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ABSTRACT

In the present study, the appropriate electrolysis conditions were determined for
attaining doped ceria thin films with a high density and adhesion in an aqueous solution
containing of Ce*" and Sm®" ions. Based on a comparison of the anodic and cathodic
polarizations, while the former only induced the deposition of Ce’*, the latter
accomplished the simultaneous deposition of Ce and Sm species. Under an applied
cathodic bias below the hydrogen evolution potential, the Ce’” and Sm®" were reacted
with OH™ ions generated by the reduction of water molecules, and then were deposited
on the electrode as a hydroxide. The hydroxide was subsequently oxidized and
dehydrated to form the ceria-based thin layer. The morphologies of the as-deposited
films were significantly altered on the basis of the applied potential. Moreover, the
addition of acetic acid to the electrolysis bath caused the production of a transparent,
dense, and adherent film. The XRD pattern and Raman spectrum of the thin film
revealed that the film was crystallized as the fluorite structure without any heat
treatment, and Sm’" is substituted at the Ce* site. Moreover, the Sm content in the film

could be easily controlled by the metal concentration in the solution.
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1. Introduction

Thin films of pure ceria (CeO,) and its solid solutions have many important
characteristics, such as ion conducting [1], electrochromic [2], and UV light shielding
[3,4] properties. Recently, CeO, films have attracted attention as anti-corrosion dopant
[5] or as conversion layer [6,7]. The dense ceria films with a strong adhesion to a
substrate and without structural defects (pinholes and/or cracks) are suitable for the
applications mentioned above. Numerous fabrication methods including sol-gel,
sputtering, chemical solution techniques, etc., have been reported to prepare ceria based
thin films. Among them, the electrochemical formation of ceria thin films is expected to
become more important in the future because it is a low energy solution process carried
out under environmentally friendly conditions. Moreover, the characteristic states of the
films can be easily controlled by varying the preparation conditions, such as potential,
current density, temperature, and pH used during the electrolysis. Until now,
high-precision oxide films, such as epitaxial [8,9], superlattice [10], quantum dot
[11,12] and noble metal doped films [13] have been prepared by the electrochemical
method.

In the past decades, a number of reports have dealt with the electrochemical
preparation of ceria thin films. Conventional electrolysis was performed in aqueous
solutions of Ce®" salts, and CeO, films were deposited via electrochemical reactions on
conductive substrates. It has been demonstrated that CeO, films can be electrodeposited
by either cathodic or anodic processes [14-19]. In the former case, applying a more
negative bias than the hydrogen evolution potential of H,O raises the pH near the
electrode surface, and then Ce’” is precipitated as a hydroxide on the electrode surface.
Finally, Ce(OH); is transformed into CeO, by oxidation and dehydration. Naturally, the
cathodic method is applicable to not only Ce’*, but also other metal ions taking part in
the precipitation at high pH. On the other hand, anodic polarization allows the direct
electrochemical oxidation of Ce®” to insoluble Ce(OH), (CeO,-nH,0), and is useful for
other limited metal ions which are oxidized to insoluble higher valence states [20-23].

Even though the electrochemical processing of pure ceria thin films has been
energetically studied [24-27], there are few reports on the thin films of ceria-based solid
solution, i.e., doped ceria, within our knowledge [28,29]. Since the ion conduction and
electrochromism of ceria appear only after the incorporation of other metal ions, the
metal ion doping into ceria is useful to increase the availability of ceria. It is pointed out
that the electrochemically prepared ceria thin films have some disadvantages based on

the processing in aqueous solution, i.e., (1) development of structural defects due to gas



evolution from the electrode surface as a side reaction, and (2) weak adherence to the
substrate [18,24]. Therefore, in this study, the electrochemical conditions for synthesis
of doped ceria thin films (Sm-doped CeO,) showing dense and adherent characteristics
have been optimized by controlling the bath composition and electrochemical
parameters. As a result, we demonstrated that the cathodic polarization in a Ce’*
solution containing acetate ions simultaneously produces dopant incorporation and

densification of the ceria thin films.

