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There is growing interest in mesoporous metal oxides due to their unique properties such as highly
accessible porosity, stability, catalytic activity and diversity of nanostructures. Mechanochemical
fabrication of mesoporous metal oxides is gaining increasing attention because it can be a promising
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alternative to conventional solvent-based syntheses, which are often complex, and time- and energy
consuming. A large variety of mesoporous metal oxides have been already prepared by means of
mechanochemistry, and we believe that there is a need to summarize recent achievements in this
research area. This review covers recent advances and challenges in the synthesis of mesoporous metal
oxides and related materials with special emphasis on mechanochemically obtained mesostructures.
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1. Introduction

Mesoporous materials have been synthesized in the early 1990s,
e.g., Kuroda et al.' used alkyltrimethylammonium ions with
varying alkyl chain length to expand interlayer spaces in poly-
silicates up to 4 nm. A real breakthrough in the area of
mesoporous materials was reported in 1992 by showing a
simple and effective way for synthesizing ordered mesoporous
silicas via self-assembly of silica species and cationic surfactants.*?
Since this discovery, extensive efforts have been made toward the
synthesis of ordered mesoporous materials (OMMSs) including
silicas, organosilicas, metal oxides, carbons, zeolites, metal- and
covalent-organic frameworks and almost countless two- or
three-component composites based on these OMMs." Major
developments in the field of OMMs are presented in Fig. 1.

The driving force for synthesizing porous oxides with
ordered and/or uniform mesopores is the need for improving their
catalytic/adsorption properties. For instance, ordered mesoporous
channels in solids improve mass transfer and diffusion as well as
expose active sites.> Moreover, they enhance the accessibility of the
entire surface area for adsorption of various ions and molecules.
Mesoporous metal oxides have already shown great performance
in various catalytic processes because of their large pore sizes and
high pore volume.®® Thus, they attract a lot of attention and are
designed for real applications. The ability to precisely control
the pore size of nanomaterials is important to meet special
requirements for specific hi-tech applications.
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Nowadays, mesopores in solids are commonly created by
using templating strategies.»®™® Hard templating involves
the use of rigid templates (e.g., mesoporous silica, colloidal
crystals, and spherical nanoparticles), which need to be
removed at the final step of the synthesis usually via dissolution
with HF or NaOH solutions. This strategy is convenient and
enables a large variety of mesoporous solids to be obtained, but
it is time consuming, expensive and requires specific templates.
Moreover, to obtain the reverse replicas of templates the pre-
cursors used need to homogenously fill the template pores. Soft
templating methods are more straightforward. They rely on the
ability of surfactants or block copolymers to assemble into
micellar mesostructures and can be removed more easily either
by thermal decomposition or extraction. In this case, the precursors
having small enough sizes should be able to interact and assemble
around the template micelles."* The salt templating strategy has
emerged recently as an alternative to the classical soft and hard
templating methods. Although the templates used in salt
templating are usually cheap and can be removed easily even
by washing with water, the created mesopores are not uniform.
Thus, it is very difficult to control/tune the porosity in the
resulting materials.

There are numerous reviews devoted to OMMs including
mesoporous metal oxides,"”® e.g., our previous review providing
an overview of all major groups of OMMs.* However, this field is
continuously growing. In particular, mechanochemical synthesis
of mesoporous metal oxides seems to be an emerging area with
many potential applications of the resulting materials. Therefore,
we believe that a concise presentation of recent advancements in
this field would be desirable and may encourage researchers to
find the mechanochemical method to be an attractive option in
the synthesis. In this review a special emphasis is given to the
mechanochemical synthesis of various metal oxides because at
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Fig. 1 Schematic illustration of major developments in the synthesis of OMMs.*

the current stage it is still challenging to prepare sustainable
materials with uniform mesopores and high crystallinity. This
review also presents the evolution of mesoporous metal oxides
including the main factors affecting their development and the
existing challenges.

2. A brief overview of mechanochemical
synthesis of metal oxides

Typically, mechanochemical synthesis relies on a direct absorption
of mechanical energy released during milling by solid reactants.
Impact and friction between balls and reactants provide sufficient
energy to initiate and stimulate chemical reactions. A high-energy
milling assures intense mechanical stresses and bond breakage
leading to structural changes and continuous exposure of reactive
layers of atoms at interfaces of reactants, which facilitate chemical
reactions. Nowadays, automatic ball mills or grinders are pre-
dominantly employed for the synthesis of nanoporous materials
instead of the previously used mortar and pestle. Such specially

designed electronic devices ensure high-energy reliable milling
under well-defined reproducible conditions (Fig. 2).">
Mechanochemical concepts seem to be very promising for
large scale production and/or modification of porous metal
oxides for catalysis, battery technology, adsorption, medicine,
and so on.'®?* In particular, new catalysts have been intensively
studied for application in water splitting, organic syntheses,
removal of pesticides and dyes from wastewater, and removal of
diverse harmful gases and vapors, among others.>>® Recently, a
facile mechanochemical process, which relied on the dehydration
of boehmite in a vibration mill afforded a valuable catalyst —
corundum, with a nanoparticle size of ~13 nm and a specific
surface area (SSA) of ~140 m” g~ '.*° Elsewhere, a mechano-
chemical reaction between titanium and cupric oxide conducted
for 12 h resulted in the formation of nanocrystalline titanium
oxide with an average particle size of ~ 20 nm.*® Mesoporous
nanoparticles of tin oxide were obtained via a simple manual
grinding of stannous chloride, ammonium carbonate and glucose
followed by calcination at 600 °C.*" The as-obtained nanoparticles
featured crystallite sizes in the range of 6-12 nm and possessed a

