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/Abstract: The mechanochemical synthesis of nanomaterials
for catalytic applications is a growing research field due to
its simplicity, scalability, and eco-friendliness. Besides, it pro-
vides materials with distinct features, such as nanocrystallini-
ty, high defect concentration, and close interaction of the
components in a system, which are, in most cases, unattain-
able by conventional routes. Consequently, this research
field has recently become highly popular, particularly for the
preparation of catalytic materials for various applications,

ranging from chemical production over energy conversion
catalysis to environmental protection. In this Review, recent
studies on mechanochemistry for the synthesis of catalytic
materials are discussed. Emphasis is placed on the straight-
forwardness of the mechanochemical route—in contrast to
more conventional synthesis—in fabricating the materials,
which otherwise often require harsh conditions. Distinct ma-
terial properties achieved by mechanochemistry are related
to their improved catalytic performance.

/

1. Introduction

Catalytic processes are of key importance for the industrial
manufacturing of valuable products from inexpensive raw ma-
terials (e.g., transportation fuels, bulk and fine chemicals, phar-
maceuticals), and catalysts are the workhorses of these pro-
cesses.!" It is estimated that with a total sales price of catalytic
materials of around 20 billion euro per year, the catalysis-based
industry can generate several trillion euro worth of goods per
year, clearly highlighting the impact that catalysis has on our
society.” Among the different kinds of catalysis, the chemical
industry predominantly relies on heterogeneous catalysis
(where a gas- or liquid-phase reaction is performed over a
solid catalyst) for several reasons, including ease of separation
of the catalyst, its longevity, and compatibility with continuous
operation. However, owing to their complex structure and lim-
ited knowledge of the active centres, the rational design of a
solid catalyst is not straightforward.® This point becomes par-
ticularly important for the mass production of solid catalysts in
a reproducible manner. As a result, catalyst synthesis has often
been popularly regarded more as an art than science, in spite
of the high level of technology reached in this field. Thus, not
surprisingly, the multitude of studies focusing on the catalyst
fabrication testifies the immense effort spent in mastering the
rational synthesis of active, selective, and stable catalysts.”
Currently, only a few general routes exist for the production
of catalysts on industrial scales that are sufficiently advanced
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to guarantee a reasonable level of control, namely precipita-
tion, deposition-precipitation, hydrothermal treatments, and
impregnation;® to some extent, solid-state reactions and
fusing can also be included in this list. However, owing to their
intrinsic nature, the solution-based methods unavoidably lead
to the production of a large amount of solvent waste. Besides,
nitrate or chloride metal salts are often used as precursors,
which can contribute to the formation of toxic gases during
subsequent calcination steps and thus require additional ef-
forts (e.g., neutralization) to avoid the release of these gases
into the atmosphere.” Besides, wet-chemistry methods, involv-
ing multiple steps, are often considered laborious and, eventu-
ally, tricky to scale-up for a given formulation of the catalytic
material. Moreover, solution processes and subsequent treat-
ment steps at high temperatures often do not meet present
ecological requirements, being energy-demanding and, poten-
tially, a source of harmful waste, as described above. Thus, the
development of alternative synthetic protocols, which are
more environmentally benign (i.e., involving no or limited
liquid and gaseous waste), simple, cost-effective, high-yield,
and scalable, is of high interest.

The development of alternative synthetic processes can be
driven by superior properties of the resulting materials as well
as by more favourable economic and/or ecological characteris-
tics of the processes. The latter aspect is presently gaining in-
creasing importance, since environmental problems and de-
pleting energy reserves are becoming more and more critical.
As a result, sustainable manufacturing processes, including
those for catalysts synthesis, are considered particularly benefi-
cial Mechanochemical methods, such as reactive extrusion
and ball milling, have recently emerged as simple and effective
synthesis routes to catalytic materials.””® Although it is known
since ancient times that pestle and mortar could be sufficient
to induce some degree of chemical action,” the use of mecha-
nochemistry expanded in the last century by means of newly
designed high-energy ball mills (see Section 2 for more de-
tails).'?

At present, mechanochemistry is widely recognized as a
branch of chemistry concerned with all the physicochemical
transformations that are induced by the effect of mechanical
forces."" The historical development of mechanochemistry is
described in dedicated reviews."®'? Mechanochemistry has
been intensively applied in metallurgy so that mechanochemi-
cal alloying represents on its own a consistent field of study."”
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However, recently, it has attracted researchers from many dif-
ferent directions, including organic, organometallic, inorganic
chemistry, and materials engineering."™ This review article will
particularly focus on the latest progress in mechanochemistry
for the synthesis of solid catalysts. In brief, the mechanochemi-
cal synthesis of catalysts concerns the preparation of materials
with desired properties such as crystallization degree, morphol-
ogy, phase composition, porosity, component distribution, and
dispersion (in the case of nanostructured systems)."™ In addi-
tion to comminution and formation of new free surfaces, mill-
ing and grinding results in mechanical activation, often associ-
ated with an increase in reactivity due to stable changes in the
structure of a given material."® Several important phenomena
can occur both in the bulk and on the solid surface (e.g., accu-
mulation of defects, amorphization, the formation of metasta-
ble polymorphs). Consequently, activity, stability, and deactiva-
tion of catalytically active sites can be significantly affected by
the mechanical energy input.”? Mechanochemical synthesis can
therefore be very suitable for the preparation of effective cata-
lysts, either as one step in a synthesis sequence or as the main
stage of preparation. Besides, mechanochemistry has a
number of potential advantages from an industrial point of
view. Not only is it one of the least sophisticated and inexpen-
sive technologies, but it represents an alternative preparation
method, which could help to minimize the use and formation
of hazardous materials and limit the energy requirements of
the process."”

The aim of this review article is not to provide an exhaustive
list of all studies on the topic but to draw the reader’s atten-
tion to some remarkable cases where the mechanochemical
approach has proven to be valuable as compared to conven-
tional synthetic procedures. The structure of the review is
based on the types of catalytic materials, organized as in the
order: bulk materials (e.g., metal and metal oxides, multi-com-
ponent systems), either as catalyst or support, supported cata-
lysts (supported metal and metal oxide nanoparticles, single-
atom catalysts), composite materials, and doped systems. Final-
ly, we will briefly discuss the synthesis of more advanced mate-
rials, which are also useful as catalytic systems (e.g., hybrid ma-
terials, metal-organic frameworks). The conclusion and outlook
provide the authors’ view on the potential of mechanochemis-
try for catalyst synthesis and a perspective on mechanocataly-
sis (i.e., catalytic reactions directly in the ball mill).

2. General Aspects of Ball Milling

Before discussing the synthesis of different catalytic materials
in more detail, key aspects of milling shall briefly be discussed,
including widely used techniques in mechanochemistry. First,
one should know that practical mechanochemistry mostly pro-
ceeds on a trial-and-error basis because a comprehensive ra-
tional framework is not yet accessible. Still, the vast number of
case studies currently available allows some general and mean-
ingful conclusions.™™

On the most basic level, a mechanochemical reaction (via
ball milling) consists of just a few steps. Initially, the milling
vessel (also referred to as grinding jar or milling vial) is loaded
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with the milling media (i.e., balls) and reactant(s) in the re-
quired order. This operation should conveniently be carried
out under a protective atmosphere (e.g., inside atmosphere-
controlled glove boxes) when reactive powders are employed,
to avoid their oxidation and contamination (see Section 3.1).
Process control agents are sometimes added to the milling
mixture, mostly to minimize particle agglomeration by acting

Amol P. Amrute studied chemistry and hetero-
geneous catalysis at ETH Zurich, where he
completed his doctorate, Dr. sc. ETH, in the
group of J. Pérez-Ramirez in 2013. After a
short stay in Nexam Chemical, Sweden, he re-
turned to ETH Zurich in 2015 as a post-doc-
toral scientist. In 2018, he joined the group of
F. Schiith at the Max-Planck-Institut fiir Koh-
lenforschung as a post-doctoral scientist. In
the current position, he is involved in the de-
velopment of catalytic materials by mechano-
chemistry. In 2020, he joined the Institute of
Chemical and Engineering Sciences, A*STAR,
Singapore as Scientist.

Jacopo De Bellis studied chemistry at the Uni-
versity of Pisa, where he completed his M. Sc.
in 2018. After graduation, he joined the group
of F. Schith at the Max-Planck-Institut fiir
Kohlenforschung as a doctoral student. Here,
he is investigating the applications of mecha-
nochemistry for the development of new cata-
Iytic materials, including in situ analyses of
mechanocatalytic processes.

Michael Felderhoff studied chemistry at the
University of Essen, Germany, where he com-
pleted his doctorate in 1993 in organic
chemistry. After two additional years in Essen,
he carried out postdoctoral studies at the Uni-
versities of Tibingen and Osnabriick. Since
1999, he has been a member of the hydrogen
storage group at the Max-Planck-Institut fiir
Kohlenforschung. His research interests includ-
ed mechanochemistry and the development
of new metal hydride systems for hydrogen
and heat storage.

Ferdi Schiith studied chemistry and law at
Miinster University, Germany, and completed
his Ph.D. in Chemistry in 1988. After a post-
doctoral stay with L. D. Schmidt at the Univer-
sity of Minnesota, he joined the group of K.
Unger in Mainz for his habilitation. In 1995 he
became full professor at Frankfurt University,
and in 1998 moved to Miilheim to become a
director at the Max-Planck-Institut fiir Kohlen-
forschung. He served as vice president of the
German Research Foundation (DFG) and the
Max Planck Society. His research interests in-
clude catalysis, porous materials, and energy-
related topics.

© 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

European Chemical
Societies Publishing


http://www.chemeurj.org

Chemistry
Europe

European Chemical
Societies Publishing

Review

Chemistry—A European Journal doi.org/10.1002/chem.202004583

as lubricants or surfactants."® Then, the grinding jar is sealed
and secured with clamps inside the mill, where the milling is
carried out for the desired time at an appropriate milling fre-
quency. Finally, the milled material is recovered, possibly again
in a glove box. Optionally, one last step to remove possible
contaminants from the milling materials is required. Despite
the apparent simplicity of the method, several factors, which
can strongly influence the result of the process, have to be
taken into account.

First, the type of milling device used is critical. At present,
various types of ball mills are available, from laboratory scale
(vessel size in the 1-500 mL range) to industrial-scale (vessel
size of several hundred litres and higher), useful for diverse ap-
plications. Most up-to-date information concerning different
types of mills and corresponding scalability are discussed in a
recent publication." For simplicity, only two types of mills will
be described here, namely shaker (or mixer-type) mills and
planetary mills, which are the most common benchtop labora-
tory mills. In fact, most of the studies discussed in this review
were conducted with one of these mill types. In a shaker mill,
the jar containing the sample and grinding balls typically
swings back and forth on a curved trajectory (Figure 1a). For
such a design, substantial impact-related forces result from
small amplitudes at high oscillation frequency. In a planetary
mill, the vials are instead arranged on a rotating support disk,
where a drive mechanism also causes them to simultaneously
rotate around their own axes (Figure 1b). Since the vials and
the supporting disk rotate in opposite directions, the centrifu-
gal forces alternately act in like and opposite directions. This
will cause the grinding balls to run down the inside wall of the
vessel (exerting friction) and then suddenly being projected
and collide against the opposite side (exerting impact)."? Final-
ly, the impact and shear between balls, where the powder can
also be found, contribute to the overall mechanical stress ex-
erted on the material. In planetary mills, therefore, a combina-
tion of friction, shear, and impacts is generated, in contrast to
shaker mills where impacts dominate (Figure 1 c).

Selecting an appropriate material for grinding jar and
medium is also of crucial importance. In most cases, the con-
struction material of the grinding jar and media differs from
that of the powder being processed. As a result, the milled ma-
terial will likely be contaminated to some extent by abrasion
from the mill. The extent of abrasion depends on a number of
factors, such as the relative hardness of the milled powder,
wear resistance of technical materials, ball-to-powder weight
ratio, and the energy regime explored. On the other hand, if
the two materials are the same, then proper precautions may
be required to compensate for the additional elements incor-
porated into the powder. Common materials used to manufac-
ture grinding tools include different types of steel (e.g., hard-
ened steel, tempered steel, stainless steel) and tungsten car-
bide. Other materials may be used for specialized purposes,
such as sintered corundum, yttria-stabilized zirconia, agate,
and Si;N,. One should keep in mind that it is not the nominal
designation of the grinding equipment that is crucial, but the
exact formulation, as often additional components are used,
which could be detrimental for the application of mechano-
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Figure 1. Schematic representation of selected types of ball mills (appear-
ance and mode of action) for high-energy ball milling. In a shaker mill (a),
the grinding jar energetically swings back and forth on a curved trajectory
with a given amplitude (0) and frequency (f). The length (L) and diameter (d)
of the milling capsule may decide for the motion of the balls in action (e.g.,
intensity and frequency of the collisions). In a planetary mill (b), the jars re-
volve around the centre of the sun wheel (w,, is the nominal angular veloci-
ty) while rotating around their own axis (the corresponding angular velocity,
,, being not necessarily equal to w,). In this context, the height (h) and di-
ameter (d) of the vials are important. While collision or impact-related type
of stress is most dominant in a shaker/mixer mill, a combination of shear,
friction, and impacts (c) is generated in planetary-type mills.

chemically processed powders, especially in catalysis. For in-
stance, the iron in the steel (already active in numerous cata-
lytic reactions) could be alloyed with several other metals (e.g.,
Ti, Cr, Mn, Ni, Cu, and Mo), which are likely found in milled
powders.2%2"

Tungsten carbide tools could contain varying amounts of Co
or Ni as binders.”? Ceramics based on corundum or stabilized
zirconia phases will possibly include a combination of different
metal oxides in small amounts to favour sintering, as for those
based on Si;N,.[>%

The number of grinding balls used and their size (or size dis-
tribution) are other important factors. This choice is typically
guided by the aim of achieving good productivities in the
shortest possible time. To this end, high ball-to-powder weight
ratios usually are preferred, as the number of collisions per
unit time increases and more energy is transferred to the
powder particles, provided that the extent of filling of the mill-
ing jar does not limit the free movement of the balls.”® It is
also known that a large size (and high density) of the grinding
medium will contribute to more energetic collisions, whereas
smaller (and lighter) balls will produce intense frictional action.
However, more helpful would be to use a combination of
smaller and larger balls to randomize their motion and guaran-
tee that the powder will be evenly processed. For planetary
mills, it was noted that the balls tend to roll along a well-de-
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fined trajectory instead of hitting the surfaces randomly. Thus,
a combination of experimental conditions can hardly be estab-
lished a priori, particularly when the mechanochemical trans-
formation does not only consist in mere comminution and
mixing but implies a more complex interaction between the
solid reactants so that stringent energetic requirements come
into play.

