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ABSTRACT: Rare earth oxides are important emerging materials
because of their unique properties. Nanosized, two-dimentional (2D)
materials have received increasing attention due to their high surface-to-
volume ratios and ultrathin layered structures. Here, we synthesize 2D
rare earth (RE) oxide nanoplates in the presence of a mineralizer. The
use of a mineralizer not only facilitates the synthesis of RE oxide
nanoplates (i.e., increases the yield and allows mild reaction parameters),
but also allows for shape-control. To emphasize the importance of RE
oxide nanoplates in materials science and engineering, we demonstrate
that (1) ceria nanoplates can be used in a ceria/Cu inverse catalyst to
enable an enhanced CO oxidation activity, and (2) Y,O; nanoplates

doped with Eu’* enable photon energy down-conversion.

he synthesis and preparation of nanomaterials are the
foundations of nanoscience and nanotechnology."” The
shape-controlled synthesis of nanomaterials is of particular
interest, because the properties of nanomaterials can be fine-
tuned by tailoring the shape of the nanomaterials, which
enables the ap]glication of nanomaterials in various fields, such
as catalysis,3_ electronics,21 optics,zz_25 magnetics,26 etc.”’
Rare earth (RE) compound nanomaterials are an emerging
class of nanomaterials because of their special properties.”® For
instance, ceria nanomaterials are widely applied in catalysis
because they can store and carry oxygen because of the easy
conversion between Ce®* and Ce*.'* Lanthanide-doped
nanophosphors (e.g,, f-NaYF,, Y,0;) possess intriguing optical
properties such as photon upconversion or downconver-
sion.>>3° Among these materials, ultrathin two-dimensional
(2D) nanomaterials such as nanoplates are particularly
attractive, mainly because of their high surface-to-volume
ratios."®***' ™3¢ The thickness of a 2D nanostructure could
be as thin as ~2 nm, which is in the order of only a few atomic
layers."®*' Many interesting properties arise from such high
surface-to-volume ratios and the ultrathin layered structures.
For instance, compared to three-dimensional (3D) Ceria
nanoparticles, 2D ceria nanoplates allow oxygen to easily
diffuse into their bodies, and thus do not limit the oxygen
storage at the surface of ceria materials.'® In the doped
phosphors, the dopant element may readily enter the body of
the host-materials, which thus maximizes the efficiency.*®
Additionally, the confininement on the plates may add a
potential quantum size effect.’® Because of the importance of
2D RE materials, numerous synthetic methods and preparation
routes were developed, including hydrothermal treatment,®”
chemical vapor deposition,*® and solution-phase-synthesis.'®*
In a previous report we demonstrated a robust solution-phase-
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synthesis of ultrathin 2D ceria nanoplates using a mineralizer.'®
The presence of the mineralizer not only allows mild reaction
conditions, but also significantly improves the yield and quality
of 2D nanoplates.'®

Here we report a systematic study of mineralizer-assisted
shape-control of rare earth (RE) oxide (RE = La, Ce, Gd, Y)
nanoplates. Examples of the four selected RE elements are
presented: La and Ce are light RE elements; Y is a heavy RE
element; and Gd is on the boundary, that is, the “heaviest” light
RE element.”” We also demonstrate the benefits gained from
the 2D structure with one case of highly eflicient ceria
nanoplate/Cu dendrite inverse catalysts for CO oxidation and
one case of optical downconversion by 2D Eu**-doped Y,O,
nanophosphors.