Fig. 2 Schematic illustration of (a) a mortar and pestle, (b) planetary mill, (c) shaker and (d) extruder. Images of the instruments for mechanochemical
synthesis: (e) mortar grinder, (f) planetary mills with equipment and (g) mixer mill with equipment.*®
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large surface area of 265 m”> g~ ' and an average pore size of
2.1 nm, ie., pores on the border between micro- and mesopore
regions. Elsewhere, a combined mechanochemical and calcination
route led to mixed cobalt oxides attractive for the selective catalytic
reduction of nitrophenols.*> Mechanochemistry has also been
employed for a waste free preparation of perovskites, e.g., LaMnO;
directly from the corresponding metal oxide powders (La,O; and
Mn,0;).** Interestingly, mechanochemical redox-based synthesis
using KMnO,, CoCl, and NaOH without any templates afforded
highly porous Co,Mn,_,0), catalysts with a specific surface area of
479 m” g~ ', which was higher than the values of the corres-
ponding materials obtained by using other methods including
co-precipitation method, sol-gel method or solution redox
process (Fig. 3a and b).'® The BJH (Barrett-Joyner-Halenda)
pore size distribution (PSD) calculated for the mechanochemically
obtained sample shows the presence of narrow mesopores centered
around 3.6 nm (Fig. 3c). Moreover, mechanochemical concepts are
increasingly exploited for the synthesis of complex mixed metal
oxides®*® and metal oxide/carbon composites.>’° In particular,
they are frequently used for activation of metal oxides.’***** For
instance, mechanochemical activation of fumed complex metal
oxides including core-shell nanoparticles caused their aggregation
and agglomeration resulting in more compacted structures.*’

Ball milling has been shown as an efficient technique to
synthesize organic or inorganic compounds as well as alter
their physicochemical properties.’>** In this process, the starting
powders are subjected to deformations, fractures, abrasion,
cold weld etc., resulting in the reduction of particle size, higher
specific surface area, a smaller degree of structure ordering or
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even amorphization. Crystallinity defined as the level of structure
ordering can be used for the evaluation of the structural alterations
upon milling. The effects of mechanical milling on the crystal-
linity, crystallite size, crystalline phases, morphology, and porosity
of metal oxides or hydroxides have been frequently examined."®™*®
For instance the high-energy ball milling enabled to tailor crystal-
line phases of TiO, mixtures.*® Polymorphic transformations were
observed from anatase to rutile with TiO,(II) as the intermediate
(Fig. 4). The obtained mixtures possessed even twice higher
specific surface area than the starting anatase phase mainly due
to the fragmentation of particles. Moreover, the introduced defects
upon milling generated oxygen vacancies in the surface and
bulk of the resulting oxides. The number of oxygen vacancies
increased with milling time and promoted a greater reducibility
and oxygen mobility in the TiO, supports. Overall, these
alternations improved the properties making these materials
attractive catalyst supports.

3. Soft templating synthesis of
mesoporous oxides

To prepare mesoporous silicon- or metal oxides via soft templating
methods, hydrogen-bonding formation or sufficient charge inter-
actions between precursors and templates are required. Four
different models of charge attractions can be distinguished: ST,
ST, S'XT', and S”X'T~, where S represents a surfactant, I refers
to inorganic species, and X represents a mediator.*> One of these
models was successfully implemented in the synthesis of metal
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(a) Schematic illustration of the redox-based strategy for the preparation of mesoporous Co,Mn;_,O, catalyst, (b) N, adsorption—desorption

isotherm and (c) PSD function determined for this material. Reproduced with permission from ref. 16 Copyright © 2020 Elsevier B. V.
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Fig. 4 Schematic illustration of the mechanochemically induced polymorphic transformation of TiO, crystalline phases. Reproduced with permission

from ref. 48 Copyright © 2020 Elsevier Ltd.

oxide/phosphate mesophases in 1994.°° However, mesoporous
frameworks were not obtained then, because of their collapse
upon the thermal removal of the surfactant used. A year later the
first synthesis of non-siliceous ordered mesoporous oxide, Le.,
titanium oxide with hexagonally arranged mesopores was reported
by Antonelli and Ying.>" They applied calcination at 350 °C, which
enabled a successful removal of the template and afforded a metal
oxide framework with specific surface area of 200 m® g~ *. The
synthesis involved a modified sol-gel method using titanium
alkoxides and phosphate surfactants. Afterwards, these authors
synthesized ordered mesoporous niobium oxide characterized
by a high surface area of 434 m* g ' and narrow PSD with the
maximum at 2.7 nm.>>

