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ation of the synthetic conditions
for aerosol-assisted high-quality mesoporous CeO2

powders†

Tatsuo Kimura *

The morphology of surfactant-assisted mesoporous metal oxides was tuned to obtain high surface-area

particles by utilizing the synthetic conditions for fabricating transparent thin films through an

evaporation-induced self-assembly (EISA) process. For investigating their potential applications,

especially for designing heterogeneous catalysts, mesoporous metal oxides should be obtained in

powder forms; however, a serious limitation associated with their reproducibility persists. Herein, along

with a rapid optimization approach, starting from determining and improving chemical composition for

the fabrication of mesoporous metal oxide films, an advanced approach to obtain highly porous metal

oxide powders is presented using a temperature-controlled spray-drying process with step-by-step but

smooth optimization by combining several EISA processes, involving the utilization of a precursor

solution optimized for a slow-drying process in the case of ceria (CeO2) using poly(styrene)-block-

poly(ethylene oxide) (PS-b-PEO).
1. Introduction

Ordered mesoporous materials prepared using amphiphilic
organic compounds such as alkyltrimethylammonium (CnTMA)
halides, alkyl poly(oxy ethylene) (CnEOm), and poly(oxy
ethylene)-block-poly(oxy propylene)-block-poly(oxy ethylene)
(EOnPOmEOn) have potential for a wide variety of applications
owing to the adjustability of mesopores, high exposure of their
surfaces, and large capacity of mesopores.1–5 The morphology of
ordered mesoporous materials should be designed for each
application, but it is still not easy to tune them on demand in
a powder form, which is generally required for the preparation
of heterogeneous catalysts. For example, powder samples of
mesoporous metal oxides such as alumina (Al2O3) have been
mainly prepared by applying a room-temperature slow drying
process of clear precursor solutions.6,7 The evaporation-induced
self-assembly (EISA) process is vital for synthesizing highly
ordered mesoporous metal oxide lms using amphiphilic
organic compounds8–10 and is also applicable for obtaining
corresponding powders.11–13 However, the evaporation rate of
solvents (e.g., ethanol and water) is not the same during each
process of room-temperature spin-coating, temperature-
controlled spray-drying, etc. Especially, the evaporation rate of
such solvents during the room-temperature drying process for
recovering metal oxide powders is totally different from those of
ience and Technology (AIST), Sakurazaka,

ail: t-kimura@aist.go.jp

tion (ESI) available. See DOI:

6712
other processes. The area of an air–liquid interface depends on
the size of the container and is important for accelerating the
evaporation of solvents, which is strongly inuenced by
ambient conditions, such as room temperature and humidity.
This is oen the main concern in the reproducibility of
surfactant-assisted mesoporous metal oxides through the
drying process.

A wide variety of mesoporous metal oxide powders have thus
far been prepared using surfactants by room-temperature slow
drying and temperature-controlled fast spray-drying precursor
solutions. Both EISA processes need long working times to
investigate all the synthetic conditions, including the chemical
composition of each precursor solution. From this viewpoint,
our approach for obtaining high-quality mesoporous metal
oxide powders is quite benecial for the smooth optimization of
synthetic conditions by combining several EISA processes. By
utilizing the synthetic conditions for fabricating an ordered
mesoporous metal oxide lm, the chemical composition of
a precursor solution can be determined very quickly via a rapid
spin-coating process with fast evaporation of solvents. The same
precursor solution is then applied to the fast spray-drying
process and optimized further for increasing the resultant
porosity. According to this realistic approach, we can save much
of the working time for optimizing chemical composition,
which has already been demonstrated through the synthesis of
porous Al2O3 powders using poly(styrene)-block-poly(ethylene
oxide) (PS-b-PEO).14–16

In this study, this synthetic approach was enhanced further
as a useful choice for optimizing the chemical composition of
a precursor solution very smoothly for obtaining aerosol-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
assisted metal oxide powders with surfactant-assisted meso-
pores. A precursor solution optimized for recovering meso-
porous metal oxide powders by the room-temperature drying
process with a slow evaporation of solvents was applied for the
synthesis of the corresponding lms by spin-coating. Aer
nding the molecular structure of PS-b-PEO with the best
potential for obtaining ordered and/or highly porous lms, the
corresponding powders were recovered by the spray-drying
process (see Scheme 1). This step-by-step but smooth optimi-
zation by combining several EISA processes was proved for the
synthesis of highly porous ceria (CeO2) powders in the presence
of amphiphilic organic compounds, such as PS-b-PEO. This is
a signicant advance as a time-saving approach to obtain high-
quality mesoporous metal oxide powders, which could be
potentially started from the chemical compositions found in
a huge number of research papers on obtaining room-temper-
ature drying powders of mesoporous metal oxides.