The duration and intensity of the treatment are additional
variables that one must take into account. Broadly, the time re-
quired to finalize the process depends on the precise combina-
tion of experimental parameters in use, and it differs from case
to case. At any rate, milling times should be optimized to be
as short as possible as the level of contamination tends to in-
crease with time. Besides, undesired phases are more inclined
to form after prolonged milling, partly because of the rise in
temperature usually observed under these circumstances. The
temperature rise in the vial could indeed lead to increased dif-
fusivity and equilibration effects, which may or may not be
overall advantageous for the process (e.g., homogenization is
favoured at the expense of crystallinity and phase relative sta-
bility). To avoid this, it is usually recommended to introduce
sufficiently long breaks between intense milling sessions to
bring the temperature back to lower values, especially when
operating with planetary-type mills.”” Alternatively, it is possi-
ble to perform the mechanochemical reaction under more
controlled conditions by adapting the overall set up to specific
requirements. Operation at temperatures ranging from
—196°C to 150°C was achieved in grinding jars equipped with
appropriate temperature control (e.g., a cryostat or a heating
box).?83% Moreover, the grinding jar can be modified for proc-
essing under a controlled atmosphere, both in static (pres-
sure)®¥ and dynamic (flow-through) conditions,**=# which
remarkably extends the field of application of mechanochemis-

try.

3. Metal and Metal Oxide Nanoparticles

Nanoparticles (NPs) play a key role in many fields and have
found widespread applications.*® They are broadly defined as
particles that are 1 to 100 nm in diameter, and they often pos-
sess unique properties. The investigation of NPs thus has at-
tracted the interest of scientists and engineers from different
branches of science. Metal NPs (MNPs) and metal oxide NPs
(MONPs) are two of the most important subclasses of NPs.
Among the various fields of application, M(O)NPs (particularly
in the supported form) are very interesting in catalysis, as their
intrinsic higher surface-to-bulk ratio guarantees maximum uti-
lization of the often precious components.*” The NPs are syn-
thesized mainly by wet-chemistry and thermal methods, in-
cluding precipitation, sol-gel synthesis, hydrothermal synthesis,
spray drying, annealing, and flame pyrolysis, to mention only a
few.®**" The mechanochemical route, which is becoming more
and more popular,*'*3742 already proved to be advantageous
over conventional methods as a low-waste or even waste-free
process. Besides, the availability of high-energy ball milling de-
vices (see Section 2), which typically have 1000 times higher
impact energy than conventional ball mills, enable access to
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sub-micrometre to nanometre-sized solid particles.***** This is
a notable advancement compared to conventional milling de-
vices, which indeed already allowed access to the domain
(crystallite) size in the nanometre range, but not to particle
sizes of the same order of magnitude, as they typically lie in
the micrometre range.®”* In any case, the reports on the me-
chanochemical synthesis of nanoparticles should be interpret-
ed with caution. Sometimes the size of the nanoparticles is
only analysed by XRD, where the reflection broadening indi-
cates the size of coherently scattering domains. However, the
actual particles might be substantially bigger, and the particles
may be composed of several such domains. Inner boundaries
between domains are typically not relevant for catalysis; it is
the outer surface on which a catalytic reaction occurs. Thus, to
judge the relevance of a synthetic method for catalysis, the
particle size should be analysed by techniques that give infor-
mation on the available surface area (i.e., electron microscopy
or sorption methods).

3.1. Metal nanoparticles

The mechanochemical synthesis has been demonstrated for
the preparation of different metal NPs, including iron,#**"
copper,“®*! nickel,*® silver,*"*? gold,*® and palladium.®® Be-
sides, bimetallic NPs, such as Fe-Cu,” Fe-Pt,* Pd-Ag,”® and
Cu-Ag,®” have also been fabricated by mechanochemistry. The
synthesis of iron and copper NPs involves simple grinding of
micrometre-sized metal powders at room temperature under
an inert gas atmosphere or air. Ball milling of iron powder
under an inert atmosphere in a vibratory mill for 30 h and in
air in a planetary mill for 10 h led to the production of Fe NPs
of 2-4 nm (NP size from TEM images) and 11 nm (crystallite
size from XRD), respectively.***” Longer milling in air has been
shown to lead to the formation of the iron oxide phase.*”
Both dry and wet (using toluene as reducing medium and sol-
vent) grinding were reported for the synthesis of Cu NPs."*?
Grinding in toluene in a planetary mill for 40 h led to the for-
mation of Cu NPs down to 21 nm (crystallite size from
XRD).** Preparation of ultrapure Ag NPs with particle size in
the 4-8 nm range (derived from TEM analysis) in large quanti-
ties by cryomilling from silver powder has been reported (i.e.,
milling at liquid N, temperature, —196°C) under a protective
Ar atmosphere.”" Frig¢i¢ and co-workers have demonstrated a
bottom-up mechanochemical approach for the synthesis of
Ag, Au, and Pd NPs.”>*¥ [t involves the ball milling of metal
salts or complexes at room temperature in the presence of
Kraft lignin powder (a biomass waste). Lignin serves as a
matrix for the formed NPs and as a reducing agent enabling
the generation of Ag, Au, and Pd in metallic form. It is impor-
tant to note that in the synthesis of MNPs their stability,
namely their tendency to be oxidized, is a crucial factor. In
order to avoid unwanted oxidation, grinding under an inert
environment or even under reducing conditions is required, as
noted in some of the above examples. This stability aspect be-
comes even more important in the catalytic reaction itself, as
the NPs can get oxidized under the reaction conditions. Be-
sides, self-standing NPs might be susceptible to sintering/ag-
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glomeration under realistic reaction conditions. Thus, MNPs are
usually stabilized on a support. The synthesis of supported NPs
is discussed in the sections below.

3.2. Metal oxide nanoparticles

Metal oxide NPs also have important applications in catalysis,
primarily because they can act both as active phases (i.e., bulk
or self-supported catalyst) and as supports. High surface area
is a crucial property of a catalytic material as it allows the ex-
posure of more active sites and thereby to achieve higher
yields. Due to its intrinsic features, mechanochemical process-
ing, in most cases, facilitates particle size reduction. However, a
more intriguing aspect is that the mechanochemical synthesis
also allows the fabrication of metal oxide phases that are gen-
erally difficult to obtain otherwise. Besides, the features of the
resulting materials, such as nanocrystallinity, surface areas, and
defect concentration, can surpass those of their conventionally
synthesized counterparts.

TiO,, ZrO,, y-Al,O;, and SiO, are among the most often used
supports in heterogeneous catalysis, owing to their reasonably
high surface area and their thermal and mechanical stability.
Among these, nanoparticulate forms of rutile TiO,, tetragonal
and cubic ZrO,, and a-Al,O; (corundum) are very difficult to
obtain as they require lengthy annealing at very high tempera-
tures, leading to low final surface areas. Therefore, despite
being particularly appealing for catalysis due to their excellent
thermal and chemical stability, these forms are not often ap-
plied. In contrast, mechanochemical grinding has been shown
to provide easy access to the nanoparticulate form of these
phases by top-down (involving comminution and phase trans-
formation)*® and bottom-up (e.g., via redox and dehydration
reactions induced during grinding)“? strategies (Figure 2).

A top-down approach was successful in the synthesis of
rutile TiO, nanoparticles.”® It involves the ball milling of bulk
TiO,-rutile at room temperature for 24 h, leading to a crystallite
size of about 6 nm in diameter, as indicated by XRD analysis
(Figure 3a). Surface characterization of the ball-milled sample
by XPS indicated a slight reduction of the surface, which was
attributed to a reduced O coordination of titanium at the sur-
face of the TiO, NPs. This altered redox character might be
useful in catalysis. Another route to rutile TiO, is based on a
phase transformation approach.?”*? Herein, the anatase form
of TiO, was ball milled in a planetary mill at 220 rpm for 40 h
in oxygen, air, or nitrogen atmosphere. Ball milling induced the
phase transformation of anatase to rutile (Figure 3b). Intrigu-
ingly, the rate of phase transformation from anatase to rutile
has been found to increase with a decrease in the oxygen par-
tial pressure in the milling capsule. Such behaviour seemed to
relate quite reasonably with a reduced concentration of
oxygen vacancies in the TiO, lattice upon ball milling, suggest-
ing that the defectiveness of the material can play a role in the
phase transformation of metal oxides. The appearance of inter-
mediate phases, such as srilankite and brookite, has also been
reported. The preparation of tetragonal and cubic ZrO, nano-
particles was similarly achieved through the phase transforma-
tion route.®% Besides, several other redox-active metal
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Al(OCHCH,CH,), i» Mesoporous
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followed by calc. @400°C

Figure 2. Examples of mechanochemical syntheses of metal oxide nanoparti-
cles by top-down (involving (a) particle comminution and (b) phase-transfor-
mation),*®"" and bottom-up (involving (c) chemical reactions, e.g., redox
and dehydration reactions)“%**% strategies. Atom colours in (b): Ti, green;
O, pink.

oxides, which could serve as catalysts, have been successfully
fabricated in a nanocrystalline form via mechanochemistry.
Top-down synthesis of V,0; nanoparticles via comminution
and bottom-up synthesis of MnO, by redox reactions consti-
tute interesting examples in this category (Figure 2a,c).?*%%
Various mechanochemical strategies have been reported for
the synthesis of a-AlLO; in nanoparticulate form, owing to its
high technological relevance.”" % An early attempt consisted
of the phase transformation of y-Al,O; to a-Al,0;.°%¢" In these
studies, nanocrystalline y-ALO; (Sger >120 m*g™") was ball
milled at room temperature, alternately in air or inert atmos-
phere, for a duration of up to 12 h, which led to the formation
of a-Al,O; (Figure 4a). However, a severe decrease in the sur-
face area was observed, presumably due to extensive cold-
welding or particle agglomeration upon ball milling (Fig-
ure 4b). Still, starting from y-Al,O; with a surface area of about
200 m?g~", a-AlL,O; with surface areas in the range of 40-
90 m?g ' was achieved. Although this moderately high surface
area for corundum is also appealing for catalytic applications,
it is unattractive for large-scale production due to the need for
a starting material with a high surface area. Top-down strat-
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Figure 3. XRD patterns of titania for the preparation of rutile TiO, nanoparti-
cles by (a) comminution of micron-sized preformed rutile TiO, particles
(Adapted with permission from ref. [58], Copyright 2003 Elsevier Science
B.V.) and (b) phase transformation of anatase TiO, (Adapted with permission
from ref. [60], Copyright 2004, Elsevier).

egies, involving either dry or wet ball milling, were also investi-
gated for the synthesis of corundum in nanoparticulate form
from large crystals of a-Al,O; (prepared by conventional high-
temperature annealing, > 1150°C).**”7Y This method also led
to the formation of corundum NPs with surface areas well
above 100 m?g~" and particle sizes as small as 20 nm. Howev-
er, high hardness of 0-Al,O; induced significant abrasion of
milling vessels and media, eventually leading to severe con-
tamination.

Recently, Pu et al. reported another approach based on a
redox reaction between metallic aluminium and o-Fe,O; in-
duced in a planetary ball mill.*® In this process, the aluminium
powder was ball milled with a-Fe,O; (Al : Fe=1) for 20 h,
which caused the oxidation of aluminium with iron oxide to
form a-AlL,O; embedded in a metallic iron matrix. The iron
matrix was then removed by corrosion with a concentrated
mineral acid. In particular, it includes three consecutive room
temperature treatments of the Fe-matrix containing corundum
NPs, using 12m HCl acid for 10 h, followed by hydrothermal
treatment using 4m HCl acid at 120°C in a sealed autoclave
for 10 h. The final nanoparticulate a-Al,O;, having an average
particle size lower than 10 nm, was achieved by refined fractio-
nated coagulation using aqueous HCI (Figure 5).
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Figure 4. (a) XRD patterns showing the evolution of the corundum phase by
phase transformation of y-Al,O; (Adapted with permission from ref. [59],
Copyright 2015, Elsevier). (b) Changes of the surface area during ball milling
as a function of milling time (O, A,[J: Adapted with permission from

ref. [59], Copyright 2015, Elsevier. and «: from ref. [61], Copyright 1993 Ma-
terials Research Society). Symbols in (a) indicate crystalline phases: v, y-
AlLO;; a, a-Al,O;.
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Figure 5. (a) TEM image and (b) particle size distribution for a-Al,O; nano-
particles obtained by the redox reaction between a-Fe,O; and Al (Figure 2¢,
second reaction. Scale bar, 20 nm; inset: SAED pattern, scale bar, 5 nm™).
Adapted with permission from ref. [62] under CC BY 4.0.