2. Experimental

The electrochemical preparation of Sm-doped CeO; thin films was carried out in a
single-compartment glass cell, in which Sm doping is known to enhance the oxide ion
conductivity of CeO,. A Pt foil was used as the working electrode (apparent electrode
area: 1 cm?®). A Pt plate (6 cm?) and saturated Ag/AgCl were used as the counter and
reference electrodes, respectively. In this paper, the working electrode potentials refer to
the reference electrode. The water used in all the processes was doubly deionized water.
The electrolyte solution was prepared by mixing identical volumes of a 0.1 M
(Ce(NO3); + Sm(NOs);) with 0.1 M CH3COOH, i.e., [Ce’” + Sm>] = 0.05 M, where
metal fraction of Sm>* (fsn = Sm / (Ce + Sm)) was adjusted in the range of 0 ~ 0.5 in
mol. The co-existence of acetate ions in the electrolyte solution allows the metal ions to
be stabilized as a complex ion. In order to promote the dissociation of acetic acid and
the formation of complex ions between acetate ion and Ce’*, the solution pH was
adjusted to 5 by the addition of a minute amount of 3 M NaOH. Before electrolysis, the
electrolyte solution was naturally aerated. Electrolysis was performed by applying a
constant potential to the working electrode at 323 K for 1 h. The obtained films were
washed with water and dried under ambient conditions. The morphology and
composition of the films was observed and analyzed by FE-SEM-EDS (Hitachi S-5200)
with acceleration voltage of 5 kV. The X-ray diffraction (XRD) patterns for the samples
were measured using a Rigaku RINT2200 with Ni-filtered Cu-K, radiation operated at
40 kV and 30 mA. Laser Raman spectroscopy (JASCO NRS-2000, Ar laser, A=514.5
nm) was also employed for phase identification. The amount of Ce and Sm deposited
was estimated by ICP-MS (Agilent 7500c) after dissolving a film in concentrated HNO;

solution.

3. Results and Discussion
3.1. Electrochemical characterization

To investigate the redox behaviors of Ce’" and Sm®" under an applied a potential,



the anodic and cathodic polarization curves of the Pt working electrode from an open
circuit potential (OCP: +0.25 V) were measured as shown in Fig. 1. Under anodic
polarization, the broad peak centered at +0.75 V was assigned to the oxidation of the Pt
electrode, and oxygen gas evolution from the H,O molecules (OER) was confirmed
above ca. +1.0 V. In the cathodic polarization curve, the small peaks due to the
reduction of dissolved oxygen molecules and NOs appeared, and hydrogen gas was
generated below ca. —0.5 V as a result of reduction of H,O and H'. On the basis of the
comparison with the polarization curve for a metal-free solution, no electrochemical

responses related to Ce’” and Sm®” were detected in Figure 1.

3.2. Influence of cathodic potential on film formation

The formation of thin films was confirmed at the constant applied potential above
+0.8 V (anodic) or below —0.5 V (cathodic). Figure 2 shows the results of the EDS
analysis of the thin films prepared under the anodic or cathodic polarization in the
mixed solution of fsn = 0.5. The characteristic X-ray of Ce was only detected and no
presence of Sm was confirmed in the anodically deposited thin films. While the
electrochemical oxidation of Ce’" to Ce(OH)4 proceeds under an anodic bias, Sm®" is
impossible to be oxidized to a higher valence similar to other rare earth metals except
for Pr’*. Consequently, the thin film formed by the anodic polarization included only
oxidized Ce species. In contrast, the cathodic polarization resulted in the co-deposition
of both Ce and Sm as shown in Fig. 2 (b). In this case, applying a more negative bias
than the hydrogen evolution potential raises the pH near the electrode surface because
of the production of hydroxide ions [14]. It appears that, as a result, Ce’" and Sm®" are
simultaneously accumulated as a solid hydroxide on the electrode surface, because these
metals show a similar precipitation behavior [30]. To fabricate the Sm-doped ceria thin
films, the following sections will focus on the cathodic polarization and optimize the
electrolysis conditions for attaining dense and adherent films.