Composite mesophases consisting of surfactant and oxide
precursors can be synthesized directly or indirectly via electro-
static complementarity between inorganic species dissolved in
solution and charged surfactants under specific pH conditions.
Diverse surfactants can be used for the synthesis of mesoporous
materials. They can form one or more different mesostructures,
depending on the synthesis conditions. The geometry of the
resulting oxides depends on the morphology of the formed
composite mesophases regardless of their compositions. Among
various surfactants and block copolymers, the most commonly

Inorganic
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Triblock
copolymer K
Co-assembly
into micelles

Inorganic
species Qo
Diblock
copolymer

Inorganic-orgainic
composite

utilized are alkyltrimethylammonium bromide surfactants, Pluronic-
type triblock copolymers e.g., poly(ethylene oxide)-b-poly(propylene
oxide)-b-poly(ethylene oxide), PEO-PPO-PEO and high molecular
weight diblock copolymers e.g., polystyrene-b-poly(4-vinylpyridine),
PS-P4VP or polystyrene-b-poly(ethylene oxide), PS-PEO.”*™>® Such
diblock, triblock, or even more complex copolymers have the
ability to self-assembly into micellar systems similarly as surfac-
tants. Among them, the commercially available Pluronic triblock
copolymers F127 and P123 composed of the central block of
poly(propylene oxide) PPO and end blocks of poly(ethylene oxide)
PEO, PEO,;(sPPO,,PEO,0s and PEO,,PPO,,PEO,,, respectively, are
the most popular templates for the preparation of mesoporous
oxides and other OMMs because of their: (i) ability to form stable
micelles in aqueous solutions, (ii) simple removal by heating,
and (iii) relatively low price. Schematic illustration of a soft
templating strategy using di- and triblock copolymers for the
synthesis of inorganic mesoporous materials is presented in
Fig. 5. Since the late nineties, block copolymer templating has
been shown to be a universal strategy for synthesizing various
mesoporous metal oxides with semi-crystalline frameworks
including TiO,, ZrO,, Nb,0s, Ta,0s, Al,O3, SiO,, SnO,, WO;,
and HfO,, and mixed metal oxides e.g., SiAlO,, Al,TiO,, ZrTiO,,
SiTiOy, and ZrWw,0,.’
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—_—

mesopores
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Fig. 5 Schematic representation of a soft templating strategy for the synthesis of inorganic mesoporous materials including metal oxides.>®
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It is still challenging to achieve high crystallinity and preserve
the mesoporous structure of metal oxides because it is difficult to
control hydrolysis and condensation of their precursors. Thermal
treatment, which is applied to remove soft templates and achieve
the desired crystallinity, may result in the porous framework
collapse.’®”> Metal oxides are usually susceptible to phase transi-
tions, hydrolysis and/or redox reactions in contrast to more
chemically stable silicas, which can be assembled from flexible
tetrahedral building blocks. Therefore, one of the most com-
monly used paths to obtain the soft templated metal oxides is
the evaporation induced self-assembly (EISA) of their precur-
sors in the presence of Pluronic-type block copolymers in
ethanol to reduce their hydrolysis rate. This strategy was
successfully implemented to synthesize ordered mesoporous
aluminas®® and alumina-based mixed metal oxides® using
aluminum isopropoxide as a precursor. For instance, such
mesoporous alumina sample showed good mesoscopic order
evidenced by low-angle XRD analysis, which can be attributed
to its p6mm hexagonal symmetry according to TEM imaging.>®
It possessed a high surface area of 430 m”> g~ ', pore volume
of 0.80 cm® ¢™' and relatively narrow pore-size distribution
(4-6 nm). However, its wide-angle XRD patterns revealed the
amorphous nature of its pore walls. It is often difficult to
transform metal oxide mesostructures into crystalline forms
upon heating. The key problem is associated with thermal
decomposition of the Pluronic template before achieving the
desired crystallinity. To avoid this problem a ligand-assisted
synthesis® or modified precursor strategy’® were developed. In
these approaches, strong interactions between block copolymers
and modified precursors lead to their assembly into ordered
mesostructures, the heating of which in a neutral atmosphere
generate an in situ protective carbon scaffold that preserve
mesoporosity of the resulting composite during crystallization.
At the end, the carbon scaffold is removed upon heating in air.
For instance, the synthesis of mesostructured crystalline titania
involved the reaction of titanium isopropoxide and acetylacetone
to produce a titanium acetylacetone complex, whose copolymer-
assisted assembly followed by carbonization afforded carbon-titania
composites.”® The subsequent removal of the carbonaceous
component upon calcination gives rise to the mesoporosity of
the resulting crystalline titania.