A simple approach was reported very recently by Amrute
et al.,*? which had been, to some extent, explored by Tonejc
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etal. already two decades ago.”” It involves the mechano-

chemical dehydration of boehmite at room temperature to
produce a-Al,O; with an average particle size of ca. 15 nm
(from TEM analysis) and BET surface areas (Sg) up to
140 m?g~". In this process, a boehmite powder is simply ball-
milled in a shaker mill for 3 h at room temperature. This leads
to the full conversion of boehmite into a mixture of a-Al,O;
(major fraction) and a-AlIOOH (diaspore, minor fraction) (Fig-
ure 6a). This mixture is then calcined in static air at 550°C to
obtain high purity a-Al,O; in the nanocrystalline form (see the
green pattern in Figure 6a), with surface areas in the range of
110-140 m?g~". Alternatively, prolonged ball milling (12 h) also
resulted in phase-pure a-Al,O;-nanopowder (see maroon pat-
tern superimposed on the green pattern in Figure 6a). The re-
sults suggested that water molecules in the boehmite struc-
ture play a crucial role in generating and stabilizing the a-
AlL,O; NPs. Moreover, the boehmite-to-corundum conversion is
shown to be accompanied by severe microstructural rear-
rangements (Figure 6b) and might involve the formation of
rare mineral phases as intermediates, such as diaspore and
tohdite. In this study, the energetics of the boehmite-to-corun-
dum transformation was described by quantum-chemical cal-
culations. At standard state (T=25°C, P=1 bar), y-AlIOCH is a
more stable phase than a-Al,O; irrespective of the surface area
(black and green lines, Figure 6c). The calculation considered
the role of possible vacancies/defects formed by milling im-
pacts. Given the dehydration reaction, water vacancies were
assumed as the primary defects, among others, and are sug-
gested to increase the surface energy of boehmite. This revert-
ed the stability order, making a-AlLO; more stable than vy-
AIOOH above Sg; of 108 m?g™" (blue line, Figure 6¢). Thus, va-
cancies/defects formed during milling have a tremendous
impact on the outcome of a mechanochemical transformation,
as also seen above for the case of titania. Additionally, the des-
orbed water can hydroxylate the surface of formed a-Al,O,
and thus lower the surface energy of a-Al,O; even more (pink
line, Figure 6¢), eventually making it the most stable phase in
the milling system. Interestingly, the synthesis could be flexibly

adapted to other milling devices (e.g., planetary mill). Besides,
it proved to be compatible with different grinding jars and
media. Finally, the boehmite dehydration process in the ball
mill was recognized as tolerant of the properties of the boeh-
mite precursors. For instance, boehmite with different initial
Seer (€.9., 10, 50, or 80 m*g~") was readily converted to a-Al,O;
with Sger of 110-140 m?g~". The process is currently being
scaled-up to a several 100 grams scale, with prospects of larger
capacities in the near future.””

As mentioned above, high-surface-area o-Al,O; is a highly
valuable material for catalysis, among other applications, be-
cause it can provide stable support for active phases. To ex-
plore its potential, a recent study analysed its hydrothermal
properties under relatively harsh conditions in comparison
with a conventional low-surface area a-Al,O; and widely used
v-Al,0; support.”® Expectedly, y-Al,O; severely degraded to
boehmite already after a 5 h hydrothermal (HT) test (H,O:Al=
50, at 150°C in a sealed autoclave) as clearly shown by XRD
analysis of samples after HT treatment (Figure 7a). In contrast,
conventional a-Al,O; (a-Al,Os;-conv.) fully retained its corun-
dum phase after the HT treatment. Interestingly, nanocrystal-
line a-Al,O; prepared by ball milling and followed by calcina-
tion at 550°C (0-Al,05-bm-550, Sger=120 m?g~") only showed
a slight degradation to boehmite after such 5 h HT test, where-
as the sample calcined at 800 °C after ball milling (a-Al,O;-bm-
800, Sger=72m?g™") evidenced outstanding robustness as it
retained its corundum phase entirely even after 20 h of contin-
uous HT treatment (Figure 7b). The difference in the stability
of y-Al,O; and corundum was explained based on solid-state
NMR spectroscopy and surface cation coordination analysis. It
was suggested that low-coordinated surface tetrahedral Al spe-
cies, usually in an amount of 20-70% on y-Al,O;, are prone to
undergo chemical weathering reaction. Since a-Al,O; is com-
posed exclusively of octahedral Al (AI°) sites and the occur-
rence of low coordination Al° (especially, low stability (Il)AI°) is
less common than higher coordination AI° (more robust), co-
rundum much better preserves its structure under hydrother-
mal conditions. Hence, mechanochemically-derived a-Al,O;-
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Figure 6. (a) XRD patterns showing development a-Al,O; phase from boehmite by dehydration induced during ball milling, (b) surface area and hydrodynam-
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Figure 7. XRD patterns of (a) y-Al,O;, conventional a-Al,0O;, and (b) high sur-
face area a-Al,O; derived by ball milling (bm) before and after hydrothermal
(HT) treatment at 150°C for 5 or 20 h. (c) Pseudo-steady state cobalt-time-
yield (CTY, diamonds) and product selectivity (S) (bars) in FTS over alumina-
supported cobalt catalysts at 50£2% CO conversion (X(CO)). (d) Time-on-
stream performance of Co/a-Al203-bm-800. Conditions: mass of

Co=100 mg, H,/CO=2, T=210°C, P=20 bar, WHSV=16-19 h™'. Adapted
with permission from ref. [74], Copyright 2020 American Chemical Society.

bm-800 offers a stable support material with a reasonably high
surface area. This led to its application for the synthesis of a
robust cobalt-based Fischer-Tropsch synthesis (FTS) catalyst
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(Co/a-Al,O5-bm-800)."¥ The latter catalyst showed significantly
more activity than the conventional a-Al,0;-based system,
matched the activity and selective level of the benchmark v-
Al,O;-based catalyst, and remained stable over 250h on
stream (Figure 7 ¢, d).

A mechanochemical route is also suitable for the synthesis
of mesoporous alumina (y-Al,0,).*” The process is referred to
as mechanochemical nonhydrolytic sol-gel-strategy (Figure 8).
It involves the ball milling of aluminium isopropoxide, a soft
template (Pluronic triblock copolymers such as Pluronic P123
and Pluronic F127 and polyethylene glycol, PEG), and optional-
ly cetyltrimethylammonium bromide (CTAB), at a high frequen-
cy (30 Hz) in a shaker mill for 60 min. The milling leads to an
assembly between aluminium isopropoxide and P123 micelles.
The composite is then washed with ethanol and dried at 40°C
under vacuum before being finally calcined at 400°C. This
method is reported to provide mesoporous alumina having an
exceptionally high surface area (about 650 m?g~") and meso-
porous characteristics (average pore diameter of 4.2 nm). The
use of other soft templates (PEG or F127) or surfactant (CTAB)
was also described, but they were found less effective than
P123 itself. Moreover, the synthesis of mesoporous carbons
was also achieved by a mechanochemical approach. The find-
ing of Zhang et al. that ball milling can sustain the coordina-
tive cross-linking polymerization of tannin with divalent metal
ions (as metal acetates, e.g., Zn>", Ni*™, and Co?") in the pres-
ence of a template (e.g., Pluronic triblock copolymers) lead to
the synthesis of various ordered mesoporous carbons.””
Indeed, the use of templates with different compositions
simply enabled the synthesis of mesoporous carbons with
tuneable pore sizes, ranging from 4 to 10 nm, after carboniza-
tion of the gel nanocomposite.” These results clearly point at
the potential of mechanochemistry as a nanostructuring tool,
that is, by assisting the appearance of mesoporosity in a solid
material.
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Figure 8. Scheme for the synthesis of mesoporous Al,O; (meso-Al,0;) via the
mechanochemical nonhydrolytic sol-gel (NHSG) method. Adapted with per-
mission from ref. [64]. Copyright 2019 American Chemical Society.

4, Supported Catalysts: From Nanoparticles to
Single-Atom Species

Under the best conditions, the activity of a solid catalyst relies
on the available amount of active sites per unit mass of the
active component. Therefore, a higher activity per unit mass is
generally achieved over smaller nanoparticles (NPs). However,
NPs alone are not stable as they are usually prone to sinter
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under practical reaction conditions.”” To avoid this, the active

phase is normally dispersed on a solid material, commonly re-
ferred to as “support” or “carrier”, which can limit the sintering
of NPs, by means of mere dilution, spatial separation, or
through various kinds of interactions with the active metal
NPs. Thus, the dispersion of active components on its surface
or within the pores allows more active centres to participate in
the reaction, ultimately resulting in improved activity per mass
of active—and often expensive—metal loaded. Thus, the use
of a support material helps to reduce the use of expensive
active phases (i.e., making the catalyst more cost-effective). Fi-
nally, the support may also contribute to improved mechanical
strength and thermal stability.

A plethora of different methodologies is available for the
synthesis of supported catalysts. Nevertheless, only a few of
them have found large-scale applications due to understood
limitations associated with their scale-up. As a result, only two
preparation methods are currently widely applied in the indus-
try, namely precipitation and impregnation.” However, these
methods unavoidably involve several synthetic steps and post-
synthetic treatments. Therefore, they are often associated with
a high amount of solvent waste. Also, a high degree of preci-
sion is needed during the various stages of the preparation to
reproduce the synthesis of catalysts with desired properties. Fi-
nally, solution-based or high-temperature processes are often
not fully compatible with present-day energy and ecological
requirements.

In contrast, mechanochemistry can promote solid-state reac-
tions under relatively mild conditions, with only a nominal
amount of solvent or even without the need for any addi-
tives.”® Additionally, the mechanochemical synthesis often pro-
vides quantitative yield in relatively short reaction times. In
cases where the desired product cannot be obtained by grind-
ing alone, temperature decrease and easy interaction of
phases during further treatments (e.g., calcination, hydration,
sorption, reduction) to facilitate reaction are at least favoured
by the mechanical treatment. As a result, mechanochemically-
assisted processes tend to be cost-effective and are highly
beneficial for large scale applications, either as a step or as a
sole synthetic strategy."” Finally, this approach has also been
shown to produce materials that have different activities and
selectivities as compared to conventionally prepared catalysts.
This will be extensively discussed in the following sections, fo-
cusing mostly on the advantageous use of mechanochemistry
to prepare finely dispersed and nanosized supported systems.
In particular, two prominent classes of supported catalysts,
namely supported metal NPs and supported metal oxide NPs,
will be discussed in detail.

4.1. Supported metal nanoparticles

Several recent studies were targeted at developing solvent-
free preparations of supported metal catalysts based on simple
mechanochemical processing, involving ball milling of an ade-
quate metal precursor and target support, accompanied or fol-
lowed by a reduction step. The work of Li et al.”*®” concerning
the development of a facile and potentially scalable method to
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deposit metal nanoparticles on carbon nanotubes constitutes
one of the first notable examples. This process, also known as
“decoration”, is of particular interest in catalysis due to the
unique properties of the resulting metal-carbon nanohybrid
materials.®” Multi-walled carbon nanotubes (MWCNTs) and
other carbonaceous or graphite-like supports were successfully
decorated with metal nanoparticles, relying on a one-step syn-
thetic protocol based solely on mechanochemical grinding.
Thus, ball milling alone was sufficient to disperse the metal
precursor and induce subsequent reduction/deposition of
metal nanoparticles. The decoration of MWCNT and other
types of supports with Ag NPs was investigated in detail.”® In
a typical experiment, MWCNT powder and silver acetate were
firstly added to a 20 cm? zirconia milling vial (vibratory mill fit)
and then mixed for the desired time, using two 13 mm grind-
ing balls at 17-18 Hz. Ball milling for 10 min was indicated as a
good compromise to get a satisfying degree of mixing and, at
the same time, preserve the carbon nanotubes structure. It
was indeed observed that prolonged milling times could cause
damage to the carbon nanotubes, in particular, fragmentation
and shortening.®? After the mechanochemical step, the solid
mixture was heated under an inert atmosphere for a few hours
above the decomposition temperature of the silver(l) acetate
(276°C), which led to the formation of metal nanoparticles on
the surface of the carbon nanotubes (Figure 9a). However, in
the course of the study, it was found that the mechanochemi-
cal energy input on its own was sufficient to induce a certain
degree of salt-to-metal conversion (63% according to the
powder XRD studies) and, thus, the formation of metal nano-
particles (Figure 9b).®” A consistent number of relatively large
silver acetate nanocrystals accounted for the residual fraction
of non-reacted salt. Although the mechanochemical energy
from ball milling resulted in a similar outcome, the salt decom-
position seemed to occur differently than during thermal de-
composition. Presumably, large salt crystals are at first commin-
uted and thus turned into nanosized particles, more prone to
graft onto the carbon nanotubes surface. Then, the residual
mechanical energy, adsorbed by the thermally conductive
nanotube surface, is transferred to the salt nanoparticles, al-
lowing their fast decomposition. Subsequently, a relatively
narrow distribution of very small Ag nanoparticles (<5 nm),
much smaller than those obtained via exhaustive thermal de-
composition (30 nm), was obtained. The thermally conductive
nature of the support appears to be crucial to induce the salt-
to-metal conversion during milling. This is further supported
by the experiments in which the acetate salt was ball-milled
alone or in the presence of thermally insulating supports (e.g.,
silica-alumina ceramic microspheres) as only a negligible
amount of metallic Ag formed over time. Conversely, when
substrates such as single-walled carbon nanotubes (SWCNTs),
expanded graphite (EG), and hexagonal boron nitride (h-BN)
were employed, the salt-to-metal conversion varied according
to both the thermal conductivity and the surface area available
for the deposition of metal nanoparticles, following the order:
SWCNTs > MWCNTs >EG>h-BN. In any case, full conversion
can be finally achieved with longer milling times. Overall, this
study presented an interesting mechanochemical route for the
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Figure 9. Ag nanoparticles decorated on MWCNTs (1 mol.% Ag) resulting
from (a) 10 min ball milling and subsequent thermal treatment or (b) simple
mechanochemical processing. Adapted with permission from ref. [79, 80].
Copyright 2009 American Chemical Society.

rapid formation of metal nanoparticles on various supports. An
additional thermal treatment was suggested to be beneficial
but was essentially not necessary. Other metal salts also
showed a reactivity similar to silver(l) acetate and proved to be
suitable alternative metal precursors. For instance, Pd nanopar-
ticles formed when palladium(ll) acetate was subjected to ball
milling in the presence of carbon nanotubes. The resulting ma-
terial notably exhibited excellent catalytic activity in a variety
of Suzuki cross-coupling reactions.®™ The use of gold(lll) ace-
tate and platinum(ll) acetylacetonate also resulted in the for-
mation of metal nanoparticles.®”

Kondrat et al. applied a similar approach, aiming at the prep-
aration of chloride-free Au and Au-Pd nanoparticles supported
on TiO,.®¥ Since almost all the preparation methods of Au-
based catalysts use HAuCl, as the gold precursor, the final cat-
alyst inevitably contains some chloride residues, which are det-
rimental to the catalytic performance. For instance, the pres-
ence of chlorides was shown to cause particle agglomeration
or the blocking of active sites.®™ To circumvent this, metal ace-
tates proved to be more appropriate alternative precursors for
metal nanoparticles, particularly considering their inclination
towards auto-reduction under an inert atmosphere and their
potential to sublime. Herein, a thermal treatment had to follow
manual grinding due to limitations related to the choice of the
carrier, as previously underlined. Thus, in this case, the mecha-
nochemical step only served to increase the dispersion of the
metal precursor over the supporting material. However, in
some other cases the low energy input exerted by manual
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grinding did not assure a sufficient degree of mixing of the
two metal precursors before the thermal treatment. Conse-
quently, the formation of Au-Pd alloyed nanoparticles, which is
greatly appealing, did not occur to an extent sufficient to be
confirmed by XRD studies but was postulated according to the
catalytic behaviour of the resulting material. Anyhow, it is not
yet excluded that a more clear-cut result might be achieved by
using higher mechanical energy input.