B RESULTS AND DISCUSSION

The synthesis of RE oxide nanoplates involves the thermal
decomposition of RE acetate at 320—330 °C in the presence of
oleic acid and oleylamine as stabilizers and employs sodium
diphosphate or sodium nitrate as mineralizers. With the
mineralizers, the yields of RE oxide nanoplates is significantly
improved (Table S1, Supporting Information). Most impor-
tantly, the morphology of the nanoplates can be readily tuned
by the manipulation of the reaction conditions, such as the
reaction temperature, precursor/ligands ratio, etc. In contrast,
such morphology control cannot be achieved in the absence of
mineralizers. The transmission electron microscopy (TEM)
images of typical RE oxide nanoplates synthesized in the
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Figure 1. TEM images of (a) 25.2 nm (6 = 7%) La,O; nanoplates; (b) 11.9 nm (¢ = 7%) CeO, nanoplates; (c) 39.4 nm (6 = 6%) Gd,O,
nanoplates; and (d) 13.6 nm (6 < 5%), (e) 36.7 nm (6 = 6%), (f) 43.7 nm (6 = 8%), (g) 58.6 nm (6 = 7%), (h) 62.7 nm (o = 7%), and (i) 56.9 nm
(6 = 9%) Y,0; nanoplates. Scale bars: 200 nm (a, ¢, and i) and 100 nm (b, d, e, f, g, and h).

presence of mineralizers are exhibited in Figure 1. As shown in
Figure 1, panel a, the La,O; square nanoplates with edge
lengths of 25.2 nm (o = 7%) are synthesized in the presence of
sodium diphosphate, while no nanoplates are generated in the
absence of the mineralizers. Similarly, the square ceria
nanoplates with edge lengths of 11.9 nm (¢ = 7%) can be
obtained using sodium diphosphate as a mineralizer (Figure
1b), while the reaction without the mineralizer does not
produce any ceria nanoplates. In our previous report, we
showed that elongated ceria nanoplates can be synthesized with
sodium oleate as the mineralizer.'® For Gd,0,, in addition to
square and round nanoplates, triangular nanoplates with edge
lengths of 39.4 nm (o = 6%) are synthesized using sodium
nitrate as the mineralizer (Figure 1c). Y,O; has the greatest
range of morphologies: without any mineralizer, round
nanoplates are produced; in the presence of sodium
diphosphate, highly monodisperse round nanoplates with
diameters of 13.6 nm (o < 5%) are generated; with sodium
nitrate, the shape of the Y,0; nanoplates are tuned from
tripods (Figure le: 36.7 nm, o = 6%) and branched tripods
(Figure 1f: 43.7 nm, 6 = 8%) to triangular nanoplates (Figure
1i: 56.9 nm, 6 = 9%) by increasing the amount of oleylamine in
the reactions. The transition between tripod and triangular
nanoplates can be fine-tuned by manipulating the reaction
parameters, such as the precursor concentration and the
mineralizer concentration. For instance, a reduction of the
precursor concentration by a factor of two synthesizes the
highly branched tripods (58.6 nm, ¢ = 7%); when the
concentration of sodium nitrate is doubled, the almost
complete transformation into triangular nanoplates (62.7 nm,
6 = 7%) is observed (Figure S1, Supporting Information).
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Figure 2. Chart that shows the correlation between the obtained
morphologies of RE oxide nanoplates and the mineralizers used in the
synthesis. The dimensions of the TEM images are 100 nm X 100 nm.

The mineralizers play an important role in the synthesis of
RE oxide nanoplates. As summarized in Figure 2 and Table S1
of the Supporting Information, the yield of nanoplates is
significantly increased by the use of mineralizers. More
importantly, in some cases (e.g., in light RE elements such as
La and Ce), nanoplates cannot be produced without the
employment of mineralizers. We discover some trends in
nanoplate growth that are connected to the chemical and
physical properties of these RE elements. Following the order
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Figure 3. SEM images of (a) Cu dendrites and (b) Cu dendrites loaded with ceria nanoplates (ceria/Cu inverse catalysts); (c) the light-off curves;
and (d) the Arrhenius plots for CO oxidation on Cu dendrites, ceria/Cu inverse catalysts, and Pt. Scale bars: 1 ym.

