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ABSTRACT Core/shell nanostructures of polystyrene (PS)/CeO, have been prepared on conductive glass substrates by using a novel
electrochemical route consisting of (i) the electrophoretic deposition of a PS sphere monolayer on the substrate and (ii) the following
potentiostatic electrodeposition of CeO, on the PS sphere template in Ce(NOs)s aqueous solutions. The structural morphologies of the
deposit changed drastically depending on the Ce(NOs5)5 concentration; i.e., spherical and needlelike shells were deposited. The deposit
was formed only on the PS sphere surface because of an interaction between cationic cerium species and a sulfate group that was
immobilized on the PS sphere surface. The spherical shell layer was assigned as CeO,, and the needlelike shells were composed of
Ce(OH); needles formed on the CeO, layer surface, indicating that the deposit species changes from CeO, to Ce(OH); during
electrodeposition only in a I mM Ce®" solution. Deposition of Ce(OH)s would begin when electrogenerated hydrogen peroxide was
consumed by decomposition under reductive conditions and could no longer oxidize Ce** ions. The corresponding CeO, hollow shells
were obtained by thermal elimination of the PS sphere core and transformation of Ce(OH)s into CeO, while keeping their original

shapes.
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INTRODUCTION
erium dioxide (CeO,) has been successfully em-

ployed in technological applications, including pol-

ishing materials (1), catalysts (2), oxygen sensors (3),

and UV-blocking filters (4), because of its high refractive
index, chemical stability, mechanical hardness, high dielec-
tric constant, and high transparency in the visible and near-
IR region. Especially, its high photo- and thermocatalytic
activities are attractive as an anode material for photoelec-
trolysis of water (5) and fuel cells (6), respectively. To
enhance the performance in the above applications, CeO,
with a wide range of geometries, such as a continuous layer,
particles of nanocube (7), nanorod (8), and nanotube (9), and
an inverse opal thin film and powder (10), has been proposed.
Core/shell and hollow nanostructures are widely consid-
ered as an effective structure for applications in high-surface-
area catalysts (1 1), high-efficiency photodecomposition agents
(12), and low-density batteries or devices (13). Although
hollow nanoparticles of CoOOOH and CeO, have been pre-
pared by a self-assembled synthesis using hydrothermal
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treatment (14), it is very difficult to control the shape and to
obtain nanostructures directly attached on a substrate.
Recently, we have developed a novel electrochemical route
for the preparation of polystyrene (PS)/ZnO core/shell nano-
cauliflower arrays on conductive glass substrates, in which
anionic PS spheres deposited electrophoretically on the
substrate were used as a template (core) for the electrodepo-
sition of ZnO (15). Electrophoretic deposition (EPD) and
electrodeposition were performed by using an aqueous
suspension of the PS spheres and an aqueous solution of
Zn(NOs),, respectively. The surface of the PS spheres was
functionalized with a sulfate group and has a negative charge
that makes the monolayered PS sphere template without
aggregation possible. In addition, the interaction between
the sulfate group and Zn?** cations, which has been con-
firmed by XPS analysis, leads to site-selective ZnO deposi-
tion, resulting in the ZnO nanopillar shell grown radially from
the PS spheres. By means of electrodeposition, the quality,
morphology, and size of metal oxide crystals are easily
controlled by variation in the reaction potential, amount of
electric charge, and concentration of the reactant. This
method, therefore, potentially offers a simple and large
scalable route to obtain a variety of nanostructures com-
posed of a PS sphere core and an inorganic shell on a
substrate. Furthermore, the inorganic hollow shell can be
readily obtained by thermal elimination of the PS core.
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Scheme 1. Fabrication Procedure of the CeO,
Nanostructures: (A) Preparation of the PS Sphere
Template; (B) Electrodeposition of CeO, from
Ce(NOs); Aqueous Solutions and Thermal Annealing
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In the present paper, we report on fabrication of the PS/
CeO, core/shell and CeO, hollow nanostructures by utilizing
the above method. To form the CeO, shell, we conducted
potentiostatic electrodeposition from aqueous Ce(NOs)5 so-
lutions (16—18), and the influence of the Ce(NOs5)5 concen-
tration on the deposits was examined with X-ray diffraction
(XRD) and field-emission scanning electron microscopy (FE-
SEM). The structural morphology of the deposits on the PS
sphere varied depending on the Ce(NOs)5 concentration. A
spherical CeO, shell and nanopillars of Ce(OH); on a CeO,
shell layer were electrodeposited from 10 and 1 mM
Ce(NOs); solutions, respectively. The corresponding unique
hollow nanostructures of CeO, were obtained by thermal
annealing. A possible mechanism to explain the concentra-
tion-dependent variation of the deposits was also discussed.