Regardless of the metal ratio in the bath, the morphologies of the as-deposited thin
films were dramatically changed depending on the cathodic potential during the
electrolysis. Applying a more positive potential than —0.4 V did not cause any
deposition, and the films grown below —0.6 V were thick and opaque, and consisted of
granular deposits weakly attached to the Pt substrate. On the contrary, the Pt substrate
was uniformly coated with yellowish transparent thin films after the electrolysis at the
intermediate potential of about —0.5 V. Figure 3 shows the chronoamperometry for a
thin film growth at —0.5 V on the Pt working electrode in the mixed solution (fsym = 0.5).

The current density abruptly decreased during the initial stage of the electrolysis, and



reached a steady state around —0.08 mA/cm? after 5 min. This indicates that the cathodic
reactions were retarded by the insulating layer that was initially produced on the entire
electrode surface. Therefore, it was suggested that the optimum electrode potential is ca.
—0.5 V to induce the homogeneous deposition of the film in the present electrolysis
bath.

3.3. Morphology and adhesion of film

Figure 4 shows SEM micrographs of the surface and cross section of the film grown
at —0.5 V in the fsn = 0.5 solution, in which the surface image of the film deposited in
the bath excluding acetic acid is also displayed. As shown in Figs. 4(a) and (b), the films
homogeneously formed at —0.5 V were composed of densely packed fine particles
(diameter ~ 10" nm) and had no discernible structural defects (cracks, pinholes and
peelings). The thickness was about 100 nm under the present condition. On the contrary,
the absence of acetic acid in the bath caused the partial peeling of the deposits and the
precipitation of larger platelet particles with cracks due to the hydrogen gas evolution
(Fig. 4(d)). Such a morphology was quite similar to that of the films prepared at
potentials more negative than —0.6 V as stated above. Based on these facts, the addition
of acetic acid to the electrolysis bath plays an important role in the densification of the
as-deposited layer. According to the literatures [24-26], it is predicted that acetate ions
behave as a complex agent for Ce’” and Sm®". Assuming the electrolysis bath containing
only Ce*" as the source of the film, the Ce’" seems to be coordinated with up to four
acetate ligands; Ce**, Ce(OH)*", Ce(Ac)*, Ce(Ac),", Ce(Ac)s, Ce(Ac)s, where Ac is
the acetate ion (CH3COO"). As indicated by Switzer et al. [26], the predominant species
in the electrolysis bath can be calculated using the ionization product of water, the
dissociation constant for acetic acid, and the formation constants of the complex ions.
As a result, the present solution (0.05 M Ce’" + 0.05 M Ac, pH = 5) consists of 54.2 %
Ce**, 0.0 % Ce(OH)*", 39.4 % Ce(Ac)™, 6.1 % Ce(Ac),”", 0.3 % Ce(Ac)s, and 0.0 %
Ce(Ac)4". That is, over 40 % of the Ce species is complexed with acetate ligands. Hence,
the presence of the acetate complex would significantly affect the deposition
mechanism. For instance, Ce(OH); will be produced from Ce(Ac)*" on the Pt surface
during the electrolysis by the following chemical reaction:
Ce(Ac)* +30H — Ce(OH); + Ac (1)
K =[Ce(OH)s][Ac ]/ {[Ce(Ac)” JIOH T’} (2)
where K is the equilibrium constant of eq. (1), and Kceonyz and Kceac are the formation
constants of Ce(OH); and Ce(Ac)*", respectively. As Kceac typically exceeds unity (log
Kceac = 1.68 [24]), the relationship of K << Kceon)s 1s determined, indicating that the