of La = Ce — Gd — Y, RE elements are classified into light
and heavy RE elements, and the ionic radii decrease. According
to this order, we have the following observations. (1) It is gets
easier to make RE oxide nanoplates, namely, the yield increases.
(2) Without a mineralizer, or with sodium diphosphate, the
nanoplate growth gradually favors the round plates over the
square plates: La and Ce have square nanoplates in the format
of their oxides. In our synthesis, the Gd,O; nanoplates are
mainly round; however, observations of both round and square
plates were reported.>"*® For Y,0; round nanoplates are
exclusively generated, square Y,0O; nanoplates are neither
observed in our experiments nor to our knowledge reported by
other researchers. (3) The available morphologies of nanoplates
get more complicated. The crystal growth habit may be
responsible for the variation in nanoplate formation; however,
the detailed mechanism for nanoplate growth remains to be
developed. As all of these nanoplates have a cubic crystal
structure, there should be no anisotropic structures: the crystal
symmetries along three directions should be equivalent. In
Gd,0; nanoplates, Cao observed lattice fringes for (002)
planes on one direction and fringes for (004) and (040) planes
on the other two directions.”” This is because symmetry
breaking resulted from the ligand bonding and crystal size
confinement. The same mechanism is also applicable in our
case.

Because of their unique 2D structures, RE oxide nanoplates
have high surface-to-volume ratios, which is highly desirable in
the application of catalysis and sensing. The tunable
morphologies of RE oxide nanoplates also offer suitable
materials for the study of shape-dependent properties. Here,
with one case on the catalysis of CO oxidation on ceria/Cu
reverse catalysts, and the other case on the optics of
downconversion by Eu**-doped Y,0; nanophosphors, we
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showcase the benefit of RE oxide nanoplates in various
applications.

Catalysis of CO Oxidation on Ceria/Cu Reverse
Catalysts. Ceria was widely used in applications of catalysis
because it shifts easily between Ce** and Ce*, which leads to a
capacity to store oxygen, and it has a high population of oxygen
vacancies within its structure, which leads to high oxygen
mobility. Recently, inverse catalysts, oxide nanoparticles
supported on metal surfaces, have received substantial attention
because of their unique reactivity and selectivity as well as their
ease of recycling high-cost metals that are used in catalysts.*' ~*
Because of their small size and unique 2D structure, our ceria
nanoplates are particularly suitable for the application of inverse
catalysts. From the studies on the inverse models of well-
defined surfaces, ceria on Cu has proven to have excellent
activity toward CO oxidation, while ceria and Cu individually
are not good catalysts for CO oxidation. Here, we prepare an
inverse catalyst for CO oxidation by square ceria nanoplates
(0.5%w.t.) being loaded on Cu dendrites (Figure 3ab). As
shown in Figure 3, panel ¢, ceria/Cu has a significantly lower
light-off temperature (at least 125 °C lower) than does Cu
alone for the CO oxidation reaction. In Figure 3, panel d, the
Arrhenius plots are extracted from the measurements, and the
apparent activation energies are calculated to be 53.21 kJ mol™!
for Cu dendrites, 68.34 k] mol™" for ceria/Cu inverse catalysts,
and 69.01 kJ mol™" for Pt catalysts. The activity of the CO
oxidation on ceria/Cu inverse catalysts is comparable to that on
Pt catalysts, even at a relatively low temperature. Thus, the ceria
nanoplates with their unique 2D structure provide a low-cost
and highly active building block for modern catalysis.

Optics of Downconversion by Eu3*-Doped Y,0,
Nanophosphors. Y,0; is one of the best host materials for
optical emission and downconversion.*** Because of their
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quantum efficiency, which is close to 100%, Eu**-doped Y,O4
materials are widely used as red-emitting phosphors in lighting
industry and projection television displays.***> Here, we
synthesize Eu**-doped Y,0; nanoplates by adding 5% Eu(Ac)
in the reaction precursors. The triangle nanoplates and round
nanoplates made of Eu**-doped Y,0j are tested and compared
to their bulk counterpart. Figure 4 shows the room temperature
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Figure 4. Luminescence spectra of Eu**-doped Y,0; bulk materials
(red), triangular nanoplates (blue), and round nanoplates (magenta)
under 393 nm of excitation.

emission spectra of the Y,05:Eu®" samples under 393 nm of
excitation. The emission spectrum shows narrow emissions that
range from 570—720 nm, which result from the transitions
from the *Dj level to the F; (J = 0, 1, 2, 3, 4) levels of Eu**. It
is well-known that the electric-dipole *D, — ’F, transition is
very sensitive to the chemical environments around the Eu**
ions.** On the other hand, the magnetic-dipole D, — 'F,
transition is relatively insensitive to the symmetry of the crystal
site where the Eu®" ions are located. As shown in Figure 4, the
D, — 'F, transitions of the triangular and round nanoplates
are red-shifted compared to those of the bulk phosphors, while
the D, — ’F, transitions of the nanoplates are more
prominent.

