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Layers of lanthanum oxide and lanthanum oxycarbonate were prepared on titanium by electrodeposition with organic solution.
Four voltages ranging from 200 to 1000 V were applied for the electrodeposition at three concentrations of lanthanum ions.
The organic solution was isobutanol and titanium foils were used as anodes and cathodes. Currents were monitored during the
electrodeposition. Deposition layers were calcined at 700 K for 30 min or at 900K for 60 and 200 min. The morphology and
composition of the deposition layers were examined by scanning electron microscopy (SEM), X-ray diftraction (XRD), and X-
ray photoelectron spectroscopy (XPS). Calcined deposition layers were assayed to be lanthanum oxycarbonate and lanthanum
oxide. The average crystallite size was in the vicinity of 8 nm. Sizes of lanthanum oxycarbonate agglomerates in layers with 30 min
electrodeposition and calcination at 700 K were ranging from 25 to 75 nm. Yields of lanthanum oxycarbonate at three concentrations

of lanthanum ions were shown to be better at 400 V.

1. Introduction

Targets of actinides with a thickness of 0.24-0.57 mg/cm®
were used in nuclear reactions induced by heavy ions [1],
while those of lanthanum oxide of 1.2 g/cm2 [2], zirconium
of 12mg/cm?, and hafnium of 31mg/cm® were used in
proton-induced reactions [3]. Targets of lanthanum oxide
and lanthanum oxycarbonate with a thickness of 0.24-
3.0 mg/cm® can be used to explore cross sections of proton-
induced reactions with lanthanum to produce **Ce in the
energy range of 20-35 MeV, which have not been reported in
previous studies [4-6].

Lanthanum oxide thin films have been prepared by
chemical vaporization, spray pyrolysis, atomic layer epitaxy,
and dual plasma deposition [7-10]. Lanthanum oxide and
lanthanum oxycarbonate can be prepared by a thermal
decomposition [11-16]. Lanthanum oxide films were reported
to reveal hemocompatibility properties suitable for biomed-
ical materials [10]. Photocatalytic activity of lanthanum oxy-
carbonate studied in a degradation of methyl orange aqueous
solution under ultraviolet light irradiation can be applied

to wastewater purification [11]. Lanthanum oxycarbonate
can be used for sensing chemoresistive CO, gas [16]. Thin
layers of actinides can be prepared by molecular plating
that is the electrodeposition performed in organic solutions
[1, 17, 18]. The electrodeposition of actinides in aqueous or
organic solutions has been known to present a complicated
mechanism [19, 20]. This is due to the fact that the actinide
elements are too electropositive to be reduced as metals at
the cathode. The electrodeposition from aqueous solutions
of actinides happens by a precipitation process in a layer
of hydroxyl ions formed at the cathode surface and results
in the oxyhydroxide compounds. Since the lanthanum ele-
ment is very electropositive just like the actinide elements,
its hydrolytic compound could be produced by molecular
plating and be changed to lanthanum oxide by calcination.
In the present work lanthanum oxide and lanthanum
oxycarbonate layers of various thicknesses were prepared on
titanium foils using electrodeposition in organic solutions of
three concentrations at high voltages. Effects of electrode-
position concentration, time, and voltage on morphology of
calcined layers were investigated. Titanium was chosen as
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FIGURE 1: Schematic of an electrodeposition cell.

electrode due to the fact that it could be used to precisely
determine the proton energy in proton-induced reactions
[21, 22].

2. Experimental

Lanthanum nitrate hexahydrate (99.999%, Alfa Aesar) pow-
der was dissolved in a minimal amount of distilled water
and further in isobutanol. The aqueous-organic mixture was
evaporated by heating above 94°C to its nearly dried state,
whose composition was examined by X-ray photoelectron
spectroscopy (XPS, Thermo Scientific K-Alpha* spectrome-
ter) with an Al Ka microfocused monochromator. The dried
lanthanum nitrate precursor was dissolved in isobutanol and
the resulting solutions with concentrations of lanthanum ions
of 0.046, 0.092, and 2.0 mg/mL, corresponding to 0.33, 0.66,
and 14.5 mM, respectively, were used in the electrodeposition.
The highest concentration was chosen in order to speed
up electrodeposition for thicker targets with rather uniform
surfaces and study how morphology of deposition layers
changes with the higher concentration.

