength,
toughness, corrosion and abrasion resistance make it
suitable for a wide range of technological applications
[1-6].

Among the various physical-chemical techniques used
for the production of nanostructured zirconia [7-16],
electrochemical route, i.e., cathodic electrodeposition, can
be applied, an attractive and effective method due to its
powerful control on the structural and morphological
properties of the products. In this technique, metal hydro-
xide as a precursor is prepared by electrodeposition
process and then converted into the metal oxide via heat-
treatment. Up to now, various metal oxides such as ZrO,
[17-23] and CeO, [24] thin films, Y,0O3; nanoparticles,
nanospheres and nanorods [25,26], La,O; nanoplates
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[27], ZnO nanotubes [28] and NiO capsule-like particles
[29] have been prepared using this technique.

The low adhesion of the zirconium hydroxide deposit to
the cathode surface and film cracking has been reported as
common difficulties during the cathodic electrodeposition
of ZrO, from nitrate and/or chloride medium [20-23].
In cathodic electrodeposition, base (OH ™) electrogenera-
tion imply an unusually large number of critical elemen-
tary phenomena or processes, which may occur
simultaneously on the electrode surface. Hence, the adhe-
sion of the deposit depends on the kinetics of the cathodic
reductions including rate of gassing and the accompanied
pH increase at the electrode surface [17,25]. The low
adhesion of zirconium hydroxide films has been mainly
attributed to the negative charge of the colloidal zirconium
oxide (ZrO ™) particles formed in the high-pH region at the
cathode surface as follows [23]:

In the first step, the cathodic reactions result in high-pH
conditions at the cathode surface:

0,+2H,0+4e ->40H"™ (1)

2H,0+2¢~ —Hy+20H" Q)
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In zirconyl chloride solution, the zirconyl salt
(ZrOCl, - 8H,0) dissolves in water according to the follow-
ing reaction [30]:

7rOCl,.8H,0 - ZrO** +2C1~ +8 H,O (3)

The metal cations (ZrO>*) are hydrated by water
molecules to form a tetramer ([Zrs(OH)g(H,0)i6* ™),
which is stable in the bulk solution. The tetramer consists
of the four metal atoms in a square with double hydroxyl
bridges linking them together. The tetramers show a
tendency to release proton and form acidic bulk solutions:

[Zr4(OH), (H,0),¢*+ - [Zt(OH),, , .(4—x)H,01F T 4 4xH*
“4)

In the next step, zirconium species are hydrolyzed by the
electrogenerated base to form a colloidal oxide particle
with a surface negative charge in the basic conditions at
the cathode surface. The following surface reaction occurs
at high pH region and so colloidal oxide particles with
surface negative charge are formed:

Zr—OH+OH™ - [Zr—0]” +H;0 (5)

The isoelectric point of hydrous zirconia has reported to
be 6.7 [31]. Therefore, it could be assumed that the colloidal
particles are negatively charged, which lead to a low
adhesion of the deposit to the cathode surface and finally
its spallation. This assumption can be also supported by the
results of the electrodeposition experiments, which have
been performed with pure ZrOCI, solutions by Zhitomirsky
et al. [23]. In fact, they observed that the deposit spallation
is occurred at deposition times exceeding 4 min, and no
deposit is obtained at longer deposition durations. Further-
more, it has been reported that the Faradaic efficiency in the
cathodic electrodeposition of ZrQO, is low (approximately
20-40%) [17-20]. In these works, the observed low efficien-
cies have been attributed both to the reduction reactions
that do not produce hydroxyl ions, and also to the
formation of the hydroxide at the sites removed from the
cathodic substrate due to the diffusion of the hydroxyl ions
[17-19]. However, it seems that high rate of base electro-
generation and so excess of OH™ at the cathode surface
are responsible for the observed low efficiencies at the
applied deposition conditions. In previous works [32,33],
we reported that the galvanostatic or direct current deposi-
tion of ZrO, at RT and also at elevated temperatures results
no deposit on the cathode surface, whereas deposition
experiments at low-bath temperature (10 °C) led to the
formation of a thick deposit film on the cathode. These
results clearly displayed that the bath temperature plays a
key role in the cathodic electrodeposition of ZrO, via
affecting the rate of the base electrogeneration, crystal
growth process and kinetics of the zirconium hydroxide
formation, such as diffusion and migration of zirconium
cations as well as adhesion of the hydroxide deposit to the
cathode and its spallation. It was also found that if the rate
of base electrogeneration is more than the rate of deposit
formation, the hydroxyl ions will be excess on the cathode

surface and [ZrO]~ species formed on the cathode so that
the deposit spallatted from the surface. Hence, the low-
temperature electrodeposition was introduced as a solution
and effective route to overcome the mentioned problems in
the cathodic electrodeposition of ZrO, [32,33]. Using this
route, ultrafine nanoparticles, nanospheres and nanocap-
sules of ZrO, were successfully prepared and characterized.