2. Experimental
2.1 Chemicals

Ethanol (99.5%, EtOH), tetrahydrofuran (dehydrated, THF), and
cerium(III) nitrate hexahydrate (Ce(NO3)3$6H2O) were obtained
from FUJIFILM Wako Pure Chemical Co. A series of poly(-
styrene)-block-poly(ethylene oxide) (PS-b-PEO) materials were
purchased from Polymer Source Inc. and utilized as received.
According to the analytical data sheets, the molecular structure
is expressed by using the molecular weight of PS and PEO units,
like 2700-b-4000, 10 000-b-19 500, 10 000-b-21 000, 12 200-b-23
900, 16 000-b-7500, 16 400-b-39 500, 18 000-b-7500, 18 000-b-39
000, 35 000-b-17 000, 40 000-b-25 500, 40 000-b-31 000, 40 000-b-
40 500, 40 000-b-53 000, 51 000-b-28 000, 53 000-b-15 000, 58
500-b-37 000, 58 600-b-71 000, 59 000-b-31 000, 59 000-b-72 000,
60 000-b-18 000, 60 000-b-36 000, 60 000-b-61 000, 60 000-b-85
000, 65 000-b-85 000, 65 000-b-97 000, 90 000-b-45 000, 100 000-
b-150 000, 105 000-b-155 000, 116 000-b-164 000, and 125 000-b-
177 000.

2.2 Synthesis of PS-b-PEO templated lms and powders of
CeO2

According to the literature for the synthesis of a mesoporous
CeO2 powder sample through a drying process in the presence
Scheme 1 Schematic summary of the developed process to optimize
powders using amphiphilic organic compounds by combining several E

© 2024 The Author(s). Published by the Royal Society of Chemistry
of a laboratory-made PS-b-PEO,17 a PS-b-PEO containing
precursor solution was prepared as follows. Ce(NO3)3$6H2O
(0.30 g) was dissolved in EtOH (7.0 mL), stirred for 60 min, and
thenmixed with THF (7.0 mL) containing PS-b-PEO (0.10 g). The
precursor solution was just spin-coated over a UV–ozone-treated
clean Si wafer at room temperature (21–22 °C) with ambient
humidity (∼30%). The resultant CeO2 lm was heated up to
400 °C at a heating rate of 1 °Cmin−1 in a ow of N2, kept for 1 h
under the same conditions, and then calcined for 2 h at that
temperature in a ow of O2. Aer checking the formation of PS-
b-PEO-templated mesopores, the precursor solution was spray-
dried at 140 °C and the resultant powder sample was calcined
at 400 °C in the same manner.

2.3 Characterization

Field-emission scanning electron microscopy (FE-SEM) images
were taken using a high-resolution model HITACHI SU9000. For
checking the formation of PS-b-PEO-templated large-sized
mesopores, the resultant powder sample was directly observed
(0.7 kV, 10 mA) using a sample folder for retarding the depo-
sition of any conductive metals. Transmission electron
microscopy (TEM) images were taken using a JEOL JEM-2010
instrument, operated at 200 kV. Nitrogen (N2) adsorption–
desorption isotherms were measured using an Anton Paar
Autosorb-iQ instrument at 77 K aer the samples were pre-
heated at 110 °C for 6 h under vacuum. The specic surface
areas were calculated by the Brunauer–Emmett–Teller (BET)
method using the adsorption data below P/P0 = 0.30. Total pore
volumes were estimated using the volume of N2 at P/P0 = 0.99.
X-Ray diffraction (XRD) patterns were recorded using a Rigaku
RINT 2100 diffractometer with monochromated Cu Ka radia-
tion (40 kV, 30 mA).

3. Results and discussion

The molecular structure of PS-b-PEO helpful for obtaining
a highly porous spin-coated lm of CeO2, as utilized with
a completely equivalent chemical composition that was applied
in a previous innovative paper,17 was identied by a quick
screening of PS-b-PEO. In the previous paper, laboratory-made
PS-b-PEO was utilized for the recovery of dried-up powders
and/or a lm-like bulk as porous CeO2 powders.17 Such a PS-b-
the synthetic conditions for synthesizing highly porous metal oxide
ISA processes.