Another approach to synthesize crystalline mesoporous
metal oxides is the assembly of small-sized metal oxide nano-
crystals in the presence of block copolymers in non-aqueous
media. For instance this approach afforded mesostructured
crystalline oxides of tin®® and cerium.®' Synthesis of crystalline
SnO, nanoparticles with a diameter of about 3.5 nm and
narrow PSD was reported by Antonietti et al.®® Such small
nanoparticles can be further transferred into a stable sol in
tetrahydrofurane (THF), and in this form can serve as building
blocks in copolymer-assisted synthesis of crystalline mesoporous
tin oxide. The as obtained SnO, sample featured large mesopores
of about 20 nm in a cubic-like arrangement. Elsewhere, a similar
strategy afforded crystalline mesoporous CeO,, the synthesis of
which involved the use of a block copolymer and crystalline
nanoparticles of this oxide without any additional surface

2514 | Mater. Adv,, 2021, 2, 2510-2523
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functionalization agents.® The nanoparticle sol in an ethanol/
water mixture was added to that dispersed in an alcoholic solution
hydrogenated polybutadiene-poly(ethylene oxide) (PHB-PEO)
block copolymer. Their cooperative assembly into a mesophase
was induced by evaporating the solvent. This approach led to a
stable (upon calcination at 500 °C) mesostructured crystalline
CeO, with ordered pores in the size range of 10-12 nm. An
analogous strategy was reported for the polymer-assisted synthesis
of mesoporous crystalline alumina in aqueous phase by using
peptized boehmite nanoparticles.®>*® The sufficient fragmentation
of boehmite particles into nano-sized ones was achieved by
conventional heating or microwave irradiation in diluted nitric
acid. The resulting boehmite small nanocrystals had the ability to
self-assembly with a Pluronic copolymer leading to mesoporous
y-alumina with a large pore volume of ~1.1 cm® g~* and high
crystallinity obtained by heating at 400 °C. This procedure can
be extended for the synthesis of various alumina-based metal
oxides, e.g., MeAl,O, (Me = Ni, Co or Cu) (Fig. 6).%

Most of the reported synthesis methods of mesoporous
metal oxides are complex and based on the usage of solvents,
thus require a solvent evaporation step, which prolongs the
whole procedure often to several days. Certainly, the mass
production of metal oxides and silicas should be developed to
meet green chemistry requirements. The great promise toward
a more environmentally friendly synthesis of functional
porous materials gives mechanochemistry, ultrasound-assisted
procedures,®® and the methods rely on fast microwave® or
UV-irradiation.®® Mechanochemical synthesis has been shown
as a good alternative to multistep solution-based methods for
the preparation of organic compounds and advanced nanoporous
inorganics including metal oxides.">*®® It is usually performed
via ball milling under solvent-free conditions or with the addition
of small amounts of solvents. Thus, it creates opportunities to
conduct reactions with insoluble metal oxide sources, which are
difficult to achieve through traditional solvent-based methods.

Sufficient interactions and diffusion between metal oxide
precursors and surfactants can be promoted by the kinetic
energy and frictional heating released during ball milling. For
instance, the recently reported facile ball milling of boehmite
with a small amount of diluted nitric acid afforded small
boehmite nanocrystals, whose subsequent block copolymer-
assisted self-assembly generated mesostructures upon milling
(Fig. 7).”° After direct thermal treatment at 400 °C, a pure
crystalline mesoporous alumina (y phase) with high specific
surface area of 390 m” g~ * and large pore volume of 1.6 cm® g~ *
was obtained. To avoid the abrasion of milling balls and
vessels, which may contaminate milling products, milling
equipment made of silicon nitride was employed.

Designing high-entropy materials, which contain five or even
more metal species, is quite a new concept. The introduction
of additional metals into metal oxides may require high tem-
peratures. Such structures usually feature limited surface area
(<30 m* g ").”"7* Especially challenging is the synthesis of
mesoporous high-entropy metal oxides, because their porous
frameworks may collapse upon thermal treatment. Ball milling
has emerged as an optimal solution because the generated local

© 2021 The Author(s). Published by the Royal Society of Chemistry
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short-range heating can be sufficient for the synthesis of high-
entropy materials without the deterioration of their porosity.
Recently, mesoporous Al,O; (meso-Al,0;) with a high SSA of
640 m* g, a pore volume of 0.75 cm® g~ ' and a narrow PSD
with predominant pore size around 5 nm was successfully
obtained by a fast, mechanochemical nonhydrolytic sol-gel
method using aluminum isopropoxide as the alumina precursor
and Pluronic P123 as the soft template.”> This synthetic
approach afforded various mesoporous aluminum-supported
binary oxides, such as CuO,-Al,0; and MnO,-Al,0; and even
five metal-aluminum oxide (CuNiFeCoMg)O,-Al,O; (Fig. 8). The
preparation of the multimetalic oxides relied on 1 h ball milling
at a vibrational frequency of 30 Hz of all the reagents: aluminum
isopropoxide, soft template (Polyethylene glycol, PEG-4000) and
the corresponding anhydrous metal chlorides. After calcination

© 2021 The Author(s). Published by the Royal Society of Chemistry

at 400 °C, high-entropy oxides were obtained, whose porosity
was comparable to those obtained by a traditional wet chemistry
method. For instance, (CuNiFeCoMg)O,-Al,0; showed SSA of
200 m* g~ ! and high catalytic activity for CO oxidation and
superior SO, tolerance (1000 ppm SO, at 280 °C) compared to
CuO-Al,0;. The results indicate uniform mixing of multimetalic
oxides with Al,O; support, thus it is likely that upon the
preformed mechanochemical and calcination processes, solid
solution was formed. Elsewhere, a similar mechanochemical pro-
cedure was employed to synthesize platinum decorated meso-Al,Os,
where together with the P123 template and Al(OCHCH;CHj;)s,
acetylacetonate platinum (Pt(acac),) was added in a milling vessel
as a noble metal precursor.”* The as-obtained meso-Al,O; supported
Pt (1 wt%) catalyst calcined at 400 °C featured high porosity (SSA
of 497 m”> g~ " and pore volume of 0.55 cm® g~ '), narrow PSD

Mater. Adv., 2021, 2, 2510-2523 | 2515
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Copyright © 2019, American Chemical Society.

centered around 4 nm and superior activity in the selective
hydrogenation of nitrobenzene to aniline.