In the present work, we introduced the pulse current
(PC) electrodeposition as an effective route in the electro-
deposition of ZrO, and preparation of its nanostructures.
It should be noted that PC electrodeposition has been
previously applied in the cathodic electrodeposition of
ZrO, coatings or thin films on the stainless steel by Setare
et al. [34]. In fact, they showed that the uniform and dense
films of ZrO, are achievable by PC deposition. To our
knowledge, PC cathodic deposition of metal oxides has
been rarely studied, and only a few reports including pulse
current deposition of WO3-TiO, composite films [35,36]
and Pb-Tl-oxides [37] are available in the literature. Pulse
current electrodeposition has three independent variables,
namely: (i) on-time (Z,,), (ii) off-time (#,¢) and (iil) peak
current density (/p), which are defined as below:

0= lon/(10n+loff),f = 1/(t0n+loff)s I,
= IP X (lon/(ton+toff)) = Ip x 0 (6)

The main objective of the present work is the feasibility
study of the preparation of ZrO, nanostructured powder
via PC cathodic electrodeposition.

2. Experimental procedure

ZrO, cathodic electrodeposition experiments were
carried out in a three-clectrode system by applying the current
density of 1 mA cm 2 in both direct and pulse current modes.
The electrochemical cell includes a cathodic stainless steel
substrate (316 L) centered between two parallel graphite
anodes. An Ag/AgCl (KCl, saturated) electrode was used as
the reference electrode. An additive-free aqueous solution
of ZrOCl, - 8H,0 (0.01 M, Merck) was used as the electrolyte.
Prior to each deposition, steel electrodes were galvanostatically
electropolished at a current density of 0.5 A cm ™2 for 5 min in
a bath (70 °C) containing 50 vol% phosphoric acid, 25 vol%
sulfuric acid and balanced deionized water. Additionally,
in order to investigate the effects of the applied current modes
(pulse or direct) on the kinetic of the base electrogeneration
and the deposit formation, the cathode potential and pH were
recorded during the electrodeposition experiments. All the
experiments were carried out using an electrochemical work-
station system (Potentiostat/Galvanostat Model: BHP-PGS
2066). The deposition experiments were conducted in the
modes of direct and pulse current deposition with an equal
applied charge (¢=60 C). Direct current electrodeposition was
carried out at the constant current density of 1 mA cm ™2 for
10 min. The pulse current deposition experiments were also
performed at two typical on-times and off-times listed in
Table 1. Both DC and PC electrodeposition experiments were
done at RT conditions. After electrodeposition, the steel was
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Table 1
DC and PC deposition conditions of ZrO, from zirconyl chloride solution.
Sample name Frequency, Duty cycle, On-time, 7., (ms) Off-time, ¢, (ms) .,/ Average current Deposition  Current
f(Hz) 0 (%) tost density, I, (mA cm™2)  time (min) efficiency (%)
ZrOH-1
7:0-1 100 50 5 5 1 0.5 20 64
ZrOH-2 40 82
7r0-2 50 25 5 15 0.33 0.25
No deposit was obtained dc current density: 1 mA cm 2 10 0

washed several times with double-distilled water and dried at
room temperature for 48 h. Then the electrolytic deposits
were scraped from the electrodes and the obtained hydroxide
powders were subjected to further analysis and also heat
treatment at 700 °C in dry air atmosphere. The phase content
and crystal structure of the samples were determined
by X —ray diffraction (XRD) with a diffractometer (Phillips,
PW-1800) using monochromatized Cu Ko radiation at a
scanning speed of 5°/min. Thermogravimetric analysis (TGA)
of the hydroxide samples was investigated by means of
differential scanning calorimeter (DSC, STA-1500). Morphol-
ogy of the samples was examined using a scanning electron
microscope (SEM, Philips 515).

