
This journal is © The Royal Society of Chemistry 2024 Chem. Commun., 2024, 60, 11483–11499 |  11483

Cite this: Chem. Commun., 2024,

60, 11483

Synthesis and catalytic application of
nanostructured metal oxides and phosphates

Keigo Kamata, * Takeshi Aihara and Keiju Wachi

The design and development of new high-performance catalysts is one of the most important and

challenging issues to achieve sustainable chemical and energy production. This Feature Article describes

the synthesis of nanostructured metal oxides and phosphates mainly based on earth-abundant metals

and their thermocatalytic application to selective oxidation and acid–base reactions. A simple and versa-

tile methodology for the control of nanostructures based on crystalline complex oxides and phosphates

with diverse structures and compositions is proposed as another approach to catalyst design. Herein,

two unique and verstile methods for the synthesis of metal oxide and phosphate nanostructures

are introduced; an amino acid-aided method for metal oxides and phosphates and a precursor

crystallization method for porous manganese oxides. Nanomaterials based on perovskite oxides,

manganese oxides, and metal phosphates can function as effective heterogeneous catalysts for selective

aerobic oxidation, biomass conversion, direct methane conversion, one-pot synthesis, acid–base reac-

tions, and water electrolysis. Furthermore, the structure–activity relationship is clarified based on experi-

mental and computational approaches, and the influence of oxygen vacancy formation, concerted

activation of molecules, and the redox/acid–base properties of the outermost surface are discussed.

The proposed methodology for nanostructure control would be useful not only for the design and

understanding of the complexity of metal oxide catalysts, but also for the development of innovative

catalysts.

Introduction

The situation surrounding the global environment is worsening
year by year; therefore, it is necessary to reduce CO2 emissions
through product manufacture and energy production with low
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environmental impact to build a sustainable society.1 Catalysis
is a core technology that accounts for 90% of chemical pro-
cesses and plays a crucial role in the sustainable production of
useful chemicals and the conversion of energy. A shift from
current processes based on petrochemical refining to the
sustainable production of energy and chemicals from renew-
able resources has become a necessity. The development of
nanostructured catalysts with active sites controlled at the
atomic and/or molecular levels is one of the most promising
approaches to solve these urgent problems, and much effort
has been devoted to the synthesis, application, and under-
standing of nanostructured catalyst materials.1–10 Metal
nanoparticles supported on high-surface-area oxide solids
are common heterogeneous catalysts in industrial chemical
reactions; therefore, the high functionalization of supported
catalysts has mainly been investigated based on approaches
such as reduction of the metal nanoparticle size (e.g., single
atoms, subnano-/nano-clusters),2,3 shape control,4,5 metal–
oxide interfaces,6 porosity,7 heterostructures (e.g., core/yolk–
shell, hollow),8,9 and alloying of metal nanoparticles.10

Recent advances in computational methods,11 operando stu-
dies under reaction conditions,12,13 and catalyst design using
informatics14 also play an important role in the understand-
ing of catalytic active sites at the atomic scale and in the
development of new catalysts.

Metal oxide-based catalysts have redox and/or acid–base
active sites that promote various types of chemical reactions
such as oxidation,15–18 hydrogenation,19,20 dehydrogenation,21

acid–base reactions,22–24 biomass conversion,25–27 environmen-
tal protection,28,29 photocatalysis,30,31 and electrocatalysis32,33

because their physicochemical properties can be controlled
according to the crystal structure, morphology, composition,
defects, and doping. In the field of condensed matter science,
the unique structures and electronic states of crystalline
complex oxides have been widely studied for application as
novel functional materials with optoelectronic, conductive,
magnetic, and superconductive properties;34–38 however, these
complex oxides are typically synthesized by the conventional
solid-state method to obtain highly pure materials from metal

precursors without impurities, which limits the catalytic appli-
cation and overall performance (especially, in liquid-phase
reactions) of the bulk catalyst materials. Versatile, reproducible,
scalable, and high-yield synthesis of nanostructure-controlled
crystalline complex oxide materials with diverse compositions
and crystal structures is essential to more effectively utilize the
complexity of such materials as catalysts and realize efficient
catalytic systems under mild reaction conditions.38 Although
complexity has made it difficult to elucidate mechanistic aspects,
recent advances in the synthesis of high-quality materials has
gradually enabled the clarification of catalyst local structures and
structure–activity correlations. For example, the roles of promo-
ters in industrial multicomponent molybdenum oxide-based
catalysts for the selective oxidation of propylene to acrylic acid
can be discussed at the atomic scale.39,40 With this research
background, we have developed simple but versatile methods
for the synthesis of nanostructure controlled crystalline complex
oxides with diverse compositions and structures,41–44 and these
methods have contributed to the discovery of new catalytic
properties (e.g., aerobic oxidation,42–50 direct methane con-
version,51–54 concerted acid–base catalysis,55–58 one-pot syn-
thesis,59,60 biomass conversion,43,57,61,62 water electrolysis63–67) of
nanomaterials that have not received much attention until now.
Herein, we first introduce methods used for nanostructural
control of crystalline metal oxides and phosphates mainly based
on earth-abundant metals, and then touch upon the develop-
ment of catalytic materials and reactions with a focus on
thermocatalysis (Fig. 1).

Synthesis of nanostructured complex
oxides

Nanostructured materials exhibit unique functionalities in
various fields compared with their bulk counterparts.68,69 Pre-
cise tuning of the physicochemical properties of nanomaterials
requires control of the structure, morphology, and texture,
which requires the development of convenient synthesis
methods.70–74 The solid-state synthesis method is typically used
for optoelectronic applications; however, the specific surface

Fig. 1 Nanostructure control and catalytic application of complex oxide
materials.
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areas of these materials are extremely low. Therefore, several
other synthesis methods for nanostructured complex oxide
catalysts have been reported. The methods employed have a
strong influence on the purity, the size/shape of particles,
the surface area, and the size/amount of pores.7,75–78 Repre-
sentative synthesis methods such as co-precipitation, sol–gel,
solution combustion, and soft/hard templating methods
are briefly explained here along with the characteristics of
the resultant complex oxide nanomaterials (Fig. 2).41,76

While the hydro(solvo)thermal method is also an effective
technique for the synthesis of materials with defined crystal
and surface structures,17,54,57 its effectiveness and applicability
have already been summarized in many excellent review
articles.79,80

The co-precipitation method is one of the most useful
techniques for the facile synthesis of complex oxides. The
addition of precipitants (e.g., NaOH, NH3, amine) to an aqueous
solution containing two or more metal species components gives
homogeneous precursors, and the precursors recovered after
washing the collected precipitates with solvents are calcined at
an appropriate temperature to give the product.81 Control of the

chemical composition of multicomponent complex oxides is
difficult because specific soluble metal species are formed during
the precipitation and/or the washing steps. Another useful tech-
nique is the sol–gel method, whereby complex oxides with
relatively high surface areas can be synthesized. The solution sol
containing the metal sources and additives are gradually changed
to a solid-phase gel by heating, pH control, and drying. Calcina-
tion of the dried gel precursors gives the desired and homoge-
neous complex oxides with controlled chemical compositions.
Frequently used sol–gel methods include the hydroxyacid-aided
method using citric acid (CA),82 the Pechini method using ethy-
lenediaminetetraacetic acid–ethylene glycol (EG) complexation,83

and the polymerized complex (PC) method using CA–EG
complexation.84 The solution combustion method involves heat
treatment of a mixture at lower temperatures than those used for
conventional synthesis routes because the heat required for phase
formation is supplied by the self-sustaining exothermic chemical
reactions of metal nitrates with suitable organic fuels.85 This
method has been applied to the rapid synthesis of various multi-
component complex oxides, although consistent control of
the process parameters and the final product quality is limited.
Soft/hard templating methods are effective for the synthesis of
porous complex oxides using polymeric materials and porous
silicates as soft and hard templates, respectively, in contrast to
non-porous bulk metal oxides.7 Although the templating methods
offer high surface areas of more than 100 m2 g�1 and ordered
pore structures, their applicability is limited due to the need for
expensive templates and their subsequent removal, which
involves multi-step complicated processes.