EXPERIMENTAL SECTION

Preparation of CeO, Nanostructures. Monodispersed an-
ionic PS spheres with a diameter of ca. 400 nm (solid content
of ~6 wt %) were synthesized by a soap-free emulsion polym-
erization method, as we have already reported in the literature
(15, 19).

As shown in Scheme 1, the PS sphere template was formed
by EPD in an aqueous dispersion containing 0.1 wt % PS
spheres and 1.0 mM (M = mol dm~%) KNOs at room tempera-
ture on F-doped SnO,-coated glass (FTO glass, ~9 Q/square,
Asahi Glass, 15 mm x 30 mm x 1.1 mm). EPD was carried out
at an applied voltage of 5 V for 3 min by using a direct-current
(dc) power source (regulated dc power supply PA250-0.25B,
Kenwood) and a conventional two-electrode cell with the FTO
glass as an anode and a Pt sheet as a counter electrode. Prior
to EPD, the FTO glass was ultrasonically washed with acetone
and anodically polarized in a 1 M NaOH aqueous solution and
was then rinsed with deionized water.

Electrodeposition of CeO, was performed using the resulting
PS sphere template on the FTO glass as a working electrode. A
Pt sheet and a Ag/AgCl electrode immersed in a saturated KCI
aqueous solution were used as counter and reference elec-
trodes, respectively. Potentiostatic electrolysis of two different
Ce(NOs)5 - 5.7H,0 aqueous solutions with concentrations of 1
and 10 mM was carried out using a potentiostat (potentiostat/
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FIGURE 1. XRD patterns of electrodeposits prepared on the PS sphere
templates from (a) 10 and (b) 1 mM Ce(NOs); solutions.

galvanostat HA-301, Hokuto Denko) at —0.8 V vs Ag/AgCI for
an electric charge of 0.05—0.25 C cm™? at 333 K without
stirring. All solutions were prepared with reagent-grade chemi-
cals and deionized water purified by a Mill-RX12 Plus system
(Millipore). Thermal annealing of the deposits was carried out
for 1 h at 673 K under an ambient atmosphere.

Characterization of CeO, Nanostructures. 6—26 XRD mea-
surements were performed using a Rigaku RINT 2500 system
with monochromated Cu Ka radiation generated at 40 kV and
200 mA. A field-emission scanning electron microscope (JEOL
JSM-6700F) was used for the observation of structural mor-
phologies.

RESULTS AND DISCUSSION

Structure. Figure 1 shows XRD patterns of deposits
formed on the PS sphere templates from 10 and 1 mM
Ce(NOs)5 solutions. On the patterns of deposits from a 10
mM Ce(NOs)5 solution (Figure 1a), all peaks were identified
as those for CeO, with a cubic structure (260 = 28.5°, 33.0°,
47.4°,56.3°, and 58.9°) and SnO, with a tetragonal struc-
ture, which is derived from the FTO glass substrate (20). No
peaks assignable to Ce™ compounds, such as Ce,O5 and
Ce(OH)s, were recognized on the pattern. In contrast, some
peaks assigned to Ce(OH)s with a hexagonal structure (20
= 15.7°, 27.4°, 39.8°, and 49.0°) were observed on the
patterns of deposits from a 1 mM Ce(NOs)5 solution along
with the diffraction peaks of CeO, and SnO, (Figure 1b).
Regardless of the Ce(NO5)5 concentrations, the cubic lattice
constants of CeO, calculated from the peak angles were
5.420 A, which was slightly larger than the value (5.411 A)
tabulated in the ICDD card (20). It has already been reported
that the Ce’" ion has a larger ionic radius (1.15 A) than that
of the Ce**ion (1.09 A) (21), and CeO, lattice expansion due
to incorporation of the Ce>* ions was observed (22, 23).
Therefore, expansion of the CeOs, lattice observed here can
be attributed to incorporated Ce®* ions. The hexagonal
lattice constant of Ce(OH)s; deposited from the 1 mM
Ce(NOs)5 solution was estimated to be 3.799 A in the a axis
and 6.499 A in the ¢ axis. Compared to the standard value
of 3.82 A in the a axis and 6.5 A in the ¢ axis, this lattice
reduction is also probably due to incorporation of the Ce**
ions into the hexagonal Ce(OH)s (24).

