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In this review, we report on recent advances
in the use of mechanochemistry to synthesise

new catalytic materials. We report recent results
obtained by our groups where a rational design
of the milling parameters led to the synthesis of
advanced materials with novel properties such
as unconventional arrangements of metals on
the surface of oxide support materials, highly
dispersed metals or the stabilisation of species
in particular oxidation states. These properties
resulted in superior catalytic performances of
the  mechanochemically-synthesised catalysts
compared to their counterparts prepared by
traditional impregnation methods. To illustrate
these advances, we review the progress made
in two important fields of catalysis where noble
metals are used: (i) emission control catalysis using
palladium-based materials; (ii) the development of
photocatalysts to produce hydrogen based on gold
and palladium materials.

1. The Mechanochemical Approach

Milling is an ancient art and the use of mechanical
forces to promote chemical reactions has been
used since prehistory; however, a systematic
approach to the so-called ‘mechanochemistry’ is
quite recent (1, 2). In recent decades, the use of
solid-state synthesis methods for the preparation
of advanced functional materials and novel catalytic
formulations has attracted a great deal of attention
due to its potential to stabilise metastable phases
which would be otherwise challenging to obtain
(3-5), considering the chemical and thermal
equilibria limitations involved in conventional
solution-based synthesis methods. Recently, the
environmental benefits guaranteed by replacing
conventional wet-based synthesis approaches with
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solvent-free mechanical processes have further
rekindled research efforts in the application of
mechanochemistry to the preparation of catalytic
materials (6-8). Several reviews have highlighted
successful results obtained in the use of mechanical
energy to improve the performance of complex
oxides (4,9-12), energy-storage materials (13, 14),
zeolites (15) and metal-organic frameworks
(16, 17), among others. Gas-phase reactions
promoted by mechanochemistry have also been
investigated (18-21). The development of a
dedicated apparatus in the form of a single-screw
device for a continuous process was reported for
pharmaceutical applications (22), showing the
promising translation of the mechanical method at
the industrial scale. Indeed, screw extruders have
been recently developed and successfully applied for
larger scale mechanochemical processes involving
the synthesis of metal organic frameworks and
organic molecules in general, showing excellent
sustainability and a great potential for industrial
application (23, 24).

In addition to the abovementioned environmental
advantages, the success of the mechanochemical
synthesis process also lies in its simplicity of
operation. In the milling synthesis method, the
precursor materials are simply mixed in a milling
vial where the milling media (often grinding balls)
move and transfer their kinetic energy through
impacts, attrition and shear stresses to the
powders, as schematically represented in Figure 1.
The movement of the milling media is characteristic
of the type of mill, among which shaker mills,
planetary mills, vibration mills and attritors (stirring
ball mill) can be distinguished. Media other than
grinding balls can also be employed, such as in the

Friction

Fig. 1. Main forces acting on powder particles
during milling. (Reproduced with permission from

(25))

case of mortars, pin mills and rolling mills (2). The
impacts and stresses generated during milling lead
to alterations in the pristine powder structure, such
as comminution and fracturing of large particles,
agglomeration of finer nanoparticles, stabilisation
of metastable phases such as supersaturated solid-
solutions and amorphisation due to accumulation
of structural defects (25).

However, the application of milling for the dry
synthesis of metal-supported catalytic materials
has been scarcely investigated in the past years
(26, 27), as the mechanically induced metal-
support interaction was often reported as negligible
or less effective compared to other conventional
synthesis methods such as wet impregnation, co-
precipitation, solution combustion synthesis, or
atomic layer deposition. Some recent works exploit
the comminution and anchoring mechanisms
occurring during milling for the preparation of
supported metal catalysts (21, 28), while examples
of mechanically induced metal-support interaction
have only recently been reported for redox support
oxides such as ceria (26) and titania (29). Possibly,
the difficulties arise from the intrinsic complexity
of the many, often interconnected, process
parameters involved in the milling process (30-32),
which hinder a straightforward tuning of the
specific metal-support interplay and, consequently,
the engineering of metal-supported catalytic
materials. In addition, the dry milling process
is known to induce uncontrolled contamination
from the equipment’s materials (vial and balls),
especially if carried out at high energy conditions
(33, 34). Features achieved during milling might
also be lost due to particle agglomeration, for
example, by hiding the metal active phase (35),
or by further thermal treatments, hence leading to
unsuccessful or inconclusive results (36). Lastly,
without a comprehensive theoretical background
most studies have to rely on trial-and-error
approaches, partially explaining the contradictory
results reported in the literature. In fact, in
metal-supported catalysis a successful theoretical
prediction would need to include both mechanical
stresses at the mesoscale and microscale,
generated by the physical milling apparatus and
sustained by the catalyst components respectively,
as well as the subsequent effect on the chemical
and electronic structure of the catalytic materials.