Recently, studies on the mechanochemical synthesis of sup-
ported catalysts explored the use of coarse metal powders as
precursors for the synthesis of the corresponding metal nano-
particles, which is very attractive due to the simplicity of han-
dling metal powders as compared to metal salts.®”*? Danielis
etal., for instance, accomplished the preparation of a very
active catalytic material by only ball milling palladium and
ceria powders together.®® The metal and support powders
were placed in a 15 cm® zirconia jar with a single grinding ball
made of the same material (15 mm @, BPR=10) and then
shortly processed in a mixer-type mill under relatively mild
conditions (the nominal frequency was 15 Hz). Only 10 min of
milling was sufficient to obtain an excellent catalytic material
for methane oxidation. Overall, the mechanically mixed sample
(PdCeM) showed much higher activity than the reference cata-
lysts with the same nominal Pd loading synthesized by incipi-
ent wetness impregnation (PdCelW) or solution combustion
synthesis (PdCeSCS) (Figure 10). The catalyst prepared by mill-
ing was also more stable than PdCelW, both in a dry and wet
atmosphere. Intriguingly, PdCeM was used as-synthesized, and
no further treatment preceded the catalytic test. According to
the authors, the peculiar arrangement of Pd and ceria, which
apparently develops upon ball milling, accounts for the ob-
served catalytic behaviour. TPO and HR-TEM studies further in-
dicated that the mechanochemical treatment was responsible
for the appearance of multiple palladium species. First, the for-
mation of a compact and well-defined amorphous layer sur-
rounding the ceria crystallites was noted (Figure 11a). More-
over, the existence of small mixed Pd-Ce domains was high-
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Figure 10. Light-off curves for Pd-CeO, catalysts (2" cycle). Solid line, closed
symbols: heating part of the cycle; dashed line, open symbols: cooling part
of the cycle. Conditions: GHSV ca. 200.000 h™'; 0.5% CH,, 2% O,, He to bal-
ance. Adapted with permission ref. [86]. Copyright 2018 Wiley-VCH.
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Figure 11. HRTEM images highlight the main features of PdCeM. (a,b) The
ceria crystallites are covered by an amorphous layer (2-5 nm thick), delimit-
ed by black arrows. Top, left inset in b: EDX spectrum of the amorphous
layer; bottom-left inset in (b): lattice fringes of the ceria crystallites. (c,d) Re-
presentative palladium nanoparticles, decorating the ceria crystallites, with
corresponding lattice fringes shown as an inset. Adapted with permission
from ref. [86]. Copyright 2018 Wiley-VCH.

lighted by EDX analysis (Figure 11b). Finally, nanosized Pd par-
ticles were also detected, still embedded in this amorphous
shell (Figure 11¢,d). In general, such a configuration is unusual
for supported catalysts prepared by conventional routes, as
the formation of nanoparticles located on the surface of the
metal oxide is more often observed. The reasons for the results
found for PdCeM are not easily elucidated, and thus this is the
aim of ongoing studies.®”® Nevertheless, it was speculated
that the mechanochemical action might enhance the interac-
tion between Pd and CeO, and, thus, promote phase recon-
struction. Ball milling of pure CeO, does not bring about a sim-
ilar change of the outer surface layers. The amorphization,
therefore, seems to be dependent on the presence of Pd. Also,
mixing PdO with CeO, (PdOCeM) or Pd with an alternative
metal oxide as ZrO, (PdZrM) produces a material where well-
defined PdO and Pd nanoparticles are, respectively, found over
the support. The formation of a specific nanoscale arrange-
ment seems to be exclusively possible by ball milling, high-
lighting the potential of the mechanochemical approach as a
means of nanostructuring.

This became clearer when a more general protocol to syn-
thesize supported metal catalysts from bulk metal powders
was reported.?” This study originated in the occasional forma-
tion of supported metal nanoparticles during experiments on
milling during the catalytic reaction itself.?**¥ As a result, Au
was successfully dispersed as NPs over various exemplary sup-
ports, namely TiO,, Al,O; Fe,O; and Co;O, (Figure 12a-e).
More interestingly, this strategy proved effective even when
extended to other catalytically relevant metals, such as Pt, Ag,

100 nm

Figure 12. From top to bottom, electron micrographs of gold nanoparticles
on (a) a-Fe,0;, (b) Co;0,, (c) 0-Al,0;, (d) nano-TiO,, and (e) TiO, HombiKat.
All the materials were obtained after 3 h of ball milling under a continuous
flow of the following gas mixture: 1% CO, 20% O,, 79% He. On the left,
SEM images of the mentioned samples (red arrows point at the gold nano-
particles) and, on the right, STEM images of the corresponding microtomic
cuts (average Au particle diameters, with standard deviations, are reported
on the micrographs). Adapted with permission from ref. [37]. Copyright
2019 Wiley-VCH.

Cu, and Ni, revealing that such an approach could have a gen-
eral application. All the experiments were performed in a
shaker mill, with a milling capsule suitably modified to allow
operation under continuous gas-flow conditions. Notably,
some of the materials were active catalysts under CO oxidation
conditions already during ball milling. Full conversion was con-
sidered an early sign for the formation of metal nanoparticles,
as later proven by XRD and EM studies. The samples were col-
lected by interrupting the process at different milling times
and characterized by the methods mentioned before. Accord-
ingly, it was found that the comminution process reaches a
steady-state in approximately three hours, irrespective of the
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choice of the metal component. A moderately broad distribu-
tion of particles was formed, mostly in the sub-10 nanometer
range and with an average particle size typically lower than
5 nm. These samples were also studied in a conventional plug-
flow reactor to investigate their catalytic activity under better-
defined conditions. The activities of gold catalysts, in all cases,
were not the highest ones reported for the given system in
the literature but were comparable or even higher than those
reported in many studies using conventionally synthesized cat-
alysts. For instance, Au/TiO, catalysts prepared by the mecha-
nochemical route proved to be less active than those synthe-
sized by deposition-precipitation but showed higher activity
than most of the systems synthesized via conventional impreg-
nation methods. On the other hand, Ag, Ni, and Cu are not
known as active CO oxidation catalysts, and thus their activity
was expectedly relatively low. The Pt/TiO, sample had activity
in the same range as those reported in the literature for mate-
rials synthesized more traditionally.

Based on these results, the possibility of creating more com-
plex catalyst formulations was explored: combining different
coarse metal powders and subjecting them to mechanochemi-
cal processing in the presence of an oxide support leads to
supported, alloyed nanoparticles, which further extends the
field of application of the mechanochemical catalyst synthe-
sis.® In particular, when Au and Pd, or Au and Cu, were mixed
with MgO and ball milled in a high energy regime (i.e., in a
shaker mill at 25 Hz), Au-Pd and Au-Cu bimetallic nanoparticles
were obtained, supported on MgO, as evidenced via powder
XRD and EM to confirm alloying. The synthesis was also suc-
cessful when an yttria-stabilized zirconia phase was employed
as an alternative carrier. All mechanochemically synthesized
materials were similarly active in CO oxidation as the corre-
sponding conventionally prepared counterparts. Thus, ball mill-
ing could become a simple and low-cost alternative to the so-
lution processes applied ordinarily, which can be difficult to
scale-up, especially when bi- or polymetallic formulations are
involved.

Reducing the amount of expensive noble metal components
without severely compromising the catalyst performance is
critically important due to the low natural abundance of noble
metals and their high cost. Single-atom catalysts (SACs) enable
this by maximizing metal atom efficiency. A mechanochemical
route was also recently shown to be suitable when aiming at
the synthesis of noble metal SACs.” In this study, two types
of acetylacetonate salts, Pd(acac), and Zn(acac),, were selected
as precursors of the noble metal active sites (Pd) and the sup-
port (ZnO). Notably, no additives, process control agents, sol-
vents, or templates were employed. The physical mixture of
Pd(acac), (0.25 wt.%) and Zn(acac), was placed in a 100 cm?
agate grinding jar with several grinding balls and milled at
400 rpm (planetary mill) for 0.25, 2, or 10 h. Processed powders
were then recovered and calcined at 400°C for 2 h in air. The
unmilled mixture of the metal precursors was similarly subject-
ed to calcination and the resulting material characterized. TEM
analysis indicated the formation of Pd nanoparticles when the
sample was not milled (Figure 13a). In contrast, after ball mill-
ing, the number of Pd nanoparticles appearing on ZnO de-
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Figure 13. Top: schematic illustration of the fabrication process for Pd/ZnO.
Middle: AC HAADF-STEM images of (a) Pd/ZnO(0 h), (b) Pd/Zn0(0.25 h),

(c) Pd/Zn0O(2 h), (d) and Pd/ZnO(10 h). Yellow arrows highlight Pd nanoparti-
cles, red circles highlight 2-dimensional Pd rafts, and yellow circles highlight
individual Pd atoms. Bottom: (e) The FT of k2-weighted EXAFS spectra and
(f) the coordination numbers (CNs) of the Pd-Pd shell of Pd/ZnO(0 h), Pd/
Zn0(0.25 h), Pd/ZnO(2 h), and Pd/ZnO(10 h). Adapted with permission from
ref. [90]. Copyright 2019 The Authors.

creased with milling time. Only a few could be detected, for in-
stance, on Pd/ZnO (0.25 h) (Figure 13b). Moreover, when the
milling period was extended (2 h), the degree of Pd dispersion
increased further so that both individual Pd atoms and small
Pd clusters were found (Figure 13¢). Finally, after 10 h of ball
milling, only isolated Pd atoms could be identified (Fig-
ure 13d). The mechanochemical treatment contributed to in-
creasing the separation between the Pd(acac), molecules to an
extent sufficient to prevent the aggregation of the Pd species
during the subsequent calcination step. The use of a common
ligand most likely favoured the diffusion of Pd(acac), into the
bulk Zn(acac), upon milling. Extended X-ray absorption fine
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structure spectroscopy (EXAFS) was additionally applied to in- —e
vestigate the degree of dispersion of Pd on ZnO. As illustrated p e ._,F.; &
in Figure 13e, Pd-O and Pd-O-Zn coordination environments ,' . A:
emerged and became dominant with increasing milling time. i J% r 1
This occurred at the expense of the Pd-Pd contributions, 7 & -
which, on the other hand, faded away. Accordingly, the coordi- X
nation numbers corresponding to the Pd-Pd shell approached e
zero after extended milling (10 h) (Figure 13 f). All characteriza- O ety
tion results supported the dominance of atomically dispersed “ d ‘ '—'1 '_
Pd species, homogeneously distributed on the ZnO support. /4 ,.;' -
Interestingly, the catalyst structure was retained, regardless of J / 4 '=\ '

the synthetic scale, which was stepwise elevated from 10 to
60, 200, and 1000 g. Moreover, the catalytic performance dem-
onstrated in typical reactions (e.g., phenylacetylene semi-hy-
drogenation and CO oxidation) was broadly identical, again ir-
respective of the fabrication scale, including catalytic activity
and stability, which is of significant importance for practical ap-
plications. The method also proved to have general applicabili-
ty, as it was exploited for the synthesis of other representative
single-atom catalysts up to the kilogram scale, namely Ru/ZnQO,
Rh/ZnO, Ir/Ce0,, Pd/CuO, Au/NiO, Au/ZnO, and Au/Ce0,.%**"
Overall, the approach demonstrated to be advantageous as a
means to simplify the manufacture of SACs, which is typically
hindered by complicated scale-up procedures and high fabrica-
tion costs.

