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Abstract

Rare earth ceramic oxides are used in several applications including, phosphors, gas
sensors, fuel cells, catalytic converters, and corrosion protection. These materials
exhibit attractive properties such as fracture toughness, stiffness, and high strength-
to-weight ratios. Synthesis of rare earth oxides includes a long list of techniques, but
electrodeposition is one that has not been used as extensively as other techniques. This
chapter discusses in detail the electrochemical synthesis of lanthanum, cerium, and
praseodymium oxides. The physical and chemical properties of the electrodeposited
oxides are characterized by x-ray diffraction, scanning electron microscopy, x-ray
photoelectron spectroscopy, and other techniques. The electrochemical synthesis and
post-treatment of other rare earth oxides, such as gadolinium, terbium, samarium,
neodymium, europium, and dysprosium oxides are also covered in this chapter. Two

main mechanisms of electrodeposition for rare earth oxides are discussed in detail.

Keywords: Electrodeposition, rare earth oxides, cathodic, anodic

1. Introduction

Ceramic oxides (M,O,) typically have a combination of properties that make them attrac-
tive for many applications. These oxides exhibit fracture toughness and hardness, and can
be used to make low weight composites of high strength. Ceramic oxides can also be used
as protection coatings because of their interesting corrosion inhibiting properties [1-3]. These
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86 Advanced Ceramic Processing

structural ceramics can be used to coat specific components exposed to extreme condi-
tions, such as high temperature, high stress, or high friction. Of the ceramic oxides, rare
earth oxides (REOs) are interesting materials and are a type of ceramic oxide that has many
promising properties. Rare earth oxides can be used to color glass, for example, Er,O; adds
a light pink color while Sm,O; produces a yellow color [4, 5]. REOs are used in the making
of phosphors or fluorescent lighting [6, 7]. Rare earth oxides such as cerium oxide have
also been important in automotive catalytic converters [8]. The most common stoichiome-
try for rare earth oxides is R,0;; however other compounds containing Ce, Pr, or Tb can
exhibit several oxide phases, RO, (1.5 < x < 2) and compounds like CeO,, Pr,O,;, and Tb,O,
are common. Applications for rare earth oxide coatings include gas sensors [9, 10], fuel cells
[11, 12], catalysis [13, 14], and corrosion protection [1, 15-18].

There is a long list of processing techniques for producing rare earth oxides including spray
hydrolysis, pulsed laser deposition, chemical vapor deposition, solid state reactions, sol-gel
method, and melt infiltration [19-24]. However, electrochemical synthesis has not been used
extensively to deposit rare earth oxide coatings. The electrodeposition mechanism can be
complex for many of the reactions and present a formidable challenge. In fact the majority of
the electrodeposition work has focused on cerium oxide coatings and powders [25-28].
Typically, the redox potential for the rare earth oxides is not readily accessible in aqueous
solutions, making synthesis difficult. But electrochemical deposition offers several advantages
including low processing temperature, control of the driving force, and deposition onto
various shapes [29-31]. This chapter covers the electrochemical deposition (not electrophoretic
or soaking methods) of rare earth oxides as films for various applications.

2. Electrochemical synthesis techniques for ceramic oxides

For the deposition of ceramic oxides, there are three main methods. These include electropho-
retic, electrolytic (base generation), and direct electrodeposition. Electrophoretic deposition
occurs when a high electric field is applied in a solution that contains suspended particles. The
charged particles in solution migrate to and then are deposited on the electrode surface.
Typically, much higher voltages or currents are used to drive the ions in solution during this
deposition compared to electrodeposition. Electrophoretic deposition tends to give thicker
coatings than other techniques.

Electrolytic deposition occurs when cathodic reactions produce colloidal particles in solution
next to the electrode surface. This method has an electrogeneration of base or local change of
pH at the electrode surface. The solution contains metal salts or metal complexes. This may
result in powdery or loosely adherent coatings. The cathodic electrodeposition or base
generation method for synthesizing oxides was first described by Switzer [32]. The local
increase in pH happens either by consumption of hydronium ions or production of hydroxide
ions. Depending on the species in solution, both of these mechanisms may be occurring. The
most likely reactions include [33]:
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H'+e > H_, @
2H'+2¢ > H, 2)
2H,0 +2¢" — H,+20H" 3)
O,+ 2H,0 + 4e” — 40H" @)

If a nitrate salt is present in the solution then hydronium ions can be consumed or hydroxide
ions produced by:

NO, +2H"+2e” - NO, + H,0 )
NO, + 10H"+ 8e- — NH, "+ 3H,0 6)
NO, +H,0 +2¢” - NO, + 20H' )

NO, +7H,0 +8e” — NH, '+ 100H" ®)

With any of these reactions, the local pH at the electrode surface is increased and can be as
high as 11-12 compared to the lower pH in the bulk of the solution.