Nonetheless, optimising the metal dispersion
and mass efficiency of metal-supported catalytic
materials is paramount for the fields where the use
of a noble metal active phase is imperative, such
as air pollution control of mobile sources, where
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legislation limits require elevated activity standards
and prolonged stability under harsh conditions (up
to 200,000 km and ten years of age in the new
Euro 7 proposal for light duty vehicles) (37-39).
Several approaches have been attempted to
address this issue, starting from improved
recycling of noble metals (40) up to pushing
research towards their partial substitution by
metal-free alternatives (41). In addition, the entire
catalyst life cycle, including the whole preparation
route, has to be considered in order to assess and
improve the sustainability of the chosen catalytic
materials (42). In this respect, mechanochemistry
has been increasingly investigated for the
preparation of metal-supported catalysts following
the sustainable development goals and green
assessment of material production (6, 7), offering
environmental advantages compared to the
solvent-based counterparts. Also, wet and dry
milling processes are generally employed at the
industrial scale to reach the desired particle size
distribution or morphological characteristics which
are needed for catalyst powders processing into
structured ones (pellets, extrudates, coatings,
among others) (43, 44). Integrating the synthesis
process directly into a single milling step could
possibly reduce the number of such operations,
further contributing to the energy consumption
reduction (i.e. fuel use and CO, generation) of the
whole catalyst industrial life.

One of the best examples of mass efficiency
maximisation is the deposition of noble metals
as sub-nanometric particles or single atoms, the
latter representing the maximum mass efficiency,
provided that the induced metal-support interaction
does not negatively affect reactivity (37). In fact,
some works report that the surface energy of the
single atom noble metal might be insufficient for
gas reactions, where metal-metal interactions are
needed (45, 46). In this case, the single atom
configuration might be exploited as a starting
point to grow sub-nanometric metal clusters via
appropriately tuned thermal treatments and under
reaction conditions that lead to maximisation of
catalytic activity and mass efficiency (47, 48).
Within this framework, some recent works report
successful efforts in the application of dry milling
processes for the preparation of single atom
catalysts (49-51). Remarkably, such an approach
led to the generation of palladium on zinc oxide
single atom catalysts for selective hydrogenation
reactions (51), where the developed solvent-
free milling method was also easily scaled up
to the kilogram-scale, corroborating the more

facile implementation of dry mechanochemistry
synthesis methods compared to other wet-based
deposition methods or chemical vapour deposition
techniques (49). In another approach, single atoms
of iron, cobalt, nickel and copper were dispersed
over nitrogen-doped graphite by appropriately
tuned abrasion of the metal from the milling media
to the carbon support in nitrogen atmosphere (50).

Alternatively, an increase in mass efficiency of
the catalyst can be achieved by promoting metal-
support interaction, synergistically enhancing the
mass activity per metal atom. In this respect, our
group reported several noble metal-reducible oxide
compositions where, by means of a simple dry-
milling method, the metal-support interaction and
the metal surface state were altered as to lead to
enhanced activity and stability of three-way catalysts
for unburnt methane abatement (26, 52) and in the
photocatalytic production of hydrogen (27, 53). In
the following sections, the characteristics of metal-
supported catalysts prepared by dry mechanical
methods will be covered in depth, revealing the
improved activity and structure-reactivity findings
over novel catalytic materials for air pollution control
and green hydrogen production, highlighting the
potential of the mechanochemical synthesis route
in the preparation of novel metal-based catalytic
formulations.