These deposits were annealed at 673 K for 1 h under an
ambient atmosphere. Their XRD patterns were almost the
same as that before annealing in profile and peak angles (260
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FIGURE 2. XRD patterns of electrodeposits prepared on the PS sphere
templates from (a) 10 and (b) 1 mM Ce(NOs3); solutions and annealed
at 673 K for 1 h under an ambient atmosphere.

300 nm

FIGURE 3. FE-SEM images of (a) a PS sphere template and (b—f) CeO,
nanostructures electrodeposited on the PS sphere templates from
(b) 10 and (d) 1 mM Ce(NOs); solutions. Parts c and e/f are magnified
images of parts b and d, respectively.
=28.5°,33.0°,47.5°,56.2°, and 59.3° in Figure 2a and 0
= 28.5°, 33.0°, 47.5°, 56.3°, and 59.0° in Figure 2b),
except for the disappearance of the Ce(OH); peaks. This
means that the annealing at 673 K for 1 h gave the trans-
formation of Ce(OH)s to CeO,. The lattice constants of CeO,
electrodeposited from 10 and 1 mM Ce(NOs)s solutions
increased to 5.414 and 5.417 A, respectively, by the anneal-
ing and approached the standard value (5.411 A) (20),
indicating that the incorporated Ce** was oxidized to Ce**.
Morphology. Figure 3 shows FE-SEM images of the PS
sphere template before and after electrodeposition of CeO,
from 10 and 1 mM Ce(NOs)5 solutions at an electric charge
of 0.25 C cm™. As shown in Figure 3a, a PS sphere
monolayer was observed on a FTO glass substrate without
aggregation and accumulation. The adsorption density of the
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FIGURE 4. Surface FE-SEM images of nanostructures electrodepos-
ited on the PS sphere templates at an electric charge of (a) 0.05, (b)
0.1, (c) 0.15, and (d) 0.2 C cm ™2 from 1 mM Ce(NOs); solutions.

PS spheres was estimated from the FE-SEM image to be
about 3 spheres um™2.

After electrodeposition of CeO,, the structural morphol-
ogy of the deposits depended on the Ce(NOs)5 concentration.
From a 10 mM Ce(NOs)5 solution (Figure 3b), spherelike
nanostructures consisting of the PS sphere core and CeO,
shell with a diameter of ca. 700 nm were formed. The
thickness of the CeO, shell could be estimated to be 100—150
nm, as shown in an accidentally cracked nanostructure
(Figure 3c). On the other hand, needlelike nanostructures
were formed from a 1 mM Ce(NOs5)5 solution. Needles with
200—300 nm length and 30—50 nm width were randomly
deposited, as seen in Figure 3d,e. As shown in an ac-
cidentally cracked nanostructure (Figure 3f), a dense shell
layer could be seen between the needles and the PS sphere
core. This implies that the nanostructure obtained from a 1
mM Ce(NOs)5 solution consists of the shell layer covering the
PS sphere surface and many needles on the shell layer. From
the XRD pattern of the deposit from a 1 mM Ce(NOs);
solution (Figure 1b), the deposit is expected to contain both
CeO, and Ce(OH)s.