Direct electrodeposition occurs when there is a direct oxidation or reduction (exchange of
electrons) between the metal ion or metal ion complex and electrode to produce the metal oxide
on the surface. This method is typical for electrochemical reactions, such as reduction of metal
ions in solution to produce pure metal on an electrode surface (plating).

In this chapter, we cover only electrolytic and direct electrodeposition for the production of
rare earth oxide coatings. The oxides or hydroxides of lanthanum, cerium, praseodymium,
neodymium, samarium, europium, gadolinium, terbium, and dysprosium have been electro-
chemically produced. To date, the bulk of the electrochemical literature covers cerium oxide
(CeO,), about 40:1 compared to the other rare earth oxides. It must be noted that in aqueous
solutions, the lanthanide hydroxides are stable in alkaline solutions but return to their
corresponding cations in acid solutions [34]. This is true for all the lanthanide series; however,
a few do have a stable oxide that may be accessible during deposition under the correct
conditions. These include CeO,, PrO,, NdO,, and TbO,. In practice, this means that most of the
rare earths are deposited as hydroxides or hydrated oxide species and post-treatment is needed
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88 Advanced Ceramic Processing

to produce the desired stoichiometry. We will make note of this in our discussions when
applicable for each section.

3. Electrochemical synthesis of lanthanum oxide (La,O5)

Lanthanum oxide (La,0O;) has been utilized in several technological applications, such as light-
emitting phosphors, solid oxide fuel cells, catalysis, automobile exhaust-gas converters, and
sorbent materials [35-39]. There are only a few papers reporting the attempt to electrodeposit
lanthanum oxides from aqueous solutions [39-42]. In practice, La,O; has not been deposited
directly using electrodeposition. However, lanthanum hydroxide, La(OH),, has been electro-
chemically deposited. Bocchetta et al. first showed that it was possible to obtain La(OH); from
a solution of lanthanum nitrate using galvanostatic deposition at a cathodic current of 1
mA/cm? [40]. They obtained nanowires on an Al substrate, and the authors proposed that
deposition occurred through a base generation mechanism. Yao et al. did a similar type of
deposition using lanthanum nitrate and ammonia nitrate to obtain La(OH); nanorods on a
copper substrate [41]. Like previous authors, they also proposed a base generation mechanism
in which hydroxide ions are formed from the nitrate and water reduction:

NO,+H,0+2e” - NO, +20H" )

2H,0 +2e” — H,+ 20H" (10)

However, by studying the SEM images along the potential-time curve, they also proposed that
the evolution of hydrogen (reaction 10) was important in obtaining the nanorod formation.
The H, bubbles acted as a dynamic template forcing the nanorods in a vertical growth direction
through the pressure of the bubbles.

The formation of La,O; from La(OH); was first done by Liu et al. [42]. They fabricated
La(OH); nanospindles and nanorods on F-doped SnO, substrates using galvanostatic deposi-
tion from a bath containing 0.01 M La(NO;); and 30-50% DMSO. After obtaining La(OH),
nanorods, the coating was sintered at 690 °C. A pure hexagonal structure of La,0O; was obtained
as revealed by the XRD pattern. The percentage of DMSO in the deposition solution affected
the nanostructure of the deposits. Lower concentration produced nanorods, higher concen-
tration produced nanospindles.

Other researchers also obtained nanorods, nanospindles, and nanocapsules of La,O; by
electrodeposition of La(OH), using the base generation method and then sintering [43-45].
However, it was shown by CHN analysis and FTIR that nitrates were codeposited into the
La(OH); hexagonal lattice. A sharp peak at 1383 cm™ in the FTIR spectra for the hydroxide
sample is due to the vibration modes of NOj; ions intercalated in the deposit structure during
electrodeposition. After sintering, no nitrates were present in the coating. Very nice vertically
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aligned uniform nanorods were prepared of La(OH); and La,O; using a pulsed electrodepo-
sition method followed by heat treatment [43]. In conclusion, while La,O; has not been directly
electrodeposited onto various substrates, La(OH); can be deposited from a nitrate solution
using the base generation method and then heat treated (typically ~600 °C) to obtain La,Os.

