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Aqueous-Phase Synthesis of Single-Crystal Ceria Nanosheets**
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Two-dimensional (2D) anisotropic nanostructures of metal
oxides and semiconductors, especially ultrathin nanosheets
(thicknesses <5 nm), have attracted tremendous attention
because of their unusual properties derived from exception-
ally small thickness and possible quantum size effects.!]
Typical methods for preparing nanosheets mainly involve
the delamination of layer-structured materials.”! The diffi-
culty in solution-phase synthesis of free-standing nanosheets
most likely arises from the fact that metal oxides and
semiconductors with a cubic crystal structure, including
ceria (CeO,), have no intrinsic driving force for 2D aniso-
tropic growth. Although it has been shown that nanocrystals
made of semiconductors, such as CdTe and CdSe, can self-
organize into free-standing nanosheets in a solution phase,
they remained assemblies of nanocrystals with an overall
polycrystalline structure even after ageing for a long period of
time (ca. one month).”! The solution-phase synthesis of
single-crystal nanosheets has met with limited success and still
remains a grand challenge.

Ceria has been widely used in catalysis, solid oxide fuel
cells, oxygen sensors, and chemical mechanical planarization
processes.l! Nanocrystals of ceria are of particular interest
owing to an increased oxygen vacancy that promotes catalytic
activity.®) Ceria nanocrystals have been synthesized by
various methods, such as solution precipitation, solvother-
mal synthesis,m microemulsion,® microwave-assisted heat-
ing,”) and sonochemical treatment.!'”) However, the products
of these syntheses have been restricted to nanocrystals with
polyhedral structures. Recently, one-dimensional ceria nano-
structures, such as nanowire and nanorod, have been synthe-
sized by a nonhydrolytic sol-gel process or alcohothermal
route.'"'? However, 2D nanosheets of ceria have not been
reported and, as a result, the influence of quantum size effects
on the properties of 2D ceria nanostructures remains largely
unexplored.

Here we describe a simple, aqueous route to the synthesis
of ultrathin, single-crystalline ceria nanosheets with a thick-
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ness of approximately 2.2 nm and lateral dimension up to
4 um. Our simple synthetic protocol involves the slow,
continuous addition of cerium(III) nitrate into an aqueous
solution containing 6-aminohexanoic acid (AHA) using a
syringe pump at 95°C. Interestingly, we found that the ceria
nanosheets were formed through 2D self-organization of
initially formed small ceria nanocrystals, followed by an in situ
recrystallization process. To our knowledge, this is the first
report of a synthesis of ceria nanosheets with a thickness as
thin as approximately 2 nm.

Figures 1a—d display transmission electron microscopy
(TEM) and atomic force microscopy (AFM) images of the as-
synthesized ceria nanosheets, clearly showing the formation
of nanosheets with lateral dimensions up to 4 um. Some of the
nanosheets appeared to be self-folded (Figure 1c), indicating
that the nanosheets formed in the solution rather than on the
substrate during the preparation of the sample for microscopy
analysis. The AFM analysis revealed that the nanosheets had
a thickness of approximately 2.2 nm (Figure 1d). A total
height of approximately 4.4 nm was also found during the
measurements (see Figure S1 in the Supporting Information),
which corresponds to the height of a bi-layered nanosheet.
The powder X-ray diffraction (XRD) pattern (Figure 1¢)
taken from the ceria nanosheets confirmed their cubic fluorite
structure (Fm3m, a=>5.4113 A, JCPDS Card No. 34-0394). A
high-resolution TEM (HRTEM) image taken from the top
face of a single nanosheet revealed that the lattice fringes
were perfectly aligned across the entire surface (Figure 1 f).
The corresponding FT pattern showed an array of spots with a
sixfold rotational symmetry (Figure 1f, inset), which can be
indexed as the {220} reflections. These data indicate that the
nanosheet is a piece of single crystal with its top and bottom
faces being enclosed by the {111} surfaces.