Mesoporous iron oxides were also successfully prepared
through a facile mechanochemical Pluronic-assisted assembly
of iron species (Fig. 9).”> Briefly, the solvent-free high-speed
vibrating ball milling of Fe(NO;);-9H,O and Pluronic P123
within 0.5 h followed by calcination at 300 or 400 °C afforded
Fe,O, with surface areas of up to 149 m* g~ and abundant well-
defined mesopores from the range of 2-10 nm. Furthermore,
this solid state synthesis was extended for the synthesis of the

300/400 °C

related Pt-decorated materials with high dispersion of Pt species
at the nanometer level (even 1 nm) just by adding H,PtCl to the
reaction vessel. The as-obtained Pt-Fe,O, catalysts showed an
enhanced activity for oxidation of propylene and CO. Elsewhere,
mesoporous Fe,O, with a SSA of up to 170 m* g~ ' was obtained
via an analogous mechanochemical procedure using cetyltri-
methylammonium bromide (CTAB) as the mesopore-directing
agent.”® Calcination at 300 °C for 2 h was sufficient for the
thermal removal of the CTAB template, which decomposes at
around 250 °C. Adding chloroauric acid (HAuCl,) together with

air,2h

Mesoporous Iron Oxide

Fig. 9 Schematic illustration of the mechanochemical synthesis of mesoporous iron oxides and Pt-decorated iron oxides via solid-state assembly
between inorganic species and soft template Pluronic P123 with the inserted STEM-HAADF (scanning transmission electron microscopy in high-angle
annular dark field) images.”®

2516 | Mater. Adv., 2021, 2, 2510-2523 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Fe(NO3);-9H,0 and CTAB in the milling vessel led to Au-decorated
mesoporous Fe;O, with highly dispersed Au nanoparticles with an
average patrticle size of ~4 nm.

4. Hard (salt) templating synthesis of
mesoporous oxides

For over 10 years since the successful synthesis of ordered
mesoporous materials, the synthesized ordered mesoporous
oxides possessed amorphous or semi-crystalline pore walls,
which impeded their applications.”**””"%® Hard templating
strategies afforded the first crystalline ordered mesoporous
metal oxide o-Fe,O; in 2006.5' This synthesis involved an
impregnation step that relied on the stirring in ethanol of both
substrates Fe(NOs);-9H,0 and ordered mesoporous silica (KIT-6)
used as a hard template. The subsequent heating at 600 °C for 6 h
afforded atomic order within the pore walls assuring high crystal-
linity. After silica removal by using 2 M hot NaOH solution, the as-
obtained crystalline o-Fe,O; featured long-range ordering of pores,
which originated from relatively strong interactions between iron
ions along pore walls. Hard templating strategies are analogous to
the casting process of a key with a mold (Fig. 10).*> Mesostructured
silica materials such as MCM-48, SBA-15, SBA-16, and KIT-6 are
most often used for synthesizing mesoporous metal oxides via wet
hard templating due to their highly ordered tunable porosity.
Moreover, surface silanol groups (Si-OH) in silicas enhance inter-
actions with metal precursors assuring better replication. The
specific features of the resulting products such as pore shape, size
and pore ordering are mainly determined by the intrinsic structure
of the hard template and applied synthesis conditions. Detailed
procedures for the solvent-based syntheses of hard templated
ordered mesoporous metal oxides can be found elsewhere.®>*?
Although a hard templating strategy can be used to obtain a
variety of ordered mesoporous metal oxides, its broader applicability
is hampered, because it is usually a multistep time-consuming

Solidification

B —
Mold
removal

Product

a)

—

Pouring a
substance

Mold filled

Mold
with the substance

Solidification
—_—
Template
removal

el <)
Precursor

infiltration s
Q. Q©

Micro-mesoporous Template/precursor Mesoporous
template mesostructure replica
Fig. 10 (a) Schematic illustration of the similarities of the casting process

of a key with a mold and (b) hard templating method for synthesizing
mesoporous materials. Adapted from ref. 82 published under an ACS
Author Choice License. Copyright © 2017 American Chemical Society.
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process, which requires specific silica templates that need to
be removed under concentrated acidic (HF) or base (NaOH)
conditions. Moreover, such harsh conditions of the template
removal step can be destructive for vulnerable metal oxide
frameworks. Replacement of silicas by mesostructured carbons
eliminates problems with using HF or NaOH solutions, because
carbonaceous templates can be burnt off, but can result in
the reduction of some metal oxides and/or formation of metal
carbides.