Synthesis of crystalline complex oxide nanoparticles using the
amino acid-aided method

The sol–gel methods have attracted attention from the view-
point of catalytic applications because of the controllable
chemical composition and nanostructure. While common
sol–gel methods have been utilized for the synthesis of complex
oxide nanomaterials, they typically require a multi-step process,
an excess amount of toxic organic reagents, and high-tem-
perature calcination to remove carbonaceous precursors.82–84

Against this background, we have begun to develop a simple
and versatile sol–gel method for the facile synthesis of crystal-
line complex oxides with desired chemical compositions and
high surface areas (Fig. 3(a)).

The formation of an amorphous precursor in which various
constituent metal species are highly dispersed would be
required to synthesize highly pure crystalline complex oxide
materials, and the ligand exchange between the metal sources
and additive reagents affects the structure of the precur-
sors.41,44–49,53,55,56,63–67 First, we investigated the effect of
carboxylic acids and metal sources on the synthesis of hexago-
nal SrMnO3 as a benchmark material because of its unique
catalysis properties for aerobic oxidation of various types of
organic substrates.44 The precursor formation process influ-
ences the purity of SrMnO3 and the resultant surface areas.
When using metal nitrates (i.e., Sr(NO3)2 and Mn(NO3)2)
as starting materials in the presence of malic acid, only X-ray

Fig. 2 Schematic representations of representative synthesis methods for
nanostructured complex oxide catalysts. (Reproduced from ref. 41 with
permission from The Chemical Society of Japan).
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diffraction (XRD) peaks assignable to Sr(NO3)2 and complex
mixed phases were observed, despite pH adjustment (pH 3.0–9.0)
during precursor preparation and/or the calcination of the pre-
cursor at high temperatures (B950 1C). On the other hand, the
precursor prepared from metal acetates (i.e., Sr(OAc)2 and
Mn(OAc)2) was completely amorphous and calcination at 550 1C
gave single-phase SrMnO3 (Fig. 4). Formation of the amorphous
precursor through ligand exchange reaction between the metal
nitrates and malic acid is likely prevented by the presence of
NO3

� in the starting materials, and the weaker acidity of acetic

acid (pKa = 4.76) than malic acid (pKa1 = 3.4) would accelerate
the ligand exchange reactions. On the basis of infrared (IR)
spectroscopy and electrospray ionization time-of-flight mass
spectrometry (ESI-TOF-MS) measurements, the precursor is an
amorphous malate salt with the metal cations linked by malate
anions in a bridging bidentate manner.

The effect of various carboxylic acid additives on precursor
formation was examined, and only aspartic acid and malic acid
gave single phase SrMnO3. In particular, the specific surface
area (SBET) for SrMnO3 prepared using aspartic acid was up to
47 m2 g�1 and much larger than those (2–25 m2 g�1) for
SrMnO3 synthesized by conventional methods such as the
polymerized complex, acetate, sol–gel combustion, cellulose
templating, and citrate methods.50,86–88 The amorphous pre-
cursors with relatively low carbon contents are readily decom-
posed; therefore, the present method using aspartic acid
(i.e., the amino acid-aided method) yields pure SrMnO3 at lower
calcination temperatures (by 100–400 K). The high pH of the
reaction solution containing metal acetates and aspartic acid
containing amino groups (pH = 4.23) resulted in acceleration of
the ligand exchange reaction without pH adjustment. Scanning
electron microscopy (SEM) observation of SrMnO3 prepared
using aspartic acid showed that the nanoparticles have a
sphere-like morphology and the particle size was estimated to
be 10–40 nm. On the other hand, sintering of SrMnO3 nano-
particles was observed in the case of the polymerized complex
method because a higher calcination temperature is required.

Various crystalline complex oxides can be synthesized by
calcination of precursors prepared with different metal sources
and molar ratios at an appropriate temperature using the
amino acid-aided method. In particular, this method has
advantages in the synthesis of hexagonal perovskite nano-
particles that contain alkaline earth metals, which tend to
segregate as carbonates with the conventional method includ-
ing carbonaceous precursors (Fig. 3(a)). In contrast to the cubic
perovskite structure (3C structure) in which typical BO6 octahe-
dra are connected by corner-sharing, the hexagonal perovskite
contains unique face-sharing octahedral units involving high-
valency metal species (e.g., Mn4+, Ru4+, Fe4+) that are similar to
the active sites of oxidases.89 We have found for the first time
that hexagonal perovskite nanoparticles (4H-SrMnO3, 9R-
BaRuO3, 6H-BaFeO3�d) function as effective solid catalysts for
the liquid-phase selective oxidation of various organic sub-
strates using O2 as the sole oxidant.41,44,45,47–50 Although this
sol–gel method is mainly limited to the synthesis of perovskite
oxides with B-site metal cations of group 7–10 elements due to
the requirement of metal acetates as starting materials, control
of the solution states of d0-transition metals (Ti4+, Zr4+, and
Nb5+) in the presence of dicarboxylic acids enables the synth-
esis of high-surface-area perovskite oxides containing d0-
transition metals.55,56 In addition, the specific surface area
can be increased by a simple procedure of changing the atmo-
sphere from N2 to air during calcination of the amorphous
precursor (e.g., SBET of SrTiO3: 46 m2 g�1 from 30 m2 g�1)
because the decomposition processes of the precursor
(i.e., combustion and pyrolysis under oxidative and inert

Fig. 3 Schematic representations for (a) amino acid-aided method for the
synthesis of crystalline complex oxide nanoparticles and (b) precursor
crystallization method for the synthesis of mesoporous manganese oxide
nanoparticles.

Fig. 4 XRD patterns for the precursors and calcined samples prepared
from (a), (e) metal nitrates/malic acid, (b), (f) metal acetates/aspartic acid,
(c), (g) metal acetates/malic acid, (d) Sr(NO3)2 (JCPDS 01-087-0557), and
(h) SrMnO3 (SMO, JCPDS 01-084-1612). (Reproduced from ref. 44 with
permission from The American Chemical Society).
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atmospheres, respectively) likely affects the growth and aggre-
gation of SrTiO3 nanoparticles (Fig. 5). This sol–gel method can
be applied not only to the perovskite nanostructure of ABO3, but
also to other crystalline metal oxides such as simple oxides,48

metal phosphates,51,53 and murdochite-type Mg6MnO8 nano-
structures.46

Synthesis of porous manganese oxide nanoparticles by the
precursor crystallization method

V-,90,91 Fe-,92,93 Co-,94,95 Ni-,96,97 and Cu-based98,99 oxides have
been extensively investigated as solid catalysts applicable to
versatile reactions such as gas-phase oxidation, organic synth-
esis, environmental cleanup, water splitting, and electrochemi-
cal and photocatalytic CO2 reduction. Manganese dioxide
(MnO2) has also attracted attention as an important functional
metal oxide material with wide applications in catalysis, energy
storage, magnetics, and sensors because of its structural diver-
sity and the numerous Mn oxidation states available.100,101

MnO2 nanostructures with different crystal structures have
been synthesized by several methods including the solid-state,102

reflux, hydrothermal,103–106 and sol–gel approaches.107,108 In parti-
cular, the effect of the reaction conditions on the morphology and
crystal structure of MnO2 under reflux/hydrothermal conditions
has been extensively studied.103–106 As described later, we have
developed effective aerobic oxidation systems using only O2 based
on b-MnO2 nanoparticles.42,43,59–61 The activation barrier for the
transformation of other manganese oxides to b-MnO2 has been
reported to be high, despite b-MnO2 being the most thermodyna-
mically stable phase among the MnO2 polymorphs,105,109,110 and
studies on the controlled synthesis of b-MnO2 with high surface
area are still limited compared to those on other MnO2

polymorphs.100,101 Therefore, the hydrothermal synthesis of
b-MnO2 typically requires high reaction temperatures or long
reaction times, which lead to the formation of large b-MnO2

particles with low surface areas (3–35 m2 g�1).111,112 Although
templating methods for the synthesis of mesoporous b-MnO2

materials with high surface areas have been reported, multi-
step procedures including the utilization of organic and
inorganic templates are required.107,108,113,114 Consequently,
we have successfully synthesized mesoporous b-MnO2 nano-
particles without the use of template molecules by the solid-
state transformation of a low-crystallinity layered manganese oxide
precursor (i.e., the precursor crystallization method) (Fig. 3(b)).43,61

Mn4+ precursors (low-crystallinity layered Mn4+ oxide (c-
distorted H+-birnessite)) were prepared by the redox reaction
of MnO4

� and Mn2+ reagents with a molar ratio of 2 : 3, and the
formation was confirmed by XRD and IR analyses.43 While non-
porous b-MnO2 nanorods, hollow microrods, and/or nanowires
are typically obtained under hydrothermal conditions from the
solution-derived Mn4+ precursors,103–106,111,112 the present
method involves the simple solid-state transformation
(i.e., heat treatment at 400 1C) of isolated precursors. The struc-
ture, surface area, and morphology of manganese oxides are
significantly dependent on the synthesis conditions. The
amount of residual alkali metal cations in the precursors and
the calcination temperature have a significant effect on the
crystal structure of the manganese oxides formed because the
content and type of interlayer metal cations play important
roles as structure-directing templates in the transformation of
layered birnessite to manganese oxides with different tunnel
sizes (Fig. 3(b)). Heat treatment of precursors with a low
content of Na+ cations promotes desorption of water and/or
dehydrative condensation to give b-MnO2 nanoparticles at 400 1C.
Calcination of precursors at 450 1C leads to the formation of
Mn2O3 through deoxygenation of the MnO2 samples.