B CONCLUSION

In summary, we synthesized RE oxide (RE = La, Ce, Gd, and
Y) nanoplates. We demonstrate that the use of a mineralizer in
the synthesis not only boosts the yield of nanoplates, but also
provides an avenue to tune the shape of nanoplates. Because of
the high surface-to-volume ratios and unique surface properties,

the RE oxide nanoplates can be applied in many areas. For
instance, ceria/Cu inverse catalysts exhibit comparable activity
to Pt toward CO oxidation, which enables an inexpensive
option of catalyst in industrial chemical processes. The unique
luminescence property of the Y,0;:Eu®* nanoplate offers
promising materials in the industries of lightning, display, and
solar energy conversion.

B METHODS

Synthesis. La,O; nanoplates: 0.1 g of La(Ac); and 0.53 g of
sodium diphosphate are dissolved in a mixture of 2 mL of oleic acid
(0A), 4.5 mL of oleylamine (OM), and 2 mL of 1-octadecene (ODE).
The formed reaction mixture is heated to 120 °C under stirring and
vacuum for 20—30 min. The reaction mixture is then heated to the
reaction temperature (T) of 320 °C and is kept at 320 °C for a
reaction time (f) of 60 min. After the reaction, the product mixture is
allowed to cool to room temperature, followed by a wash with ethanol.
The nanoplates are collected by centrifugation (6000 rpm) and are
redispersed in hexane. All of the nanoplates are synthesized in a similar
way, and the reaction parameters are summarized in Table 1.

Microscopic Characterizations. TEM images were taken on a
JEOL1400 transmission electron micrograph at 120 kV. Scanning
electron microscopy (SEM) images were taken on JEOL JSM7600F
scanning electron micrograph.

Catalysis. A hexane solution of ceria nanoplates is mixed with a
powder of Cu dendrites to form a ceria/Cu inverse catalyst at the
loading of 0.5% wt ceria. The catalyst is then mixed with quartz at a
1:10 ratio. Before the catalytic property measurements, the catalysts
are pretreated in pure O, at 180 °C for 30 min to remove the organic
ligands that are used in the synthesis procedure. CO oxidation
measurements are carried out in a flow-reactor at a gas hourly space
velocity (GHSV) of 36,000 mL h™' g™" and are detected with a gas
chromatograph (GC) equipped with a thermal conductivity detector
(TCD). The gas mixture is S Torr CO, 2.5 Torr O,, and He balance.

Optics. Optical measurements are performed on a Fluorolog 3
spectrometer (HORIBA Jobin Yvon) under 393 nm of excitation.

B ASSOCIATED CONTENT

© Supporting Information
Details for the synthesis and XRD data for the Y,0; nanoplates.
This material is available free of charge via the Internet at
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Table 1. Reaction Parameters for Synthesis of Nanoplates”

product RE precursor mineralizer

Gd,0; round nanoplates 0.1 g Gd(Ac),

Gd,0; branched tripod nanoplates 0.4 g Gd(Ac), 0.17 g NaNO,
Gd,0; triangular nanoplates 0.4 g Gd(Ac), 0.17 g NaNO,
Y,0; round nanoplates 0.68 g Y(Ac);

Y,0; tripod nanoplates 0.68 g Y(Ac); 0.34 g NaNO,
Y,0; branched tripod nanoplates 0.68 g Y(Ac); 0.34 g NaNO;,
Y,0; triangular nanoplates 0.68 g Y(Ac), 0.34 g NaNO,

OA (mL) OM (mL) ODE (mL) T (°C) t (min)
0.2 8 360 25
1.5 1.5 7 310 40
1.5 2 6.5 310 40
3 3 14 310 60
2 1 17 310 30
3 2 15 310 30
8 8 S 310 30

. . Qo ) 18
“Ce0O, nanoplates: ceria nanoplates were synthesized as described in our previous report.
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