RSC Adv., 2024, 14, 16704–16712 | 16705
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PEO could not possibly be prepared elsewhere in many cases
and it would be better to nd commercially available ones
suitable for the synthesis of porous CeO2 powders. Accordingly,
the same precursor solutions containing successful PS-b-PEO
compounds were spray-dried at an appropriate temperature for
validating the formation of PS-b-PEO-templated pores
throughout the resultant CeO2 powders aer calcination. The
amount of PS-b-PEO was also veried for further increasing the
resultant porosity if necessary.
3.1 Highly porous mesoporous CeO2 lms

A wide variety of PS-b-PEO diblock copolymers were utilized to
fabricate the CeO2 lms by spin-coating (see Fig. S1 and S2†). As
provided in Fig. 1, several PS-b-PEO molecules, especially 16
000-b-7500 and 59 000-b-31 000, were found for obtaining high-
quality porous CeO2 lms (see (a) and (d) in Fig. 1). The pore
diameters aer calcination at 400 °C were estimated to be
∼20 nm and ∼35 nm by SEM, respectively. Besides, the
molecular structures having PS > PEO (e.g., 35 000-b-17 000 and
40 000-b-25 500) seemed useful for the formation of spherical
pores, but much larger pores could not be structured in resul-
tant lms thinner than the pore diameters. Scratched off
powders of the CeO2 lms prepared using 16 000-b-7500 and 59
000-b-31 000 were characterized by TEM (see (b) and (e) in
Fig. 1), revealing the presence of large-sized mesopores sur-
rounded by nanoparticles of CeO2 crystallized to its cubic phase
with the space group Fm�3m.18–21 Interestingly, their particle size
was almost homogeneous throughout the mesoporous CeO2

lms, with the average size of around 3 nm (see (c) and (f) in
Fig. 1).

In the process of the so-templating of mesoporous CeO2

using amphiphilic organic compounds,22 a hydrogenated
poly(butadiene)-block-poly(ethylene oxide) (PHB-b-PEO, named
as KLE, H[CH2CH2CH2CH(CH2CH3)]n(OCH2CH2)mOH with
a molecular weight of 4400-b-3920 g mol−1) was the most
Fig. 1 Surface SEM images of CeO2 films prepared using (a) 16 000-b-
nation at 400 °C, with (b and c) and (e and f) showing TEM images of th

16706 | RSC Adv., 2024, 14, 16704–16712
successful one for obtaining an ordered mesoporous CeO2

lm.18 KLE is one of the famous amphiphilic organic
compounds for obtaining a wide variety of metal oxides con-
taining large-sized spherical mesopores.23 In the case of CeO2,
the formation of large-sized mesopores (14 nm and more) was
conrmed by TEM and the mesoporous structure was main-
tained even aer crystallization of the CeO2 frameworks by
calcination at 550 °C.18 In the synthesis of mesoporous CeO2

lms using Pluronic P123 (EO20PO70EO20), which is a commer-
cially available EOnPOmEOn type triblock copolymer, the aging
time of the CeO2 sol, the relative humidity during dip-coating,
and the calcination temperature were very important for
tuning the size of the CeO2 nanocrystals that should be
accommodated inside the limited space of the thin CeO2

frameworks around the EOnPOmEOn micelles.24 Compared to
the size of the resultant micelles of the asymmetric KLE and
symmetric Pluronic P123, KLE seemed preferable for accom-
modating large-sized mesopores with the formation of thick
CeO2 frameworks. In this study, the high-molecular-weight PS-
b-PEO type amphiphilic organic compounds were asymmetric
and thus useful for obtaining large-sized mesoporous CeO2, as
in the case of other metal oxides.18,23,25–28
3.2 Highly porous mesoporous CeO2 powders

The same precursor solutions were spray-dried at an inlet
temperature at 140 °C and the recovered powders were heated
up to 400 °C in a ow of N2, kept for 1 h under the same
conditions, and then calcined at that temperature in a ow of
O2 for 2 h. The SEM image of the calcined sample prepared
using 16 000-b-7500 (0.10 g) clearly showed the opening of PS-b-
PEO-templated large-sized mesopores throughout the CeO2

particles aer calcination at 400 °C (see (a) in Fig. 2). The
morphology seemed different from that observed for meso-
porous metal oxide particles, which were typically aggregated as
spherical ones, prepared by an aerosol-assisted synthesis using
7500 and (d) 59 000-b-31 000 by spin-coating and subsequent calci-
eir scratched films.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of CeO2 powders prepared using (a) 0.10 g, (c) 0.12 g, and (e) 0.14 g of 16 000-b-7500 via spray-drying and calcination at
400 °C, with (b, d and f) corresponding N2 adsorption–desorption isotherms.
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amphiphilic organic molecules.14–16,27 This was likely be due to
the strongly ethanolic synthesis without water showing a high
surface tension. The TEM images revealed that the PS-b-PEO-
templated mesopores were surrounded by ne CeO2 nano-
particles (around 3 nm) (see (a) and (b) in Fig. 3). The N2

