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Layers of cerium dioxide nanoparticles were prepared on titanium by electrodeposition with organic solution.Three concentrations
of cerium ions were used at 31.6 V. The organic solution was isobutanol and titanium foils were used as anodes and cathodes.
Currents were monitored during the electrodeposition. Deposition times ranged from 0.5 to 8 h. Deposited Deposited layers
were calcined at 700K for 30min. The morphology and composition of the deposited layers were examined by scanning electron
microscopy (SEM), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS). As-prepared and calcined deposition
layers were assayed to be cerium dioxide. The average crystallite size increased from 4 to 7 nm through calcination at 700K. Sizes
of calcined cerium oxide agglomerates were ranging from 73 to 146 nm for 30min deposition and 209 to 262 nm for 8 h deposition.
The electrodeposition efficiencies of 0.5 h deposition at three concentrations were measured to be highest.

1. Introduction

Targets of cerium dioxide with thicknesses in range of several
mg/cm2 were used in proton-induced nuclear reactions [1–
3]. Cerium dioxide was deposited on aluminum. Targets of
ceriumdioxidewith a thickness in range ofmg/cm2 deposited
on titanium can be used to verify cross sections of production
of 142Pr whose values were reported to disagree at proton
energies in the vicinity of 12MeV [1, 2]. Titanium has been
used to preciselymonitor the proton energy up to 30–40MeV
using the natTi(p,xn)48V nuclear reaction [4–6].

Thin layers of cerium dioxide (CeO2) have been pre-
pared by various methods such as electrodeposition [7–9],
hydrothermal [10], ion beam-assisted deposition [11], laser
chemical vapor deposition [12–14], microwave-assisted heat-
ing [15], precipitation [16, 17], magnetron sputtering [18, 19],
and sol–gel [20] methods. CeO2 has salient characteristics
such as oxygen buffer layers, high dielectric constant, and dis-
tinctive photocatalytic and optical properties, which allows
its diverse applications in direct methanol fuel cells [21–23],
direct alcohol fuel cells [24], proton exchange membrane
(PEM) fuel cells [25, 26], solid oxide fuel cells [27], and

solar cells [28], humidity and chemical sensors [29–31],
dye-degradation [32], and sunscreen cosmetics [33]. Cerium
oxide with a cubic fluorite structure in the reduced state
has two charge states of Ce3+ and Ce4+, resulting in oxygen
vacancies which contribute to large oxygen storage capacity
[34, 35]. Properties of nanocrystalline CeO2 were reported
to be different from those of microcrystalline counterpart in
ionic conductivity and chemical reactivity [36].

In this work nanocrystalline CeO2 layers of various
thicknesses were prepared on titanium by electrodeposition
in isobutanol of three concentrations of Ce3+ ions at 31.6 V,
similarly to nanocrystalline lanthanum oxide and lanthanum
oxycarbonate layers prepared at much higher voltages rang-
ing from 200 to 1000V [37]. Three concentrations of Ce3+
ions used in the electrodeposition were 0.046, 0.092, and
2.0mg/mL and currents were monitored during the elec-
trodeposition. Deposition times ranged from 0.5 to 8 h. The
as-prepared layers were then calcined at 700K for 30min.
The morphology and composition of the deposition layers
were examined by scanning electron microscopy (SEM), X-
ray diffraction (XRD), and X-ray photoelectron spectroscopy
(XPS). Effects of electrodeposition concentration and time
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on morphology of calcined layers and electrodeposition
efficiency were investigated. Concurrently, structural data for
as-prepared and calcined layers of nanocrystalline CeO2 were
deduced.

2. Experimental Details

Cerium nitrate hexahydrate (Ce(NO3)3⋅6H2O, ≥99.0%,
Fluka) powder was dissolved in aminimal amount of distilled
water and further in isobutanol. The aqueous-organic mix-
ture was evaporated by heating above 94∘C to its nearly dried
state, whose composition was examined by X-ray photo-
electron spectroscopy (XPS, Thermo Scientific K-Alpha+
spectrometer) with an Al K𝛼microfocused monochromator.
The dried cerium nitrate precursor was dissolved in
isobutanol and the resulting solutions with concentrations of
Ce3+ ions of 0.046, 0.092, and 2.0mg/mL, corresponding to
0.33, 0.66, and 14.5mM, respectively, were used in the electro-
deposition.