4. Electrochemical synthesis of cerium oxides

Cerium oxide (CeQ,) is of interest in the area of catalysis [46]. Much effort has been dedicated
to studying the role of ceria in several well-established industrial processes such as three-way-
catalysis (TWC) systems and fluid catalytic cracking (FCC) systems, where CeQO, is a key
component in catalyst formulation. Cerium oxide is used to remove automotive exhaust gases
such as NO, CO, and CH,, and to eliminate SO, and NO, from fuel gases [47]. Ceria also
demonstrates catalytic function in the removal of soot from diesel engine exhaust, elimination
of organics from wastewaters (catalytic wet oxidation), and cracking of heavy oil in zeolite. In
addition, CeO, is a semiconducting and ionic-conducting oxide. It can substitute for ZrO, as
the electrolyte material in solid oxide fuel cell (SOFC) systems and has been regarded as a
model system for mixed ionic/electronic conductor investigations [48].

Particle size plays a significant role in the unique properties and applications of cerium oxide.
Generally speaking, the smaller the particle size, the lower the packing porosity and the higher
the surface area. Catalytic activity and electrical conductivity of crystalline cerium oxide are
dependent on particle size, where electronic conductivity predominates in the nanocrystalline
phase and ionic conductivity mainly controls the microcrystalline structure [49]. The nano-
crystalline phase of cerium oxide is favorable for formation of a nonstoichiometric structure
due to reduced enthalpy of defect formation and propensity for oxygen vacancies. The fluorite
structure of CeO, favors oxygen vacancy formation in the lattice, enhancing the catalytic
reactivity of CeO, in TWC, FCC, and other gas phase oxidation and reduction reactions [50].
Nanocrystalline cerium oxide improves catalytic properties significantly, leading to higher
conversion of carbon monoxide to dioxide and sulfur dioxide to elemental sulfur at lower
temperatures. The improved catalytic reactivity was also demonstrated in the oxidation of
methane [51-53]. The sinterability of crystalline cerium oxide increases with decreasing particle
size. The reduction of sintering temperature for nanocrystalline cerium oxide overcomes
processing temperature difficulty and makes it a promising candidate as an electrolyte in solid
oxide fuel cells [52, 53]. Ceria can also be used for corrosion protection on a number of different
substrates [54-56].

Cerium typically forms two types of oxides, cerium dioxide (CeO,) and cerium sesquioxide
(Ce,O;). Cerium sesquioxide (Ce,Os) has two structural forms, hexagonal (A-type) and cubic
(C-type). Cerium oxide (CeO,) has a fluorite (CaF,) structure (fcc) with space group Fm3m.
Figure 1 shows the structure of the stoichiometric CeO, with the oxygen (represented by circles)
four coordinated and the cerium (represented by solid balls) eight coordinated. The cerium
atom is at the center of the tetrahedron and the tetrahedral corners are occupied by oxygen
atoms. Cerium oxide can exist as a non-stoichiometric oxide, that is a mixture of Ce(IIl) oxide
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and Ce(IV) oxide, while still retaining the fluorite cubic structure. The coatings can be easily
identified by x-ray diffraction (XRD) analysis.

(0] Ce

Figure 1. Fluorite structure of cerium oxide.

For the electrodeposition of rare earth oxides, cerium oxide is by far the most studied. It
is also one of the few that has been deposited by both electrolytic (base generation) and
direct electrodeposition. Cathodic electrodeposition (i.e., base generation electrochemical
method) was first introduced for the plating of cerium oxide films [32]. Switzer et al. used
this method to produce cerium oxide films and powders [57, 58]. Crystalline, randomly
oriented cerium oxide coatings were deposited galvanostatically from a cerium nitrate
solution. During the synthesis, the pH changed from ~ 4.5 to 7.5, showing that base was
generated during deposition.