Overall, both templating methods for synthesizing meso-
porous metal oxides are predominantly performed in solutions,
and thus require solvents, soluble metal oxide precursors, and
usually a long time for drying. Recently, a mechanochemical
procedure was successfully developed to overcome some weak-
nesses of the solvent-based hard templating. Briefly, a solvent
free 1 h vibrating ball milling of metal oxide precursors and
commercial SiO, followed by calcination and template removal
afforded diverse crystalline mesoporous metal oxides (Fig. 11).%*
Afterwards, the silica template needs to be removed in 2.5 M
NaOH for 8 h, repeated four times. This procedure enabled a
series of crystalline mesoporous metal oxides with high porosity
to be obtained, e.g., ZrO, (SSA of 293 m”> g~ '), Fe,O; (SSA of
163 m> g~ '), CeO, (SSA of 211 m* g~ ') and also mixed metal
oxides CuO,-CeO,, with a SSA of 237 m?> g~ " and CuO,-Co0y-
CeO, with a SSA of 203 m” g~ '. The as-obtained mixed metal
oxides showed great performance as catalysts for CO oxidation
(Fig. 11e). Nevertheless, the calculated PSDs by the BJH model
for most samples were broad and centered around 12 nm,
which roughly reflected the particle size of the silica template.
Moreover, according to the recorded XRD patterns, their crystal-
linity is rather low.

Instead of the colloidal silica template, aluminum hydroxide
can also serve as the mesopore-directing agent under milling.*®
Interestingly, milling a mixture of aluminum hydroxide and
metal oxide precursors led to the formation of aluminum
hydroxide/metal oxide composites with uniform distribution
of Al and metal cationic oxides. Subsequent calcination of these
composites resulted in alumina/metal oxide mesostructures,
which even without removal of alumina could be used as alumina-
supported catalysts for many reactions. However, washing these
composites in 1 M NaOH solution at 60 °C for 12 h repeated three
times was used to remove the alumina template and obtain Al-free
metal oxide porous frameworks. This approach was used to obtain
a series of crystalline mesoporous metal oxides with relatively
high surface area e.g., Fe,O3 (SSA of 280 m* g™ '), Coz0, (SSA of
155 m”> g~ "), CeO, (SSA of 192 m* g '), ZrO, (SSA of 170 m*> g ')
and mixed metal oxides e.g,, CuO,~CeO, (SSA of 177 m* g ),
FeO,~CeO, (SSA of 170 m® g '), CoO,~CuO,~CeO, (SSA of
154 m* g ') or CoO,—FeO,~CeO, (SSA of 133 m> g '). Although
this synthesis method is feasible and effective, the resulting metal
oxides possess quite broad pore-size distributions as evidenced by
those shown in Fig. 12d.*® Further studies are needed toward
synthesizing metal oxides with uniform porosity, which would
require the use of well-defined templates. For instance, in the case
of colloidal templating the monodispersed and non-aggregated
nanoparticles should be used as templates.

Mater. Adv., 2021, 2, 2510-2523 | 2517
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(a) Schematic illustration of the hard templating synthesis of mesoporous metal oxides using commercial silica as the template, (b) XRD patterns,

(c) nitrogen adsorption—desorption isotherms, (d) PSD functions and (e) CO conversion profiles of the as-prepared mixed metal oxides. Reproduced with

permission from ref. 84 Copyright © 2018, American Chemical Society.
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(a) Schematic illustration of aluminum hydroxide-directed mechanochemical synthesis of mesoporous crystalline metal oxides, (b) XRD patterns,

(c) low-temperature N, adsorption—desorption isotherms, and (c) PSD determined for Fe,O3 prepared at different calcination temperatures.®®

From environmental and economic viewpoints, the salt
templating strategy seems to be a better alternative for the
preparation of mesoporous solids than hard templating involving
the use of siliceous templates because non-carbonizable salts can

2518 | Mater. Adv., 2021, 2, 2510-2523

be easily removed by post-synthetic washing in water, diluted
acids or bases. Moreover, the salt templating can be performed
through mechanochemical reactions. Recently, a general route
was reported for a facile environmentally-friendly synthesis of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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diverse porous metal oxides and the corresponding supported
metal oxides with well-dispersed noble metal nanoparticles based
on mechanochemically-assisted salt templating.®® The synthesis
procedure afforded transition metal oxides such as Co;0,, Fe,O,,
and Cr,0; by performing an initial solvent-free ball milling of
NaCl particles with transition metal precursors for 0.5 h to
prepare a solid solution and further 0.5 h milling after the
addition of NaOH. The subsequent steps of calcination in air
and washing in water led to mesoporous metal oxides with SSA
up to 224 m”> g~ (Fig. 13a). Also, the noble metal Rh-, Pd- or
Pt-decorated samples were prepared this way by adding the
corresponding noble metal chlorides to the milling vessel
containing NaCl and transition metal chlorides. NaCl templates
as a non-carbonizable salt can be simply recycled by washing in
water at the end of the synthesis, hence additional pores are
generated in the frameworks. In this approach, NacCl served as
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Fig. 13 (a) Schematic illustration of the versatile synthesis of porous metal
oxides and the corresponding supported metal oxides via a salt templating
method, (b) schematic structures of as-prepared noble-metal containing
catalysts and examples of their application in model redox reactions, (c)
low-temperature N, adsorption—desorption isotherm and (d) PSD deter-
mined for Co,0O3. Reproduced with permission from ref. 86 Copyright ©
2020 Elsevier Inc.

