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Abstract

Ce0,-ZrO, composite nanoparticles with mesoporous and spherical morphologies were
assembled into different homogeneously dispersed, domain, and core-shell structures by
changing the reaction conditions, such as the heating rate, acid, and solvent, in supercritical
alcohols. CesZr; 4O, with homogeneous structures were prepared from Ce(NOs); and ZrO(NOs),
in the presence of formic acid in methanol by rapid heating (500 °C/min) to 300 °C, while CeO,-
ZrO, with domain structures were obtained by slow heating (5.4 °C/min). Treatment of
mesoporous and spherical ZrO, nanoparticles with a Ce(NOj;); solution in supercritical
conditions yielded CeO,-ZrO, nanocomposites with core-shell morphologies, while solvents
playing a key role in controlling the thickness of the outer shell; methanol produced a very thin

outer shell structure of cubic CeO, and 2-propanol afforded a thick one.
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Highlights

Homogeneous CexZr; 4O, mesoporous spherical nanoparticles synthesized.

Composition of CeZr;.xO, nanoparticles easily controlled.

Ce0,-ZrO; nanoparticles with domains synthesized by controlling heating rate.

ZrO,@CeO; and TiO,@CeO, core-shell type nanoparticles prepared.



1. Introduction

Much attention has been paid to CeO; nanoparticles (NPs) for their many practical uses, such
as three-way catalysts for exhaust gas treatment [1,2], noble metal catalyst supports [3,4], and
surface lapping and polishing materials [5,6]. However, decreasing the required amount of the
rare earth metal Ce without losing the performance of the material has become a crucial aspect of
current research because of resource limitations [6—8]. As a practical approach for minimizing
Ce loading on nanomaterials, CeO,-ZrO, nanocomposites can be used as a substitute because of
their chemical, mechanical, and thermal stability. Also, some of CeO,-ZrO, mixed oxides have
been reported to show better catalytic performance compared to CeO, itself [9]. In order to
achieve high performance, controlling the composition, topology, and morphology of CeO,-ZrO,
composites at the nano level is very important. To this end, much effort has been applied towards
the development of synthetic methodologies to control their structures and morphologies; these
include sol-gel [10,11], precipitation [12,13], microemulsion [14], hydrothermal [15,16],
supercritical solvent [17], high-temperature solid state reaction [18], high-energy mechanical
mixing [19], and flame spray [20] methods. However, multi-step reactions that include
calcination, as well as a long reaction time, are usually required to obtain higher-ordered

nanostructures such as spherical, cubic, and multi-layered structures.

Well-defined porous nanostructures are also essential for practical applications including
high-throughput catalysis [21], high performance lapping and polishing [7], and excellent ion
conduction [22]. Previously, we have reported a simple, rapid, one-pot, single-step, and
template-free synthesis of mesoporous TiO, NPs called micro/mesoporously architected roundly
integrated metal oxides (MARIMOs), referencing their similarity in shape to marimo

(Cladophora aegagropila) moss balls (Fig. S1), with the use of supercritical methanol as the
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reaction medium [23,24]. In addition, we have synthesized several MARIMO families, such as
Si0,, Zn0O, ZrO,, and CeO, using a similar synthetic approach with supercritical alcohols [25],
being versatile media for many functional material synthesis [26—28]. The obtained MARIMO
NPs show almost complete spherical morphology in solid and hollow structures, well-defined
pore topology, large surface area, mono-dispersion ability, and excellent thermal stability, and
allow for easy manipulation, which would be promising functional materials for many
applications, such as catalysis, lapping and polishing, material storage and slow release, drug and

gene delivery, and solar energy conversion, etc.

Given the importance of CeO,-ZrO; as a functional material and our rapid synthetic approach
to MARIMO NPs using supercritical alcohols as reaction media, in this paper we report a
supercritical alcohol based, ultra-simple, and rapid synthetic approach to CeO,-ZrO, composites
NPs with homogeneously dispersed, domain, and double-layered core-shell structures with

mesoporous spherical morphologies (Fig. 1).

Fig. 1.



2. Materials and methods

2.1 General information

Methanol, 2-propanol (isopropyl alcohol), formic acid, cerium (III) nitrate hexahydrate,
titanium tetraisopropoxide, and zirconium (IV) oxynitrate dihydrate were purchased from Wako

Pure Chemical Industries Co. Ltd. They were used as received without further purification.