The morphology and porous structure of the manganese
oxides are dependent on the pH conditions during precipita-
tion of the Mn4+ precursors, and plate-like and sphere-like
nanoparticles are formed under acidic and weakly acidic con-
ditions, which results in slit-like and ink-bottle shaped meso-
pores, respectively (Fig. 6). Non-rigid aggregates of plate-like
particles with slit-like pores (b-MnO2-1 and -2) were obtained
from combinations of NaMnO4/MnSO4 and NaMnO4/
Mn(NO3)2, respectively. On the other hand, sphere-like particles
with ink-bottle shaped pores (b-MnO2-3) were formed in
NaMnO4/Mn(OAc)2 with pH adjustment (pH 0.8). The specific
surface areas for b-MnO2-1, -2, and -3 were 106, 100, and
122 m2 g�1, respectively, which are comparable to those
(68–195 m2 g�1) for the mesoporous b-MnO2 materials synthe-
sized by the soft- and hard-template methods,107,108,113,114 and
much higher than that (14 m2 g�1) for non-porous b-MnO2

nanorods synthesized using the typical hydrothermal method
(b-MnO2-HT). In the case of b-MnO2-1, the number of pores
with a size of B3 nm in the precursor gradually decreased
(r300 1C), while the number of pores with a size of B7 nm
increased at 400 1C. Similarly, the number of pores with a size

Fig. 5 (a) SEM and (b) TEM images of SrTiO3 synthesized by a simple
procedure of changing the atmosphere from N2 to air during calcination of
an amorphous precursor. (Reproduced from ref. 56 with permission from
The American Chemical Society).

Fig. 6 Nitrogen adsorption–desorption isotherms and BJH pore size
distributions (inset) for (a) b-MnO2-1, (b) b-MnO2-2, and (c) b-MnO2-3.
(Reproduced from ref. 43 with permission from The American Chemical
Society).
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of B6 nm in the precursor of b-MnO2-3 did not change
significantly at r300 1C, but the number of pores with a size
of B9 nm increased at 400 1C.

The oxidation state of Mn species in manganese oxides plays
an important role in materials and catalytic science because the
distortion due to the Jahn–Teller disproportionation effect of
Mn3+ is related to various applications such as the synthesis of
nanosheets by exfoliation,115 activity in oxidations of water and
organic compounds,50,59–62,116 and improving the durability of
battery materials.117 On the other hand, there was no signifi-
cant difference among b-MnO2-1, -3, and -HT in the bulk and
surface Mn valence states and the amount of adsorbed oxygen
species (i.e., surface defects) determined using iodometry and
Mn 2p and O 1s XPS, which indicates that the difference in
synthesis conditions does not significantly affect the bulk and
surface oxidation states of manganese and defects. Despite the
similar electronic structures for b-MnO2-1, -3, and -HT as
mentioned above, the catalytic activity of b-MnO2-1 and -3 for
the aerobic oxidation of various substrates was much higher
than that of b-MnO2-HT, which suggests that the increase in the
catalytic reactivity of b-MnO2 nanoparticles would be mainly
caused by their high surface area.

Focus on the ion exchange reaction of a K+-containing
precursor with H3O+ under acidic conditions has realized the
synthesis of b-MnO2 nanoparticles using inexpensive and read-
ily available KMnO4. The K+-containing precursor obtained
from KMnO4 and Mn(NO3)2 is isolated followed by treatment
in 0.1 M aqueous HNO3 solution to give the proton-exchanged
precursor. In contrast to the K+-containing precursor,43 a single
phase of b-MnO2 (b-MnO2-4) is formed by calcination of the
proton-exchanged precursor.60 The specific surface area of b-
MnO2-4 was 124 m2 g�1 and comparable to those (100–122 m2 g�1)
of b-MnO2-1, -2, -3. SEM and transmission electron microscopy
(TEM) measurements also showed the presence of flower-like
spherical particles composed of small nanoplates (B10–80 nm).

This method was applied to synthesize the todorokite-type
manganese oxide octahedral molecular sieve (OMS-1) nano-
particle catalyst with larger tunnel structures than a-MnO2.42

OMS-1 has 6.9 � 6.9 Å (3 � 3) edge-sharing MnO6 octahedra
chains that are corner-connected to form a one-dimensional
tunnel structure,100,101 and its related materials have been
studied as electrodes and/or catalysts.116,117 The insertion/
desertion of various metal cations or the sorption of organic
compounds in the tunnel structure is possible, so that metal-
modified OMS-1 can act as a catalyst for the oxidation of inert
molecules, and for the decomposition of ozone.118–120 A multi-
step process that includes ion exchange and crystallization
under hydrothermal or reflux conditions has been typically
utilized to synthesize OMS-1.100,118,121–124 However, this can
sometimes cause a particle size increase and/or a decrease in
the specific surface area, which are detrimental to improve-
ment of the catalytic performance.125,126 Although ultrasmall
nanocrystalline OMS-1 catalysts have been synthesized by the
reduction of MnO4

� in an organic solvent,127 the synthe-
sis and catalytic application of OMS-1 nanoparticles are
still limited in sharp contrast to the widely investigated

cryptomelane-type manganese oxide (OMS-2) with a 2 � 2
tunnel structure.

Mesoporous OMS-1 nanoparticles with high specific surface
areas were synthesized in one step by solid-state transfor-
mation of a precursor formed by redox reaction between
Mg(MnO4)2 and Mn2+ reagents.42 Similar to the synthesis of
b-MnO2, the conditions for preparation of the precursors and
the calcination temperature of the precursors affect the for-
mation of OMS-1. Low-crystallinity buserite precursors were
prepared from Mg(MnO4)2, MnX (X = 2OAc�, 2NO3

�, and
SO4

2�), and MgX with various molar ratios (0.30, 0.40, 0.50,
and 0.67) of MnO4

�/Mn2+. The pH conditions during precipita-
tion of the precursors have a strong effect on the morphology,
particle size, and specific surface area of OMS-1 (Fig. 7). Aggre-
gates of small nanoparticles were formed under weakly acidic
conditions when using acetate salts, while the acidic conditions
when using nitrates and sulfates led to the formation of flower-
like particles that contained relatively large nanoplates. The
present solid-state transformation of a layered buserite to OMS-
1 with 3 � 3 tunnel structures requires precursors of nanosized
Mg-rich Mn3+-containing layered manganese oxides with ortho-
gonal layer symmetry because the layer-to-tunnel transition
would be initiated by the release of layer distortion and strain
caused by locally concentrated Jahn–Teller [Mn3+O6] octahedra.
The crystal structure of the final manganese oxides is depen-
dent on the calcination temperature of the buserite precursors.
The calcination of low-crystallinity buserite at 200 1C gives
mesoporous OMS-1 nanoparticles, whereas the collapse of the
OMS-1 structures to other phases such as Mn2O3 and MgMn2O4

gradually occurs at higher temperatures. From the viewpoints
of both inorganic synthesis and catalytic application, ultrasmall
OMS-1 nanoparticles synthesized by heat treatment of a pre-
cursor prepared using acetate salts (MnO4

�/Mn2+ = 0.40) at
200 1C were the most effective catalyst.