An in-depth study was done by Aldykiewicz et al. to understand the base generation
mechanism for CeO, deposition [59]. They proposed a mechanism involving oxygen to
produce an oxidizing agent (i.e., H,O,) for Ce(Ill) to Ce(IV) formation. With an oxidant
available in the system, cerium oxide film formation was accomplished through a four- or
two-electron process to a hydroxide intermediate. A critical pH value above 8.7 was needed
to keep the cerium hydroxide ions stable in solution. The final step was the precipitation
of CeO, onto the electrode surface. This mechanism was supported by rotation disk
electrode experiments and XANES studies. Li et al. studied the mechanism proposed by
Aldykiewicz with in situ atomic force microscopy technique (AFM) and concluded that a
cerium hydroxide species is produced at the electrode surface with CeO, forming nuclei
out of this hydroxide “gel”. The rate-determining step for this mechanism is then the
nucleation and growth of the CeO, crystals [60-62].

Zhitomirsky also proposed that hydrogen peroxide plays a dominant role in the two-electron
reduction process for the earlier mentioned mechanism [63-65]. He used H,O, as an additive
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for the cathodic electrodeposition of CeO, and Gd-doped ceria films from aqueous and mixed
alcohol-water solutions of cerium chloride or nitrate. He then proposed that a CeO,.nH,O or
Ce(OH);O0H deposit formed via two- or four-electron reduction, owing to the participation
of hydrogen peroxide in the oxidation step. Zhitomirsky noticed that there was always a lot
of cracking of the films, probably due to dehydration of the film and/or mismatch of the linear
thermal expansion coefficients for the coatings and substrate. For example, stainless steel, a
common substrate used for ceria deposition, has a linear thermal expansion coefficient of ~12.5
x 10° K. For ceria, the linear thermal expansion coefficient has been reported to range from 9
to 18 x 10° K™ at 298 K [66-69]. In addition, a increased as the oxygen vacancies increased for
ceria, indicating that the +3/+4 ratio of cerium in the coatings is important. It is reasonable to
assume that the thermal expansion coefficient values for thin coatings or nanocrystalline films
will be different than that measured for bulk cerium oxide. This cracking or “stain-glass” effect
that occurs for deposition of CeO, can be seen in Figure 2. Zhitomirsky added polymers (PVB
or PVP) into the deposition solution, which were electrochemically intercalated into the
deposit, so that the resultant films exhibited better adherence and crack-proof properties [63,
70]. Switzer took a different approach, in which he used anodic deposition at different applied
voltages to directly oxidize Ce(III) to Ce(IV) and obtained crack free films [25]. A XANE study
on electrodeposited cerium oxide thin films revealed that anodic deposition led to higher
percentage of Ce(IV) species while cathodic base generation method led to the formation of
high percentage of Ce(IlI) species in the composition [71]. In fact, no matter what electrode-
position method is used, the coatings obtained typically have a mixed stoichiometry of CeO,.
- Much of the work for deposition of cerium oxide has been done using the base generation
method; however several researchers have studied the deposition using direct oxidation of
Ce(III) to Ce(IV) to produce the films [25, 27, 28, 72].

Direct anodic deposition of CeO, as a film is difficult in aqueous solutions. A simplified
Pourbaix diagram, as shown in Figure 3, can help elucidate the different species that are stable
at various pHs and voltages [34]. The dotted lines frame the boundaries of oxidation and
reduction for water. At pHs below 7, Ce* ions are stable between the reduction and oxidation
limits of the electrolyte; however, as the pH increases above 7, Ce(OH), precipitates.

Golden et al. proposed a deposition route in which the Ce* ion in solution was first stabilized
using a ligand [27, 28]. Several weakly to strongly bound cerium complexes were studied for
the direct anodic deposition of CeO,. The deposition proceeded best when a ligand such as
acetate or lactate was complexed with cerium in solution. The deposition was found to be pH
and temperature dependent. Figure 4 shows the x-ray diffraction patterns for films deposited
at different pHs. As seen from the XRD pattern, for a solution pH between 7 and 9, the
deposited CeO, film exhibits a preferred (111) orientation, but at a pH of 9 to 11, the CeO, films
exhibita random orientation. At solution pHs higher than 11, no CeO, deposits on the electrode
surface, although CeO, powder (confirmed by XRD) is generated and settles at the bottom of
the reaction cell. Golden et al. found that the preferred oriented CeO, films could be obtained
by tailoring the deposition conditions. The optimized deposition parameters included anodic
deposition at current densities lower than -0.06 mA/cm? and temperatures higher than 50 °C [1].
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Figure 2. Optical Micrograph of an electrodeposited cerium oxide film on stainless steel. 800x magnification. (from T.
Golden).