In order to identify the constituents and the formation
pathway of the needles and the shell layer on the PS sphere
core, electrodeposition from a 1 mM Ce(NOs)5 solution was
carried out at some different electric charges (0.05—0.2 C
cm™?). Figure 4 shows FE-SEM images of the resulting
nanostructures. Spherelike nanostructures (Figure 4a,b) with
ca. 500 nm diameter were obtained for an electric charge
of 0.05 or 0.1 C cm™2, and then one can observe needles
deposited on the surface of the spherelike nanostructures
for an electric charge of 0.15 or 0.2 C cm™2 (Figure 4c,d).
This clearly shows that the shell layer formed on the PS
sphere surface at the early stage of electrodeposition and,
subsequently, the needles deposited on the shell surface.
Also, on the XRD pattern of the nanostructures electrode-
posited at an electric charge of 0.1 C cm™, no peaks
assignable to hexagonal Ce(OH)s could be seen. Therefore,
the shell layer on the PS sphere surface and the needles on
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FIGURE 5. FE-SEM images of CeO, nanostructures electrodeposited
on the PS sphere templates from (a and b) 10 and (c and d) 1 mM
Ce(NOs); solutions and annealed at 673 K for 1 h under an ambient
atmosphere.

the shell are identified as CeO, and Ce(OH)s, respectively.
While the species deposited from a 1 mM Ce(NOs)5 solution
depended on the electric charge, the spherelike CeO, shell
layer kept growing with increasing electric charges in a 10
mM Ce(NOs)5 solution without deposition of Ce(OH); needles.
This drastic change of morphology and deposition species
during electrodeposition has occurred only in a 1 mM
solution. The cause of the different deposits is mentioned
hereinafter.

From Figures 3 and 4, it was observed that CeO, was
electrodeposited only on the PS sphere surface but not on
the FTO substrate surface. A reason for selective deposition
of CeO, is interaction between cationic cerium species and
a sulfate group that is immobilized on the PS sphere surface,
as confirmed in the case of ZnO electrodeposition on the PS
sphere (15). Similarly, Ce(OH)s needles were formed only
on the CeO; shell surface not on the FTO surface (Figure 4),
probably because the CeO, shell plays a role as a nucleus
for the growth of Ce(OH)5 needles.

Figure 5 shows FE-SEM images of CeO, nanostructures
electrodeposited from 10 and 1 mM Ce(NOs)5 solutions and
annealed at 673 K for 1 h under an ambient atmosphere.
The annealing of deposits resulted in CeO, hollow nano-
structures by decomposition of the PS sphere core, and no
apparent cracks on the hollow spheres were recognized. The
Ce(OH)5 needles were transformed into CeO, needles by
oxidation and dehydration while maintaining the needlelike
structure. One can therefore prepare the spherelike and
needlelike nanostructures of CeO, selectively by the choice
of the Ce(NOs)5 concentration. The resulting hollow nano-
structure with CeO, nanopillars is unique and can be ex-
pected for broad applications such as photocatalysts, fuel
cells, and photovoltaic cells because of the high specific
surface area.

Deposition Mechanism. Electrodeposition mecha-
nisms of CeO, from simple cerium salt solutions have been
elaborated in a number of papers (17, 25, 26) and proposed
as follows: (17):

www.acsami.org
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0, + 2H,0 + 2¢” — H,0, + 20H"

E° = +42.05V vs Ag/AgCl (1)
2Ce’™ + 20H” + H,0, — 2ceV(OH),”" ()
ce"(OH),”" + 20H” — ce0, + 2H,0  (3)

with an overall net reaction of

2ce® + 40H™ + 0, + 2¢” — 2Ce0, + 2H,0
(€]

When a Ce(NOs);5 solution is employed as in this study, the
reduction of nitrate ions to nitrite ions, which gives hydrox-
ide ions, is also possible.

NO,; + H,0 +2¢ — NO, + 20H"

E’ = —0.189 V vs Ag/AgCl (5)
Generation of hydroxide ions by reduction of dissolved
oxygen (eq 1) and/or nitrate ions (eq 5) raises the pH in the
vicinity of a working electrode. Hydrogen peroxide oxidizes
Ce’" to form an intermediate of CeV(OH),*" (eq 2).
CeV(OH),?* is precipitated as insoluble CeO, through a
reaction with OH™ ions and dehydration (eq 3).