The specific surface area of the optimal OMS-1 ultrasmall
nanoparticles was 249 m2 g�1, which was higher than those of
OMS-1 synthesized by a hydrothermal method (35 m2 g�1) and
previously reported Mg-OMS-1 prepared by the reduction of
MnO4

� in an organic solvent (155 m2 g�1),127 by reaction under
hydrothermal or reflux conditions (13–185 m2 g�1),118,120,128–130

and by microwave irradiation (13–48 m2 g�1).130 N2 adsorption/

Fig. 7 Schematic representation of the proposed mechanism for the
formation of mesoporous OMS-1 nanoparticles. (Reproduced from ref.
42 with permission from The American Chemical Society).
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desorption isotherms for the optimal OMS-1 ultrasmall nano-
particles showed a type IV pattern with hysteresis loops, which
indicates a mesoporous structure. The shapes of the loops were
similar to type H3, which is observed in non-rigid agglomerates
of plate-like particles with slit-like pores. According to the pore
size distribution, the optimal OMS-1 ultrasmall nanoparticles
showed a broad peak around 7 nm, which corresponds to ink-
bottle type pores, and the total pore volume was up to 0.46 cm3 g�1.

Catalysis of crystalline oxide
nanomaterials

Crystalline complex oxide nanomaterials synthesized according
to the methods discussed so far could be applied to a variety of
chemical reactions in both the liquid and gas phases, and
exhibit unique catalytic properties according to their composi-
tions and structure. In this section, the catalytic performance
and proposed mechanism, including the correlation between
the bulk/surface catalyst structures and their activity, are con-
sidered with a focus on thermocatalysis including oxidation
and acid–base reactions. In particular, oxygen vacancy for-
mation and/or O2 activation of the metal oxide catalysts play
important roles to efficiently promote oxidation reactions, and
the synergistic action of acid–base sites is involved in improve-
ment of the performance of the acid–base catalysts.

Liquid-phase aerobic oxidation catalyzed by mesoporous
manganese oxides

Although current chemical industries are heavily reliant on
non-renewable fossil fuel-based petrochemicals, chemical
processes that employ more sustainable feedstocks are
desired.131,132 Cellulose, a main component of lignocellulosic
biomass, could be depolymerized to glucose, which is in turn
converted to platform biochemicals including 5-hydroxymethyl-
furfural (HMF). The catalytic conversion of HMF into value-
added compounds has thus been extensively studied, and
2,5-furandicarboxylic acid (FDCA) is one of the most attractive
raw materials for polyethylene furanoate, which can be a
recyclable alternative to polyethylene terephthalate (Fig. 8).
Various types of heterogeneous catalysts based on noble-
metal catalysts (Au, Pt, Ru, and Pd), transition metals (Mn,
Fe, Co, and Cu), and metal-free carbon materials have been
developed to date.132 Mn oxide-based catalysts are potential
heterogeneous catalysts for liquid-phase selective oxida-
tion133–135 and gas-phase total oxidation of volatile organic
compounds (VOCs), alcohols, NO, and CO;136,137 these catalysts
are environmentally friendly and have specific chemical/
physical properties that include diverse crystal structures and
oxidation states. While several research groups have developed
effective Mn-based composite oxide catalysts for the oxidation of
HMF,132,138 there has been a lack of comprehensive studies on
catalytic functions based on the crystal structure of MnO2 itself.

In our initial investigation on HMF oxidation using non-
precious metal catalysts, a simple catalyst system based on
commercially available activated MnO2 and NaHCO3 converted

HMF to FDCA with O2 in 91% yield (eqn (1)).62 Other metal
oxides such as Fe2O3, Fe3O4, FeO, Co3O4, CoO, NiO, CuO, and
Cu2O were almost inactive. The MnO2 catalyst acted as a
reusable heterogeneous catalyst with potential for application
to large-scale oxidation, although the reaction mechanism for
HMF oxidation, including the structure–activity relationship for
MnO2, was ambiguous. Therefore, six types of crystalline MnO2

(a-, b-, g-, d-, e- and l-MnO2) were synthesized, and the dependence
of HMF oxidation on the polymorphs was investigated.61 A kinetic
simulation suggested that the pathway to oxidize HMF to FDCA
via 2,5-diformylfuran (DFF) was dominant and that the oxidation
of 5-formyl-2-furancarboxylic acid (FFCA) was the slowest step,
which is in good agreement with the time course of each product
during HMF oxidation. There was an obvious correlation between
the FFCA oxidation rate per surface area and the reduction rate
estimated from H2-temperature programmed reduction (H2-TPR)
of various MnO2 polymorphs, and the b-MnO2 structure was
determined as the most active. On the basis of detailed mecha-
nistic studies, the present MnO2-catalyzed oxidation likely
proceeds via a Mars–van Krevelen mechanism (i.e., substrate
oxidation with oxygen supplied from the solid). The oxygen
vacancy formation energy has been accepted as a good descrip-
tor of the oxidizing power of a metal oxide. In the present case,
density functional theory (DFT) calculations also suggested that
b-MnO2 would be a good candidate as an oxidation catalyst
because of the low vacancy formation energies at the bent
oxygen sites of b-MnO2. The FDCA yield in HMF oxidation over
mesoporous b-MnO2 nanoparticles (b-MnO2-1, -2, -3) was much
higher than that for b-MnO2-HT.43 Furthermore, the narrow
pore size distribution for mesoporous b-MnO2-3 imparts
unique catalytic properties, especially for the oxidation of large
organic molecules (e.g., 1-pyrenemethanol). These mesoporous
b-MnO2 nanoparticles efficiently promoted the aerobic oxida-
tion of various aromatic and heteroaromatic alcohols (14
examples) into the corresponding aldehydes and ketones under
mild reaction conditions.60

(1)

Fig. 8 Polymorph dependence of MnO2 on the oxygen vacancy formation
energy, and catalytic performance and high functionalization of b-MnO2

catalysts for the aerobic oxidation of HMF into FDCA. (Reproduced from
ref. 43 with permission from The American Chemical Society).
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The dual nature of redox and acid sites on solids sometimes
enhances the catalytic performance, and the oxidizability and
Lewis acidity of the synthesized b-MnO2 nanoparticles were
effective for the one-pot synthesis of nitriles and sulfonamides
(eqn (2) and (3)).59,60 The b-MnO2-1-catalyzed system was
applicable to the one-pot aerobic oxidative conversion of pri-
mary alcohols to the corresponding nitriles and amides in the
presence of ammonia (NH3) as a nitrogen source. OMS-2 was an
effective catalyst for the ammoxidation of various primary
alcohols and aldehydes to the corresponding amides, and the
Brønsted acidic sites on OMS-2 likely played a key role in the
hydration of the nitrile.139 However, b-MnO2 was superior for
the selective synthesis of nitriles from alcohols compared to
OMS-2, which is considered to be due to the high alcohol
oxidation activity and low nitrile hydration activity of b-MnO2.
Detailed mechanistic studies have indicated that the surface
lattice oxygen species of b-MnO2 with low oxygen vacancy
formation energy contribute to the high activity for the oxida-
tion of alcohols and aldimine intermediates to the corres-
ponding carbonyl compounds and nitriles, respectively,
without significant promotion of the hydration of nitriles.

(2)

(3)

In addition, b-MnO2-1 could efficiently catalyze the one-pot
aerobic oxidative sulfonamidation of various aromatic and
heteroaromatic thiols (12 examples) without the need for any
additives.59 The present system was reusable and could be
applied to the large-scale sulfonamidation of p-toluenethiol to
yield the industrially important sulfonamide. The formation of
disulfide and thiosulfonate as intermediates during sulfoami-
dation was proposed on the basis of mechanistic control
experiments, and the reaction mechanism is shown in Fig. 9.
DFT calculations confirmed that the reaction pathway is down-
hill and thermodynamically favourable. The Lewis acidic Mn
sites on b-MnO2-1 promote the amination of a thiosulfonane
intermediate through the interaction between sulfone and Mn;
therefore, such dual-functionality of b-MnO2-1 results in highly
efficient one-pot aerobic sulfonamidation.