The electrodeposition was carried out at room tempera-
ture in a cell as shown in Figure 1. The cell was made of Teflon
as in the other study [1]. Polished titanium foils were used
as anodes and cathodes whose typical thickness was 11.4 ym.
The titanium electrodes were washed consecutively by nitric
acid, distilled water, and ethanol before being assembled
into the cell. The electrodeposition area was 3.14 cm® and
the distance between the electrodes was 10 mm. The cell
was filled up to 3.5mL with the organic lanthanum nitrate
solution. Voltages of the electrodeposition performed at

room temperature were 200, 400, 600, and 1000 V. The elec-
trodeposition times were 30 min for 0.046 mg/mL, 30 min
and 1hr for 0.092 mg/mL, and 30 min and 8 hr for 2.0 mg/mL.
The currents were monitored during the deposition time.
Layers of deposited lanthanum compounds were washed
consecutively by distilled water and ethanol. After being
washed they were kept in ethanol for 24 hr in order to remove
the residual nitrate electrolyte and dried in a drying oven
at 50°C. The electrodeposited layers were calcined at 700 K
for 30 min or at 900K for 60 or 200 min. Figure 2 shows
the steps involved for syntheses of lanthanum oxide and
lanthanum oxycarbonate. Deposition layers with thicknesses
thicker than 2.0 mg/cm?* were prepared typically by 5 or more
depositions where a calcination process was performed at
700 K for 30 min right after each deposition.

Morphology and surface compositions of electrodeposi-
tion layers were examined by scanning electron microscopy
(SEM, Hitachi S-4300) and X-ray photoelectron spectroscopy
(XPS, Thermo Scientific K-Alpha). Their corresponding com-
positions and sizes were determined from measurements by
X-ray diffraction (XRD, PANalytical X’pert PRO MPD) with
wavelength of Cu K, 1.5405 A.

3. Results and Discussion

XPS spectrum of the lanthanum nitrate precursor with
isobutanol dried on a Ti foil is shown in Figure 3(a). XPS
spectra of electrodeposition layers are shown in Figures 3(b)-
3(d) which were obtained without calcination, with 30 min
calcination at 700K, and with 1hr calcination at 900K,
respectively. Figure 3(a) shows photoelectron peaks of bulk
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FIGURE 2: Chart for syntheses of lanthanum oxide and lanthanum oxycarbonate.

TaBLE 1: Elemental composition (atomic%) obtained from XPS spectra for lanthanum nitrate precursor and electrodeposition layers.

. . Layers

Major element Lanthanum nitrate precursor ;

(atomic%) p Without 700 K 900 K 900 K
calcination 30m 1hr 200 m

La 4.5 11.6 15.0 14.4 18.2

(@) 61.0 55.2 56.1 59.6 61.9

C 32.8 33.2 28.9 25.9 19.9

N 1.6

*Titanium excluded in elemental compositions.

La3dand 4p,N1s,01s, Cls,and Ti 2p. The N 1s, O Is,and C
Is peaks are mainly due to nitrate and isobutanol. The Ti 2p
peak originates from the Ti foil. Any significant impurities
were not found in the organic electrolyte. Figures 3(b)-3(d)
show photoelectron peaks of La 3d and 4p, O 1s, and C 1s
and their corresponding elemental compositions are listed in

Table 1. As shown in Figures 3(b)-3(d) and Table 1, the carbon
contents in the layers decrease as calcination temperature and
time increase. Their corresponding La 3d;,, and 3d;,, peaks
are shown in Figures 4(a) and 4(b).

The La 3ds), peaks for the lanthanum nitrate precursor
and three layers in Figure 4(a) are at 839.6, 835.6, 834.5,



4 Journal of Nanomaterials
T T T T T T T T T T T T T T T T T T T T T T T T T
La 3d3/2 7
s -_ La 3d5/2 O1ls _-
= —~ L i
5 pe
£ 5 ﬂ I
) = -
=) g
2 i i
g = |
5 8
Er c )
L 1s R
| L | L | L | L | L | L | L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L
900 800 700 600 500 400 300 200 900 800 700 600 500 400 300 200
Binding energy (eV) Binding energy (eV)
(a) (b)
—7— 7777 T T T T T T T T
La 3d3/2 .
| La 3d5/2
g —,/-/N O1ls 1 ; A
£t 5
= )
~ >~
Zr 1 3|
7] =}
Er g
b 4 5
L 1s La 4p;),1
Ti 2p Cls Ladpy,
| X | X | X | X | N | N | N | N 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L