2.2 Synthesis of mesoporous nanospheres

MARIMO CeO; and MARIMO ZrO, NPs were prepared according to the method
previously reported [25]. Homogeneously dispersed mesoporous spherical CeyZr; O, (Ce/ZrO,)
NPs were synthesized by using various mixtures of Ce(NOs); (0.25-0.50 mmol), ZrO(NO3),
(0.25-0.75 mmol), and formic acid (2.5 mmol) in methanol (5 mL) as precursors. CeO,-ZrO,-SH
(where SH denotes Slow Heating) was prepared by using equimolar amounts of Ce(NOs); and
ZrO(NO3); (0.25 mmol) and formic acid (2.5 mmol) in methanol (SmL) according to the
previously reported slow heating method (5.4 °C/min) up to 400 °C [24]. ZrO,@CeO; core-shell
type NPs was synthesized as follows: 30 mg of MARIMO ZrO, NPs and 0.125 mmol of cerium
(III) nitrate hexahydrate were vigorously mixed and dispersed in either 5 mL methanol or 2-
propanol. A 3.5 mL portion of the suspension was transferred to an SUS-316 stainless steel
tubular reactor of 10 mL inner volume. The reactor was sealed with a screw cap and placed for
10 min in a molten-salt bath which was heated to and maintained at 300 °C. The reaction was
quenched by placing the reactor in an ice water bath. The obtained reaction mixture was

centrifuged, washed with methanol, and dried under vacuum to give a powdery product. Solvents
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might leak out from the tubular reactor during reaction under these high-temperature and high-
pressure conditions. The leaking of solvents into molten salt-bath has some possibility to cause

accidents.

2.3 Characterization

X-ray diffraction (XRD) patterns were obtained using a Rigaku SmartLab diffractometer
with graphite-monochromatized Cu-K, radiation (X-ray wavelength: 1.5418 A) in steps of 0.02 °
over the 20 range of 20—70 °. Transmission electron microscopy (TEM) images and high
resolution transmission electron microscopy (HRTEM) images were measured on a JEOL JEM-
2100F microscope. Energy-dispersive X-ray (EDX) mappings and line scan spectra were
obtained from Oxford INCA Energy TEM250. Field emission scanning electron microscopy
images (SEM) were taken on a JEOL JSM-7300F microscope. Nitrogen adsorption—desorption

isotherms were obtained using a BEL Japan INC Belsorp Mini (II).



3. Results and discussion

Previously, fabrication of CeO,, ZrO,, and Ce0,-ZrO, composites has been
accomplished through several techniques, for example by using sacrificial templates such as
polymers [29], colloidal carbon [30], and silica [31] and by calcination of metal-organic-
frameworks (MOFs) [32,33], to yield higher-order spherical, core-shell, tube, and cubic
structures. Recently, we developed an ultimately simple, rapid, and template-free fabrication
strategy for CeO, and ZrO, MARIMO NPs, in which a precursor solution of Ce(NO;); or
ZrO(NOs); and formic acid in methanol was rapidly heated (at a rate of 500 °C/min) to 300 °C in
a sealed SUS-316 tubular reactor and maintained at the temperature for only 10 min [25]. It is
noteworthy that our strategy did not require calcination to obtain outstanding MARIMO NPs.
Here, we attempted using a similar approach with a mixed precursor to produce composite
MARIMO NPs with similar morphologies. Indeed, upon rapid heating of the precursor solutions
containing Ce(NO3); and ZrO(NOs), in different molar ratios (Table 1) with formic acid in
methanol at 300 °C, beautiful porous nanoparticles (NPs) were obtained (Fig. 2), where a many
small primary particles aggregated to give a secondary spherical structure with a large amount of
pores, as shown in transmission electron microscopy (TEM) and scanning electron microscopy
(SEM) images. We will refer to these composite NPs as Ce/Zr0,-0.25, Ce/Zr0,-0.33, Ce/ZrO,-
0.50, Ce/Zr0,-0.66, where the number designates the molar ratio [Ce* 1([Ce™ ] + [Zr*']) in the
precursor solution. The average sizes of the secondary particles are similar, ranging from 200 to
350 nm, irrespective of the molar ratio of Ce and Zr in the precursor solution (Table 2). However,
the size of the primary particles varied with the molar ratio of Ce and Zr, from 3-10 nm as can be
seen in TEM and HRTEM images in Fig. 2. EDX analyses on TEM clearly indicate that Ce, Zr,