3. Results and discussion

3.1. Effects of the pulse current on the ZrO,
electrodeposition

The electrochemical growth of Zr(OH), deposit from an
additive-free ZrOCl, - 8H,O (0.01 M) aqueous electrolyte is
achieved at the cathode through a mechanism of base
(OH ™) electrogeneration, according to the cathodic reac-
tions (1) and (2). By increasing the OH" concentration to
the required conditions in the reaction (7), Zr(OH), will
form and deposit on the cathode:
7'+ @q)+ don- 2 Zr(OH),(s) Ksp=[Zr**JOH *=10"%

(7

Fig. 1 shows the variation of the potential during the
Zr(OH), deposition from chloride bath at both modes of
direct and pulse current. The observed potential values
(=1L.15V, =099V and —0.96 V for DC and PC modes,
respectively) suggest that the reduction of water (Eq. (2))
has a major role in the production of OH™ at our
experimental conditions. In fact, the electrochemical step
proceeds via reaction (2) at both modes. Fig. 2 shows
variations of the pH at the cathode surface during the
deposition of Zr(OH), at both modes. These curves clearly
indicate that pH at the cathode surface is quickly increased
at the initial times of the deposition due to the base
electrogeneration from the electrochemical step (reactions
(1) and (2)) (as schematically shown in Fig. 3a). It should
be noted that the rate of base generation in the DC mode is
higher in comparison to the PC mode as one can obviously

see from the slope of the pH curves in Fig. 2. In fact, the
electrochemical reactions are off during the off-times in PC
mode, and no base is generated. By increasing the pH at
the cathode surface at longer deposition times, the condi-
tions are ready for the chemical step and zirconium
hydroxide starts to form and deposit on the cathode.
These time can be referred to the deposition starting
points. In fact, at these points, the OH™ produced from
the electrochemical step starts to be consumed in the
chemical step according to the following reactions (as
shown schematically in Fig. 3b):

Zr** (aq)+ 40OH (aq)+yH,0 —[Zr(OH), yH,0] | (8)

Zr** (aq)+ xCl™(aq) +(4—x)OH(aq)
—[Zr(OH)y_,, (CD),.yH,0]| )

Deposit formation via reaction (9) can result in the
chloride ion intercalation in the hydroxide deposit struc-
ture. Thus both zirconium hydroxide and zirconium
hydroxide-chloride compositions are expected for the
obtained deposits. From Fig. 2, it is seen that the chemical
step is approximately started at the times of the 60's, 110 s
and 150 s after running the experiments (starting points of
deposition, as shown in Fig. 2). Due to the low rate of base
electrogeneration in the PC mode, these points are
observed at longer times compared to the DC mode. After
these points, the electrogenerated base in electrochemical
step is subsequently consumed at the chemical step and the
slope of the pH curves is lowered (as seen in Fig. 2). Thus
it is expected that the amount of pH on the cathode surface
is remained approximately constant. However, it should be
noted that the level of pH on the cathode surface is mainly
determined by the applied current density. From Fig. 2,
it is seen that the slope of the pH curve in the DC mode
is increased even after the starting point of deposition.
This fact reveals that the rate of OH™ generation in the
DC mode is faster than its consumption at all times during
the deposition. Thus, it is possible that a fraction of OH™
can contribute to Eq. (5), resulting the deposit spallation
(as shown in Fig. 3c). Also, it is possible that a fraction of
OH™ ions is transported away from the surface, which
results the low adhesion of the deposit. When a current
pulse is exerted into the electrodeposition bath, a nega-
tively charged layer is formed around the cathode as the
process continues. When using DC, this layer charges to a
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Fig. 2. Variations of the cathode pH during the DC (a) and PC (b and c)
electrodeposition of ZrO,.

defined thickness and obstructs the ions from reaching the
cathode surface. In contrast to DC, PC experiments result in
a thick deposit film on the cathode in practice. It seems that
the pulse electrodeposition has been provided better condi-
tions for the deposition. From Fig. 2, it is clearly seen that
the pH variations or base content at the cathode surface
is completely controlled during the PC deposition, which can
be related to the sufficient time for the consumption of OH ™
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at the off-times. Thus formation of [ZrO]~ species is less
possible. Furthermore, in pulse electrodeposition, the output
is periodically turned off, which allows the formation of
OH™ layer on the cathode surface is discharged to some
extent (as seen in Fig. 3d). This process is also allowed the
Zr** jons to pass through the layer and onto the part more
easily. During 7o, Zr*™ migrates to the depleted areas in the
bath and more evenly distributed ions are available for
deposition onto the cathode (Fig. 3d). Thus it can be
concluded that the rate of the electrochemical step is more
than the chemical step in the DC mode and therefore, deposit
spallation is observed, and no deposit is obtained in this
mode. While, in PC mode, the rate of the electrochemical
step is lower than the chemical step and, therefore, the
electrodeposition process is successful. Hence, it can be said
that the rate of base electrogeneration is a key factor in the
successful deposition of ZrO, and can be easily controlled by
applying the pulse current.