adsorption–desorption isotherm was almost type V (see (b) in
Fig. 2) as indicated by the presence of large-sized
mesopores.16,25–27 The BET surface area and the total pore
volume were 160 m2 g−1 and 0.35 cm3 g−1, respectively.31 These
extremely large values come from the presence of intercrystal-
line spaces of the resultant ne nanoparticles of CeO2 in addi-
tion to the surfaces of the PS-b-PEO-templated mesopores.
Some diffraction peaks that could be assigned to the typical
cubic Fm�3m phase of CeO2 were clearly detected in the wide-
angle XRD pattern (see (a) in Fig. 4).

In the early papers on the synthesis of mesoporous CeO2

samples using Pluronic P123, it was rather difficult to structure
ordered mesopores by a drying process.29,30 Still, the
© 2024 The Author(s). Published by the Royal Society of Chemistry
mesoporous structure was stable aer calcination below 500 °C
(120–150 m2 g−1 aer calcination at 400 °C and 80–110 m2 g−1

aer calcination at 500 °C) even when the CeO2 frameworks
were crystallized to the cubic Fm�3m phase.19–21 The mesopores
though were deformed and nally collapsed by further crystal-
lization at around 600 °C and the grain growth of CeO2 nano-
crystals at higher temperature.30 Large-sized mesopores that are
surrounded by thick frameworks allow abundant crystallization
and the extra phase transformation of metal oxide species.14–16

The use of preformed CeO2 nanocrystals (∼3 nm) is a suitable
approach for obtaining mesoporous CeO2 powders using EOn-
POmEOn smaller than KLE and PS-b-PEO (for example, 160 m2

g−1 and 0.35 cm3 g−1 aer calcination at 500 °C).19,21,31 In
summary, according to the added benets of using PS-b-PEO,
this study was very successful at obtaining highly porous
powders structured by highly crystallized CeO2 nanocrystals.

The amount of 16 000-b-7500 was, besides, increased to
0.12 g and 0.14 g for checking the possibility to increase the
RSC Adv., 2024, 14, 16704–16712 | 16707
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Fig. 3 TEM images of CeO2 powders prepared using (a and b) 0.10 g, (c and d) 0.12 g, and (e and f) 0.14 g of 16 000-b-7500 via spray-drying and
calcination at 400 °C.

Fig. 4 XRD patterns of CeO2 powders prepared using (a) 0.10 g, (b) 0.12 g, and (c) 0.14 g of 16 000-b-7500 via spray-drying and calcination at
400 °C.
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porosity. The specic surface area and the total pore volume are
summarized in Table 1, including those prepared using 0.10 g
of 16 000-b-7500. The analytical data, such as the SEM images
with the N2 adsorption–desorption isotherms, the TEM images,
16708 | RSC Adv., 2024, 14, 16704–16712
and the XRD patterns, are presented in Fig. 2–4, being almost
analogous to those observed for the highly porous CeO2 parti-
cles prepared using 0.10 g of 16 000-b-7500. By increasing the
amount of 16 000-b-7500, the BET surface area and the total
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Porosities of PS-b-PEO-templated CeO2 powders

PS-b-PEO
BET surface
area/m2 g−1

Total pore volume/
cm3 g−1

16 000-b-7500 0.10 g 177 0.36
0.12 g 197 0.44
0.14 g 202 0.46

59 000-b-31 000 0.10 g 169 0.36
0.12 g 193 0.44
0.14 g 184 0.28
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pore volume gradually increased up to around 200 m2 g−1 and
around 0.46 cm3 g−1, respectively. Likewise, the powder
samples were synthesized by spray-drying precursor solutions
containing different amounts of 59 000-b-31 000 (0.10 g, 0.12 g,
and 0.14 g) at 140 °C and then calcined at 400 °C. The SEM
images with the N2 adsorption–desorption isotherms, the TEM
images, and the XRD patters are shown in Fig. 5–7, respectively.
Fig. 5 SEM images of CeO2 powders prepared using (a) 0.10 g, (c) 0.12 g
400 °C with (b, d and f) corresponding N2 adsorption–desorption isothe

© 2024 The Author(s). Published by the Royal Society of Chemistry
The resultant porosity (e.g., specic surface area and total pore
volume) are listed in Table 1. Although the analytical data
seemed similar to those observed for the CeO2 particles
prepared using 16 000-b-7500, the BET surface area and the total
pore volume were maximized to around 190 m2 g−1 and around
0.44 cm3 g−1 in the case of using 0.12 g of 59 000-b-31 000.

