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Abstract: Ceria and ceria-based materials are becoming promising resources for a number of
applications in microelectronics, electrochemical devices, ultraviolet blockers and surface
treatment of different metals due to their corrosion resistance. These materials are also used for the
development of electrochemical gas sensors in environmental applications and food industry since
they have fast response, high sensitivity to threshold concentrations and low cost.

In this study, electrodeposition technique was used to prepare ceria film on nanostructured, gold-
coated, polycarbonate track-etched membrane (PCTE) template. Both constant potential and pulse
deposition techniques were used and the influence of deposition parameters on film surface
characteristics was investigated. The structure and the electrochemical properties of the films were
investigated by scanning electron microscopy (SEM), X-ray diffraction (XRD) analysis and
energy dispersive spectrometry (EDS). A comprehensive electrochemical study was performed to
understand the factors that could be controlled and optimized for a given set of surface properties.
Surface properties of the ceria films were examined to study the impact of constant potential and
pulsed electrodeposition techniques in creating ceria films.
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Figure: SEM images with the EDS pattern of the ceria films deposited at applied constant potential (-0.9V)
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1. Introduction

Cerium is the most abundant element in the
upper crust of the Earth among any other rare
elements. Cerium oxide (ceria) and cerium
based materials have been used in a number of
applications such as catalysis, microelectronics,
electrochemical devices, ultraviolet blockers
and surface treatment of different metals and
alloys due to their corrosion resistance to
aggressive media [1-6]. These materials have
also been wused for the development of
electrochemical gas sensors in clinical and
environmental applications as well as in food
industry since they have fast response and high
sensitivity to threshold concentrations in
addition to their low cost [7-9]. Additionally,
cerium is an important material in solid oxide
fuel cells (SOFCs), where both doped [10] and
un-doped CeO, have been used [11].

Abundance of cerium combined with its
excellent catalytic activity for a variety of
reactions makes cerium the element of choice
for the automotive industry, where it is used in
the catalytic conversion of the exhaust system
in automobiles. For example, ceria is being
increasingly used to clean vehicle exhaust
streams to reduce sulfur emissions [12, 13].
Catalytic activity of ceria is usually attributed to
its high oxygen storage capacity (OSC), which
is largely due to the multi-valence nature of
cerium. Moreover, the shift between the cerium
(1) (Ce™) to cerium (IV)(Ce*) leads to a high
oxygen mobility in the ceria lattice and a strong
catalytic potential. Cerium also has other uses in
commercial catalysis, such as the production of
styrene from ethyl-benzene and as cerium oxide
in self-cleaning ovens.

Processing techniques such as sputtering,
chemical vapor deposition [14], sol-gel
processing [15] and electrodeposition [16] have
been used for the formation of ceria films.
Lately, electro-deposition of ceria has received
considerable attention since the deposition can
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be carried out at low temperatures, does not
require vacuum and can be produced at
relatively low cost [17-21].

Anodic or cathodic electrodeposition is an
attractive method since homogenous and
chemically controllable nanostructured thin
films can be obtained using inexpensive
preparation [22-26]. Thin films of ceria have
been electrodeposited onto Hastelloy substrates
by the electrochemical oxidation of Ce(IIl)
acetate complex. It was demonstrated that the
deposition of ceria films by oxidation of Ce(III)
stabilized with acetate ligands proceeds by one
of two mechanisms, depending on the applied
potential [19]. Liar et al. [5] studied the
cathodic electrodeposition of ceria thin films.
They confirmed the formation of cubic phase
ceria by using X-ray diffraction and showed
that the crystallinity could be improved after
thermal treatment. Cathodic electrodeposition
technique is well accepted as an inexpensive
method to produce CeO, [27]. However, the
aim of the electrochemical deposition of ceria
is to obtain tailored composition cerium oxides
in one-step electrodeposition and to eliminate
the thermal treatment step. In this way, the
substrate on which the ceria is deposited opens
up to a multitude of materials, including
flexible substrates.