The significantly high surface area (249 m2 g�1) of meso-
porous OMS-1 ultrasmall nanoparticles42 facilitated the effi-
cient aerobic oxidation of alcohols to the corresponding
aldehydes over the OMS-1 catalyst (eqn (4)), and the activity
was higher than those of other Mn4+-containing manganese
oxide nanoparticles. OMS-1 was also applicable to the aerobic
oxidation of sulfides to the corresponding sulfoxides and
sulfones at 90 1C (eqn (5)). A trade-off relationship between
particle size and catalytic performance has been observed in
some cases because surface active sites increase with a decrease

not only in particle size but also in the degree of crystallinity.
However, the initial reaction rates for OMS-1 for the aerobic
oxidation of benzyl alcohol and thioanisole increased linearly
with the surface area without the trade-off relationship between
particle size and catalytic performance, which suggests the
formation of high-quality ultrasmall OMS-1 nanoparticles
(Fig. 10).

(4)

(5)

Liquid-phase aerobic oxidation catalyzed by complex oxides

Oxygenated products are useful as platform commodities and
specialty chemicals, and therefore the liquid-phase selective
oxidation of organic substrates is an important reaction.140

Fig. 9 Proposed reaction mechanism for the one-pot aerobic sulfona-
midation of benzenethiol (1a) to e benzenesulfonamide (2a) with b-MnO2-
1. (Reproduced from ref. 59 with permission from Royal Society of
Chemistry).

Fig. 10 Relationship between initial reaction rate (R0) and specific surface
area of OMS-1 for the aerobic oxidation of (a) benzyl alcohol and (b)
thioanisole. Reaction conditions were the same as those in eqn (4) and (5).
(Reproduced from ref. 42 with permission from The American Chemical
Society).
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The catalytic properties of perovskite oxides with the general
formula ABO3 and related materials have been extensively
researched.77 The ideal perovskite has a cubic structure and
can be described as an A-site cation occupying the 12-fold
coordination site between corner-sharing BO6 octahedra.
On the other hand, a transformation from corner-sharing to
face-sharing octahedra is induced when large alkaline-earth
metals are employed as A-site cations, which results in hexa-
gonal or rhombohedral structures. In these cases, the for-
mation of high-valency B-site metal cations in close proximity
and the resultant oxygen vacancies would be beneficial for the
activation of organic molecules and O2, respectively. However,
only electrochemical, photocatalytic, and high temperature gas-
phase reactions over lanthanum-based perovskite oxides with
corner-sharing BO6 octahedra have been mainly investigated.141

Given this context, our research group has applied various types
of hexagonal perovskite oxides (e.g., SrMnO3, BaRuO3, and
BaFeO3�d), which were synthesized by the amino acid-aided
method, to the liquid-phase selective oxidation of organic sub-
strates and the relationships between crystal structure, valence
state at the B site and catalytic activity were investigated.

Hexagonal SrMnO3 synthesized by the polymerized complex
method was an effective catalyst for the aerobic liquid-phase
oxidation of various organic substrates.50 Differential IR spectra
of 16O2- and 18O2-adsorved hexagonal SrMnO3 suggested that
aerobic oxidation proceeded via Mn-superoxo species. The
development of the amino-acid aided sol–gel method resulted
in a high-surface-area catalyst with improved catalytic activity.44

The aerobic oxidation of fluorene to fluorenone proceeded at
60 1C (eqn (6)), and the reaction rate over hexagonal SrMnO3

synthesized by the sol–gel method using aspartic acid was five
times higher than that of hexagonal SrMnO3 synthesized by the
polymerized complex method.

(6)

Not only crystal structure control of manganese oxides with
Mn–O–Mn structures, but also the combination of isolated
high-valency Mn species with base sites was effective for the
aerobic oxidation of alkylarenes under mild reaction condi-
tions. Murdochite-type oxide Mg6MnO8 nanoparticles with high
surface area (104 m2 g�1) exhibited superior catalytic perfor-
mance to those of other Mn- and Mg-based oxides for the
oxidation of various alkylarenes under milder conditions than
SrMnO3 (eqn (7)).46 Detailed kinetic and mechanistic studies
suggested the present oxidation proceeds via a basicity-
controlled C–H activation mechanism that involves O2 activa-
tion, which would be characteristic of Mg6MnO8 due to the
crystal structure with isolated Mn4+ species located in a basic
MgO matrix (Fig. 11). This study provided another catalyst
design approach that is distinct from the incorporation of

isolated Mn species into acidic matrices such as zeolites.142

(7)

The approach based on hexagonal perovskite oxides was also
applied to successfully accomplish the aerobic oxidation of
alkylarenes and aryl sulfides under significantly milder condi-
tions than those for previously reported systems. Rhombohe-
dral BaRuO3 nanoparticles efficiently catalyzed the selective
oxidation of various aryl and aliphatic sulfides into sulfoxides
and/or sulfones at temperatures as low as 40 1C with O2 as the
sole oxidant and without any additives.49 The present system
was a reusable heterogeneous catalyst that has potential for
application to the large-scale oxidation of thioanisole and
quantitative conversion of dibenzothiophene, a model com-
pound for the oxidative desulfurization of organic sulfur in
fossil fuels, into the corresponding sulfone (eqn (8)). Measure-
ments of the catalyst effect, and 18O-labeling, kinetic, mecha-
nistic, and spectroscopic experiments indicated that sulfide
oxidation most likely proceeds using lattice oxygen from the
BaRuO3 oxide surface, which could be replenished by gaseous
O2 (Mars–van Krevelen mechanism) (Fig. 12(a)). Therefore, the
oxygen vacancy formation energy is useful information in a
similar manner to that for MnO2. DFT calculations of BaRuO3,
SrRuO3, CaRuO3, and RuO2 revealed that face-sharing oxygen in
BaRuO3 exhibited a lower oxygen vacancy formation energy
than any other corner- or edge-sharing oxygen in SrRuO3,
CaRuO3 and RuO2, which may contribute to more feasible
oxygen transfer from BaRuO3 to the sulfide (Fig. 12(b)).

(8)

Dimeric high-valency iron-oxo species have been postulated
to be strong active oxidants under mild conditions; therefore,

Fig. 11 Proposed reaction mechanism for the catalytic oxidation over
Mg6MnO8-MA with O2. O*: schematic representation of surface oxygen
species (O2

�, O2
2�, O2�, OH� etc.). (Reproduced from ref. 46 with

permission from The American Chemical Society).
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we focused on hexagonal BaFeO3�d containing face-sharing
dimeric Fe2O9 units based on high-valency iron species (i.e.,
Fe4+).47,48 Hexagonal BaFeO3�d acted as an efficient heteroge-
neous catalyst for the aerobic oxidation of alkanes to the
corresponding alcohols and ketones, and for the oxidative
CQC bond cleavage of various aromatic alkenes to the corres-
ponding carbonyl compounds without the need for additives
(eqn (9) and (10)). The activity of BaFeO3�d was much higher
than that of typical Fe3+/Fe2+-containing iron oxide-based
catalysts including CaFeO2.5, LaFeO3 and Fe2O3, and H2-TPR
measurement confirmed the high oxidizability of BaFeO3�d The
recovered BaFeO3�d catalyst could be reused without significant
loss of the catalytic performance, and both the oxidation of
alkanes and alkenes likely involves a radical mechanism where
BaFeO3�d activates the substrate to form an active radical
species. Despite the outstanding oxidation activity due to high-
valency iron, BaFeO3�d could not be reused for the oxidative
transformation of a-bromostyrene to phenacyl bromide, because
of a lack of structural stability.45 Alternatively, LaFeO3 exhibited
high activity and reusability, although other Fe3+/Fe2+-containing
simple oxides such as Fe2O3, Fe3O4, and FeO were much less active
or were inactive. In this case, a similar radical-type mechanism
that involves surface adsorbed O2 species over p-type LaFeO3

nanoparticles has been proposed (eqn (11)).