900 800 700 600 500 400

Binding energy (eV)
()

300 200

900 800 700 600 500 400 300 200

Binding energy (eV)
(d)

FIGURE 3: XPS spectra of (a) lanthanum nitrate precursor dried on Ti and layers on Ti electrodeposited at 1000 V (b) without calcination, (c)

calcined at 700 K for 30 min, and (d) calcined at 900 K for 1 hr.

and 834.4 eV, respectively, while their corresponding 3d;,
peaks in Figure 4(b) are at 856.5, 852.5, 851.4, and 851.2 ¢V,
respectively. The La 3d peaks for the calcined layers in Figures
4(a) and 4(b) match well within 0.2 eV, implying that they
have a similar chemical composition. The La 3d peaks for
the layer without calcination are located at higher binding
energies by 1.1-1.3 eV, which indicates that its composition
is different from those of the calcined layers. The separation
between La 3ds;;, and 3d;;, peaks in the layers with or
without calcination is 16.8-16.9 eV and the corresponding
separation in the lanthanum nitrate precursor is 16.9 eV. Both
of their satellite peaks for the calcined layers are located at
higher binding energies by 3.8-3.9 eV, while those for the
layer without calcination appear at higher binding energies
by 3.3-3.4 eV. The broad La 3d peaks of the lanthanum nitrate
precursor in Figures 4(a) and 4(b) reveal its bulk properties.

Figure 5 shows the wide-angle X-ray diftraction (XRD)
patterns of three layers on Ti foils electrodeposited for 30 min
at 400V (a) without calcination, (b) calcined at 700K for
30 min, and (c) calcined at 900K for 200 min. The layer
without calcination in Figure 5(a) shows hexagonal Ti with

crystal faces of (100), (002), (101), and (102) due to the
Ti foil. Measured relative intensities of diffraction peaks in
Figure 5(b) at 20 = 13.0°, 22.8°, 26.3°, 29.5°, 31.2°, 40.1°, 41.3°,
44.4°, 52.4°, and 54.6° were 75.1, 39.3, 171, 100, 26.8, 36.7,
13.5, 17.9, 8.2, and 10.7%, respectively. All of them can be
indexed mainly to the monoclinic structure of La,0,CO;
with lattice constants @ = 4.0803A, b = 13.5090 A, and
¢ = 4.0720 A (reference code 00-048-1113) and partially to the
tetragonal structure of La,0,CO; with lattice constants a =
4.0630A, b = 4.0630 A, and ¢ = 13.5000 A (reference code
00-023-0320), implying that the layer calcined at 700 K for
30 min is La,0,CO; with mixed monoclinic and tetragonal
phases. The average particle size was estimated using Scherrer
equation [11, 23]:

KA

~ BcosB’

)

where D is the average particle size, K is the dimensionless
shape factor whose typical value is about 0.9, A is the X-
ray wavelength used in XRD (Cu K, = 1.5405A4), B is
the broadening of the observed diffraction line at half the
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FIGURE 4: XPS spectra of (a) La 3ds, and (b) La 3d;, peaks in Figures 3(a)-3(d): dashed lines (Figure 3(a)); dash-and-dot lines (Figure 3(b));

dotted lines (Figure 3(c)); and solid lines (Figure 3(d)).
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FIGURE 5: X-ray diffraction patterns of three layers on Ti electrodeposited at 400 V: (a) without calcination and with calcination (b) at 700 K

for 30 min and (c) at 900 K for 200 min.

maximum intensity in radians, and 0 is the Bragg angle. Using
the peaks at 20 = 13.0°, 22.8°, 26.3°, 29.5%, 31.2°, 40.1°, 41.3,
44.4°,52.4°, and 54.6°, the average crystallite size of the layer
calcined at 700 K for 30 min was deduced to be 16 + 3 nm.
The XRD pattern of the layer calcined at 900K for
200 min shown in Figure 5(c) confirms partial decomposi-
tion of La,0,COj to La,O;. The decomposition reaction can
be written as La,0,CO;(s) — La,05(s) + CO,(g), which
was reported to occur above 993 K [12]. Diffraction peaks in
Figure 5(c) at 20 = 27.6°, 36.2°, 41.4°, and 54.6° can be indexed
to the tetragonal structure of TiO, produced from calcination
of Ti foil at 900 K. Dominant diffraction peaks at 20 = 26.1°,