Y. Kozu et al. [28] demonstrated the
deposition of a composite thin film of Pt and
CeO, on a glassy carbon (GC) electrode via
single-step electro-chemical deposition
technique. Although the actual reaction process
of film formation is quite complicated, it is
generally acknowledged that the oxidation of
Ce™ to Ce* state takes place in the presence of
reactive species such as hydrogen peroxide,
which is generated in situ during the following
electrochemical oxygen reduction:

0, + 2H,0 + 2e- — H,0, +20H" (1)
2Ce* + 20H" + H,0, — 2Ce(OH),™  (2)
2Ce(OH),*" +40H — 2Ce0, + 4H,0  (3)
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Little attention has been paid to pulse
electrodeposition (PED) as a technique to
deposit porous cerium nanofilms. Pulsed
electrodeposition is an effective method to
control surface properties by varying pulse
parameters, and to achieve a more
homogeneous  surface  composition and
morphology. In fact, thin film preparation by
pulsed electrodeposition  presents many
advantages regarding the morphology and the
composition of metal oxides and alloys [22, 29]
but this method has not been applied to ceria
yet. In this work, ceria film is deposited via
cathodic deposition on nanostructured, gold-
coated, polycarbonate track-etched membrane
(PCTE) template by both constant potential and
PED method. A comparison between these two
methods is presented and the pulse parameters
for porous ceria electrodeposition are
investigated.

2. Materials and Methods

The electrolytic bath was consisted of 10
mM Ce(NOs;);, 6H,0 (Sigma Aldrich, 99.9%),
70 mM HNOs; (Sigma Aldrich, 70%) and 1.5-
3% vol H,0, (Sigma Aldrich, 99.9%) in
purified water (electrical resistivity 18.2 MQ
cm). Au was coated on the rough side of the
PCTE membrane using a SEM sputtering
device. The thin film deposition experiments
have been performed on a nanostructured gold
surface. A conventional three-electrode setup
was used in electrolytic bath, where the Au-
coated PCTE membrane was the working
electrode. Cyclic voltammetry (CV) was
performed to understand the electrochemical
behavior of Au in the given solution. Cathodic
electrodeposition ~ was  performed under
potentiostatic and pulse conditions using a
computer-controlled  potentiostat (model
EZstatPro). The reference electrode was
Ag/AgCI electrode (3M NaCl). The counter
electrode was a gold wire.

After electrodeposition, the samples were
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rinsed with ultra-pure water and dried in a
nitrogen flow. Structural characterization was
studied using a high-resolution scanning
electron microscope (SEM) with energy-
dispersive ~ X-Ray  spectroscopy  (EDS)
capability.

3. Results and Discussion

3.1. Sample Preparation: Electrochemical
annealing

Before electrodeposition, the working
electrode was cleaned in 50 mM H,SO,
according to the electrochemical annealing
presented by Vidu et al. [23, 30] and the
electrochemical behavior of the working
electrode was investigated by cyclic
voltammetry. The electrochemicla annealing
involves 10-15 CV cycles between 0 and 1.5 V
at a sweep rate of 50 mV/s followed by holding
the sample at 0.9 V for about 10-15 min.
During the electrochemical treatment, Au
surface is cleaned and flattened as shown by
the CV recorded before and after the annealing
procedure (Figure 1).
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Figure 1: Cyclic voltammetry on Au in 50 mM

H,SO, solution before and after cleaning (sweep
rate: 50 mV/s).

During the electrochemical annealing, Au
surface atoms reorganize. Actually, while
holding the potential at 0.9 V, the surface
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diffusion is high enough to reorganize the
surface atoms and enlarge atomically flat
terraces [31].