(9)

(10)

(11)

Methane oxidation catalyzed by metal phosphate

The conversion of methane (CH4), a main component of
natural gas, has been viewed as a significant challenge for
catalysis chemists for over a century. Every decade, a new
approach has been proposed that seems to herald a new route
to effective catalysis; however, as yet there has been no large-
scale application of this research.143 The oxidative conversion
of CH4 using O2 can be separated into oxidative coupling of
CH4 (OCM) into C2 hydrocarbons and selective oxidation of
CH4 into methanol and formaldehyde (HCHO). Since the
pioneering studies on OCM by Keller and Bhasin in 1980s,
numerous research efforts focused on oxide catalysts such as
Li/MgO and Mn-Na2WO4/SiO2 have been published.144 In con-
trast to OCM systems, the yield to C1 oxygenates in the selective
oxidation of CH4 was less than 10% in many reports, which
indicates there is significant room for improvement. Recent
advances in catalyst design for the selective oxidation of CH4

into C1 oxygenates have emphasized the approach of site
isolation inspired by the active sites of enzymes. Single atoms
or small clusters of Fe and Cu as active sites were construc-
ted within zeolite145 and metal–organic framework (MOF)
matrices146 or stabilized using polyoxometalate precursors147

for efficient activation of CH4 with O2. Crystalline complex
oxides could also be potential candidates for selective oxida-
tion. Li2CaSiO4 exhibited OCM activity comparable to Mn–
Na2WO4/SiO2,148 and Cu-based mixed oxides, particularly
a-Cu2V2O7 and Cu2Mo2O9 crystalline phases, were also effective
for the selective oxidation of methane to formaldehyde.149

Despite the fewer reports than those for supported catalysts,
MOFs, and zeolites, several metal phosphates have also
attracted much attention as catalysts for the selective oxidation
of CH4. Low-crystallinity FePO4 with isolated tetrahedrally
coordinated redox-active iron sites was an efficient catalyst for
the selective oxidation of CH4 into CH3OH and HCHO with
O2.150 Although Gomonaj and Toulhoat reported that the M–O
bond strength and the acidity of various crystalline metal
phosphates were correlated with the selectivity of CH4 oxida-
tion toward HCHO using a flow circulation reactor with reac-
tion mixture quenching,151 the effect of the metal phosphate
crystal structures and the reaction mechanism on the direct
oxidation of CH4 is still unclear. Therefore, various crystalline
metal phosphate nanoparticles were systematically investigated
for the oxidation of CH4 into HCHO with O2 as the sole oxidant.

Among four crystalline iron-based catalysts (trigonal FePO4,
trigonal Fe3O3(PO4), monoclinic Fe4(P2O7)3 and trigonal Fe2O3),
FePO4 exhibited the highest HCHO yield (0.19%) at 500 1C.53

CH4 conversion tended to increase with the Fe/P ratio, while the
selectivity to HCHO decreased. FePO4 also exhibited durability
without significant change in the HCHO, CO, and CO2 yields at
500 1C for 24 h time-on-stream. Kinetic studies and CH4 pulse
reaction experiments suggested that the structure of bulk
FePO4 was preserved during CH4 oxidation, and that lattice
oxygen on the FePO4 surface was responsible for the selective
oxidation of CH4 into HCHO with structural preservation of
the bulk FePO4 (Fig. 13). IR spectroscopy measurements were
conducted using adsorbed pyridine, chloroform, and methanol

Fig. 12 (a) Proposed mechanism for sulfide oxidation over BaRuO3

catalyst. (b) Oxygen vacancy formation energies of BaRuO3, SrRuO3,
CaRuO3 and RuO2. (Reproduced from ref. 49 with permission from The
American Chemical Society).

Feature Article ChemComm

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Fa

nk
w

a-
b 

20
24

. D
ow

nl
oa

de
d 

on
 2

02
5/

11
/0

8 
10

:3
3:

28
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cc03233k


This journal is © The Royal Society of Chemistry 2024 Chem. Commun., 2024, 60, 11483–11499 |  11493

as probe molecules to investigate the detailed surface struc-
tures. Both FePO4 and Fe2O3 possess Lewis acid sites and base
sites; however, the basicity of FePO4 was much lower than that
of Fe2O3. Heterolytic cleavage of the C–H bond of CH4 could
proceed using strong acidity via a proton-coupled electron
transfer (PCET) mechanism;152 therefore, the redox-active
Lewis acidic Fe3+ species likely play an important role in CH4

activation. Methanol-adsorbed IR spectroscopy measurements
indicated that FePO4 without significant base sites had only a
weak interaction with methanol, in sharp contrast to basic
Fe2O3 that forms methoxide species. The temperature-
programmed reaction of adsorbed methanol indicated that
the molecularly adsorbed methanol on FePO4 easily desorbed
as methanol without significant formation of CO2, but that
methanol adsorbed by methoxy species caused only desorption
of CO2 and CO. Therefore, this study suggests the importance
of the effect of phosphate units as weak base sites to suppress
the overoxidation of C1 products.

BiPO4 nanoparticles synthesized in a mixed solvent of
diethylene glycol and water exhibited a higher HCHO yield
than that of FePO4 above 550 1C, while FePO4 showed a higher
HCHO yield than BiPO4 below 550 1C.52 The lack of correlation
between the catalytic activity and oxidizability estimated from
H2-TPR measurements and the absence of any oxidation pro-
ducts in the CH4 pulse reaction experiments suggested that
CH4 oxidation did not proceed with lattice oxygen supplied
from the BiPO4 solid. Therefore, the reactive oxygen species for
CH4 activation over BiPO4 is different from that over FePO4.
Mechanistic studies including the catalyst effect, kinetics, and
near-ambient pressure XPS (NAP-XPS) suggest that the oxida-
tion of CH4 may proceed at surface adsorbed oxygen species
generated on the surface Bi atoms of BiPO4 (Fig. 14(a)). Two
pathways for H-abstraction from CH4 using surface O atoms on
Bi or lattice O atoms on PO4 units were then compared by DFT
calculations to further investigate the possible involvement
of surface oxygen species on BiPO4 (Fig. 14(b) and (c)).
H-abstraction using surface O atoms on Bi (DE = �1.65 eV)
was more favourable than H-abstraction by lattice O atoms on
PO4 units (DE = 0.94 eV). Such an O2 activation mechanism is

similar to that proposed for BOx-based benchmark catalysts
with relatively high HCHO yields,153 which suggests that such
an O2 activation mode for BiPO4 would result in the highly
selective formation of HCHO in sharp contrast to FePO4

nanoparticles with the redox mechanism.
Inspired by the different catalytic properties of FePO4 and

BiPO4, various crystalline metal phosphates (37 examples
including Cu, Fe, Bi, Ga, Ti, V, Cr, Mn, Co, Ni, Zn, In, K, Ba,
B, La, Ce, Nb, Mo, Sb, and Sn) were surveyed, which revealed
that Cu is the most active metal species for the direct oxidation
of CH4 to HCHO.51 To further elucidate the relationship
between structure and activity, four types of copper phosphates
(monoclinic Cu2P2O7, monoclinic Cu2(P4O12), triclinic Cu3(PO4)2,
and triclinic Cu4O(PO4)2) were investigated (Fig. 15). The CH4

conversion rate increased with Cu/P ratio, while the selectivity
toward formaldehyde decreased. Based on H2-TPR and IR spectro-
scopy measurements of adsorbed probe molecules, the trends for
conversion and selectivity could be explained by the changes in the
base properties and oxidizability associated with variations in the
Cu/P ratio as with that for FePO4. Furthermore, the HCHO yield at
550 1C was increased to 0.79% from 0.42% when the starting
material was changed from Cu(OAc)2 to Cu(NO3)2. TEM measure-
ments, IR spectral analysis with pyridine adsorption, and H2-TPR

Fig. 13 Proposed reaction mechanism for oxidation of CH4 over FePO4

into HCHO with O2 using FePO4 and complete oxidation of CH4 over
Fe2O3 into CO2 with O2 using Fe2O3. (Reproduced from ref. 53 with
permission from Royal Society of Chemistry).

Fig. 14 (a) Proposed mechanism for CH4 oxidation over BiPO4 catalyst.
DFT calculation for H abstraction from CH4 by (b) the O atom adsorbed on
surface Bi and (c) the lattice O atom. (Reproduced from ref. 52 with
permission from Royal Society of Chemistry).

Fig. 15 Proposed reaction mechanism for oxidation of CH4 over copper
phosphates into HCHO with O2. (Reproduced from ref. 51 with permission
from The American Chemical Society).
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analysis revealed that the enhancement of surface crystallinity led
to an increase in Lewis acidic Cu2+ sites, which facilitated CH4

activation and thereby enhanced oxidative ability. Therefore, the
catalytic performance for the direct oxidation of CH4 is highly
sensitive to the surface nanostructures as well as the bulk struc-
ture. Kinetic studies, isotope experiments using CD4 or 18O2 and
the pulse reaction on Cu2P2O7 showed that CH4 was oxidized by
surface lattice oxygen and that the C–H activation of CH4 is most
likely the rate-determining step in a similar manner to that with
FePO4. DFT calculations revealed that the oxygen vacancy for-
mation energy for Cu2P2O7 decreases upon phase transition from
a-Cu2P2O7 to b-Cu2P2O7 during the catalysis, which contributes to
the high catalytic performance of Cu2P2O7.