29.3%,29.9%,39.8°,46.0°, 52.2°, 55.5°, and 55.9° can be indexed
to the hexagonal structure of La,O5 with lattice constants a
=3.9373A,b=3.9373 A, and ¢ = 6.1299 A (reference code 01-
074-2430), while significant peaks at 20 = 12.9°, 22.7°, 31.0°,
39.9°, and 44.4° can be indexed to the monoclinic structure of
La,0,CO;. The scaling factors of La,O; and La,0,CO; were
estimated to be 1.024 and 0.399, respectively, implying that
the layer calcined at 900 K for 200 min consists of 72% La, O
and 28% La,0,CO;. Using the peaks at 20 = 26.1°, 29.3°,
29.9°, 46.0°, 52.2°, and 55.5° for La,O;, the corresponding
average crystallite size was deduced to be 9 + 3nm. Using
the peaks at 20 = 12.9°, 22.7°, 31.0°, and 44.4" for La,0,CO;,
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FIGURE 6: SEM micrographs of La,0,COj layers calcined at 700 K for 30 min after 30 min electrodeposition of 0.046 mg/mL of La>* ions on

Tiat (a) 200V, (b) 400V, (¢) 600 V, and (d) 1000 V.

the corresponding average crystallite size calcined at 900 K
for 200 min was deduced to be 8 + 1 nm. The average particle
size of La,0,CO; nanoparticles decreases from 16 to 8 nm as
calcination temperature and time increase from 700 to 900 K
and from 30 to 200 min, respectively.

SEM micrographs of La,0,CO; layers on Ti foils calcined
at 700K for 30 min after 30 min electrodepositions of La>*
ions of 0.046, 0.092, and 2.0 mg/mL at 200, 400, 600, and
1000 V are shown in Figures 6-8, respectively. SEM micro-
graphs of La,0,CO; layers of the corresponding concentra-
tions obtained by two electrodeposition and calcination steps
are shown in Figures 9-11. The layers in Figures 9-11 were
obtained by performing two steps of the electrodeposition
and subsequent 30 min calcination and the corresponding
deposition times were 30 and 30 min, 30 min and 1hr, and
30 min and 8 hr, respectively. Figure 6 shows lanthanum oxy-
carbonate layers containing agglomerates with sizes ranging
between 37 and 75nm. Lanthanum oxycarbonate layers in
Figure 7 contain agglomerates with size ranging between 30
and 75 nm, while those in Figure 8 have agglomerates with
size ranging between 25 and 62 nm. Figures 9-11 show the
larger agglomerates whose sizes increase to 66-330, 66-
1300, and 44-2200 nm, respectively. Lanthanum oxycarbon-
ate nanoparticles with agglomerates of various sizes can be
tested as sensing materials in photocatalytic activity and
wastewater purification.

Currents of 30 min electrodepositions at 200, 400, 600,
and 1000 V with 0.046, 0.092, and 2.0 mg/mL of La®* ions

are shown in Figures 12-14, respectively. Figure 12 shows that
currents start to increase during the process but at 600V
start to fall after about 6 min. The corresponding accumulated
current is highest at 400V and lowest at 200 V. Figure 13
shows that currents start to increase during the process but
at 400V start to fall after about 10 min and to sharply drop
after about 20 min. The corresponding accumulated current
is highest at 1000 V and lowest at 200 V. Figure 14 shows that
all currents start to increase during the process. The values
of the corresponding accumulated currents are close to one
another.