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

an ion-sharing platform, which enabled to dilute noble metal
ions. Thus, the addition of the salt template was essential not
only to create an additional mesoporosity but also to disperse
noble metal species within the transition metal oxides. This
procedure enabled incorporation of small-sized Pd or Pt nano-
particles into mesoporous frameworks of Coz;0,, Fe,O,, and
Cr,0; with an average size of 3.1-3.2 nm yielding efficient
catalysts e.g., for CH, combustion, hydrogenation of nitroben-
zene and derivatives, and reversed water gas shift reaction
(Fig. 13b). Although, salt templating seems to be a facile and
quite universal strategy, the as-synthesized mesoporous metal
oxide frameworks feature broad pore distributions, as shown in
Fig. 13c,d for Co,0; as an example.

Elsewhere, polyoxometalates (POMs) have been shown to be
efficient bifunctional templates for the synthesis of mesoporous
oxides with reactive surfaces.’” A facile mechanochemical strategy
using POMs and the corresponding metal salts afforded meso-
porous metal oxides such as C0;0,4, Fe;0,4, NiO, La,O3;, MnO,,
Ce0,, Zr0,, and CuO with surface areas up to 210 m”> g *
(Fig. 14a). Ion-sharing between metal precursors and large
POM clusters upon milling led to M,(POM),-containing ionic
composites, whose pyrolysis and subsequent removal of POM by
washing with water gave mesoporous oxides. Nevertheless, the
complete removal of POM requires an additional washing with
0.5 M NaOH solution. Such obtained mesostructures showed
higher activity in CO oxidation than hard templated or commercial
metal oxides, thanks to the oxidative feature of POMs, which
contributed to the formation of high valence metal cations on
their surfaces. This strategy seems to be convenient for the
synthesis of various useful mesoporous metal oxides. However,
the as-obtained materials feature rather low crystallinity and broad
PSDs (Fig. 14b and c). For instance, the XRD pattern of meso-
porous Coz0, synthesized by using POM as a template, denoted as
Co;0,4(PMo), shows low intensity peaks related to the planes of its
cubic phase, which are even lower than those recorded for Co;0,
prepared in a similar way but using commercial silica as a
template — denoted as Co;0,(Si) (Fig. 14b). These differences were
assigned to the larger crystallite size of C030,4(Si), compared
with Co;0,(PMo), for which the average particle size calculated
by Scherrer’s equation were estimated to be about 16 nm and
6 nm, respectively. On the other hand, the PSD curve deter-
mined for Coz;04(PMo) also suggests the formation of larger
pores, i.e., those in the range of macropores (Fig. 14c). Apparently,
the use of diverse large/complex clusters as templates in the
mechanochemical synthesis may afford macroporous metal oxides.

Table 1 summarizes the reviewed mesoporous metal oxides
obtained via mechanochemistry, their synthesis and proposed
applications.

Mechanochemistry has also been utilized for the incorporation
of catalytically active metals or metal oxides such as Al,*® Nb,%>*°
Pd,”" (Fe-C0);0,,” Fe,0,,°>* and C0;0,” into the frameworks of
mesoporous silicas. For instance, low loadings (0.2-0.4 wt%) of Al
species can be incorporated into SBA-15 or MCM-41 silicas via a
simple wet ball milling of the silica with aluminum isopropoxide
or a dry milling with small amounts of Al-containing MOFs used
as aluminum sources. The as-obtained calcined Al-containing

Mater. Adv,, 2021, 2, 2510-2523 | 2519
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Table 1 Examples of mesoporous metal oxides obtained via mechanochemistry, their synthesis and proposed applications

Mechanochemically synthesized mesoporous Templating

metal oxides strategy Template used Application Ref.

Al,O4 Soft templating  Pluronic P123 —_ 70

Al,03, CuO-Al, 03, Mn;0,-Al,03, Co;0,4-Al,03, Soft templating  Pluronic P123 or Catalytic CO oxidation 73

MgO-Al,03, NiO-Al,03, Fe,03-Al,03, Polyethylene glycol

(CuNiFeC0)O,-Al,0; (CuNiFeCoMg)O,-Al,0; (PEG-4000)

Pt-decorated Al,O3 Soft templating  Pluronic P123 Catalytic hydrogenation of nitrobenzene 74
to aniline

Fe,O, and Pt-decorated Fe,O, Soft templating  Pluronic P123 Catalytic oxidation of propylene and 75
CcO

Fe,O, and Au-decorated Fe,O, Soft templating  Cetyltrimethylammonium Catalytic CO oxidation 76

bromide (CTAB)

Zr0,, Fe,03, Ce0,, CuO,~CeO,, CuO,~CoO,-CeO, Hard templating Commercial silica Catalytic CO oxidation 84