Although a reason for generation of the Ce(OH)5 needles
from the lower Ce(NOs5); concentration is not clear at
present, we propose a possible mechanism based on the
results here. At first, the influence of the NO5~ ions on
electrodeposition of CeO, was examined. From 10 and 1
mM CeCl; solutions, similar spherelike and needlelike struc-
tures were electrodeposited, respectively, as shown in Figure
6. Moreover, on an XRD pattern of the deposit from the 10
mM CeCls solution, all peaks were identified as those for
CeO, and SnO,, while some peaks assigned to Ce(OH)s were
observed from a 1 mM CeCl; solution. These results indicate
that NO5™ ions have no influence on the structural variation
of the deposits depending on the Ce(NOs); concentration.
For further investigation, variation of the cathodic current
density during potentiostatic electrodeposition in the
Ce(NOs)5 solutions was monitored (Figure 7). The current
density in a 10 mM Ce(NOs)5 solution increased steadily to
0.15 mA cm™? throughout the electrodeposition, while it
increased up to 0.1 mA cm™2 after 0.4 h and remained at
the value throughout electrodeposition in a 1 mM Ce(NOs);
solution. The increase of the current density corresponds to
an increase in the deposition area due to the growth of PS/
CeO; core/shell nanostructures. On the other hand, suppres-
sion of the increasing current means stopping of the

FIGURE 6. Surface FE-SEM images of CeO, nanostructures electrode-
posited on the PS sphere templates from (a) 10 and (b) 1 mM CeCl;
solutions.
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FIGURE 7. Current density variations for electrodeposition of CeO,
at —0.8 V vs Ag/AgCl from (a) 10 and (b) 1 mM Ce(NO5); solutions.

CeO,shell growth and the onset of deposition of Ce(OH)s
needles that have an almost constant growth front. In fact,
the changing point at a deposition time of 0.4 h (Figure 7)
was estimated to correspond to an electric charge of 0.126
C cm™?; this value lies between the electric charges in the
experiment of Figure 4b.c. From the viewpoint of the overall
net reaction (eq 4), such a threshold of the current density
for the CeO, growth probably involves a diffusion-limited
behavior of Ce®* with lower concentration. Because elec-
troreduction of oxygen (eq 1) is continued regardless of the
limited supply of Ce>*, hydrogen peroxide results in an
oversupply. Then the following decomposition of hydrogen
peroxide to hydroxide ions is induced because hydrogen
peroxide is unstable under the reductive condition (27).

H,0, + 2e” — 20H" E° = +1.98 V vs Ag/AgCl
(6)
If this competitive reaction (eq 6) dominates over oxida-
tion of Ce* (eq 2), CeO, can no longer be deposited, and

alternatively a thermodynamically stable precipitate of
Ce(OH)s is generated (28).

ce’™ + 30H” — Ce(OH), )

CONCLUSIONS
Two types of core/shell nanostructures of PS/CeO, have

been prepared by electrodeposition on the PS sphere tem-
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plate from Ce(NOs)s aqueous solutions. Electrodeposition in
10 and 1 mM Ce(NOs)s5 solutions gave the spherical CeO,
and needlelike Ce(OH)5/CeO, shells, respectively. The needle-
like Ce(OH)5/CeO, shells were composed of a large number
of Ce(OH)5 needles formed on CeO, shell layers, indicating
that the deposit species changes from CeO, to Ce(OH);
during electrodeposition within the applied electric charge
range of 0.1—0.15 C cm™ only in a I mM Ce** solution.
Further experiments to investigate the deposition mecha-
nism supported that a diffusion-limited behavior of Ce** ions
caused by an increase in the deposition area is a key for
understanding the concentration-dependent structural varia-
tion of the deposits. Deposition of Ce(OH); would begin
when electrogenerated hydrogen peroxide was consumed
by decomposition under reductive condition and could no
longer oxidize Ce”" ions. The thermal annealing of these
core/shell nanostructures at 673 K led to the elimination of
the PS core and the transformation of Ce(OH); to CeO, while
keeping their original shapes, giving the two corresponding
types of CeO, hollow shells. By the method employed here,
CeO, nanostructures with selective morphology and high
surface area were fabricated directly on the conductive
substrate. Thus, the obtained unique nanostructures are
expected to be a promising functional electrode material for
catalytic applications including photocatalysts, sensors, and
fuel cells.
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