and O atoms are evenly distributed in MARIMO NPs (Fig. S2). Specific surface areas and pore
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sizes of the NPs were evaluated by nitrogen adsorption-desorption isotherms (Table 2 and Fig.
S3). The ZrO, NPs produced a type I isotherm, indicating the existence of micropores (<2 nm),
while the isotherms of other NPs of including CeO, itself belong to the type IV category,
indicating the existence of mesopores (2—50 nm). Moreover, pure ZrO,, Ce/Zr0,-0.25, Ce/ZrO,-
0.33, and Ce/ZrO,-0.50 showed similar specific surface areas of around 100 m? g, though
Ce/Zr0,-0.66 with its higher Ce content and CeO; itself had smaller specific areas of 91 and 32

m’ g’ respectively, whose results are consistent with those of the TEM.

Fig. 2

X-ray diffraction (XRD) patterns of pure CeO, MARIMO NP, pure ZrO, MARIMO NP, a
1:2 (w/w) mixture of CeO; and ZrO, MARIMO NPs, and the reaction products were recorded in
order to obtain information on crystal systems (Fig. 3 and Fig. S4). The pure CeO, NPs exhibited
cubic phase and, since mixed states of tetragonal and monoclinic phases are quite usual in ZrO,
[34-36], it is noteworthy that our ZrO, NPs exhibited only tetragonal phase. In the case of the
1:2 simple mixtures of MARIMO CeO, and MARIMO ZrO, NPs, a mixed profile derived from
those of pure CeO, and ZrO, was obtained, while the intensity ratio between CeO, and ZrO, did
not reflect the original ratio of 2:1 but rather, roughly estimated, 10:1. This provides an important
indication of XRD response factors of MARIMO CeO, and MARIMO ZrO, in a mixture. Broad
peaks which appeared in the XRD of ZrO, NPs (Fig. 3a) clearly indicate that the primary particle
size of the MARIMO ZrO, NPs should be small, a result which is also supported by the pore size

as determined by their nitrogen absorption-desorption isotherms (Table 2). It is remarkable that



XRD peak positions and lattice parameters of Ce/ZrO, NPs were continuously shifted from those
of CeO, to ZrO,, depending on the Ce/Zr ratio in the precursor solution (Figs. 3 and 4), which is
the well-known phenomenon described by Vegard's law [37]. Judging from the results of the
XRD, CeO; and ZrO,, whose crystal sizes would be quite small, were homogeneously well
dispersed in XRD detection level. However, CeO,-ZrO,-SH exhibited a mixed profile of cubic
CeO; and tetragonal ZrO, phases on the XRD patterns, while Ce, Zr, and O atoms were evenly
distributed on EDX images (Figs. 5a and 6a). The results clearly indicate that the obtained
MARIMO NPs consist of domain structure with cubic CeO, and tetragonal ZrO,. The difference
in the structures is explained as follows: in the case of rapid heating, almost all of the precursor
Ce and Zr salts are hydrolyzed so quickly as to afford much amount of nascent NPs of CeO, and
ZrO; to be present at same time. However, the nascent NPs have no chance to grow up to an
appreciable size, since almost all starting materials have been already consumed at the high
temperature through rapid heating; instead the nascent NPs of CeO, and ZrO, mix together to
yield homogeneously well-dispersed mesoporous MARIMO Ce/ZrO, NPs. On the other hand, in
the case of slow heating, the CeO, and ZrO, nascent NPs yielded at the early stage of heating
individually grow up to an appropriate crystal size, since there is a continuous supply of the
nascent NPs from the remaining starting materials. Thus, we succeeded in synthesizing
homogeneously well-dispersed mesoporous MARIMO Ce/ZrO, NPs as well as MARIMO
Ce0,-ZrO, NPs with domain structures using our ultimately simple one-pot synthesis with

supercritical methanol, employing different heating rates , and without calcination.