4.2, Supported metal oxide nanoparticles

Metal oxides represent another common form of active phases
deposited on a supporting material, which is similarly accessi-
ble by mechanochemical synthesis. A recent example of this is
the mechanochemical preparation of highly active alumina-
supported Ag-based catalysts for the low temperature
(<200°C) selective catalytic reduction (HC-SCR) of nitrogen
oxides (NO,) with hydrocarbons.”? Ag-based catalysts are one
of the most promising and cost-effective systems for HC-SCR
of NO,, showing good performance and moderate tolerance to
water vapor and SO,, but their lack of activity below 350°C re-
mains a problem. A range of preparation methods (solution-
based) have been used, and their influence on the catalyst ac-
tivity was complex. However, ball milling recently proved to be
highly advantageous. Kamolphop etal. prepared supported
Ag-based catalysts via a two-step method, involving the ball
milling of Ag,O, AgNO,, or Ag powders, as precursors for Ag,
in the presence of a y-Al,O; support, followed by calcination.””
In particular, Ag precursor and y-Al,O; powders were first well-
mixed manually, and the resulting physical mixture was sub-
jected to ball milling in a planetary mill using sintered corun-
dum grinding jars (500 cm®) and balls (8 mm @) at a rotation
speed of 150 rpm for 1 h. Mechanochemically processed pow-
ders were recovered and subsequently calcined at 650°C for
2 h. For comparison, reference catalysts were also prepared by
conventional routes (i.e., wet impregnation). In contrast to the
catalyst prepared by wet impregnation (AgSTD), ball milling
derived systems showed significantly improved performance
as seen from their lower Ty, (temperature to achieve 50%
NO, conversion) (Figure 14c). Ball milling of the alumina sup-
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Figure 14. TEM images of (a) Ag_BM and (b) Ag,O_BM after calcination at
650 °C. (c,d) NO, conversion as a function of the catalyst bed temperature in
the SCR of NOx with n-octane over Ag catalysts. Feed stream: 720 ppm NO,
4340 ppm (as C1) n-CgH,g, 4.3% O,, 7.2% CO,, 7.2% H,0, and He to balance.
Space velocity: 60.000 cm*g~'h~". W, Ag,O_BM; e, AgSTD; @, AgSTD_BM;
X, Ag/BM-Al,0;; A, AgSTD_BM; [, Ag_BM; O, AgNO;_BM. Adapted with
permission from ref. [92]. Copyright 2011 American Chemical Society.

port before wet impregnation (Ag/BM Al,O;) already resulted
in a decrease in Ty, to about 375°C, even though the maxi-
mum NO, conversion was limited to 68%. A similar decrease
was observed upon the ball milling of the AgSTD catalyst itself
(AgSTD_BM). More importantly, both the catalysts prepared by
ball milling of AgNO; or Ag with y-Al,O; (AgNO;_BM and Ag_
BM, respectively) showed similar activity with a Ts, around
295°C (and 90% as the maximum value for the NO, conver-
sion) (Figure 14d). However, the most active catalyst was ob-
tained by ball milling Ag,0 with y-AlL,O; (Ag,0_BM), which
showed a Tsy, as low as 240°C (Figure 14d). Almost full con-
version (99%) was achieved in the 300-400°C range, and the
onset of conversion of NO, was observed below 200°C. The
ball-milled catalysts succeeded in activating n-octane at suffi-
ciently low temperatures so that the total concurrent combus-
tion of n-octane was prevented, and a good SCR of NO, ob-
served. In these systems, the ball milling did not significantly
increase the surface area of the catalyst. TEM studies of the im-
pregnated and ball-milled catalysts revealed similar size distri-
butions of the Ag NPs in both mechanochemically (Fig-
ure 14a,b) and conventionally-prepared catalysts. Nevertheless,
NMR correlation experiments and water TPD measurements
coupled with in situ DRIFTS analysis indicated that the active
sites on the ball-milled Ag-based catalysts more pronouncedly
favour the formation of key intermediate species (NCO) by in-
creasing the hydrophobicity of both the support and catalyst.
As a result, these catalysts provide the right balance between
sufficient amounts of water on the catalyst to hydrolyse the
NCO species while not yet blocking sites for NO, or the hydro-
carbon adsorption.”>*" This concentration change, coupled
with the lower energy barrier for n-octane activation, could be
the cause of the increased activity of ball-milled catalysts as
compared with the wet impregnated materials.
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Even though the performance of mechanochemically-syn-
thesized catalytic materials might not be outstanding, the me-
chanochemical approach at least proves itself as a convenient
alternative to traditional methods, which can also be seen
from the work of Firsova and co-workers.”” In their study, a
highly active CuO/CeO, catalyst in CO preferential oxidation
(CO-PROX) was simply obtained by the mechanochemical
mixing (ball milling) of CuO and CeO,. Ball milling was per-
formed under air in a high-energy vibratory mill employing nu-
merous small stainless-steel balls for 30 to 120 min. Thus, cata-
lysts with a nominal content of CuO in CeO, of around 5 and
10% were obtained. A reference 5% CuO/CeO, sample was
obtained by supporting the copper oxide on CeO, via impreg-
nation of a copper nitrate solution, followed by drying at
150°C and calcination at 500°C for 2 h. All the materials were
tested in CO oxidation in the presence of a large excess of H,,
and their activity compared (Figure 15). Over CeO,, initial con-
version of CO was observed only around 200°C and reached a
maximum of about 30% above 350°C (Figure 15, curve 1). The
catalytic performance of CeO, did not improve after the me-
chanochemical activation of the material. On the other hand,
when the physical mixture of CuO and CeO, was subjected to
manual grinding in a mortar, a certain degree of activation was
already achieved, as the maximum conversion of CO increased
(Figure 15, curves 2 and 3). In turn, the catalytic activity in-
creased sharply upon mechanochemical activation (ball mill-
ing), with a clear dependence on the milling time (Figure 15,
curve 6-9). As recognized by the authors, the intrinsic catalytic
activity would very likely increase further with milling time.
However, this is overcompensated by a severe loss in surface
area with extended ball milling (from 90 m?’g™" of the 10%
CuO +Ce0, physical mixture to 20 m*g™" after 120 min of ball
milling). Thus, a maximum CO conversion at the lowest possi-
ble temperature was observed after 90 min of mechanochemi-
cal activation (Figure 15, curve 8). Notably, the catalytic behav-
iour of 5% and 10% CuO/CeO, resulting from 60 and 90 min
of mechanochemical activation, respectively, was close to that
of the reference catalyst prepared via wet impregnation
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Figure 15. Conversion of CO over CeO, (curve 1); over a physical mixture of
5 wt.% or 10 wt.% CuO and CeO, (2 and 3, respectively); over 5 wt.% CuO
on CeO, after ball milling for 30 or 60 min (4 and 5, respectively); over

10 wt.% CuO on CeO, after 30, 60, 90, or 120 min (from 6 to 9, respectively);
over 5 wt.% CuO on CeO, obtained via wet impregnation (curve 10). Adapt-
ed with permission from ref. [95]. Copyright Pleiades Publishing, Ltd., 2014.
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(Figure 15, curve 10). The selectivity for oxygen consumption
was almost the same for all of the samples. Interestingly, the
structural characterization of the mechanochemically and con-
ventionally-prepared materials indicated that similar features
appear, regardless of the preparation method applied. The
phase composition and, eventually, the crystallite sizes of CuO
and CeO, were similar. Also, the formation of CuO-CeO, inter-
mixed zones, which are assumed to be primarily responsible
for the catalytic activity of the material, was observed both for
the samples synthesized by wet chemistry or dry ball milling,
so that the reduction of ball-milled materials occurred in the
same manner as compared to the reference sample. However,
the mechanochemical route still proved to be the more practi-
cal and environmentally more benign synthetic technology.

Another example for the preparation of supported catalysts
in a solvent-free manner is given by Meng etal®® In this
study, a simple mechanochemically-assisted method was ap-
plied to prepare hydrotalcite supported Cu-Mn mixed oxide
under solvent-free conditions.” The synthetic procedure con-
sists of three consecutive steps: (i) the physical mixture of
Cu(NO;),:3H,0, Mn(NO,),*4H,0, and hydrotalcite is manually
finely grounded using an agate mortar and pestle (for at least
10 min); (i)) the solid mixture thus obtained is then transferred
into a 100 cm? agate jar (planetary mill fit) and ball-milled at a
rotation speed of about 150 rpm for 2 h using a combination
of differently sized agate grinding balls; (iii) the resulting pow-
ders are dried at 80°C for 5h and subsequently calcined at
350°C for 2 h. A series of reference samples was obtained by
impregnating hydrotalcite with an alcoholic solution (EtOH) of
the Cu and Mn nitrates followed by drying (80°C, 5 h) and cal-
cination (350°C, 2 h). The catalytic performance of the as-syn-
thesized materials was investigated in the oxidative synthesis
of 2-acylbenzothiazole from a-hydroxyacetophenone and 2-
aminothiophenol in EtOH using O, as oxidant.

Interestingly, it was noted that the catalysts prepared by
wet-impregnation or by simple grinding (not followed by me-
chanochemical mixing) provided lower yields as compared to
those synthesized via ball-milling (69% and 44% vs. 86 %, re-
spectively). By taking into account the formation of Cu-Mn
mixed oxide species as a measure of the degree of mixing ach-
ieved, the authors concluded that manual grinding using a
mortar and pestle is inferior to ball milling. In the former case,
the formation of CuMn,0, indeed was not observed. Similarly,
the wet-impregnation method was not able to generate Cu-
Mn mixed oxide species. Further characterization via SEM
(Figure 16) and TEM suggested that the ball-milled samples
showed the highest degree of dispersion of the metal oxides
over the surface of layered hydrotalcite. However, the different
catalytic behaviour was mostly attributed to the largest con-
centration of reactive surface oxygen species found (by XPS)
over the ball-milled samples compared to the other materials.
The substrate scope of the catalyst was successfully extended
to various substituted 2-acylbenzothiazoles. Remarkably, in
some cases, a gram-scale synthesis was also viable. Heterocy-
clic compounds are indeed versatile building blocks and valua-
ble structural motifs in pharmaceuticals owing to their broad
biological activities. Many synthetic methods have been devel-
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Figure 16. From top to bottom, SEM images of Cu-Mn mixed oxide NPs sup-
ported on HT prepared by (a,b) manual grinding, (c,d) wet impregnation, or
(e,f) mechanochemical mixing of the support with the metal precursors, fol-
lowed by calcination. On the left, images collected with lower magnification
(scale, 2 pm), on the right, with higher magnification (scale, 1 um). Adapted
with permission from ref. [96]. Copyright of The Royal Society of Chemistry
2018.

oped for obtaining functional benzothiazoles. However, for the
synthesis of 2-acylbenzothiazoles, only a few approaches have
been established so far. As a result of the study, an efficient
solid catalyst for the clean and potentially scalable synthesis of
heterocycles under environmentally benign conditions was ob-
tained. This could prove to be a valuable alternative to the
costly homogeneous methods that are applied by default.

In the same direction, Pineda and co-workers developed an
innovative ball milling method, among others, for the stabiliza-
tion of metal oxide nanoparticles on porous supports.”” In
particular, they studied the deposition of iron and cobalt oxide
nanoparticles on AI-SBA-15, due to their excellent catalytic
properties in a wide range of reactions, including some con-
cerned with environmental remediation.””*¥ In a typical syn-
thesis, the mesoporous aluminosilicate support (Al-SBA-15) is
ball-milled with an appropriate amount of the metal precursor
(FeCl,+4H,0 or CoCl,:6H,0) in a planetary mill using a stainless
steel jar (125 cm? and balls (10 mm @). Various parameters
were investigated, but the milling frequency and times were
noted as critical. Mild mechanochemical conditions (350 rpm)
and relatively short reaction times (10 min) were eventually
preferred as a compromise to achieve a sufficient dispersion of
the metal precursors while preventing any severe damage to
the delicate structure of the supporting material during the
process. The materials thus obtained were then calcined at
400 °C for 4 h. As clearly shown by the TEM images (Fig-
ure 17 ¢, d), the textural properties of the mesoporous support
are retained. Also, BET surface areas do not differ notably from
those of the starting materials, along with pore sizes and vol-
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Figure 17. Powder XRD patterns of (a) Fe/Al-SBA-15 and (b) Co/Al-SBA-15 for
different metal loading of Fe and Co, respectively. TEM images of (c) 1 wt.%
Fe/Al-SBA-15 and (d) 0.5 wt.% Co/Al-SBA-15. Adapted with permission from
ref. [97], Copyright 2011 Wiley-VCH; and from ref. [98], Copyright 2018 by
Elsevier Inc.

umes, provided that limited metal loadings are applied. The
formation of highly dispersed and homogeneously distributed
metal oxide NPs, particularly on the external surface of the
support, is similarly evident (Figure 17c,d). Besides, the XRD
patterns show distinctive reflections for Fe,0; and Co;0, for
the corresponding system, but only when higher metal load-
ings are used, which is consistent with their respective small
particle size (Figure 17 a,b). Interestingly, the size of the metal
oxide nanoparticles deposited via the mechanochemically-as-
sisted procedure was remarkably smaller (<5nm) than that
obtained by conventional or microwave-assisted impregnation
(5-10 nm) after calcination under similar conditions and at a
nominal metal loading of 0.5% in weight. A plausible mecha-
nism for the formation of supported metal oxide nanoparticles
involves, at first, the mechanochemical activation of the sur-
face silanol groups on the aluminosilicate support, which may
promote the hydrolysis of the metal precursors to the corre-
sponding hydroxides. Upon calcination, the metal hydroxide
intermediates could turn into their oxide counterparts in the
form of nanoparticles. The proposed mechanism was especially
demonstrated for the deposition of iron oxide nanoparticles
on AI-SBA-15."" The supported metal oxide catalysts were
tested in the oxidation of benzyl alcohol to investigate related
redox properties, whereas the alkylation of toluene with
benzyl chloride served as a test reaction to study the acid
properties of the catalytic materials. Overall, the as-synthesized
materials proved to be very active, and in some cases, the cat-
alytic performance even surpassed that of conventionally-pre-
pared analogues. The preparation of a niobium oxide catalyst
supported on Al-SBA-15 was achieved in a similar manner.”
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5. Mixed Oxides and Nanocomposite Catalysts

Mixed oxides and nanocomposites, such as multinary oxides,
solid solutions, or doped systems, are another important class
of catalytic materials. They can provide distinct advantages in
terms of synergistic effects (originated from the interactions of
components present in the system), which, in several instan-
ces, are considered as responsible for the observed improved
conversion, selectivity towards the desired product, and cata-
lyst lifetime."® Mechanochemical synthesis has also been
shown as a suitable synthetic route for the preparation of
mixed oxides and nanocomposites containing various metal
ions. Some representative cases are discussed in the following
subsections.

5.1. Spinel oxides

The spinel family of oxide materials (AB,O,, wherein the proto-
typical form A=divalent cation, B=trivalent cation) has dem-
onstrated interesting magnetic, optical, electrical, and catalytic
properties as the result of the availability of numerous compo-
sitions, electron configurations, and valence states."” From a
catalysis viewpoint, the possibilities of controlling composition,
structure, valence, and morphology have made spinel systems
suitable as catalysts in many different reactions, including NO,
reduction,’®'% CO oxidation,"® CO, reduction,"® hydrogen
evolution reaction (HER),"® oxygen reduction reaction
(ORR),"*! oxygen evolution reaction (OER),"® and alcohol oxi-
dation.'®"% Spinel oxides based on Mg-Al, Fe-Co, Mg-Fe, Ni-
Fe, Zn-Fe, and Zn-Al systems are the most important ones
among the ternary oxides—together with the perovskite
family—and can be fabricated by ball milling.""""" In general,
the mechanochemical synthesis of spinel oxides is based on a
bottom-up approach, involving the ball milling of the oxide,
oxyhydroxide, or hydroxide metal precursors at room tempera-
ture in air. The resulting solid mixture may then be subjected
to further treatments, such as mild calcination.