Yields of 30 min electrodepositions at 200, 400, 600, and
1000V with 0.046, 0.092, and 2.0 mg/mL of La** ions are
shown in Figures 15-17, respectively. The yields in Figure 15
are close to ~70% at higher voltages which appears to be
slightly higher than ~60% at 200 V. The corresponding thick-
nesses were 0.04-0.05 mg/cm®. Figures 16 and 17 show that
the yields are highest at 400 V. The corresponding thicknesses
in Figures 16 and 17 were 0.09-0.13 and 0.38-0.46 mg/cm?,
respectively. The yields of lanthanum oxycarbonate nanopar-
ticles at three concentrations of lanthanum ions were shown
to be better at 400V, even though their morphology varies
slightly with the voltage. Using 5 or 6 steps of the 30 min
electrodeposition and subsequent 30 min calcination process,
thicker layers of La,0,CO; were prepared at 200, 400, 600,
and 1000V and the corresponding thicknesses were 2.0,
2.3, 2.3, and 2.0 mg/ cm?, respectively. The results are shown
in Figure 18. The layer obtained at 400V is covered with
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FIGURE 7: SEM micrographs of La,0,COj layers calcined at 700 K for 30 min after 30 min electrodeposition of 0.092 mg/mL of La>* ions on
Tiat (a) 200V, (b) 400V, (¢) 600 V, and (d) 1000 V.
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FIGURE 8: SEM micrographs of La,0,CO; layers calcined at 700 K for 30 min after 30 min electrodeposition of 2.0 mg/mL of La** ions on Ti
at (a) 200V, (b) 400V, (c) 600V, and (d) 1000 V.
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FIGURE 9: SEM micrographs of La,0,CO, layers calcined at 700 K for 30 min after two 30 min electrodepositions of 0.046 mg/mL of La*"
ions on Tiat (a) 200V, (b) 400V, (c) 600V, and (d) 1000 V.

FIGURE 10: SEM micrographs of La,0,CO; layers calcined at 700 K for 30 min after 30 min and 1 hr electrodeposition of 0.092 mg/mL of La*"
ions on Ti at (a) 200V, (b) 400V, (c) 600V, and (d) 1000 V.
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FIGURE 11: SEM micrographs of La,0,CO; layers calcined at 700 K for 30 min after 30 min and 8 hr electrodeposition of 2.0 mg/mL of La®"

ions on Ti at (a) 200V, (b) 400V, (c) 600V, and (d) 1000 V.

Current (mA)

Deposition time (min)

0.046 mg/mL La®*
- 200V

-—- 400V

FIGURE 12: Currents of 30 min depositions with 0.046 mg/mL of La*>" ions at 200, 400, 600, and 1000 V.

finer agglomerates while the others contain a little larger
agglomerates.

4. Conclusions

Layers of La,0,CO; with various thicknesses ranging from
0.04 to 2.3mg/cm’ along with La,O; layers have been

produced on Ti by electrodeposition of La** ions in isobu-
tanol and subsequent calcination. Layers calcined at 700 K for
30 min turned out to be La,0,CO; mainly with monoclinic
phase and partially with tetragonal phase. Layers calcined at
900 K for 200 min were observed to contain 72% La,O, with
hexagonal phase and 28% La,0,CO;. The average particle
size of La,0,CO; decreases from 16 to 8 nm as calcination
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FIGURE 14: Currents of 30 min depositions with 2.0 mg/mL of La>" ions at 200, 400, 600, and 1000 V.

temperature and time increases from 700 to 900 K and from
30 to 200 min, respectively. Dependence of the layer thickness
on the electrodeposition voltage in this range was not pro-
nounced, even though the morphology varies slightly with
the voltage. Currents and yields with three concentrations of
lanthanum ions were shown to be enhanced at 400 V. The
layer thicknesses with lanthanum concentrations of 0.046,
0.092, and 2.0 mg/mL were 0.04-0.05, 0.09-0.13, and 0.38-
0.46 mg/cm?, respectively. The sizes of their agglomerates
were ranging from 25 to 75nm. Using 5 or 6 steps of the
30 min electrodeposition and subsequent 30 min calcination
process, thicker layers of La,0,CO; were prepared at 200,
400, 600, and 1000 V and the corresponding thicknesses were
2.0, 2.3, 2.3, and 2.0 mg/cm?, respectively. The sizes of their

agglomerates were ranging from 44 to 2200 nm. Lanthanum
oxycarbonate nanoparticles with agglomerates of various
sizes are to be tested as sensing materials in photocatalytic
activity and wastewater purification.
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FIGURE 15: Yields of 30 min depositions with 0.046 mg/mL of La>" ions at 200, 400, 600, and 1000 V.

FIGURE 16: Yields of 30 min depositions with 0.092 mg/mL of La>* ions at 200, 400, 600, and 1000 V.

FIGURE 17: Yields of 30 min depositions with 2.0 mg/mL of La>" ions at 200, 400, 600, and 1000 V.
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FIGURE 18: SEM micrographs of La,0,CO; layers obtained by 5-6 steps of 30 min calcination at 700 K following 30 min electrodeposition of
2.0 mg/mL of La®" jons on Ti at (a) 200V, (b) 400V, (c) 600V, and (d) 1000 V.
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