2. Dry Milling of Palladium and
Platinum on Ceria for Air Pollution
Control

It is well known that increasing the intimate
contact between the supported noble metal and
the support oxide leads to enhanced activity and
prolonged stability over time, through synergistic
interaction among metals and metal oxides. Both
parameters (absolute activity and long-term
stability) are key for new, sustainable catalytic
materials (37). Therefore, optimising platinum
group metal (pgm) loading and deactivation
resistance is of utmost importance, particularly in
aftertreatment catalytic systems. Often, the most
critical points are related to: steam resistance,
cold start (i.e. low-temperature activity), hot spots
(i.e. high-temperature stability) and stability over
repeated reduction-oxidation cycles (37, 54).
A close interaction between the redox support
oxide (ceria or ceria-zirconia) and the noble
metal (palladium or platinum) was obtained by
solution combustion synthesis and was reported
as significantly improving the performance of the
materials for pgm applications, both in terms of
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abatement activity (55, 56) and resistance to
steam deactivation and cycling stability (57).
However, the proposed synthesis method, based on
controlled combustion of the catalyst precursors,
was not sustainable at industrial scale. As the strong
interaction was obtained by the extreme local
energies released during combustion, mechanical
stresses could represent an alternative method to
achieve a similar intimate contact with the noble
metal embedded in the outermost ceria surface.
Hence, mechanochemistry was applied to the
same class of materials, proving to be remarkably
successful in the preparation of palladium on ceria
based catalysts for methane abatement (26, 52).
An example of the milling apparatus employed is
reported in Figure 2, showing on the left a picture
of the Fritsch Pulverisette P23 vibratory Mini-Mill
and, on the right, a scheme of the main parameters
which should be considered for synthesis.

An appropriate tuning of the milling parameters
and precursor salts was necessary to obtain
active materials (35), showing how different the
optimal conditions can be compared to the state-
of-the-art reached for other mechanochemical
synthesised materials and alloys (58). In fact, a
mild intensity mechanochemical procedure was
found necessary to ensure the optimal dispersion
of palladium on a ceria support, resulting in a
peculiar amorphous shell-core structure with
enhanced metal-support interaction and improved
catalytic performance (26). Conversely, high
intensity milling conditions usually employed
for the alloying of functional materials resulted
detrimental to the metal dispersion and the
integrity of the support particle structure (35).
The unique nature of the catalytic materials

prepared by the mild energy, dry milling route is
reflected in the peculiar morphology observed by
high-resolution transmission electron microscopy
(HRTEM) images, reported in Figure 3 for samples
milled with metallic palladium (Figure 3(a) and
3(b)), palladium acetate (Figure 3(c)), metallic
palladium and platinum (Figure 3(d)) and their
counterparts prepared via conventional incipient
wetness (IW) impregnation method (Figure 3(e)
and 3(f)). Most remarkably, the palladium species
over the milled ceria catalysts are not distinguished
clearly, such as metallic palladium nanoparticles,
but are well dispersed over ceria in an amorphous-
shell-like structure surrounding ceria crystallites.

The  unprecedented catalyst morphology
is reflected in outstanding catalytic activity
for methane abatement in mobile exhausts
application, where a series of catalysts prepared
by dry milling (including monometallic and
bimetallic palladium and palladium-platinum
on ceria samples) were tested under the most
representative abatement conditions, such as lean
oxidation (26, 52), stoichiometric operation (59),
dry and wet reaction feed (60, 61), in transient
and in stability experiments (62). In all
conditions the milled samples outperformed the
conventionally prepared counterpart, displaying
higher activity (see Table I) and higher stability
over time. Moreover, palladium on ceria milled
catalysts showed also enhanced high temperature
resistance particularly when palladium acetate
was milled onto ceria (52, 63). Figure 4 shows
the suppression of the activity loss due to the high
temperature palladium oxide-palladium-palladium
oxide transition on PdAcCe M compared to a
conventional impregnated sample. The unique
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Fig. 3. HRTEM images of ceria-based samples milled with: (a) and (b) metallic palladium; (c) palladium
acetate; (d) metallic palladium and platinum and their counterparts prepared via conventional incipient
wetness impregnation method; (e) PdCeIW; and (f) PtPdCeIW (26, 52, 60). Reprinted from (26) with
permission from Wiley. Reprinted from (60) under Creative Commons Attribution license 4.0 (CC BY 4.0
DEED)