The electrodeposition was carried out at room temper-
ature in a cell which was made of Teflon and used in the
previous study [37]. The electrodeposition area was 3.14 cm2
and the distance between the electrodes was 10mm. The
cell was filled up to 3.5mL with the organic cerium nitrate
solution. Polished titanium foils were used as anodes and
cathodes whose typical thickness was 11.4 𝜇m. The titanium
electrodes were washed consecutively by nitric acid, distilled
water, and ethanol before being assembled into the cell. Volt-
age of the electrodeposition performed at room temperature
was 31.6 V.The electrodeposition times of each concentration
were 0.5, 2, 4, 6, and 8 h.The currents were monitored during
the deposition time. Layers of deposited cerium oxide were
washed consecutively by distilled water and ethanol. After
being washed they were kept in ethanol for 24 h in order
to remove the residual nitrate electrolyte and dried for 12 h
in a drying oven at 50∘C. The electrodeposited layers were
calcined at 700K for 30min. Figure 1 shows the steps involved
for syntheses of CeO2 layers.

Morphology and surface compositions of electrodeposi-
tion layers were examined by scanning electron microscopy
(SEM,Hitachi S-4300) andX-ray photoelectron spectroscopy
(XPS,Thermo ScientificK-Alpha).Their corresponding com-
positions and structural data with average crystalline sizes
were determined from measurements by X-ray diffraction
(XRD, PANalytical X’pert PROMPD) with wavelength of Cu
K𝛼, 1.5405 Å.

3. Results and Discussion

XPS spectrumof the ceriumnitrate precursorwith isobutanol
dried on a Ti foil is shown in Figure 2(a). XPS spectra of
electrodeposited layers are shown in Figures 2(b) and 2(c)
which were obtained as prepared and calcined at 700K for
30min, respectively. Figure 2(a) shows photoelectron peaks
of bulk Ce 3d, 4p, and 4d, O 1s, N 1s, and C 1s along with Ti
2p arising from a titanium foil. The N 1s, O 1s, and C 1s peaks
were due mainly to nitrate and isobutanol. Any significant
impurities were not found in the cerium nitrate precursor.
Figures 2(b) and 2(c) show photoelectron peaks of Ce 3d,
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Figure 1: Chart for syntheses of as-prepared and calcined CeO2
layers.

4p, and 4d, O 1s, and C 1s and their corresponding elemental
compositions are listed in Table 1. As shown in Figures 2(b)
and 2(c) and Table 1, the carbon and oxygen contents in the
layers decreased after calcination.

The Ce 3d5/2 and 3d3/2 peaks with their corresponding
satellite peaks in Figure 2 are expanded over the binding
energy range of 925–875 eV in Figure 3. The Ce 3d5/2 main
peaks for the cerium nitrate precursor and two layers in
Figure 3 are at 882.9, 882.8, and 882.8 eV, respectively, while
their corresponding 3d3/2 peaks are at 900.2, 901.3, and
901.2 eV, respectively.TheCe 3d peaks for the layers in Figures
3(b) and 3(c)matchwell within 0.1 eV, implying that they have
the same chemical composition regardless of the calcination.
The separation between Ce 3d5/2 and 3d3/2 peaks in the
layers with or without calcination is 18.4–18.5 eV and the
corresponding separation in the cerium nitrate precursor
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Table 1: Elemental composition (atomic %) obtained from XPS spectra for cerium nitrate precursor and electrodeposition layers.