The oxidation reactions discussed in this article can be
classified into three main mechanism depending on the types
of catalyst and reaction based on the experimental stu-
dies using spectroscopy, kinetics, and isotopes: (i) Mars–van
Krevelen mechanism,42,43,49,51,53,60–62 (ii) mechanism involving
O2 activation on surface redox-active Lewis acidic
metals,44,46,50,52,54 and (iii) radical-mediated oxidation mecha-
nism induced by high-valent metal oxygen species.45,47,48 In
particular, the oxygen vacancy formation energy determined
from DFT calculations is a good descriptor for both liquid- and
gas-phase oxidations in which Mars–van Krevelen mechanism
has been proposed. We have shown that structurally unique
metal–oxygen sites, such as face-sharing octahedra in
BaRuO3,49 planar oxygen sites in b-MnO2,61 and Cu–O–P sites
in b-Cu2P2O7 formed by the phase transition of a-Cu2P2O7

under the catalytic conditions,51 are likely possible active sites.

Acid–base catalysis

Acid and base catalysts play an important role because they are
widely used in industrial chemical processes such as petroleum
refining, biomass conversion, and the synthesis of fine
chemicals.22,23,154 In contrast to traditional acids (e.g. HCl,
H2SO4, AlCl3) and bases (e.g. NaOH, NH3, pyridine), solid acid
and base catalysts are important materials because they can be
easily separated, recovered, and reused. Acid–base bifunctional
catalysts have recently attracted attention because nucleophiles
and electrophiles are activated by acid and base sites, respec-
tively, which results in higher catalytic activity and/or specific
selectivity than that for catalysts with only acid or base
sites.155–157 In the field of heterogeneous catalysis, difficulty
in the construction of structurally controlled acid–base sites
often leads to a problem where the fine-tuning of the catalyst
structure and the reactivity are restrained. Therefore, we have
focused on crystalline complex oxides to design effective solid
acid–base bifunctional catalysts.

Metal phosphates based on Ca, V, Ti, Zr, Fe, and Co are
effective materials in the fields of catalysis,158 energy storage
and conversion,159,160 biology,161 and biomass conversion.162

In addition, the acidic and basic characteristics of metal
phosphate catalysts have been extensively investigated.51–53,163,164

Monoclinic CePO4 nanorods synthesized by the hydrothermal
reaction of Ce(NO3)3 and (NH4)2HPO4 exhibited unique catalysis
for the reaction of biomass-derived HMF with methanol.57 CePO4

nanorods selectively promoted the reaction to form the corres-
ponding acetal derivative, 5-(dimethoxymethyl)-2-furanmethanol,
in 78% yield (eqn (12)), while simple oxides (SiO2, ZrO2, CeO2,
Al2O3, MgO, TiO2, and SnO2), Ce- and P-based materials, and a
physical mixture of the precursors (Ce(NO3)3 and (NH4)2HPO4)
were not effective for the acetalization. In addition, typical solid
acid catalysts such as sulfated zirconia, sulfonated carbon, morde-
nite, and montmorillonite gave complex mixtures of acetal and
ether derivatives. CePO4 could function as reusable solid catalyst
for efficient acetalization of various carbonyl compounds with
alcohols in good to excellent yields. The present catalytic system
was also applicable to a gram-scale reaction of HMF (10.5 mmol
scale) with methanol and 1.46 g of analytically pure product could
be isolated.

(12)

IR measurements of various probe molecules adsorbed on
the catalyst surface were conducted to investigate the reaction
mechanism of acetalization over CePO4 nanorods. The IR
spectra of CePO4 nanorods with adsorbed pyridine and chloro-
form showed the presence of both Lewis acid sites and weak
base sites, and the base sites were located in close proximity to
the Lewis acid sites (Fig. 16(a) and (b)). IR spectra of acetone
and methanol adsorbed on CePO4 were also measured to clarify
the adsorption mode of the substrates (carbonyl compounds
and alcohols). One band that corresponded to nCQO

Fig. 16 Difference IR spectra for (a) pyridine-, (b) chloroform-,
(c) acetone-, and (d) methanol-adsorbed CePO4 at 25 1C. (e) Proposed
reaction mechanism for the CePO4-catalyzed acetalization of HMF with
methanol. (Reproduced from ref. 49 with permission from Royal Society of
Chemistry).
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(1699 cm�1) in acetone was shifted to a lower position than that
of acetone adsorbed on CeO2 (1673 cm�1) or in the gas phase
(1731 cm�1) (Fig. 16(c)), which indicated that CePO4 has
moderate Lewis acid sites compared with the strength of the
acid sites on CeO2. The new bands in the nCH3 region and
negative broad band in the nO–H region were observed by the
exposure of CePO4 to methanol (Fig. 16(d)), which indicated
that methanol may be adsorbed on the surface molecularly via
hydrogen bonds. Therefore, CePO4 nanorods most likely act as
a bifunctional catalyst through interaction of the uniform Lewis
acid sites and weak base sites with carbonyl compound and
alcohols, respectively.

Based on the results of these investigations, Fig. 16(e) shows
a proposed reaction mechanism for the CePO4-catalyzed acet-
alization of HMF with methanol. First, the activation of both
HMF and methanol by adjacent acid–base pairs on CePO4

facilitates the nucleophilic attack of the OH group in methanol
on the carbon atom of the carbonyl group in HMF to give the
corresponding hemiacetal derivative. Further reaction of
the hemiacetal with methanol then occurs, most likely with
the assistance of the catalyst, to give the corresponding acetal
derivative. Aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
observations confirmed that the dominant facets exposed on
the CePO4 nanorods are (110) and (100), with (110) being
particularly dominant.54 The surface density (1.6 nm�2)
of Lewis acidic Ce3+ cations at the (110) facet was in good
agreement with the experimental value (1.6 nm�2) calculated
from SBET and pyridine-IR results, which supports the presence
of uniform surface Ce species on the CePO4 nanorods.

The acid–base catalysis of various perovskite oxides165–167

has been reported since the 1990s, and is typically estimated by
titration using Hammett indicators, spectroscopy measure-
ments such as IR and electron spin resonance (ESR) using
probe molecules, and simple test reactions (e.g., 2-propanol
conversion, esterification, and transfer hydrogenation).168,169

Metal cations generally act as Lewis acid sites and oxygen
anions as base sites, and the catalytic performance is strongly
dependent on the bulk and surface configurations. Foo and co-
workers systematically investigated the acidity/basicity of Ti
and Zr-based perovskite oxides such as SrTiO3, BaTiO3, SrZrO3,
and BaZrO3 with a focus on the conversion of 2-propanol to
propylene and acetone mainly promoted by acid and base sites,
respectively.170 However, the catalytic application of perovskite
oxides to liquid-phase organic reactions has been limited.

First, perovskite oxide nanoparticles with d0-transition
metal cations at B-sites were investigated as catalysts for
liquid-phase organic reaction such as cyanosilylation and
Knoevenagel condensation, which are reactions known to be
promoted by acid and/or base sites.55,56 From the catalyst effect
on the cyanosilylation of acetophenone with trimethylsilyl
cyanide (TMSCN) without a catalyst pretreatment, titanates
showed higher activity than zirconates, LiNbO3, and KNbO3

and SrTiO3 nanoparticles were the most effective catalyst.
In addition, the catalytic activity and specific surface area of
SrTiO3 nanoparticles could be improved by a simple change of

the atmosphere from N2 to air during calcination of the
precursor. Although commercially available SrTiO3 (4 m2 g�1)
was inactive for this cyanosilylation, the reaction occurred
smoothly over SrTiO3 with a large specific surface area calcined
in N2-air (denoted as SrTiO3_N2-air, 46 m2 g�1) and the reaction
rate was 2.5 times greater than that for SrTiO3 (denoted as
SrTiO3_air, 30 m2 g�1) calcined in air (eqn (13)). The SrTiO3_N2-
air catalyst could be easily recovered from the reaction mixture
by simple filtration and the recovered catalyst was reused five
times without a substantial loss of catalytic performance.
In addition, the reaction proceeded efficiently under solvent-
free conditions with a high product formation rate comparable
to that for benchmark catalysts such as Sn-Mont171 and Al-
MCM-41,172 even though the SrTiO3_N2-air catalyst did not
require thermal pretreatment.