3.2. Constant Potential Deposition

Experimental runs using different amounts
of H,O, under two deposition potentials (-0.8V
and -0.9V) were performed. Figure 2 presents
the cyclic voltammetry responses of Au
nanostructured surface in various solutions. All
the CVs started at O V but had different vertex
potentials. Figure 3 shows the current recorded
during the deposition performed in certain
deposition conditions.
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Figure 2: Cyclic voltammetry of Au film in 10 mM
CC(N03)36H20 + 70 mM HN03+ XHzoz (X=0, 1.5
and 3 % vol), at a sweep rate of 50 mVs™"
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Figure 3: Variation of the current in time during the
deposition of ceria in 10mM Ce(NO3);, 6H,0 +

70mM HNO; for about 30 min at constant potential
at room temperature.
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Yousefi et al. [32] investigated the effect of
H,O, concentrations on the size and
morphology of ceria nanoparticles. The
addition of H,O, results in a supplementary
source for the generation of hydroxyl ions
according to the following equation:

H,0, +2e — 20H" 4)

Hydrogen peroxide prevents the formation
of non-stoichiometric ceria film by oxidizing
Ce(III) into Ce(IV) and enhances the adherence

of the oxide films during electrodeposition
[33].

Table 1 shows the variation of electrical
charge associated with ceria deposition at
various potentials and varying H,O, amounts.
Addition of more H,0, to electrolyte (Table 1)
increases the deposition current and the charge
associated with ceria deposition at a given
potential.

Table 1: Charge associated with deposition (C)

Charge, .

Q Potential (V)
H,0, -0.7 -0.8 -0.9
(by volume

0 0.86 3.88 4.24
1.5 12.48 18.95 16.41
3 12.57 | 21.74 | 17.76

3.3. Pulse Potential Deposition

Figure 4 shows the current recorded during
pulsed deposition conducted for 1h at two
pulse conditions. The experiments presented in
Figure 4 were performed at -0.9V / OV and -
0.7V / OV with 10s on/1s off. During pulsed
deposition, a larger current was observed for
pulse deposition from -0.9V than from -0.7 V.
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Figure 4: Variation of the current in time during the
pulsed deposition of Ceria in 10mM Ce(NOj3);.6H,0
+ 70 mM HNO; + 1.5% H,0, (by vol.) for 1 h at
room temperature: a) -0.9 V/0 V and 10s on/1s off;
b) -0.7V/0V and 10s on/1s off.

3.4. Characterization

Figures 5 and 6 show the SEM observations
and the composition of the ceria film obtained
under constant and pulse conditions,
respectively. The film obtained under content
potential deposition (Figure 5) has many cracks
with a morphology that appears to be very
porous while gold film on PCTE can be clearly
seen in between the cracks. The edges of these
formations appear to be foggy due to the oxide
detachment from the gold substrate.

Figure 6 shows the morphology and the
composition of the ceria film obtained under
pulse conditions. The film is uniform with no
cracks. Small, uniform size, islands are visible
with no oxide layer or very thin oxide layer in
between them. The ratio of O:Ce is about 3,
which suggest the formation of a high hydrated
oxide, CeO3;xH,O, which can form in the
presence of hydrogen peroxide.
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Figure 5: SEM morphology with EDS spectra of the
ceria films deposited at -0.9V for 1h.

Figure 6: SEM morphology and EDS spectra of the
ceria films deposited under pulse conditions (-
0.8V/0V, 10s on/1s off) for 1 h.

To study the formation of ceria film, X-ray
diffraction was used to analyze the films
deposited in various conditions. XRD patterns
in Figure 7 show that Ce,O; was
preponderantly obtained.
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Figure 7: XRD pattern of ceria electrodeposited
film (C6203).

4. Conclusion

Ceria films were prepared by
electrochemical catodic deposition in the
presence of hydrogen peroxide. Both constant
potential and pulse deposition techniques were
applied. The deposition potentials and the
amount of H,O, in the solution were varied to
investigate the ceria formation and morphology
of ceria film wunder various deposition
conditions. It was observed that both
techniques were effective in forming ceria film
by electrodeposition at room temperature.
According to SEM, EDX and XRD, Ce,0; film
was preponderantly obtained under various
experimental conditions. For sensor
applications, gas sensitivity studies are
currently being conducted to find the optimum
experimental conditions correlated to the
amount of ceria in the deposits.
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