One of the most common spinel structures is magnesium
aluminate (MgAl,O,), which gave its name to the family. In its
mechanochemical synthesis, transition alumina (y-Al,Os), boeh-
mite (y-AlIOOH), or corundum (a-Al,O;) are ball milled together
with MgO in stoichiometric ratio at room temperature under
air."? Interestingly, the rate of formation of MgAl,0, which
was reported to depend on the type of aluminium compound
used, decreased in the following order: y-Al,O; >y-AIOOH > a-
Al,O,. This difference is related to the structural similarity of
the v-Al,O; (defective spinel) precursor and the product
MgAl,O, (spinel).""? About 99% MgAl,O, was reported to form
after 140 h ball milling of y-Al,0;-MgO mixture.

The combination of cobalt and iron offers interesting spinel
structures, as they both are redox-active. The availability of
multiple oxidation states (and hence redox properties) results
in two types of spinel, namely, CoFe,0, and FeCo,0,. The syn-
thesis of these materials has been shown by Manova et al. in a
two-step preparation method, combining co-precipitation with

X[Co(NO;),-6H,0] + (3-x)[Fe(NO3);-9H,0] + Na,CO;

o Co-precipitation at pH 9
> Washing, drying at 75°C

Co,Fe;_,(OH)4(CO;),'nH,0]
& l o Ball milling

Co,Fe; O, + (2 + n)H,O where x=1o0r2

Figure 18. Mechanochemical synthesis of cobalt-iron spinel oxide."®"”

mixed in the desired molar ratio, followed by the addition of a
solution of sodium carbonate, which leads to the formation of
mixed cobalt and iron hydroxide carbonates via precipitation.
Finally, after drying, the precipitate powder was subjected to
ball milling for 1-3 h (in a planetary mill using steel vial and
balls). From XRD analysis, the precursors (i.e., cobalt and iron
hydroxide carbonates) showed characteristics of layered
double hydroxides (LDH) as found for [Mg4Fe,(OH),,CO5-4H,0]
(i.e., pyroaurite) and [(Mg¢Al,(OH),,C0O5-4H,0] (i.e., hydrotalcite)
(Figure 19a,b). After 1 h of milling, the formation of spinels,
CoFe,0, and Co,Fe0,, was evident, and after 3 h, the spinel re-
flections were well defined. The average crystallite size (D), de-
termined from the XRD patterns, slightly increased with milling
time. Still, after 3 h milling, the D values (8.6 nm and 3.8 nm
for CoFe,O, and Co,FeO,, respectively) were significantly small-
er than for the thermally derived samples (18.9 nm and
10.5 nm for CoFe,0, and Co,FeO, respectively). Additionally,
both the mechanochemically-derived systems showed im-
proved reducibility, with reduction peaks shifted to lower tem-
peratures as compared to their thermally-derived counter-
parts.""” This is advantageous from the catalysis perspective.
Spinel ferrites of other redox metals, such as Ni and Zn, have
also been similarly synthesized via direct ball milling of hydrox-
ide precursors.["# "9

The synthesis of zinc aluminate (ZnAl,0,) is challenging via
conventional routes as it usually requires relatively high
temperatures, which can lead to the loss of zinc due to its
high volatility.""¥ To solve this problem, mechanochemical
grinding proved advantageous, enabling the synthesis of
zinc aluminate readily at room temperature. It is reported that
ball milling an equimolar mixture of ZnO and y-Al,O; in a plan-
etary mill for 2 h results in high purity ZnAlLO, NPs, with an
average nanocrystallite size of 10 nm (Figure 19¢).""¥ There-
fore, mechanochemistry offers an attractive alternative route
enabling the synthesis of various spinel structures under mild
conditions.

5.2. Perovskites

Perovskites (ABO;) constitute another important class of terna-
ry oxides. They have long been recognized as highly active
redox catalysts with several relevant applications, especially in
environmental catalysis, such as CO oxidation, de-NO,, and cat-

subsequent high-energy ball milling (Figure 18).""” In the  alytic combustion of volatile organic compounds (VOCs),!'* 2"
co-precipitation step, the nitrate salts of Fe and Co were first as well as electrode materials for solid oxide fuel cells
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Figure 19. Powder XRD patterns of (a) CoFe,O, and (b) Co,FeO, precursors (hydroxide carbonates, HC) before and after different mechanochemical syntheses
(MS) (i.e., ball milling) for different milling times (1 or 3 h) and thermal synthesis (TS). Adapted with permission from ref. [117], Copyright 2009 Elsevier B.V.
(c) Powder XRD patterns of a mixture of ZnO and y-Al,0; milled for different times (t,,=0-2 h). For comparison, bulk ZnAl,O, prepared by a conventional ce-
ramic route is shown at the bottom. Adapted with permission from ref. [113], Copyright 2015 The Royal Society of Chemistry.

(SOFCs)."?? Besides, perovskite oxides recently showed promis-
ing performance in (photo)electrocatalytic water splitting.'> >
However, like other mixed oxides, a high-temperature step is
required for their formation via conventional synthetic meth-
ods (e.g., co-precipitation of corresponding metal salts to
obtain a mixed precipitate, followed by calcination to form the
perovskite structure), which inevitably reduces the surface area
and limits their applications. Again, the mechanochemical
route has been shown to be highly effective in obtaining per-
ovskite-type oxides with improved textural properties.

The synthesis of rare-earth perovskites (e.g., LaCoOs;) by me-
chanochemistry is widely studied. These systems generally re-
quire a calcination step at 800°C for their formation and thus
have low surface areas."” Consequently, a mechanochemical
route, simply enabling their formation at room temperature,
could be particularly beneficial. Kaliaguine et al. have exten-
sively studied the mechanochemical synthesis and catalytic ap-
plications of LaCoOs-based perovskites.?"*3) The mechano-
chemical synthesis of LaCoO; involves the ball milling of the
oxide components in a shaker mill, namely La,O; and Co;0,
(La:Co molar ratio of 1).'*! The process was performed at
room temperature in air or a pure oxygen atmosphere for 1-
20 h. The formation of LaCoO; was reported to occur in both
tempered steel and tungsten carbide milling vessels and
media.

Figure 20 shows the XRD patterns displaying the evolution
of the LaCoO; crystalline phase from the La,O; and Co;0O,
oxide mixture. The formation of the perovskite phase started
after about 4 h of milling, and complete conversion of the
oxide components was observed after 16 h of milling in air.
The formation of LaCoO; occurred much faster when the mill-
ing was instead performed in a pure oxygen atmosphere.'*
The surface area of LaCoO; resulting from 20 h of ball milling
in air was 16 m*g~". A higher surface area (36 m?>g~") was ach-
ieved when the milling was performed in humidified air. Ball
milling of the oxide components in the presence of easily
leachable additives, such as NaCl, NH,Cl, or ZnO, allowed the

LaCoO, I | I I 1 I,

10 20 30 40 50 60 70 80
Co0, | L " - L

10 20 0 40 50 60 L 0,
La,0, I | 1 :

10 20 30 40 50 60 70 %0
e
s
> 16 h
2
5 8h
= __A_.J\/\\\_AMMM_M. .

1h

10 20 30 40 50 60 70 80
20 (degrees)

Figure 20. Powder XRD patterns of a La,O; and Co;0, mixture after ball mill-
ing in air using a tempered steel grinding jar for different times (1-16 h) in
the absence of any grinding additive. Reference lines for various phases are
shown at the top of experimental diffractograms. The formation of LaCoO,
perovskite occurs after about 4 h milling, and complete conversion of oxide
components occurs after 16 h of milling. Adapted with permission from

ref. [126], Copyright 2001 Elsevier Science B.V.

production of LaCoO; with a surface area up to 105m?g~,
which is quite impressive from a catalysis standpoint.'*®

In addition to the increase in surface area, the surface chem-
ical properties of the mechanochemically-derived LaCoO; per-
ovskites were of particular interest. Given that the grinding
process was performed at low temperature (room tempera-
ture), the perovskite surface exhibited a high concentration of
surface hydroxyls, which upon calcination, led to the reforma-
tion of the material framework."* Accordingly, the cobalt spe-
cies in the perovskite thus obtained are shown to be highly re-
ducible, which might be beneficial in redox catalysis. Overall,
these modified surface properties could bring about extraordi-
nary catalytic properties as compared to conventionally pre-
pared counterparts.

When ball milling was performed using stainless steel milling
vessel and balls, some iron contamination was reported due to
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abrasion. Serendipitously, this led to the formation of an exotic
mixed perovskite (LaCo,_,Fe, . ,O;_,), highlighting the great po-
tential of mechanochemical processing for the preparation of
complex systems.'*7'?8 |n fact, other mixed LaMO; (M=Co,
Mn, Fe, Mg, or Ti perovskites—such as LaCo,_Cu,0;,
LaCo,_,Pd,0;, LaMn,_,Cu,O,, LaFe, ,Cu,0,, LaTi;sMg,s0;, and
LaTi,sMg,Fe,0;—were produced by ball milling."*"** Interest-
ingly, the synthesis of ABO; perovskites, with A=Ca, Bi, or Ba
and B=Mn, Ti, Zr, or Fe, was also achieved mechanochemical-
ly.'¥7"13% These perovskite systems show improved catalytic
performance compared to reference samples in many reac-
tions, such as VOCs oxidation, CH, oxidation CO oxidation, NO
reduction, toluene oxidation, and biodiesel synthesis (by the
methanolysis of sunflower oil).'”"*” In most cases, the en-
hanced performance was related to the increased surface area
and/or high defect density resulting from reactive grinding.
Moreover, recently halide perovskites, such as methylammoni-
um lead iodide and caesium lead iodide, which already have
demonstrated impressive photo-conversion efficiency, were
also successfully synthesized by ball milling.l'** "

5.3. Mixed metal oxide nanocomposites, doped oxides, and
solid solutions

Mixed metal oxide nanocomposites, obtained from two or
more metal oxides, exhibit interesting synergistic effects that
can help achieve improved catalytic performance in photo-
chemical and thermochemical reactions.'®'2'# Different
metal oxide nanocomposites, such as CeO,-MnO,, CuO-ZnO,
Sn0,-ZnO, have been fabricated relying on various methods,
solution-based mostly.™>' The mechanochemical route
offers a solvent-free alternative for these systems and has been
described for the preparation of Sn0,-Zn0O,™** Fe,0,-Ti0,,!* 4
Cu,0-Ti0,,"*" MoO,-Fe,0,," % Cu0-Ce0,.** 1"

The synthesis of Sn0,-ZnO photocatalysts involves the me-
chanochemical treatment of anhydrous chloride precursors
(SnCl, and ZnCl,) with Na,CO; in the presence of NaCl."*" Sub-
sequent thermal treatment of the reactant mixture enables the
formation of a composite powder composed of metal oxide
grains embedded in a NaCl matrix (Figure 21a). The latter
matrix is then removed by repeated washings with distilled
water, an operation that eventually will lead to the undesired
partial hydration of the oxide product into ZnSn(OH),. The de-
hydration of the latter was studied at different temperatures
(400-700°C) (Figure 21b). The SnO,-ZnO composite obtained
by ball milling, followed by washing and thermal treatment at
700°C, exhibited higher photocatalytic activity than either
SnO, or ZnO individually."¥ The improved activity was attrib-
uted to the higher specific surface area and the enhanced
charge separation from the proximity of ZnO and SnO..

Direct mechanochemical synthesis of mixed metal oxide
composites from the corresponding constituents was also re-
ported, and it was highly efficient.'*'*'J Ghorai et al. ob-
tained Fe,0,-TiO, composites (Fe,0; up to 10 mol%) combin-
ing anatase TiO, with yellow Fe,Os, red Fe,O;, or precipitated
Fe(OH),."*! XRD analysis of the ball-milled mixture showed ti-
tania as the dominant phase (Figure 22a). Since no reflection
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Figure 21. (a) Powder XRD patterns of 0.15nCl,+ 0.9 ZnCl,+ Na,CO;+4NaCl
after () mixing in a mortar and pestle, (ii) ball milling for 4 h, (i) heat-treat-
ment at 400°C for 1 h, and (iv) washing. (b) Powder XRD patterns of various
(Sn0,)01(Zn0),, powders synthesized by heat-treatment at 400, 500, 600,
and 700 °C. Adapted with permission from ref. [144], Copyright 2006 IOP
Publishing Ltd.

specific to iron compounds (e.g., iron oxide or metallic iron)
was observed in XRD patterns, the authors of this study
suggested that the Fe species might have been inserted into
the framework of anatase TiO,.'*! The maximum solubility
of Fe,0; in TiO, was reported to be as high as 5 mol%. Re-
markably, the Fe,O;-TiO, composite containing 5 mol% of
Fe,0; exhibited 3-5 times higher photocatalytic activity than
P25 TiO.,.

MoS, is known for its positive effect on enhancing the activi-
ty of photocatalysts.'*"*¥ However, the formation of its com-
posite with photocatalysts, such as TiO, or CdS, requires so-
phisticated reduction methods involving NH,MoS, or Na,MoO,
as precursors.*>"*% |n contrast, mechanochemistry offers a
more straightforward synthetic route, consisting of mere ball
milling of MoS, and TiO, in ethanol.*? After ball milling, the
ethanol can be readily removed by drying the material in air.