existence of complex ions, such as Ce(Ac)®", retards precipitation of the hydroxide.
Consequently, the gradual growth of the hydroxide layer would bring about the
formation of a homogeneous film. The addition of acetic acid seems to be also effective
for the stabilization of Sm®". Furthermore, the buffer action of the free acetate ions may
relax the pH gradient near the Pt surface, resulting in nucleation of the hydroxide at a
location closer to the electrode surface. In summary, the preparation of dense layers
containing both Ce and Sm was realized by cathodic polarization in the bath with
acetate ions. While a similar coordination effect of carboxylate ions had already been
demonstrated in the cases of the anodic polarization for CeO, deposition, the present
study has first confirmed that the acetate ions are useful for improving the density of the
film prepared by the cathodic polarization which is completely different mechanism
from the anodic oxidation.

Adhesion to a substrate as well as density is one of the significant factors for the
practical applications of doped ceria thin films. The ultrasonic impaction method was
employed to qualitatively estimate the adhesion force. The film-coated Pt substrate was
ultrasonicated (60 W) for 10 min in pure water. The particles deposited in the bath
without acetic acid (Fig. 4(d)) had completely peeled off from the Pt substrate during
the ultrasonication. In contrast, over 80 % of the dense film as shown in Fig. 4(a, b)
remained. Also, the films could only be detached by chemical dissolution or abrasion.

These results qualitatively indicate that they had a strong adhesion to the substrate.

3.4. Effect of bath composition

The amounts of Ce and Sm deposited in the electrolysis bath with various Sm
concentrations (fsm) were determined by ICP-MS after dissolving the films in an
aqueous HNOs solution. Figure 5 shows the composition of the film precipitated on the
Pt electrode under the applied constant potential of —0.5 V. The Sm ratio in the film
monotonically increased with the Sm concentration in the bath. Given the simple
relationship between the Sm ratios in the film and the bath, the film composition can be
easily controlled by varying the ratio of metal ions in the electrolysis solution.
According to Fig. 5, the fsy in the film was lower than that in the bath at fsy > 0.1.
Taking into account the lower solubility of Sm(OH); (solubility product: Ssmonyz =
4.6%10>*) than Ce(OH)3 (Sce(onyz = 7.0*1072") [31], it is reasonable to conclude that the
fsm in the film exceeds that in the electrolysis bath. However, the deposited Ce(OH);
deposited would be oxidized to the tetravalent hydroxide or hydrated oxide by dissolved
oxygen molecules derived from the aerated electrolyte solution. Due to lower solubility
of the tetravalent cerium compounds (SceoHys = 4*%10%) [32], the fsm in the film



decreased as compared to that in the bath.

3.5. Crystal structure of as-deposited film

An XRD analysis was employed to assess the crystallinity of the as-deposited films
(Fig. 6). Irrespective of the co-existence of Sm, both XRD patterns displayed the
diffraction line assigned to the fluorite structure of CeO, as well as the Pt substrate. In
fact, the appearance of the films was a transparent yellow which corresponded to the
original color of CeO,. This indicates the Ce(OH); on the Pt substrate had reacted with
the dissolved oxygen to form CeO, during the electrolysis as mentioned above. The
oxidation might also proceed during the drying process under ambient conditions.
Though the diffraction intensity of CeO, (111) was relatively low, the film including
both Ce and Sm has no diffraction lines assigned to Sm compounds, implying the
doping of Sm’ into the CeO, lattice. Therefore, Raman spectroscopy was used to
confirm the formation of the solid solution (Fig. 7). The pure CeO; film exhibited a
single broad peak at 464 cm™ due to the symmetric breathing mode of the oxygen atoms
surrounding the cations (CeOs) [33]. A slight peak shift to a lower wavenumber (454
cm ') was observed in the film prepared in the mixed solution, suggesting that the
heavier Sm®* was present in the CeO, lattice [34]. Additionally, the broad peak at 500 ~
650 cm' that appeared was related to the oxygen defects which originated from the
partial substitution of Sm®" for Ce*’, i.e., Ce1xSm,O,.y [35]. These results demonstrated
that the electrochemical growth of the CeO, layer together with Sm under a cathodic
potential induces the incorporation of Sm®” into the CeO lattice in a manner similar to
the coprecipitation method for the powder synthesis of doped ceria. It is expected that
various kinds of metal ions besides Sm”* can be dissolved in the lattice. Thus, it can be
concluded that the cathodic polarization is useful for the preparation of dense, adherent,

crystallized, and doped CeO, thin films without any heat treatment.