Fe,03, C0304, Ce0,, Zr0,, CuO,~CeO,, Hard templating Aluminum hydroxide — 85

FeO,-CeO,, CoO,~Cu0,-CeO,, CoO,~FeO,-CeO,

C0304, Fe,0,, Cr,0; and their Rh-, Pd- or Salt templating  NaCl Catalytic CH, combustion, hydrogenation 86

Pt-decorated counterparts of nitrobenzene and derivatives, reversed
water gas shift reaction

C030,, Fe;04, NiO, La,03, MnO,, CeO,, ZrO,, CuO Salt templating  Polyoxometalates (POMs) Catalytic CO oxidation 87

mesoporous silicas showed enhanced catalytic activities under
mild conditions (microwave irradiation and mechanochemical
processing) in the oxidation of diphenyl sulfide, isoeugenol or
benzyl alcohol.®® Furthermore, post-synthetic incorporation
of e.g., Nb-species into Al-SBA-15 materials can be performed
just by milling the Al-SBA-15 support together with niobium
ammonium oxalate hydrate at 350 rpm for 10 min.*>°° After
calcination at 400 °C for 4 h, Nb/AI-SBA-15 catalysts with diverse
niobium loadings (0.25-1 wt%) were obtained. A similar dry

2520 | Mater. Adv, 2021, 2, 2510-2523

milling approach afforded a mesoporous Al-SBA-15 support
with deposited iron oxide nanoparticles.”*®

5. Pros and cons of mechanochemical
methods

Mechanosynthesis is a green process that facilitates chemical
reactions between solids under solvent-free conditions or with

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table2 Comparison of typical solvent-based and mechanochemical methods.
Adapted with permission from ref. 96 Copyright © 2021 Elsevier Ltd

Solvent-based method Mechanochemical method

X High temperature v Room temperature or slightly
elevated

x Multiple steps 1 One pot synthesis (time-saving)
(time-consuming)

X Large amounts of solvents v Solvent-free or small amounts
of solvents

1 Cheap and easy (cost-effective)
» Minimum wastes

X May lead to amorphization

X Special grinders/mills or mortar

X Expensive

X Large amounts of liquid wastes
v Highly crystalline products

» Basic equipment

and pestle

» Pure products X Possible impurities from milling
reactors

¥ Precise control of synthesis X Precise control of synthesis is
difficult

a small addition of solvents, usually in a short time. Therefore,
it reduces solvent consumption and liquid waste accumulation.
The mechanical energy delivered to the system is sufficient to
initiate chemical reactions without external heating, thus the
synthesis can significantly decrease energy requirements.
Moreover, this process assures a high reaction yield and gives
an opportunity to use insoluble substrates, which is sometimes
difficult in solvent-based methods. On the other hand, using
mechanochemical methods it is difficult to precisely control
the synthesis mechanism. Moreover, fast nucleation and
limited control over crystal growth may result in the reduced
crystallinity and quality of the obtained products. Table 2 presents
a comparison of typical solvent-based and mechanochemical
methods.”®

Although some of the mechanochemically obtained metal
oxides discussed here show roughly uniform mesoporosity
(often nonuniform), so far it is very difficult to achieve both
high crystallinity and ordered arrangement of uniform pores in
such structures. So far, this method has been mainly used to
obtain the mesostructured metal oxides with disordered pores.
For instance, the mechanochemical synthesis of hard templated
metal oxides by using ordered mesoporous silicas as templates
is challenging.

6. Conclusions

Mesoporous oxides with large uniform pores, high accessible
surface area, high thermal stability and crystalline pore walls are of
great interest for catalysis and adsorption related applications. It is
challenging to obtain mesoporous oxides with controlled pore size
distribution, large and accessible surface area, ordered intercon-
nected pores, high conductivity and structural stability via facile
low-cost and environmentally friendly methods from sustainable
precursors. Mechanochemistry has been shown to be a powerful
fast and green method for preparation of mesoporous metal oxides
obtained by using either soft-, hard- or salt templating strategies.
Mechanochemically-assisted syntheses of mesoporous oxides,
which involve the use of Pluronic block copolymers, CTAB or salts
as templates are especially promising for real applications. A large

© 2021 The Author(s). Published by the Royal Society of Chemistry
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variety of mechanochemically synthesized mesoporous metal
oxides, mixed metal oxides, and noble metal decorated metal
oxides have been already reported. Among them, mesoporous
Al, 03, Fe;0,, Co;0, and CeO, drew attention because of their
great potential, especially in the context of heterogenous catalysis.
Although some of the mechanochemically obtained metal oxides
showed roughly uniform mesoporosity, so far it is difficult to
achieve ordered arrangement of the pores in such structures. It
seems, that the mechanochemical synthesis of sustainable metal
oxides with high crystallinity and tunable ordered porosity remains
a challenging task. Intensive studies are recommended to
scale-up synthesis via environmentally friendly methods to
obtain crystalline mesostructured metal oxides with narrow
pore size distributions.

Mechanochemistry has been also utilized to alter physico-
chemical properties of metal oxides or incorporate diverse
metallic species into the frameworks of ordered mesoporous
silicas. We believe that mechanochemically obtained mesoporous
materials and their employment into practical technologies will
emerge soon.
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