(111)
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Figure 4. X-ray diffraction patterns of cerium oxide films deposited at a pH of (A) 7.5, (B) 8.5 and (C) 10.5. Deposition
temperature, 70 °C; j,poac = -0.06 mA/cm? Y-axis represents x-ray intensity in cps.
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Figure 3. Simplified Pourbaix diagram for the Ce system in aqueous solution.

The electrodeposition of cerium oxide has an approximate linear relationship with fixed
current density and deposition time up to a point. Typically, the faradaic yield drops off 35%
after a certain film thickness due to the insulating quality of the cerium oxide coating [73].
After long periods of deposition time (~24 hrs), the current becomes negligible. [27, 28].

Cerium oxide has been deposited from electrolytic solution containing either cerium nitrate
or cerium chloride salts. Using chloride salts poses a problem, in that the deposits tend to be
amorphous and incorporate chloride ions into the films except under certain conditions. Creus
et al. found that to deposit using cerium chloride salts required either an addition of H,0, to
the aqueous electrolyte solution or use of a mixed water—ethyl alcohol solution [74]. Others
also found that the base generation method could be used for the deposition from chloride
salts when the plating solution contained a mixture of water and ethanol [70, 75, 76].

A major thrust in recent years has been to electrodeposit cerium oxide onto various substrates
for corrosion protection. Successful deposition of cerium oxide has been accomplished on
surfaces such steels [77-79], zinc [15, 80], aluminum [81], and nickel superalloys [82, 83]. Linear
polarization and tafel analysis were applied to test the corrosion protection effect of the as-
deposited cerium oxide—oriented films [1]. The corrosion current decreased from 7.94 x 10 for
the substrate to 7.59 x 101 Aecm™ for the CeO, film coated substrate in a 0.1 M NaCl solution.
Film coated substrate in a 0.1 M NaCl increased from 2.63 x 10° for the substrate to 6.69 x 10”
Qecm? for the CeO, film showing increased corrosion protection for the coating.
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5. Electrochemical synthesis of praseodymium oxides

Praseodymium oxide is a versatile and useful material, which is made up of a series of oxide
compounds with the general formula Pr,O,,, (n=4, 5, 6, 7, 8, 9, 10, 12) [84-86]. Pr,O; has a
hexagonal structure and belongs to the A-type rare earth structure, while, PrO, and Pr,O,, have
a fluorite structure (similar to CeO,) where the metals are eight-coordinate. The mixed valence
states in praseodymium oxide compounds make them useful materials with several important
applications. Two areas of interest for praseodymium oxide films include the use of this
material as an ethanol sensor and as a catalyst. [87-90]. Tsang et al. found that Pr,O,; could
detect ethanol in air and the optimal sensitivity (100%) was obtained at about 250 *C — 300 °C
[87]. The Pr,O,, sensors gave a linear response to ethanol concentrations in the range of 200
8000 ppm. Praseodymium oxide is a promising candidate to substitute silicon dioxide as a
high-K dielectric, with a dielectric constant up to 10 times higher than SiO, (dielectric constant
is around 30) and very low leakage currents. Among the different compositions of praseody-
mium oxide, Pr,O;; has the highest K value and Pr,O; is a good dielectric [91-93]. Praseody-
mium oxide films can be formed by several different methods including molecular beam
epitaxy, pulsed-laser deposition (PLD), sputtering, electrocrystallization of molten salts,
chemical vapor deposition (CVD), and spin coating [92, 94-99].

However, the literature for the electrochemical deposition of praseodymium oxide is quite
sparse. There are only a couple of references using electrodeposition and even in these the
initial deposition component is praseodymium hydroxide, which is converted to Pr,O,; or
PrO, by sintering [100, 101]. In both instances, Pr(NO;); and H,O, were used as electrolyte and
the deposition occurred by the base generation method. The reactions are [101]:

H,0, (aq) +2¢” — 20H (aq) (11)

NO, (aq) +H,O(1) +2¢" - NO, (aq) +20H (aq) (12)
2H,0(1) +2e” —20H (aq) + H, (g) (13)

2Pr(OH), (s) »2PrO, (s) or Pr,0,,(s) +2H,0(1) + H,(g) (14)

where the electrochemical generation of hydroxide ions increases the pH at the electrode
surface and causes formation of Pr hydroxide on the surface. After deposition, the film is dried
and sintered to produce Pr oxide.