Major element∗ (atomic %) Cerium nitrate precursor Layers
As-prepared Calcined at 700K for 30min

Ce 4.6 13.0 16.9
O 61.9 52.6 58.8
C 20.3 32.3 24.3
N 13.2 2.1
∗Titanium excluded in elemental compositions.
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Figure 2: XPS spectra of (a) cerium nitrate precursor dried on Ti
and layers on Ti electrodeposited at 31.6 V (b) as prepared and (c)
calcined at 700K for 30min.
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Figure 3: XPS spectra of Ce 3d peaks with their satellite lines
denoted as S for (a) cerium nitrate precursor and the layers (b) as
prepared and (c) calcined at 700K for 30min in Figure 2.

is 17.3 eV. The Ce 3d satellite peaks for the calcined layer
are located at 888.0 and 898.4 eV for Ce 3d5/2 and at 906.4
and 916.9 eV for 3d3/2, while those for the as-prepared layer
appear at 887.7 and 898.5 eV for Ce 3d5/2 and at 905.8
and 917.0 eV for 3d3/2. They agree well within 0.1–0.6 eV.
The broad Ce 3d peaks of the cerium nitrate precursor in
Figure 3(a) reveal its bulk properties.
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Figure 4: X-ray diffraction patterns of (a) cerium nitrate precursor
dried on Ti and electrodeposition layers on Ti (b) as prepared and
(c) calcined at 700K for 30min.

A wide-angle X-ray diffraction (XRD) pattern of the
cerium nitrate precursor with isobutanol dried on a Ti foil
is shown in Figure 4(a). XRD patterns of electrodeposition
layers are shown in Figures 4(b) and 4(c), which were
obtained as prepared and calcined at 700K for 30min,
respectively. Figures 4(a)–4(c) showhexagonal Tiwith crystal
faces of (100), (002), (101), (102), and (110) due to Ti cathode
foils. The as-prepared layer in Figure 4(b) shows diffraction
peaks at 2𝜃 = 28.4∘, 32.8∘, 47.2∘, and 56.3∘, which amount to
(111), (200), (220), and (311) reflections of the cubic structure
of CeO2 (JCPDS card number 34-0394).The calcined layer in
Figure 4(c) shows diffraction peaks at 2𝜃 = 28.5∘, 33.0∘, 47.4∘,
56.3∘, and 59.2∘, which amount to (111), (200), (220), (311), and
(222) reflections of the cubic CeO2. There are no traces of
diffraction peaks of Ce2O3 in Figures 4(b) and 4(c), implying
that the nanoparticles in the as-prepared and calcined layers
were mainly CeO2. The average crystallite size was estimated
using Scherrer equation [17, 20, 37–39]:

𝐷 = 𝐾𝜆𝛽 cos 𝜃 , (1)

where𝐷 is the average crystallite size,𝐾 is the dimensionless
shape factor whose typical value is about 0.9, 𝜆 is the X-
ray wavelength used in XRD (Cu K𝛼 = 1.5405 Å), 𝛽 is
the broadening of the observed diffraction line at half the
maximum intensity in radians, and 𝜃 is the Bragg angle. The
average crystallite sizes of the as-prepared and calcined layers
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Table 2: Estimated crystallite size (Scherrer size), lattice parameter 𝑎, dislocation density 𝛿, strain, stacking fault (SF), and texture coefficient
(TC) of two CeO2 samples electrodeposited on Ti which were as prepared and calcined at 700K for 30min.

CeO2 sample ℎ𝑘𝑙 Scherrer size
(nm)

𝑎
(Å)

𝛿
(nm−2) Strain SF TC

As-prepared

111 3.630 5.441 0.07587 0.00955 0.01983 1.1899
200 4.146 5.439 0.05817 0.00836 0.01628 0.8344
220 4.049 5.451 0.06098 0.00856 0.01432 1.1136
311 3.175 5.424 0.09918 0.01092 0.01714 0.8622

Calcined at 700K for
30min

111 6.991 5.428 0.02046 0.00496 0.01029 1.1364
200 8.494 5.426 0.01386 0.00408 0.00792 0.9499
220 6.572 5.420 0.02315 0.00527 0.00880 1.0453
311 6.612 5.420 0.02287 0.00524 0.00823 0.8685

were estimated using (1) and concurrently structural data
such as lattice parameter, dislocation density, strain, stacking
fault, and texture coefficient were estimated and listed in
Table 2.