3.6. Corrosion study

In past decades, CeO, coatings have been regarded as a possible alternative to
chromate coatings for protecting structural metals. Thus, the barrier effect of the
fabricated film on the SUS304 substrate was characterized by measuring the
polarization curve in a 0.1 M NaCl solution (Fig. 8). The cathodic branches of curves
did not change before and after the coating, suggesting that the reduction of dissolved
oxygen gas occurred at the surface CeO, layer with a slight electron conductive
character. In contrast, the leak current decreased over a wide potential range above the

corrosion potential (Ecorr). Similar protection behaviors have been also reported for ceria



[5] or silica-based conversion coatings [36] on magnesium alloys. The decrease in the
anodic current might induce the slight shift of Ecor to the positive side. Since the film
was composed of closely packed nanoparticles as shown in Fig. 4 (b), the aggressive
chemical species (ex. Cl) could not penetrate through the film. Hence, the
electrochemical coating in the present study may be useful for improving the

anticorrosion properties of steel and/or alloy substrates.

4. Conclusions

The present study investigated the electrolysis conditions for the Sm-doped CeO,
thin films having a high density and adhesion. As a result, cathodic polarization was
useful for the incorporation of Sm®* into the fluorite CeO,. It was predicted that Ce**
and Sm’" were deposited as hydroxides, in which Ce™ was transformed into Ce'" under
an oxidizing atmosphere during the electrolysis. The addition of acetate ions, which
coordinate to metal ions, reduced the deposition rate, and then the dense and adherent
film with an excellent transparency could be produced on the entire electrode surface.
The metal ratio in the film can be easily controlled by varying it in the electrolyte
solution. According to the XRD analysis and Raman spectroscopy result, the produced
film was crystallized without heat treatment and the Sm’" dopants were present at the
Ce*" sites of the CeO,. Thus, it can be concluded that the proposed method easily
realizes the formation of doped ceria thin films with a high crystallinity, density, and
adhesion.
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Figure 1: (a) Anodic and (b) cathodic polarization curves (2 mV/s) of a bare Pt

electrode in the mixed metal solution (fsn = 0.5).
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Figure 2: EDS spectra of the films deposited by (a) anodic (+1.0 V) and (b) cathodic
(=0.5 V) polarizations in the mixed solution (fsn = 0.5), where the detection

limit was ~ 0.2 at% depending on the element.
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Figure 3: Chronoamperometry of thin film growth on Pt at —0.5 V in the mixed
solution (fsm = 0.5).

(a) with acetic acid

(b) magnified

(c) cross section

(d) without acetic acid

Figure 4: SEM photographs of the surface of the as-deposited film in the mixed
solution (fsm = 0.5) with (a) and without acetic acid (d) at —0.5 V. Magnified

and cross-sectional images of (a) are also shown in (b) and (c), respectively.
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Figure 5: Dependence of bath composition on Sm concentration in the as-deposited

film fabricated under the applied constant potential of —0.5 V.
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Figure 6: XRD patterns of the films deposited at —0.5 V in the mixed solutions (fs, =
0 (a) and 0.5(b)).
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Figure 7: Raman spectra of the as-deposited films formed in the mixed solutions (fsy

=0 (a) and 0.5(b)).
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Figure 8: Polarization curves of (a) bare SUS304 and (b) SUS304 covered with
electrochemically grown CeO; layer (0.5 V for 1 h) in 0.1 M NaCl. The

apparent electrode area is 0.36 cm”.
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