3.2. Crystal structure of the samples

The XRD patterns of the oxide samples prepared by the PC
mode are shown in Fig. 4. Zirconium oxide can exist in three
different phases [38,39]. The stable monoclinic phase (m-ZrO,)
is formed at low temperatures, which is converted into a
tetragonal phase (-ZrO») at 1200 °C, and finally into a cubic
phase at 2370 °C [40]. The main XRD peaks for the mono-
clinic phase (m-ZrO,) occur at 20=28.15° and 34.16° [41-43].
The XRD pattern of the ZrO-1 sample (Fig. 4a) can be easily
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b=0.5213, ¢=0.5147 nm and $=99.228 and are in good
agreement with those of the standard data (JCPDS card
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Fig. 3. Schematic of the stages of zirconium hydroxide deposition on the cathode surface from zirconyl chloride solution: (a) electrogeneration of base at
the cathode surface by the reduction reaction of water and/or dissolved oxygen molecules, (b) local increasing the pH at the cathode surface and the
hydroxide formation for deposition of thin hydroxide layer on the cathode surface, (c) spallation of deposit from the cathode surface due to the formation
of ZrO~ species in the DC mode and (d) consumption of excess OH™ during the off-time in the PC mode.

No. 37-1484) and without having any extra diffraction lines
from any impurities or other phases. Almost all the
diffraction peaks with similar relative intensity as suggested
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Fig. 4. XRD patterns of the prepared oxide samples; (a) ZrO-1 and (b) ZrO-2.

Table 2

The results of hermogravimetric analysis of the hydroxide samples prepared by PC mode.

Sample name Off-time, ¢ (mMs) Physically absorbed water (%)

Structural water (%)

Total weight loss (%) Estimated chemical formula

ZrOH-1 5 15.01
ZrOH-2 15 15.16

10.16 25.12
12.34 27.49

Zr(OH), 1.19 H,0
Zr(OH), 1.20 H,0

in the standard data are observed in the experimental XRD
pattern and are significantly sharp, hence confirming the
purity and high crystallinity of the prepared ZrO-1 sample.
Moreover, all the prominent peaks with sufficient peak
intensity are indexed as shown in Fig. 4a. The XRD pattern
of ZrO-2 sample (Fig. 4b) shows one diffraction peak at
20=31.5°. This peak, i.e., (011), can be related to the
tetragonal phase (1-ZrO,) [42,44], while the others easily
correspond to m-ZrO,. The relative amounts of m- and -
ZrO, phases in the ZrO-2 sample can be calculated using
the following expression [12,45]:

(i) + Uiy > 100
(Im(llT))+(Im(lll)) + o1y

O/OM—ZI'OZ = (10)

where [ is the intensity of the diffraction peak. The amount
of t-ZrO, was calculated to be approximately 37%. This
finding shows that the phase content of the oxide samples is
affected by the pulse parameters, i.e., fon/fo ratios so that
the metastable -ZrO, can be prepared in lower ¢,/ ratio.
It should be noted that the structural properties of the oxide
products may be affected by heat treatment. However, the
structural and morphological properties of both products
are essentially originated from their hydroxide precursors
which have been heated under the same thermal conditions.
As a result, it can be said that the pulse parameters directly
dictate the properties of the oxide products. It seems that
the deposit has been better nucleated and crystallized in
longer off-times. According to Ref. [12,46,47], it can be
expected that the 7-ZrO, could be formed when the size of
crystallites is lower than the critical value of about 10 nm.