(13)

The acid–base properties of SrTiO3_N2-air were investigated
using pyridine-, chloroform-, and acetophenone-adsorbed IR
and CO2-TPD measurements, which showed the presence of
both Lewis acid and base sites in the catalyst and that acet-
ophenone was activated by Lewis acid Ti sites. Next, reactions
were conducted by the addition of pyridine and acetic acid
(AcOH) to poison the acidic and basic active sites on SrTiO3_N2-
air, respectively (Fig. 17(a)). The reaction rate decreased with
increasing amounts of both poisoning molecules, which sug-
gested that both the acid and base sites on the catalyst surface
contribute to the cyanosilylation, although the poisoning effect
with AcOH was much stronger than that with pyridine. These
results suggest that the reaction is mainly promoted by the base

Fig. 17 (a) Poisoning effect of pyridine (black circle) and AcOH (white
circle) and (b) possible reaction mechanism for cyanosilylation of carbonyl
compounds with TMSCN over SrTiO3_N2-air catalyst. Adsorption config-
urations of TMSCN on SrTiO3 for (c) Sr–O terminated (100) and (d) Ti–O
terminated (100) surfaces from DFT geometry optimization. (Reproduced
from ref. 56 with permission from The American Chemical Society).
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sites with possible cooperative action of the acid sites on the
catalyst.

Fig. 17(b) shows a possible mechanism for cyanosilylation
over the SrTiO3_N2-air catalyst. First, TMSCN is activated by
surface oxygens that act as base sites. Similarly, carbonyl
compounds are adsorbed and activated by Lewis acid sites on
the catalyst surface. Such cooperative activation facilitates the
nucleophilic attack of a CN� anion at the carbon atom of the
carbonyl groups, followed by desorption of the corresponding
products. In this case, the distance between the acid and base
sites may also be important for cooperative acid–base catalysis,
and the presence of adjacent acid–base sites was confirmed by
CHCl3-adsorbed IR spectroscopy measurements.

To investigate the effect of the calcination atmosphere, the
surface atomic ratio of Sr to Ti (Sr/Ti) was estimated from the Sr
3d and Ti 2p peaks in the XPS spectra of the different catalysts.
The Sr/Ti value for SrTiO3_N2-air was 1.51 and higher than that
for SrTiO3_air (1.37), which suggested that the enrichment of
Sr–O termination at the surface of SrTiO3 led to an increase in
the amount of base sites. The effect of the outermost surface
structure of SrTiO3(100) facets of SrTiO3 for the activation of
TMSCN, was investigated using DFT calculations (Fig. 17(c) and (d)).
The adsorption energy of chemisorbed TMSCN on the Sr–O termi-
nated (100) facet was calculated to be �2.01 eV and lower than that
(�1.01 eV) on the Ti-terminated (100) facet, which suggests that
TMSCN is strongly activated on the SrO-rich surface. These results
are consistent with the basicity and catalytic activity differences
between the SrTiO3 samples treated in different atmospheres. Such
a significant effect of the surface composition of perovskite oxides
on the catalysis has been reported by Polo-Garzon and co-workers;
thermal treatment of commercially available SrTiO3 in oxygen
improved the selectivity toward acetone in 2-propanol conversion
compared with that for bare SrTiO3.173 In contrast, SrTiO3 treated
with HNO3 showed high selectivity toward propylene produced from
2-propanol by dehydration on acid sites. Various techniques, includ-
ing calculation of the surface Sr/Ti ratio using XPS and low-energy
ion scattering (LEIS) analysis, which is a more surface-sensitive
measurement, direct observation of catalyst surfaces including
HAADF-STEM analysis and DFT calculations revealed that the
basicity of the Sr-rich surface was enriched by thermal treatment
of SrTiO3 and the Ti-rich surface with acidic characteristics likely
appeared due to chemical etching of SrTiO3 by HNO3. Other
approaches based on the morphology/facets of perovskite
oxides170 and the engineering of oxygen vacancies on the catalyst
surface174–176 have been reported to be effective for controlling the
surface composition.

We applied the Ti-based perovskite oxide nanoparticles to
the Knoevenagel condensation of benzaldehyde with phenyl-
acetonitrile, which is an inactive donor with a high pKa

value (21.9).55 Among the tested Ti-based perovskite oxides,
SrTiO3_N2-air showed the highest catalytic activity for the
reaction and the yield of product (88%) was higher than that
over SrTiO3_air (48%) (eqn (14)). SrTiO3_N2-air could be reused
without a substantial loss of its catalytic performance. Only a
few examples of reusable catalytic systems applicable to phe-
nylacetonitrile as a donor have been reported, and this study

provides the first example of recyclable heterogeneous catalysts
applicable to phenylacetonitrile.177,178 The reactivity of diethyl
malonate was lower than that of phenylacetonitrile, despite a
lower pKa value (16.4) of diethyl malonate than phenylacetoni-
trile, which suggests a specific interaction of the active methy-
lene compounds containing cyano groups with the SrTiO3

surface, as supported by IR measurements of phenylacetonitrile
on SrTiO3. Lewis acid sites on the SrTiO3 surface can interact
with active methylene compounds to promote the abstraction
of an acidic a-proton by a base site adjacent to an acid site. This
cooperative activation by acid–base pair sites promotes the
coupling reaction of benzaldehyde with active methylene com-
pounds having cyano groups to form a,b-unsaturated nitrile.

(14)

Summary and outlook

Catalyst design methodology based on the nanostructural con-
trol of crystalline complex oxides is expected not only to lead to
the discovery of new catalytic functions of materials that have
not previously been investigated as catalysts, but also to lead to
the development of new catalysts through the structural and
compositional effects that emerge from combinations of versa-
tile elements. The establishment of two unique and versatile
synthetic methods, the amino acid-aided method and the
precursor crystallization method, is key to the successful devel-
opment of efficient catalytic systems for selective oxidation and
acid–base reactions based on nanocatalyst materials such as
perovskite oxides, manganese oxides, and metal phosphates.
Furthermore, the combined approaches of precise experi-
mental methods and highly accurate computational methods
will provide new proposals and demonstrations of mechanistic
aspects that include the catalytic roles of oxygen vacancies, bulk
and surface structures, and the concerted effects of redox and
acid–base properties in metal oxides.

The unique structures and valences of hexagonal perovskite
oxides and b-MnO2 contribute to promote the selective oxida-
tion of alkanes, alcohols, and sulfides with O2 as the sole
oxidant under milder reaction conditions than previously
reported catalysts. In the case of the Mars–van Krevelen mecha-
nism where surface lattice oxygen is involved in the reaction,
the oxygen vacancy formation energy becomes an important
descriptor that enables the design of catalysts with desirable
oxidation properties. The concerted action of redox and acid–
base properties is also an effective method for the activation of
C–H bonds using Murdochite-type oxides. In addition, the
combination of Lewis acidic metal species and base units
makes it possible to develop acid–base catalysts based on a
variety of metal phosphates and perovskites. The use of weakly
basic phosphate units is effective for the conversion of unstable
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biomass-based substrates and the direct selective oxidation of
CH4 through the inhibition effect of successive oxidation. The
synergistic and cooperative activation of molecules on acid and
base sites results in high catalytic performance when using
more basic oxo units.

Further elemental complexity is expected to be an important
factor in the development of high-performance catalysts
in the future, as exemplified by the recent developments
of multimetal-doped29,38,40,179 and/or high-entropy metal
oxides180,181 as catalysts for selective oxidation, NO reduction,
and electrochemical oxygen evolution reaction and energy
storage materials. Control of electronic structures (e.g., spin-
state, magnetic ordering)179,182 and design of catalytically
active interfaces based on a synergy effect of binary oxide
composites183,184 would be a promising approach to achieve
highly active and durable catalysts. There is also an urgent need
to design and develop catalysts in a shorter time through
limited experiments. Therefore, in addition to the present
approaches based on precise experiments and first-principle
calculations, these fields will be developed by the incorporation
of new methods such as high-throughput synthesis and
machine learning. Such a continuous approach to catalyst
design is likely to revolutionize the entire process of catalyst
development to achieve potentially difficult reactions required
to build a sustainable society.
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