Fig. 3.
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Fig. 4.
Fig. S.

Fig. 6.

Next, a step-wise synthesis was applied to obtain ZrO,@CeO,; core-shell NPs with a ZrO,
core and a CeO; shell (Fig.1). Treatment of MARIMO ZrO, NPs with Ce(NOs)3 in supercritical
methanol at 300 °C for 10 min under 0.28 g mL™ methanol density yielded a powdery product
(referred to as ZrO,@CeO,-MeOH). The XRD diffraction pattern of the obtained material
revealed broad peaks with mixed profiles of ZrO, tetragonal and CeO, cubic phases, indicating
they are not homogeneously dispersed, but rather a mixture of ZrO, and CeQO, with tetragonal
and cubic phases, respectively (Fig. 5b). EDX mappings images on TEM clearly show that two
types of composite MARIMO NPs were included, i.e. (i) NPs consisting of Zr, O, and a small
amount of Ce atoms (Fig. 6b) and (ii) core-shell type NPs (Fig. S5) with ZrO, core and CeO,
shell; the ratio (i) : (ii) is roughly estimated to be 10:1 by counting the numbers of the particles
on the EDX images. In case (i), judging from the fact that ZrO, NPs show relatively weak
intensities on the XRD patterns as mention above, we concluded that starting microporous ZrO,
NPs in the tetragonal phase are covered by very thin shell of CeO, in the cubic phase as
schematically illustrated in Fig. 7. Interestingly, when formic acid was used as an additive in this
reaction, a mixture of independent MARIMO ZrO, NPs covered by a very thin CeO, shell and

MARIMO CeO, NPs themselves was obtained.

Fig. 7.
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We then changed the solvent as an attempt to generate a thicker outer shell of cubic CeO,,
since some of secondary alcohols are reported to yield larger size CeO, crystalline particles [38].
Indeed, when the reaction was performed in 2-propanol instead of methanol, the products
obtained (referred as ZrO,@CeO,-PrOH) showed similar XRD patterns (Fig. 5c) to
ZrO,@Ce0O,-MeOH. However, the results changed drastically to yield mainly ZrO,@CeO;
thick-shelled core-shell MARIMO NPs with Ce atoms situated on the edge of the particles and
Zr at their cores. EDX line scan analysis clearly demonstrates that the atom density of Ce is
higher at the edge than in the core, while those of Zr atoms are higher in the core (Figs. 6¢ and d).
The ratio of thin-shelled core-shell to thick-shelled core-shell NPs is roughly estimated to be
1:10. Not all of the particles exhibited a perfect core-shell structure (Fig. 6¢), but some with
rugged structures were also observed (Fig. 6d); the ratio of the NPs with perfect core-shell
structure to those with rugged structures was approximately 1:25. Similarly, TiO,@CeO, core-
shell MARIMO NPs were also synthesized easily (Fig. S8). As stated, the solvents were shown
to perform a key role in controlling morphology in the synthesis of ZrO,-CeO, composite

MARIMO NPs.
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4. Conclusions

An ultimately simple treatment of precursor solutions consisting of Ce®”, Zr*", microporous
spherical ZrO, NPs, and/or formic acid in alcohol under supercritical conditions enabled us to
synthesize Ce0,-ZrO, nanocomposites with mesoporous and spherical morphologies into
homogeneously dispersed, domain, and core-shell structures by changing the reaction conditions
such as heating rate, acid, and solvent. CeyZr; O, NPs with homogeneous dispersed structures
were prepared from Ce(NOs); and ZrO(NOs), in the presence of formic acid in methanol by
rapid heating (500 °C/min), while CeO,-ZrO, NPs with domain structure were obtained by
heating the solution slowly (5.4 °C/min). Treatment of MARIMO ZrO, NPs with Ce(NO3);3
yielded CeO,@ZrO, NPs with core-shell structures, a process in which the choice of the solvent
played a key role in controlling the thickness of the outer shell. Methanol gave a very thin outer
shell of cubic CeO,, while a thick shell formed when 2-propanol was used. Thus, we succeeded
in controlling the structures and morphologies of mesoporous spherical CeO,-ZrO, NPs with an

easy synthetic method. Applications of these new materials will be published elsewhere.
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