The average crystallite sizes of the as-prepared CeO2 layer
in Table 2 were deduced from (111), (200), (220), and (311)
reflections at 2𝜃 = 28.4∘, 32.8∘, 47.2∘, and 56.3∘, respectively,
while those of the calcined layer were deduced from its
corresponding reflections at 2𝜃 = 28.5∘, 33.0∘, 47.4∘, and 56.3∘.
The additional structural parameters such as lattice para-
meter 𝑎, dislocation density𝛿, strain 𝜀, stacking fault (SF), and
texture coefficient (TC) were estimated using the following
relations [17, 39]:

𝑎 = 𝑛𝜆2 sin 𝜃√ℎ2 + 𝑘2 + 𝑙2,
𝛿 = 1𝐷2 ,
𝜀 = 𝛽 cos 𝜃4 ,

SF = 2𝜋2𝛽45√3 tan 𝜃 ,

TC = 𝐼𝑜 (ℎ𝑖𝑘𝑖𝑙𝑖)𝐼𝑠 (ℎ𝑖𝑘𝑖𝑙𝑖) [
1𝑁∑
𝑖=1

𝐼𝑜 (ℎ𝑖𝑘𝑖𝑙𝑖)𝐼𝑠 (ℎ𝑖𝑘𝑖𝑙𝑖) ]
−1

,

(2)

where 𝜆 is the X-ray wavelength used in XRD (Cu K𝛼 =
1.5405 Å), 𝛽 is the broadening of the observed diffraction
line at half the maximum intensity in radians, 𝜃 is the Bragg
angle, 𝐷 is the average crystallite size, ℎ𝑖𝑘𝑖𝑙𝑖s are Miller
indices, 𝑁 is the number of diffraction peaks, and 𝐼𝑜 and𝐼𝑠 are observed and sample intensities, respectively. Table 2
shows that the average crystalline size for the (111) crystal face
increased from 3.63 to 6.99 nm through the 30min calcina-
tion process at 700K, while the corresponding lattice param-
eter decreased from 5.441 to 5.428 Å. The dislocation density𝛿 for the (111) face was reduced from 0.07587 to 0.02046 nm−2
and its corresponding microstrain decreased from 0.00955
to 0.00496. Consequently the stacking fault for the (111) face
was reduced from 0.01983 to 0.01029 even though the corre-
sponding texture coefficient decreased only by about 4.5%.

SEM micrographs of CeO2 layers obtained by 0.5 or 8 h
electrodeposition with 0.046, 0.092, and 2.0mg/mL of Ce3+
ions and subsequent 30min calcination at 700K are shown
in Figure 5. The CeO2 layers of the 30min electrodeposition
in Figures 5(a), 5(c), and 5(e) contain agglomerates with sizes
ranging from 7 to 73, 7 to 94, and 7 to 146 nm, respectively,
indicating that the sizes of agglomerates increase as the
concentration of Ce3+ ions increases. At the 8 h electrodepo-
sitions in Figures 5(b), 5(d), and 5(f), the sizes of agglomerates
increase to 209, 251, and 262 nm, respectively.The sizes of cal-
cined CeO2 agglomerates increased at higher concentrations
and longer electrodeposition times even though the typical
sizes of the corresponding as-prepared CeO2 particles were
measured from their SEM data to be in the vicinity of 4 nm
regardless of the concentration and deposition time.