Transformation to the m-ZrO, could be observed when the
size of the tetragonal crystallites exceeds this critical value.
The average crystallite size (D) of the samples was calcu-
lated from the width of the (—111) peak through using the
Scherrer equation (D=0.9//f cos 0), where, 1 is the wave-
length of X-ray radiation, 0 is the Bragg angle of the peak
and f (FWHM) is defined as the full-width at half
maximum of the diffraction peak in radians. The crystallite
sizes of the ZrO-1 and ZrO-2 samples were calculated to be
around 15 and 8 nm, respectively

3.3. DCS-TGA

The thermal behavior of the hydroxide samples during the
heat treatment process was investigated by DCS-TGA
analysis and the results are listed in Table 2. As can be seen
in DSC curves (Fig. 5a), both samples (ZrOH-1 and ZrOH-2)
show two distinct peaks during the heat treatment process,
i.e., an endothermic one at temperatures of below 200 °C
followed by a broad exothermic peak with a sharp maximum
at 470 °C. The endothermic peak is related to the required
heat for the evaporation or loss of physically absorbed water
from [Zr (OH) 4-xH,O] precursor, dehydroxylation of
hydroxyl groups from Zr(OH), and/or the gradual decom-
position of the structural water. Accordingly, TG curves of
both samples (Fig. 5b) show a considerable weight loss
between 50 and 200 °C, which is due to these dehydrations.
The exothermic peak in the DSC curves of both samples is
attributed to the phase transformation of tetragonal to the
monoclinic form of ZrO, [8,17,35] without substantial weight
loss. The total weight loss and estimated formula for the
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Fig. 5. DSC (a) and TG (b) curves of the deposited hydroxide samples;
(a) ZrOH-1 and (b) ZrOH-2.

samples are listed in Table 2. The sample prepared at longer
off-time (ZrOH-2 sample) has more total weight loss and
absorbed water compared with the ZrOH-1 sample. This
may be originated from the low kinetic of the deposit
formation, which allowed the chloride ions to intercalate in
the deposit structure. Finally, the following sequence can be
proposed to interpret the observed structural changes during
the heat treatment of both samples:

Zr(OH),.xH,0"%Z:(0n),” % 1 2:0,"% “m—7:0,

(11
3.4. Morphology

Figs. 6 and 7 show the surface morphology of the
prepared hydroxide and oxide samples, respectively. As seen
in SEM images, the surface morphologies and continuity of
both hydroxide deposits were significantly affected by the
variation of #,g Or t,,/to ratio. The SEM images of ZrOH-1
sample (Fig. 6a, b) as well as ZrO-1 (Fig. 6¢c, d) display the
uneven surface and completely agglomerated particles with
an average particle size of 40 nm. In fact, the micrographs of
ZrOH-1 sample (Fig. 6a, b) exhibit an irregular morphology
with large cavities, which can be attributed to the H,
bubbling observed in the electrochemical step. The surface
morphology of the ZrOH-2 sample (Fig. 7a, b) is rather
homogeneous, which suggests that the deposit formation has
occurred under uniform levels of current distribution. This
sample is largely composed of spherical agglomerates with
grain sizes of about 400 nm. Higher magnification of
hydroxide sample (Fig. 7b) reveals that the large agglomer-
ates are composed of tiny semi-spherical agglomerates with

Fig. 6. SEM images of the prepared ZrOH-1(a and b) and ZrO-1 (c and d) samples.
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Fig. 7. SEM images of the prepared ZrOH-2 (a and b) and ZrO-2 (c and d) samples.

an average size of nearly 20 nm. Due to the surface forces,
these particles stick together to form larger agglomerates,
which are the thermodynamically more stable phase of
71O, (m-Zr0O,). In addition, ZrOH-2 sample exhibits more
coherent structure with denser packing and reduced num-
ber of cavities. This may be attributed not only to a more
uniform distribution of the applied current but also to a
reduced mass transfer limitation during the deposit for-
mation as a result of longer off-time (lower duty cycle or
lower f,,/torr ratio). After annealing of this sample at
700 °C, nearly mono-dispersed oxide particles were
obtained (Fig. 7c, d). From Fig. 7d, it is seen that the
annealed sample composed of well-dispersed spherical
particles with average diameters of 400 nm. These results
clearly show the effects of pulse parameters on the
microstructure of the prepared ZrO, samples.

Based on the findings in this work, it can be concluded
that the pulse current deposition opens a new and effective
route for the cathodic electrodeposition of ZrO, and
preparation of its nanostructures. Through this method,
one can easily overcome the mentioned problems in the
synthesis of ZrO,. It should be noted that, a systematic
study of correlation between the pulse parameters (pulse
frequency and duty cycle) and the structural and morpho-
logical properties of ZrO, is currently being done.

4. Conclusion

In summary, the pulsed current electrodeposition
was proposed as an alternative route in the cathodic
electrodeposition of nanostructured ZrO, powder with-
out encountering any problems, i.e., formation of the
negatively charged species, low adhesion of the deposit

and its spallation. By using this method, nanoparticles
and nanospheres of ZrO, were successfully prepared and
characterized.
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