Shrestha et al. electrodeposited an ultrathin layer of praseodymium hydroxide on ITO by
applying a cathodic sweeping voltage followed by thermal annealing at 500°C for 1 h [100].
The predominant phase of the annealed film was PrO;;. The XRD pattern of the deposit was
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indexed as Pr,O,; (JCPDS 06-0329). The SEM showed the surface covered with small and
uniform globular shaped Pr,O,; particles. The deposited particles did not seem to undergo
aggregation into larger islands on the ITO surface, suggesting that the colloidal particles once
formed near the cathode quickly accumulated on the ITO surface in the short electrodeposition
time. The surface coverage increased with the number of electrodeposition cycles.

Golden et al. studied using both potentiostatic and galvanostatic control for the cathodic
deposition method to produce Pr oxide films. For the potentiostatic method, a potential from
-1.0 V to -1.3 V was maintained while for the galvanostatic method, the deposition current
density was set at 0.8 mA/cm? The electrolyte solution contained praseodymium nitrate,
ammonium nitrate, and potassium chloride. A simplified Pourbaix diagram is shown in Figure
5. Within the aqueous region, at acidic pHs the Pr** ion is stable and at basic pHs the Pr
hydroxide is stable. PrO, is stable at pH above 8, but is at an overpotential above O, evolution
in the aqueous solution. Therefore, increasing the local pH at the electrode surface by gener-
ating base is likely to produce Pr hydroxide nuclei for deposition.

2 4 6 8 10 12 14

T T ) T T T
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08| 2 08
04| el g
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Figure 5. Simplified Pourbaix diagram for the Pr system in aqueous solution.

The XRD pattern for the as deposited film on a stainless steel substrate is shown in Figure 6.
Both potentiostatic and galvanostatic methods gave similar results. The XRD pattern matches
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the reflections for Pr(OH); with some Pr(NO;); contamination. Pr compounds have a light
green color when the valence of Pr is +3, or dark brown/black color when the valence is +4.
Since the film on the stainless steel substrate is a light green color, the valence state of Pr in the
film is probably closer to +3. The newly deposited films were sintered at 600 °C, and the film
color turned black. Figure 7 is the XRD pattern of a sintered electrodeposited film. The XRD
pattern matches a random orientation of Pr,O,; face-centered cubic (fcc) structure (PDF
#42-1121). Table 1 shows a comparison of the experimental data to the ICDD database for
PrOy;.

sl e

300 |-
250 |-
200 |-

211)
150

Intensity(cps)

100
(103) (321)

50 XX

e ]e)

60 80
20(degrees)

Figure 6. XRD pattern of the electrodeposited film on a stainless steel substrate using galvanostatic method with ap-
plied current density of 0.8 mA/cm?, electrolyte solution composed of 0.1 M NH,NO; and 0.1 M Pr(NOs),, pH=3.48).

The crystallite size and strain of the praseodymium oxide films were also calculated from the
XRD data by examining the peak position and peak broadening of the reflections. The
broadening of the peaks arises from three areas: instrumental broadening, crystallite size, and
lattice strain. Contributions from these three factors can be determined by the Williamson-
Hall method when at least 3 or 4 peaks exist in a XRD pattern [102]. Separation of the peak
broadening due to crystallite size and lattice strain can be obtained by plotting B,cosO versus
sinO, where the crystallite size is calculated from the y-intercept and strain from the slope. The
calculated crystallite size ranged from 20 to 40 nm for the electrodeposited Pr oxide films.