Currents of 0.5, 2, 4, 6, and 8 h electrodepositions at
31.6 V with 0.046, 0.092, and 2.0mg/mL of Ce3+ ions are
shown in Figures 6–10, respectively. Figure 6 shows that
the currents of 0.5 h electrodepositions at 0.046, 0.092, and
2.0mg/mL increase from27 to 50, 32 to 62, and 356 to 643𝜇A,
respectively. In Figure 7, the currents of 2 h electrodepositions
at 0.046 and 0.092mg/mL increase from 26 to 90 and 51
to 132 𝜇A, respectively, while the corresponding currents at
2.0mg/mL increase gradually from 367 to 768𝜇A for 65min
and slowly to 783𝜇A for 30min and slowly decrease to
741 𝜇A. In Figure 8, the currents of 4 h electrodepositions
at 0.046 and 0.092mg/mL increase with minor variations
from 53 to 133 and 58 to 144 𝜇A, respectively, while the corre-
sponding currents at 2.0mg/mL increase gradually from 388
to 739 𝜇A for 45min, decrease slowly to 645𝜇A for 75min,
increase sharply to 803 𝜇A for 5min, and then decrease slowly
to 613 𝜇A with some fluctuations. In Figure 9, the currents
of 6 h electrodeposition at 0.046mg/mL increase from 60 to
109 𝜇A for 260min and slowly decrease to 88 𝜇A with minor
variations, and those at 0.092mg/mL slowly increase from
64 to 90 𝜇A for 160min, then increase sharply to 208𝜇A
and drop to 176𝜇A for 5min, and decrease slowly to 161 𝜇A,
while those at 2.0mg/mL increase sharply from 303 to 467𝜇A
for 25min, decrease to 409 𝜇A for 20min, then increase to
468 𝜇A after 20min, decrease gradually to 319𝜇A for 65min,
and remain steady. Figure 10 shows that the currents of 8 h
electrodepositions at 0.046, 0.092, and 2.0mg/mL increase
with minor variations from 68 to 127, 110 to 250, and 272 to
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Table 3: Thicknesses and yields of electrodepositions for three concentrations of Ce3+ ions.

Deposition time (h)
Concentration of Ce3+ ions (mg/mL)

0.046 0.092 2.0
Thickness (mg/cm2) Yield (%) Thickness (mg/cm2) Yield (%) Thickness (mg/cm2) Yield (%)

0.5 0.015 ± 0.014 24 ± 22 0.021 ± 0.015 17 ± 12 0.16 ± 0.02 5.7 ± 0.9
2 0.057 ± 0.010 91 ± 16 0.050 ± 0.014 40 ± 11 0.40 ± 0.04 15 ± 1
4 0.067 ± 0.015 106 ± 25 0.090 ± 0.019 72 ± 15 0.43 ± 0.03 16 ± 1
6 0.054 ± 0.022 86 ± 35 0.099 ± 0.018 78 ± 15 0.42 ± 0.03 15 ± 1
8 0.067 ± 0.062 106 ± 40 0.150 ± 0.036 120 ± 29 0.35 ± 0.03 13 ± 1
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Figure 5: SEMmicrographs of CeO2 layers calcined at 700K for 30min after (a) 30min electrodeposition of 0.046mg/mL of Ce3+ on Ti, (b)
8 h electrodeposition of 0.046mg/mL of Ce3+, (c) 30min electrodeposition of 0.092mg/mL of Ce3+, (d) 8 h electrodeposition of 0.092mg/mL
of Ce3+, (e) 30min electrodeposition of 2.0mg/mL of Ce3+, and (f) 8 h electrodeposition of 2.0mg/mL of Ce3+.

314 𝜇A, respectively. The higher concentrations of Ce3+ ions
induced the higher currents due to the increase of cerium
ions.

Thicknesses and yields of 0.5, 2, 4, 6, and 8 h electrode-
positions at 31.6 V with 0.046, 0.092, and 2.0mg/mL of Ce3+
ions are shown in Figures 11–13 and Table 3, respectively. The

yields of 0.5, 2, and 4 h electrodepositions at 0.046mg/mL in
Figure 11 are ∼24, ∼91, and ≥100%, respectively. Their corre-
sponding thicknesses were 0.015, 0.057, and 0.067mg/cm2,
respectively, implying that the deposition efficiency was
highest at 0.5 h deposition and sharply decreased after
2 h. The yields of 0.5, 2, 4, 6, and 8 h electrodepositions
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Figure 6: Currents of 0.5 h electrodepositions with three concentra-
tions of Ce3+ ions at 31.6 V.