Highly porous CeO2 powders (e.g., specic surface area of
200 m2 g−1 and total pore volume of 0.45 cm3 g−1, prepared
using 16 000-b-7500 aer calcination at 400 °C) were con-
structed by ne nanocrystals of CeO2 (around 3 nm) through
a thermal calcination, being much higher than those synthe-
sized using different amphiphilic organic compounds (pore size
of 5.5 nm, specic surface area of 125 m2 g−1, and total pore
volume of 0.20 cm3 g−1, prepared using EOnPOmEOn aer
calcination at 500 °C; and pore size of 12 nm, specic surface
area of 87 m2 g−1, and total pore volume of 0.12 cm3 g−1,
prepared using KLE aer calcination at 500 °C).20,21 Even in the
synthesis of pure CeO2 using the laboratory-made 17 000-b-
, and (e) 0.14 g of 59 000-b-31 000 via spray-drying and calcination at
rms.

RSC Adv., 2024, 14, 16704–16712 | 16709
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Fig. 6 TEM images of CeO2 powders prepared using (a and b) 0.10 g, (c and d) 0.12 g, and (e and f) 0.14 g of 59 000-b-31 000 via spray-drying
and calcination at 400 °C.
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5000, the specic surface area and total pore volume were
limited to 107 m2 g−1 and 0.32 cm3 g−1 with the formation of
∼14 nm pores.17 Such nano-sized CeO2 crystallites are powerful
materials for oxygen and charge storage32,33 and useful for the
Fig. 7 XRD patterns of CeO2 powders prepared using (a) 0.10 g, (b) 0.12
400 °C.

16710 | RSC Adv., 2024, 14, 16704–16712
design of metal-supported catalysts that depend on strong
interaction with the surfaces of crystallized CeO2 particles.34–36

For example, a strong interaction of Pt to nanostructured CeO2

surfaces is helpful for accelerating oxygen transfer from CeO2 to
g, and (c) 0.14 g of 16 000-b-7500 via spray-drying and calcination at

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Pt, leading to the formation of Pt–O species.34 The size of CeO2

nanocrystals (several nm order) is important for controlling the
catalytic performance of atomically dispersed palladium (Pd).36

The spray-pyrolysis technique is also very interesting for the
design of single-atom catalysts over mesoporous metal oxides
that are useful for low-temperature CO oxidation.37–40 The
resultant CeO2 powders also possibly have potential for the
design of metal-supported catalysts with an oxygen-storage
capacity (OSC) for the purication of exhaust gases from
automobiles.

4. Conclusion

A step-by-step but smooth optimization of the synthetic condi-
tions was demonstrated as a rational approach for obtaining
highly porous metal oxide powders through a spray-drying EISA
process. As a typical example, a precursor solution, disclosed in
the formative paper on the synthesis of a dried-up lm-like bulk
of CeO2 with the formation of PS-b-PEO-templated mesopores
during a slow evaporation of solvent(s) such as EtOH,17 was
utilized for screening the molecular structure of PS-b-PEO. Aer
nding the molecular structure of PS-b-PEO that was most
suitable for fabricating highly porous CeO2 lms by quick spin-
coating (e.g., 16 000-b-7500 and 59 000-b-31 000), the same
precursor solution was spray-dried at an appropriate tempera-
ture (e.g., 140 °C) for recovering high-quality porous CeO2

powders, and the porosity was checked and/or increased by
changing the amount of PS-b-PEO. In addition to our previous
approach starting from the synthetic conditions optimized by
a fast spin-coating process,14 this extended approach to
combine several EISA processes is promising for a smooth
optimization of the synthetic conditions (e.g., the chemical
composition of the starting mixture and themolecular structure
of the amphophilic organic compound) for obtaining highly
porous metal oxides. Numerous papers concerning the dried-up
powders and spin-coated lms of metal oxides would be helpful
for reproducing highly porous metal oxide powders by this
temperature-controlled spray-drying process in the presence of
a wide variety of amphiphilic organic compounds.41,42
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30 M. Lundberg, B. Skårman and L. R. Wallenberg,Microporous
Mesoporous Mater., 2004, 69, 187–195.

31 A. Corma, P. Atienzar, H. Garćıa and J.-Y. Chane-Ching, Nat.
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