The oxidation state of Pr in sintered praseodymium oxide films can be studied using XPS. The
core-level binding energies for praseodymium oxide and the exact position of each peak from
XPS are listed into Table 2. Figure 8 is the high resolution XPS spectra of the Pr 3d core level
showing the 3d5/2 and 3d3/2 signals separated by 20.2 eV, with the peak positions at 933.3 eV
and 953.5 eV, respectively. A strong shoulder can be seen on the lower BE sides of the Pr 3d5/2
and Pr 3d3/2 peaks, with comparable intensity and a distance between around 4.5 and 4.3 eV,
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Figure 7. XRD pattern of praseodymium oxide film obtained by sintering the deposited film at 600 °C for 1 h.

hkl Experimental 26(°) /1, PDF #42-1121 0(°) /1,
111 28.238 100 28.249 100
200 32.741 18 32.739 28
220 46.951 65 46.993 30
311 55.743 24 55.706 24
222 58.436 8 58.424 4
400 - - 68.588 3
331 75.557 10 75.753 5
420 78.065 6 78.083 4
422 87.255 7 87.265 4

Table 1. Comparison of XRD data of the sintered electrodeposited film and PDF card. (Golden et al.).

this is consistent with results in literature for praseodymium [103, 104]. The XPS spectra of
polycrystalline powders of Pr,0O;, PrO, and Pr O, all have an energy separation of the Pr 3d3/2
and Pr 3d5/2 core levels in the range of 17.5-23.0 eV. In addition, the Pr 3d5/2 core level spectra
of these praseodymium oxides exhibit a shoulder at 4-4.5 eV on the lower binding energy side
of the metal main peak. The relative intensities of the Pr 3d main peak and satellite peak vary
with the Pr(III)/Pr(IV) ratio [105]. Specifically, the main peak intensity increases as the relative
content of Pr(Ill) increases whereas the satellite peak intensity decreases. Therefore, the
variation of relative intensities of the main and satellite peaks can be used to examine the
change in Pr valence. The Pr 3d XPS spectra of Pr,0O; and PrO, are almost identical in most
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respects, such as the shape of the peak and the overall fine structure. The main and satellite
peaks for Pr,Oy,; are situated between PrO, and Pr,O;. The Pr 3d5/2 binding energy is 935.0 eV
for Pr(IV) and 932.9 eV for Pr(IlI). Our experimental results are 933.3 eV for Pr 3d5/2, which is
an indication of a Pr +3/+4 mixture such as in Pr,O,,. By curve fitting the Pr 3d XPS spectrum
and determining the areas of the fitted peaks, a non-stoichiometric ratio is determined as
PrO; 4, an indication of the mixed valence state of Pr(Ill) and Pr(IV) (Table 3).

Oxide Pr5p Pr5s Pr4d Pr4p Pr4s Pr 3d;, Pr 3d;, O1ls

Peak position (eV)  20.08 36.8 116.2 217.2 304.7 933.3 954.7 530.3

Table 2. Core-level binding energies for sintered electrodeposited praseodymium oxide measured by XPS.
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Figure 8. High-resolution XPS spectra of Pr 3d core level showing the spin-orbit splitting of the 3d level.

The pH effect was also studied as one of the parameters for the electrodeposition of the Pr
oxide films. When the pH value of the electrolyte solution was below 7, films could be
electrodeposited onto the substrate; however, powders only formed in the solution when the
pH was above 7, due to bulk formation of Pr(OH),. XRD of the electrodeposited films showed
that intensities of the reflections belonging to Pr(OH)s, such as (110), (101), (103), (321), and

(220), increased with increasing pH (up to pH 7) of the electrolyte, and the intensities of the
peaks due to Pr(NQO,); decreased with increasing pH.

The morphology of the praseodymium oxide film is interesting and is shown in Figure 9. Before
sintering, the films appeared smooth and continuous, but after sintering, cracks appeared in
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the films (similar to CeO, films) due to shrinkage and mismatch between the film and substrate.
However, at higher magnification in the SEM images, the Pr oxide is distributed as platelets
across the surface and the film has a high surface area. This may be beneficial in catalysis.

Praseodymium
Peak # Peak position (eV) Area % Area
contribution

m, Pr(I1I) 927.408 171980 9.7440
m, Pr(IV) 928.837 207250 11.74221
S, Pr(IV) 932.384 423730 24.0079
S Pr(I1I) 934.128 261960 14.8424
m,’ Pr(1II) 947.820 132190 7.48986
m,’ Pr(IV) 948.956 82829.93 4.69302
s, Pr(IV) 953.220 363640 20.6030

s/ Pr(1II) 956.640 121380 6.8773

Total 1764960 100

Pr(I1I) 687510 38.9537

Pr(IV)/Pr(III) 1.567

Table 3. Peak list of Pr 3d and calculation of Pr valence.