0 4020 60 80 100 120

Deposition time (min)

0.046mg/mL
0.092mg/mL
2.0 mg/mL

0

100

200

300

400

500

600

800

700

Cu
rr

en
t (


A

)

Concentrations of ＃？3+ ions

Figure 7: Currents of 2 h electrodepositions with three concentra-
tions of Ce3+ ions at 31.6 V.

at 0.092mg/mL in Figure 12 and Table 3 are 17, 40, 72, 78, and≥100%, respectively. Their corresponding thicknesses were
0.021, 0.050, 0.090, 0.099, and 0.150mg/cm2, respectively,
implying that the deposition efficiency was highest at 0.5 h
deposition. Figure 13 shows that the yields of 0.5, 2, 4, 6, and
8 h electrodepositions at 2.0mg/mL are 6, 15, 16, 15, and 13%,
respectively.Their corresponding thicknesses were 0.16, 0.40,
0.43, 0.42, and 0.35mg/cm2, respectively, implying that the
deposition efficiency was highest at 0.5 h electrodeposition
as observed at the lower concentrations. The deposition
efficiency was highest at 0.5 h deposition at all three
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Figure 8: Currents of 4 h electrodepositions with three concentra-
tions of Ce3+ ions at 31.6 V.
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Figure 9: Currents of 6 h electrodepositions with three concentra-
tions of Ce3+ ions at 31.6 V.

concentrations. The 0.5 h electrodeposition at the highest
concentration is suitable for preparation of thicker layers of
cerium dioxide.

Similar results for XPS and XRD of as-prepared samples
were observed irrespective of currents and deposition times.
Typical particle sizes of as-prepared and calcined cerium
dioxide samples shown in the corresponding SEM data were
4 and 7 nm, respectively, regardless of their concentrations,
indicating that nucleation was driven mainly by the applied
potential. However, the deposition time affected the size of
calcined agglomerates, showing that longer deposition times
increase the corresponding sizes.
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Figure 10: Currents of 8 h electrodepositions with three concentra-
tions of Ce3+ ions at 31.6 V.
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ions at 31.6 V.

4. Conclusions

Layers of CeO2 nanoparticles with thicknesses ranging from
0.021 to 0.43mg/cm2 were prepared on titaniumby electrode-
positionwith isobutanol solution and subsequent calcination.
As-prepared and calcined deposited layers turned out to be
cubic CeO2. The average crystallite size increased from 4 to
7 nm through calcination at 700K for 30min irrespective
of the concentration and the current. Structural parameters
such as lattice parameter, dislocation density, strain, and
stacking factors were reduced by the calcination.The deposi-
tion time affected the size of calcined agglomerates as longer
deposition times increased the corresponding sizes.

The electrodeposition efficiency was highest at 0.5 h
deposition at all three concentrations. The 0.5 h electrodepo-
sition at the highest concentration is suitable for preparation
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Figure 12: Yields of electrodepositions with 0.092mg/mL of Ce3+
ions at 31.6 V.
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Figure 13: Yields of electrodepositions with 2.0mg/mL of Ce3+ ions
at 31.6 V.

of thicker layers of cerium dioxide, which are to be used in
the investigation of cross sections of 142Pr produced in the
proton-induced reaction with cerium.
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“Excitation functions of (p, xn) reactions on 𝑛𝑎𝑡Ti: monitoring
of bombarding proton beams,” Applied Radiation and Isotopes,
vol. 44, no. 4, pp. 687–692, 1993.

[5] M.U. Khandaker, K. Kim,M.W. Lee et al., “Investigations of the
𝑛𝑎𝑡Ti(p,x)43,44𝑚,44𝑔,46,47,48Sc,48V nuclear processes up to 40MeV,”
Applied Radiation and Isotopes, vol. 67, no. 7-8, pp. 1348–1354,
2009.

[6] A. Hermanne, F. Tárkányi, S. Takács, F. Ditrói, and N. Amjed,
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