To elucidate the formation mechanism of the ceria
nanosheets, an aliquot of the reaction solution was taken
out at the early stage (f=15 min) and examined by using
electron microscopy. In this sample, small ceria nanocrystals
with sizes of 2-2.5 nm were observed in great abundance
(Figure 2 a). These nanocrystals had a single-crystal structure,
as revealed by the HRTEM image in Figure 2b. Interestingly,
we also observed the formation of polycrystalline nanosheets
at this reaction stage, as shown in Figure 2c,d. The similarity
between the diameters of the small ceria nanocrystals in
Figure 2b and the single-crystalline domains in a polycrystal-
line nanosheet in Figure 2d suggests that the nanosheet was
initially formed as a 2D network of ceria nanocrystals. The
polycrystalline nanosheets can be considered as intermediate
states in the transition from nanocrystals to single-crystal
nanosheets. It has been shown by both experiments and
simulations that epitaxial reorientation can occur during the
sintering of randomly oriented particles, which is driven by
the relaxation of the stress resulting from a mis-orientation at
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time (Figure 3b), which could
occur by Oswald ripening. The
absence of aggregation for the
large ceria nanocrystals can be
attributed to an increased col-
loidal stability resulting from
their lower surface energy per
volume due to a smaller surface-
to-volume ratio. Our results
indicate that the generation of
nanocrystals with extremely
small sizes is a prerequisite for
the formation of nanosheets.
Previous studies based on
Monte Carlo simulations have
shown that a balance of the
anisotropic hydrophobic attrac-
tion and the electrostatic inter-
actions governs the spontaneous
organization of nanocrystals
into  nanosheets.*'  These
parameters are also believed to
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Figure 1. Characterization of ceria nanosheets. a, b) TEM images of nanosheets with different sizes.
c) TEM image of a self-folded nanosheet. d) Tapping-mode AFM image and the height along the line
shown in the AFM image. e) Powder XRD pattern. f) HRTEM image and the corresponding FT pattern

(inset).

the attachment interface."™ A similar process may occur in
the entire nanocrystals embedded in initially assembled,
polycrystalline ceria nanosheets, leading to their transition to
single-crystalline products.

In our synthesis, the slow addition of a cerium(III) nitrate
precursor using a syringe pump is critical to the formation of
ceria nanosheets. When the synthesis was conducted by
rapidly injecting cerium(III) nitrate with a pipette instead of a
syringe pump with other experimental parameters being kept
the same as in Figure 1, the product consisted of discrete
nanocrystals with a broad size distribution between 5 and
10 nm (Figure 3 a). A relatively higher initial concentration of
the cerium(III) nitrate precursor could facilitate the rapid
growth of nanocrystal seeds into large sizes. Instead of
forming self-assembled structures, these ceria nanocrystals
further evolved into octahedrons with prolonged reaction
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play key roles in the 2D self-
organization of ceria nanocrys-
tals. As a part of efforts to obtain
a better understanding of the
self-organization process, we
conducted the reaction in the
presence of 0.25 mmol of NaCl,
with other experimental param-
eters being kept the same as in
Figure 1. The increased ionic
strength of the solution is
expected to screen the electro-
static repulsion between the
AHA-stabilized ceria nanocrys-
tals. In this synthesis, large
spherical  aggregates  were
obtained as the final product
(see Figure S2 in the Supporting
Information), indicating that a
decrease of the electrostatic
repulsion between the ceria
nanocrystals led to their random aggregation into 3D spheres
rather than 2D sheets. These results demonstrate that the
electrostatic repulsion is one of essential parameters for 2D
self-organization of ceria nanocrystals. At the present time,
however, the driving forces for such a 2D self-organization
process are not fully resolved. A complete understanding of
the interactions between small ceria nanocrystals may require
further studies through not only experiments but also
simulations.

The band gap of metal oxide nanocrystals has a significant
impact on their electronic, optical, and catalytic properties.
For instance, it has been shown that an increased band gap can
enhance the photocatalytic efficiency of metal oxide nano-
structures.™ Figure 4 a shows the absorption spectra recorded
from aqueous suspensions of two different types of ceria
nanostructures, that is, nanosheet and octahedral nanocrystal.
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Figure 2. Electron microscopy characterization of the ceria sample prepared under the same conditions
as those in Figure 1 except that the reaction time was shortened to 15 min. a) TEM and b) HRTEM
images of small ceria nanocrystals with sizes of 2-2.5 nm. ¢) TEM and d) HRTEM images of a

polycrystalline ceria nanosheet.