Multiple characterization methods (e.g., XRD, UV/Vis, and
Raman spectroscopy) identified the presence of both MoS,
and TiO, phases in the resulting solid mixture. Also, TEM and
HRTEM studies indicated the formation of intimate contacts
between MoS, and TiO, particles (Figure 22b). The MoS,-TiO,
composites displayed distinctly higher H, evolution activity
compared to TiO, (Figure 22c). The activity was shown to
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Figure 22. (a) Powder XRD patterns of TiO, (T), red Fe,O; (RF), yellow Fe,0;
(YF), 4 h ball milled mixtures of TiO,+red or yellow Fe,0; (with RF or YF
content of 5 mol.% (RFT1 or YFT1), 7 mol.% (RFT2 or YFT2), and 10 mol.%
(YFT3)), and of YFT1 after photocatalytic degradation of dye (denoted as
YFT4). Adapted with permission from ref. [145], Copyright 2011 Elsevier B.V.
(b) TEM and (c) HRTEM images of the 4% MoS,-TiO, photocatalyst, (d,e) the
rate of H, evolution on MoS,-TiO, with d) various MoS, loadings, and (e) dif-
ferent ball milling speeds in a mixed methanol-H,O solution. Adapted with
permission from ref. [152], Copyright 2015 the PCCP Owner Societies.

depend on the content of MoS, and the intensity of ball mill-
ing (Figure 22d). The improved catalytic performance in these
systems, especially for 4% MoS,-TiO,, was attributed to an op-
timal interaction at the interface between MoS, and TiO,, at-
tained by mechanochemical activation at 300 rpm.

The photocatalytic performance of TiO, could also be im-
proved via nitrogen-doping as it can narrow down the band
gap and eventually enable the absorption of visible light."*® In
contrast to conventional sputtering (followed by calcination),
N-doped TiO, can be readily attained by ball milling."”’-'%% In
its synthesis, TiO, (most commonly P25) is ball milled with a ni-
trogen source compound. The nitrogen compounds reported
thus far include hexamethylenetetramine, ammonium carbon-
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ate, aqueous ammonia solutions, and ammonium fluoride. The
ball-milled solid mixture is then calcined at 400°C to remove
any potentially unreacted nitrogen compound and organic by-
product. Eventually, milling will induce phase transformation of
TiO,, as previously reported. For instance, P25 titania (i.e., 3:1
mixture of anatase and rutile) was observed to undergo the
phase transition from anatase to brookite and finally rutile in a
dedicated study of Yin and colleagues."®® No distinct phase for
N-doped TiO, could be detected by XRD analysis. It is reported
that the doping changes the appearance of the TiO, powder
to yellowish.

Catalysed thermochemical reactions can also benefit from
the synergistic interactions established in mixed metal oxide
composite catalysts upon ball milling. The case of CeO,, which
is widely used as a redox catalyst, owing to its intrinsic ability
to easily store and release oxygen species during a catalytic
event (also known as oxygen storage capacity, OSC), is of par-
ticular interest."®"'% The OSC of ceria can indeed be altered
by forming a composite with other oxides, such as ZrO, and
Cu0.*"1% Cy0-CeO, composites, prepared by ball milling
CuO and CeO, together, showed higher reducibility than the
individual components and exhibited much higher OSC values,
which increased with the milling duration (Figure 23a)."*" The
ball milling derived CuO (10 wt.%)—CeO, composite showed a
significant drop in the light-off temperature for the CO-PROX
reaction as compared to CeO, or a CuO-CeO, physical mixture
(Figure 23b)."* In addition to the OSC, it was also reported
that ball milling could alter the chemical state of copper on
Ce0,, depending on the mechanical energy input.**"" Based
on in-depth bulk and surface structural characterization, Borch-
ers et al. concluded that the catalyst surface consists of termi-
nated CeO, nanofragments, doped by Cu'", Cu?*, and possibly
Cu** ions.

ZrO, is one of the most common oxides used in combina-
tion with CeO, (in a solid solution form) to improve the OSC of
the latter."*? A mechanochemical route has been explored for
the synthesis of Ce0,-ZrO, solid solutions."**"® Hydrated ni-
trate or carbonate precursors usually are used, most likely due
to their low hardness, which is much lower than that of corre-
sponding anhydrous salts and oxides, which reduces contami-
nation due to possible abrasion of milling vessels and balls. To
obtain the final Ce0,-ZrO, composite, the ball-milled mixture is
subsequently subjected to a thermal treatment at or above
400°C. The XRD and TGA analysis suggested that the reaction
between ZrO(NO;),,-nH,O0 and Ce(NO,);:6H,0 occurs already
during ball milling."® The authors postulated that the struc-
tures of the crystalline nitrates break down as a result of mill-
ing-induced plastic deformations, which most likely involves
the formation of defect-rich regions (with high densities of va-
cancies, interstitial defects, and dislocations), where the reac-
tion between the nitrates could be initiated during mechanical
activation. Eventually, the post-grinding activation temperature
for the calcination is lowered by approximately 70 °C. Remarka-
bly, the mechanochemically derived CeO,-ZrO, solid solutions
exhibited lower light-off temperatures (i.e., higher activity)
compared to CeO, or ZrO, in the total oxidation of propane
and naphthalene.'®® % The rate of the total oxidation of pro-
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Figure 23. (a) Total oxygen storage capacity (OSC) at 300°C of
(Cu0),5(Ce0,),5s powder versus ball milling time. Adapted with permission
from ref. [151], Copyright 2019 The Authors. (b) CO conversion to CO, as a
function of reaction temperature over CeO, ball milled for 60 min and CuO-
CeO, powders mixed in an agate mortar and ball milled for 30-120 min. Re-
action conditions: 98 vol.% H,, 1 vol.% CO and 1 vol.% O,, a flow rate of
40 cm®min~', 20 mg of the catalyst. Adapted with permission from ref. [150],
Copyright 2019 Author(s).

pane and naphthalene was found to correlate with the relative
surface concentration of Oy (defective oxygen sites) deter-
mined by XPS analysis.

6. Hybrid Materials

Mechanochemical synthesis has also become an important al-
ternative to several solution-based methods applied for a great
variety of complexation reactions. Mechanochemical methods
have proven to be not only more straightforward, as compared
to traditional synthetic strategies, but also more selective,
giving high reaction yields."" Already the simple action of
pestle and mortar is often sufficient to promote selective acti-
vation of some types of bonds while keeping other types
intact, thus providing new synthetic pathways to compounds
of interest, including supramolecular assemblies and coordina-
tion polymers. In this section, the advances achieved in the
mechanochemical surface functionalization and the prepara-
tion of metal-organic frameworks (MOFs) are discussed.

Hybrid materials prepared by combining inorganic and or-
ganic counterparts (HIOM) are an important class of functional
materials as they combine characteristics of inorganic solids
with those of the organic functional moieties."®” Among their
numerous applications, such as in optics, microelectronics,
health, and housing, HIOMs are also important in catalysis.'®®
The organic part (e.g., amine) can, for instance, act as an an-
choring point for a homogenous complex, enabling its hetero-
genization."®

A recent study reported a highly efficient synthesis of such
HIOMs by mechanochemistry (Figure 24).”® It consists of ball
milling of an inorganic solid with an organosilicon compound
(e.g., silane) for 5 min in a shaker mill (WC vessel, 25 cm?, and
3 balls, 12 mm in diameter). The milling vessels were charged
with solid, silane, and milling media in an open atmosphere,
which makes this method particularly attractive compared to
laborious conventional routes, often requiring the use of an
inert atmosphere. For surface functionalization of SBA-15 with
octadecyltrimethoxysilane (OTMS),”® ball milling of hydroxyl-
rich SBA-15 with OTMS was performed for 5 to 60 min using
0.589-2.357 mMOlgrysGsgas | (i.e., 18—47 wt.% OTMS con-
cerning the total weight of ball-milled OTMS and SBA-15) fol-
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Figure 24. Schematic representation of hybrid inorganic-organic material synthesis by chemical grafting via the conventional solvothermal route (top) versus
solvent-free mechanochemical synthesis (bottom) shown for the functionalization of solids with OTMS. Adapted with permission from ref. [78], Copyright

2020 American Chemical Society.
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lowed by washing of the sample with ethanol/water (for analy-
sis purpose) to remove any of possibly physisorbed silane. The
successful grafting of OTMS on SBA-15 was confirmed by dif-
ferent characterization methods (Figure 25).

TGA-MS of the mechanochemically obtained SBA-15-OTMS
composite showed a sharp loss between 400 and 800°C due
to the decomposition of the octadecyl group and unreacted
methoxy groups of the anchored silane (as detected in MS)
(Figure 25d). It was also noted that the weight loss after 5 min
or 60 min of milling was similar (Figure 25d, red and purple
curves), suggesting that 5 min of ball milling is sufficient to
induce the direct condensation reaction between OTMS and
surface hydroxyls. ATR-FTIR analysis showed typical absorption
bands at (i) 2926 and 2854 cm™' for antisymmetric and sym-
metric stretching vibrations, respectively, and at 1465 cm™' for
bending vibration modes of CH, groups, and (i) at 1404 cm™
for the bending vibration of the CH; group (Figure 25e). These
results confirmed the presence of methylene and methyl
groups on the functionalized samples. ?°Si MAS NMR analysis
evidenced that OTMS is chemically bonded to SBA-15 (Fig-
ure 25f). The spectrum of the as-synthesized SBA-15 showed
three lines at about —92, —101, and —111 ppm, assigned to
Q’% Q°, and Q* sites, respectively. On the other hand, the spec-
trum collected after ball milling (47 wt.% of silane) showed a
decrease in the relative intensities of Q% and Q° lines and the
appearance of T™ lines at about —47, —57, and —67 ppm for

T', T and T, respectively. These results indicated that the me-
chanochemical grafting of alkoxysilanes leads to chemical
bonding. Furthermore, it is shown that the hexagonal ordering
of SBA-15 remained intact after functionalization with OTMS
(Figure 25a). Likewise, the type IV isotherm was retained upon
functionalization (Figure 25b). However, the pore width and
pore volume were reduced (Figure 25c), suggesting that the
functionalized silane moieties occupy some of the pore
volume.

The above method was extended to various silanes (with
SBA-15), such as (3-aminopropyl)triethoxysilane, chlorodime-
thylethylsilane, and chlorodimethyl-n-propylsilane, and other
inorganic solids (with OTMS), such as y-Al,O;, SiO,-gel, and
TiO,. In all cases, the formation of corresponding HIOM was
confirmed by various characterization methods. Mechano-
chemical processing is thus a versatile, green, and simple ap-
proach for surface functionalization of solids.”®

The research in the field of MOFs has become very intense
over time due to the variety of potential uses and applications
that are available for this class of materials. Briefly, MOFs result
from the self-assembly of metal-containing units (otherwise
named secondary building units, SBUs) and multitopic organic
ligands, meant to act alternatively as nodes and linkers for the
establishment of an open extended structure. The flexibility
with which the metal SBUs and organic linkers can be varied
has led to an extensive combinatorial library of compounds
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Figure 25. Mechanochemical grafting of SBA-15 with OTMS. (a) XRD patterns, (b) N, sorption isotherms, (c) pore size distribution, (d) TGA weight loss profiles,
(e) ATR-FTIR spectra, and (f) Si MAS NMR spectra of SBA-15 before and after ball milling with different amounts of OTMS for different times as shown in (b).
Colour codes are given in (b) also apply to data in other figures (a—f). Adapted with permission from ref. [78], Copyright 2020 American Chemical Society.
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with unique features.'”” Available high surface areas, tuneable
pore metrics, and high density of potentially active sites offer
many advantages in catalysis (e.g., to support molecular cata-
lysts, stabilize short-lived catalysts, perform size selectivity, en-
capsulate catalysts within their pores).'”” Nevertheless, con-
ventional solution-based approaches to MOFs have some dis-
advantages in chemical manufacturing, as they rely on the
combination of soluble metal salts (e.g., nitrates or chlorides)
with organic ligands at high temperatures and in high-boiling
and often toxic solvents. On the other hand, mechanochemis-
try provides the opportunity to process efficiently poorly solu-
ble feedstock (e.g., metal oxides or carbonates) in a nearly sol-
vent-free reaction environment at room temperature.'’?

The mechanochemical transformation of ZnO into a zeolitic
imidazolate framework (ZIF) by contact with imidazole-type li-
gands is possibly the most deeply investigated case study. At
the very beginning, the dry mechanochemical synthesis of
metal imidazolates from the corresponding metal oxides was
rather laborious, leading mostly to a mixture of unreacted ma-
terial and poorly crystalline products or no reaction at all, re-
gardless of energy regime explored or reaction times."”® How-
ever, Fris¢i¢ and co-workers soon discovered that the mecha-
nochemical reactivity could be improved by the addition of
sub-stoichiometric amounts of salts (e.g., NH,NO;, NH,CH,SO;,
and (NH,),SO,), in the presence or absence of small amounts
of a liquid (e.g., DMF, DEF, EtOH). The use of inorganic salts in
combination with small amounts of a liquid as grinding solvent
(an approach later referred to as ion- and liquid-assisted grind-
ing, ILAG, or just LAG in the absence of the salts) has great im-
these modifications allowed the synthesis of several porous
and nonporous ZIFs, with known and even unknown topology
(Figure 26)."7" Interestingly, the choice of the process control

Time (min)

20 25 30 35
#H#H#

05 10 15
206 (degrees) *

agents affected the outcome of the mechanochemical transfor-
mation, with a significant impact on the selectivity. The nature
of added liquid played a major role in determining the occur-
rence of intermediate phases and their subsequent evolution
into more stable polymorphs, particularly when imidazole
(HIm) was used. The influence of the salt prevailed with 2-eth-
ylimidazole (HEtlm) as a ligand. In contrast, all reactions with 2-
methylimidazole (HMelm) yielded the notoriously stable soda-
lite topology (ZIF-8) so that the major effect of salt addition
was to accelerate the reaction. A deeper mechanistic insight
was provided by in situ studies carried out at a synchrotron fa-
cility.'”®"”” Since time-resolved PXRD of mechanochemical syn-
thesis in a ball mill was previously inaccessible, mostly due to
the issues related to monitoring reactions in a rapidly moving
vessel under the violent impact of the grinding media, this
study found great resonance. Particularly, in situ studies ena-
bled the direct monitoring of reaction profiles, detection of in-
termediates, and interconversion of framework topologies,
among others (Figure 26). Following this, several other studies
appeared in the literature dealing with carboxylate-based
metal-organic frameworks.!"78-'8