Figure 9. SEM images of Pr,O,, film obtained by cathodic electrodeposition on stainless steel in an electrolyte system
composed of 0.1M Pr(NO;); and 0.1M NH,NO,; solution, j = 0.8 mA/cm? T= 25 °C, and after sintering at 600 °C for 1 h;
(left) magnification 1000. (T. Golden); (right) magnification 10000.

In conclusion, Pr,Oy; films were successfully obtained on stainless steel substrates (Gold-
en et al.) using the base generation method and then sintered at 600 °C. X-ray diffraction
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showed the films matched the Pr,O,; fluorite structure and the crystallite size was calculat-
ed as 20 to 40 nm. Scanning electron microscopy was utilized to study the surface texture
and microstructure of deposits. As-deposited films had uniform morphology but sinter-
ing caused cracking of the films. SEM showed interesting surface texture and platelet
structure for the deposits. The oxidation state of Pr oxide was determined by XPS and
revealed that the praseodymium oxide was non-stoichiometric with the oxidation state of
Pr between +3 and +4.

6. Electrochemical synthesis of other rare earth oxides

The remaining literature for electrodeposition of pure rare earth oxides is sparse. Most of the
research is on doping of CeO, with another rare earth oxide (i.e., PrO,, Sm,0,, Gd,O; and
Tb,O;) to increase the oxygen vacancies, ionic conductivity, or catalytic activity [106-109].
However, there are a few reports of individual REO coatings prepared by electrodeposition
using the base generation method. Lair et al. prepared Sm,O; by electrodepositing Sm(OH),
from a nitrate solution and then sintering at 600 °C for 1 h [110]. The as-deposited Sm-based
films were thick and adherent to the substrate even though cracking was observed in the film.
Raman spectra of the as-deposited films had peaks at 1054 and 741 cm™ attributed to the
internal vibration modes of nitrate ions. Both nitrate-related peaks greatly diminished after
annealing and major peaks for Sm,0O; increased in the spectrum.

Other researchers prepared Gd,O; by electrodepositing Gd(OH); from a nitrate solution and
then sintering at 700 °C for 3 h [111, 112]. The authors used a cathodic pulse current method
where t,, =10 ms and t ;=10 ms. The deposition mechanism was still a base generation method:

Electrochemical step:

NO, + H,0 +2e” - NO, + 20H" (15)
O,+2H,0 + 4e” — 40H" (16)
2H,0 +2¢” — H,+ 20H" (17)
Chemical step:
Gd*+30H + yH,0 —| Gd(OH), yH,0 | (18)

Gd>+30H +xNO, + yH,0 — [Gd(OH)(S_X) (NO,). yHZO} (19)
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The reduction of nitrate ions and water in the electrochemical step causes the electrogeneration
of base at the cathode surface due to the increase of local pH, which leads to the formation of
gadolinium hydroxide deposit on the electrode. Analysis of the films showed a high nitrogen
content indicating nitrate ions had been intercalated into the deposit during electrodeposition.
SEM images of the sintered coatings did show formed nanorods ~20-30 nm in diameter and
up to 1 um in length.

Lu et al. electrodeposited TbO,., coatings onto copper substrates from a nitrate solution using
the base generation method [113]. SEM images of the electrodeposited TbO,_, samples showed
flower-like structures made up of numerous leaf-like nanosheets, in which the leaf-shaped
nanosheets were approximately 100 nm in thickness and 1 um in width. The crystal structure
was analyzed by powder XRD. The values of the lattice constant were close to those of TbO, ;5.

7. Conclusion

The electrodeposition of rare earth oxides onto various substrates can be accomplished by two
different electrochemical mechanisms: cathodic electrogeneration of base method or direct
anodic deposition. The majority of the literature for REO electrodeposition covers CeO, or
REO-doped CeO,. A variety of morphologies has been obtained for the REOs films, such as
nanocrystalline films, nanorods, nanotubes, nanosheets, as well as flower-like and coral-like
nanostructures. Some sections covered in detail include the direct electrodeposition of CeO,
using a complexing ligand to stabilize the ceria ions in solution and the cathodic deposition of
Pr,Oy;.
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