The absorption in the UV region originates from a charge
transfer from O?~ to Ce**, that is, the O 2p—Ce 4f electronic
transition. The optical band gap energy (E,) for direct
transitions can be determined from the following relation,
ax (hv—E,)"’/hv, where « is the optical absorption coeffi-
cient. Because the optical absorption coefficient (a) is linearly
proportional to the absorbance (A) of a sample, the inter-
section of the extrapolated linear portion in the plot of (Ahv)*
versus the photon energy (hv) gives the band gap energy (E,)
for direct transitions (Figure 4b). The measured band gap was

Figure 3. TEM images of the ceria samples prepared under the same conditions as those in Figure 1 except
that a cerium(lIl) nitrate precursor was injected rapidly into the reaction solution using a pipette instead of
a syringe pump and the reaction time was 75 min for the sample shown in (a) and 6 h for that in (b). The

insets show HRTEM images.
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approximately 3.3eV for the
octahedral ceria nanocrystals,
which was slightly larger than
that of bulk ceria (3.2 eV) due to
their relatively small sizes (10—
15 nm). Notably, the ceria nano-
sheets exhibited an unusually
large band gap of approximately
3.8 eV, which was even larger
than previously reported values
(3.3-3.6eV) for other types of
ceria nanostructures, including
thin ceria films prepared by an
evaporation or sol-gel method
and ultrafine ceria particles with
sizes of 3-6nm.*'  The
increased band gap for the ceria
nanosheets indicates the pres-
ence of a strong quantum size
effect, which is mainly governed
by the thickness of the nano-
sheets rather than their lateral
dimensions. Our results clearly
show that a band gap of ceria
nanostructures can be greatly
enlarged by shaping them into
nanosheets with an extremely
small thickness of only 2 nm.

In summary, we have dem-
onstrated the synthesis of ultra-
thin, single-crystal ceria nano-
sheets by a simple, aqueous-phase method. The nanosheets
were formed through 2D self-organization of initially formed
small ceria nanocrystals and a subsequent recrystallization
process. The as-synthesized ceria nanosheets exhibited an
unusually large optical band gap energy, which can be
attributed to the quantum size effect associated with their
extremely small thickness. The ceria nanosheets described in
this work hold great potential for fundamental study of their
quantum properties.

Experimental Section

In a typical synthesis of ceria
nanosheets, 6-aminohexanoic
acid (AHA, 1mmol, Aldrich)
was dissolved in deionized water
(6 mL) and heated to 95°C in air
under magnetic stirring. A small
volume of HCl (7pL, 37%,
Aldrich) was added to the AHA
solution to set the solution pH to
5.5. Meanwhile, cerium(III) ni-
trate hexahydrate (Ce-
(NO3);:6H,0, 0.25 mmol,
Aldrich) was dissolved in deion-
ized water (SmL) at room tem-
perature. Then, the aqueous solu-
tion of cerium(II) nitrate was
added to the AHA solution using
a syringe pump at an injection rate
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Figure 4. a) UV/Vis spectra of ceria nanosheets (solid line) and
octahedral ceria nanocrystals shown in Figure 3b (dashed line).
b) Plots of (Ahv)? versus photon energy (hv).

of 0.083 mLmin~". The reaction mixture was heated at 95°C in air for
75 min, and cooled down to room temperature.

TEM studies were done with a FEI Tecnai G2 Spirit microscope
operated at 120 kV by drop casting the nanoparticle dispersions on
carbon-coated copper grids. HRTEM analyses were performed by
using a JEOL 2100F microscope operated at 200 kV accelerating
voltage. Powder XRD patterns were obtained with a Rigaku D-
MAX/A diffractometer at 35 kV and 35 mA. AFM studies were done
with a Veeco NanoMan scanning probe microscope at tapping mode.
UV/Vis spectra were recorded with a Cary 50 spectrometer (Varian).
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