The success achieved in the preparation of ZIF-type MOFs
motivated other researchers in the field to accomplish more
challenging preparations. For instance, inspired by the advan-
tages of mechanochemical synthesis, Li et al. described a versa-
tile and straightforward approach to convert a series of metal
oxides supporting metal nanoparticles into composite materi-
als with these same metal nanoparticles encapsulated (@) in a
MOF matrix."® The study explored at first the preparation of
Pd@ZIF-8. Commercial ZnO nanopowder was combined with
PdCl, and ball-milled. Finally, after a reduction in H,, Pd nano-
particles are formed (Figure 27). The as-prepared Pd/ZnO was
then again ball-milled in the presence of HMelm, NH,CI, and

- Amorphous
x> Zn(Melm),

ZIF-8
SOD-Zn(Melm),
T/V=2.4 nm=3

kat-Zn(Melm),
T/V=3.8 nm3

dia-Zn(Melm),
T/V=4.2 nm3

Figure 26. Mechanochemical LAG conversion of ZnO and HMelm in the presence of 2.5m acetic acid with 20 wt.% crystalline silicon as an internal scattering
standard. (a) The calculated powder XRD patterns of ZIF-8, kat-Zn(Melm),, and dia-Zn(Melm), are shown above the time-resolved diffractogram. Three charac-
teristic ZnO reflections are marked with “#”, whereas the reflection of Si is marked with “*”. In (b) and (c) the structure of the new kat-Zn(Melm), phase is illus-
trated alternatively with a ball-and-stick representation (viewed along the crystallographic c-direction) and the corresponding kat-framework with different
colouring for each type of vertex (vertex figure). (d) The sequence of solid-state transformations in the LAG reaction of ZnO and HMelm: the transformations
of ZIFs resemble Ostwald'’s rule of stages as they follow the order of increasing TV~ values, and hence the expected increase in the thermodynamic stability.
Adapted with permission from ref. [176]. Copyright 2015 Macmillan Publishers Limited.
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Figure 27. (a) TEM images of Pd/ZnO (inset, magnified view of Pd NP),

(b) PA@ZIF-8 (inset, magnified view of Pd NP), (c) Pt@ZIF-8 (inset, magnified
view of Pt NP), and (d) Ru@ZIF-8 (inset, magnified view of Ru NP). Adapted
with permission from ref. [181]. Copyright of The Royal Society of Chemistry.

ethanol to form Pd@ZIF-8 (Figure 27). This approach proved
later to be highly versatile, as Pt and Ru nanoparticles were
similarly entrapped into ZIF-8 matrices (Figure 27). Moreover,
the method offers room for scale-up (8 g of Pd@ZIF-8 were
prepared in one batch), difficult to attain by solution-based
procedures. Core-shell assemblies are not only beneficial for
catalytic selectivity but also catalytic activity.*) Remarkably,
Pd@ZIF-8 showed indeed high catalytic activity towards the se-
lective semi-hydrogenation of hex-1,4-diene to hex-2-ene, in
contrast to Pd/ZnO, which mostly promotes complete hydro-
genation to hexane. Besides, the catalyst showed improved
stability, likely dependent on the confinement, which could
prevent the metal nanoparticles from sintering and subse-
quently contribute to maintaining their dispersion and crystal-
linity intact.

By similar means, polyoxometalates (POMs) were also suc-
cessfully encapsulated in a MOF as non-coordinating guests.
POMs have lately received increasing attention as promising
solid acid and oxidation catalysts, but their application is
somewhat limited since the small surface areas hinder the ac-
cessibility of active sites. Up to date, the immobilization of
POMs in a suitable porous matrix represents the most conven-
ient approach to the problem, as it contributes to the isolation
and dispersion of the catalytically active species."®¥ Still, exist-
ing methods to encapsulate POMs in a solid matrix, such as in
metal-organic frameworks, usually suffer from high-tempera-
ture requirements and long reaction times (e.g., solvothermal
synthesis). Moreover, a large excess of active POM precursors is
required to allow sufficient loading with the catalytically active
species. The availability of simple, rapid, and preferably envi-
ronmentally friendly synthetic strategies is thus highly desira-
ble. Zhong et al. recently reported an efficient one-pot mecha-
nochemical approach to a POM@MOF (Figure 28), namely
PW,,@HKUST-1 (HKUST-1: [Cu,(BTC),/5(H,0),ls)."*' The material
was obtained in just 5 min by simply grinding a mixture of the
copper salt of PW,,0,,°>~ and 1,3,5-benzenetricarboxilic acid
(H;BTC) in a mortar with a small amount of EtOH. (Figure 28)
For comparison, [(CH;)4N],[Cu,(BTC),/5(H,0),ls[HPW,,0,,] was
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Figure 28. View of PW,,@HKUST-1 orthogonally to the (001) planes (A and B
identify two kinds of pores). Wireframe and polyhedral models, respectively,
represent the Cu-BTC framework of HKUST-1 and the Keggin-type polyanion.
The blue, red, and grey units in the wireframe model represent Cu, O, and
C, alternately. Adapted with permission from ref. [184]. Copyright 2009
American Chemical Society.

obtained after a long (24 h) and cautious hydrothermal treat-
ment of a similar mixture of components at 180°C
(Figure 28)."® Interestingly, the polycrystalline PW,,@HKUST-1
showed high catalytic activity towards the degradation of
phenol, which the authors attributed to “synergistic effects”
between POM and MOF.

However, it is well known that MOFs can exhibit catalytic ac-
tivity by themselves. Several analogues of UiO-66, for instance,
a Zr-containing metal-organic framework, having exceptional
chemical and thermal stability, have already been investigated
as solid catalysts in a variety of reactions."® There are multiple
ways to prepare UiO-66 and closely related materials, but their
exploitation on a large scale is hindered by the adverse nature
of conventional synthesis routes. A mechanochemical ap-
proach was recently developed and will be briefly discussed in
the following."® The method offers a nearly solvent-free route
to UiO-type MOFs without any need for bulk solvents, aggres-
sive reagents, or high temperatures. Ui0-66, Zr,O,(OH),(BDC),,
was obtained as a result of the mechanochemical reaction
of a carboxylate-capped zirconium cluster (general formula:
Zrs0,(0OH),(RCO,);,) and terephthalic acid (H,BDC), in the pres-
ence of a limited amount of DMF or MeOH (Figure 29). Opti-
mized reaction parameters privileged MeOH over DMF as a
process control agent and the methacrylate cluster over an al-
ternative precursor based on benzoic acid. By this means, UiO-
66-NH,, an isostructural MOF to UiO-66 based on the 2-amino-
terephtalate linker, was also prepared. All the generated frame-
works showed high catalytic activity in the hydrolytic degrada-
tion of nerve agent simulants, comparable to their solvother-
mally prepared counterparts. The synthetic procedure was fur-
ther improved using water in place of methanol as the only
liquid additive. The Zrs-methacrylate cluster could be replaced
by a nonconventional dodecanuclear zirconium acetate precur-
sor, with the additional advantage of avoiding the generation
of reactive and hazardous methacrylic acid by-products. Impor-
tantly, the new reaction conditions enabled the study of a con-
tinuous mechanochemical process (known as twin-screw extru-
sion, TSE) by which UiO-66-NH, could be produced at a rate of
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Figure 29. Scheme of the water-assisted mechanochemical synthesis of Zr-
based MOF UiO-66. Adapted with permission from ref. [186]. Copyright 2018
American Chemical Society.

almost 1.4 kgh™' (Figure 29).® These results are not restricted
to UiO-type MOFs as they were also achieved in the case of
three other commercially relevant MOFs (e.g., HKUST-1, ZIF-8,
and Al(fumarate(OH)))."®”

Besides MOFs, mechanochemistry has also been explored to
prepare closely-related materials, such as covalent organic
frameworks (COFs)." With the only difference of being entire-
ly based on organic parts and covalent linkages, which provide
for their low density, COFs are extended structures conceptual-
ly analogous to MOFs. COFs offer similar features as MOFs, in-
cluding high surface area, hierarchical porosity, modularity, tail-
ored functionality, moderately high chemical and mechanical
robustness."®" For these reasons, COFs are very attractive for
applications in the fields of catalysis, gas storage and separa-
tion, and electronics."®? However, the synthesis of COFs is still
in its early stage of development, so that a number of ques-
tions first need to be solved. Above all, practical solutions for
the mass production of COFs in an environmental-friendly
fashion have to be designed to encourage their wider applica-
tion. In this context, mechanochemistry seemed to have paved
the way for their scalable synthesis. An easy-to-perform “exter-
nal coagent” (e.g., p-toluene sulfonic acid monohydrate) assist-
ed solid state synthesis of [3-ketoenamine linked COFs was im-
plemented for the large-scale synthesis of COFs (ca. 10 gh™)
in a twin-screw extruder, which could be further extended to
other systems, for instance, imine based COFs."™” We look for-
ward to witnessing future advances in the field.

7. Conclusions and Outlook

Mechanochemical synthesis offers a straightforward, scalable,
and often more sustainable route for the synthesis of catalytic
materials. Key advantages of mechanochemically-assisted prep-
arations include operation without a need for additives (e.g.,
solvents, templates, surfactants) and post-synthetic treatments
in many cases. This avoids the generation of solvent and/or
gaseous wastes and simplifies the overall synthetic protocol,
ultimately simplifying scale-up. Besides, this synthetic strategy
provides materials with unusual properties, which are often im-
possible to achieve by classical methods. Various examples de-
scribed in this review demonstrate the effectiveness of the me-
chanochemical route for the synthesis of different kinds of cat-
alysts, from bulk metals, single metal oxides, and multimetallic
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mixed oxides nanoparticles to supported metals and bimetallic
alloy nanoparticles. Moreover, several of these systems have
shown better performance in various catalytic applications.
This progress is due to the increased interest in mechano-
chemistry, beyond comminution and mechanochemical alloy-
ing, and to the availability of advanced milling equipment,
which allows for better control of operation parameters. How-
ever, contamination issues due to abrasion should always be
kept in mind in mechanochemical processing. This is particu-
larly critical as most of the materials used for the manufacture
of milling tools and equipment typically contain elements
(e.g., Fe, Ni, Cr) that are catalytically active in many reactions
and can adversely influence the catalytic performance. Milling
vessels and media made of ceramics might be better alterna-
tives, but some of the ceramics contain binders, which may
also be problematic for catalysis (e.g., Co in WQ).

Another aspect is the scale-up of lab-scale catalyst synthe-
ses. In fact, most of the examples herein discussed were at-
tained using bench-top shaker (mixer) mills or planetary mills,
which are presently not available for large scale processing.
However, some successful cases can provide some guidance in
this direction. For instance, the results on the depolymerization
of lignocellulose in planetary mills (1 g scale) were successfully
scaled-up to the kilogram scale in a 20 L Simoloyer device,"**
and those on the synthesis of high-surface-area a-Al,O; by de-
hydration of boehmite in shaker mills (1 g scale) could essen-
tially be reproduced in 1-8 L Simoloyer devices, allowing for
scale-up up to 100-500 grams.” Thus, although shaker and
planetary mills are not available for large-scale applications, Si-
moloyers (available with vessel sizes up to 900L) or other
large-scale high-energy milling devices (e.g., attritors) may ad-
vantageously be used for scale-up purposes.

In spite of tremendous success in material synthesis, the un-
derstanding of how the catalyst preparations work in ball mills
is still lagging behind on the macroscopic scale. This might be
due to difficulties in monitoring the synthesis progress in a
non-stationary milling vessel, in which milling media and
powder are rapidly moving. For several applications, the mill-
ing vessels must be robust enough to withstand the forces
and are mostly made of metals and alloys (e.g., steel alloys) or
ceramics. Therefore, most kinds of radiation either cannot pen-
etrate them or are very strongly attenuated. This makes us pri-
marily dependent on ex situ analyses, which might not provide
realistic information on intermediate states and thus hamper a
complete understanding of possible reaction pathways. This
notion has recently changed, thanks to the pioneering studies
of Fris¢i¢ and co-workers. The group successfully designed a
milling system compatible with in situ X-ray diffraction studies
directly in a synchrotron facility, which allowed monitoring the
formation of a zeolitic imidazolate framework (e.g., ZIF-8) in
the ball mill."77*1 Next, the group also developed an in situ
Raman spectroscopy set-up,’® in which they broadened the
scope of materials studied."® Recently, thermography has
been added to the list of viable in situ characterization meth-
ods since the temperature development during milling was
recognized as rather informative for some types of reaction.”®”
However, a more innovative design of milling vessels is re-
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quired to study milling processes involving hard materials
(e.g., phase transformation in titania or alumina), for which
plastic milling vessels are inappropriate as they cannot with-
stand the required high milling impacts. In this sense, some in-
teresting concepts of milling vessels for in situ analysis are dis-
cussed by Tumanov and co-workers."™

Besides catalyst synthesis, ball milling has also emerged as a
highly effective tool for carrying out various catalytic reactions
(e.g., organic transformations, biomass conversions, and gas-
solid reactions). Owing to the different focus of this review,
this topic is not discussed herein, but it is well covered in
recent reviews and a book chapter."***'%? Briefly, for mechano-
chemically promoted catalytic reactions, milling vessels can be
adapted to be used as a catalytic reactor for batch reactions.
For continuous-flow gas-solid reactions, the vessel can be fur-
ther modified to allow gas flow through and temperature
monitoring at the vessel wall.®® The positive role of ball milling
in promoting catalytic reaction has long been recognized. The
pioneering works in this direction were performed by Heinicke
and co-workers in the 1960s, investigating the reactions of
solids with a gas phase under mechanical activation in a mill-
ing system resembling a shaker mill.?°*?" Afterwards, though,
only a few scattered studies on gas-solid reactions in ball mills
appeared in the literature, until the last decade.?®** |ndeed,
recent years are witnessing a surge in interest in mechano-
chemistry to promote gas-solid reactions.®%*>3¢38204 |ndepend-
ently, significant progress has been made in the field of organ-
ic transformation"*3*'%2%1 and biomass conversion.2%°%
Overall, we can expect more exciting developments in ball
milling-assisted processes, not only in terms of identifying new
compounds, catalyst synthesis, or reactions, but also with re-
spect to understanding the basic processes, dealing with con-
tamination, and scale-up aspects.
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