Table I Catalytic Activity Data®

Sample Reaction feed" Temperature, K Reaction rate, pmolcys gyt s Ref.
dry, lean 520 14.1
PdCeM
wet, lean 613 12.8
dry, lean 520 25.1
PdAcCeM (52)
wet, lean 613 17.2
dry, lean 520 6.4
PdCeIW
wet, lean 613 5.4
dry, lean 580 22.1
PtPdCeM
wet, lean 680 28.4
(60)
dry, lean 580 18.2
PtPdCelIW
wet, lean 680 13.6
dry, lean 520 8.8
i (52)
wet, lean 580 5.2
4PdAcCeM -
dry, stoich. 563 13.5
: (59)
wet, stoich. 613 14.9
dry, lean 520 3.3
o (52)
wet, lean 580 1.3
4PdCeIW _
dry, stoich. 563 4.8
: (59)
wet, stoich. 613 4.2

@Reaction rates were calculated from the second heating ramp in light-off experiments, ensuring kinetic conditions (methane conversion
below 5%) and are reported per mass of active metal

bWet: 10 vol% water added to the gas feed. Lean: 0.5% methane, 2% oxygen in helium. Stoichiometric: 0.5% methane, 1% oxygen in
helium
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results obtained by milling metallic palladium
and palladium acetate over ceria with respect to
other precursors such as palladium oxide (26) and
palladium nitrate (63) could be ascribed, on the one
hand, to the physical properties of the precursors,
whereby softer powders are more easily spread
over the support oxide and on the other hand,
to the presence of reduced Pd° either in the
precursor composition (metallic palladium black)
or obtained after decomposition (for palladium
acetate). Conversely, fully oxidised Pd?* species,
either in palladium oxide, palladium(II) nitrate or
obtained through subsequent thermal treatment,
proved to be ineffective in the promotion of strong
palladium-cerium interaction (63).

The results obtained from these studies showed
not only the viability of the methodology for the
preparation of metal-supported catalysts but
also allowed to disclose new nanoscale catalyst
arrangements inaccessible by conventional wet
methods. As briefly anticipated, the unique
catalytic and morphological properties of this class
of materials were maintained also when a bimetallic
palladium-platinum formulation was investigated
and appeared to be stable under more complex
reaction atmospheres (60, 61), highlighting the
potential of the proposed solvent-free mild milling
process for further industrial development. Indeed,
preliminary scale-up tests carried out in a planetary
ball-mill have demonstrated the feasibility of
the synthesis at the 10-100 g scale, while
maintaining catalytic performance comparable
to the state-of-the-art three-way catalyst (TWC)
formulations (62). Alternatively, a large mortar
mill with appropriate downward force might be a
viable method for the synthesis of palladium on
ceria catalytic materials, replicating the movement

of the small-scale vibrational mill at low energy.
However, experimental attempts have been so far
focused on palladium on ceria-only materials and
the inclusion of other metals and metal oxides for
the preparation of fully formulated TWCs has not
yet been explored.

One of the most challenging issues when
dealing with these pgm on ceria catalysts was
the characterisation of their nanoscale structure
and chemistry. To unveil the details of the metal-
ceria interaction at the outermost surface of the
materials prepared by dry milling and to correlate
it with the enhancement in catalytic performance,
an array of in situ and ex situ characterisation
techniques was used to follow the evolution of
their peculiar shell morphology, redox interplay
and surface properties. As expected, the novel
synthesis method led to unique behaviour both
in terms of surface and bulk structural evolution
during reaction and in terms of chemical affinity
towards adsorbed intermediates via ambient
pressure X-ray photoelectron spectroscopy (AP-
XPS), in situ X-ray diffraction, X-ray absorption
spectroscopy and HRTEM analyses. Not only the
milled catalysts were revealed to maintain higher
dispersion of the noble metal on the ceria surface,
but also the intimate nanoscale interaction between
the support surface lattice and the metal phase
proved to be able to maintain the noble metal
in @ combination of oxidation states (0, 2+, 0+)
throughout reaction (52, 59), which is indicated
both by experimental and theoretical studies
as the most active configuration for the C-H
bond activation (64-66). These results further
corroborate the importance of the metal precursor
properties in determining the efficiency of the
milling synthesis.
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Fig. 5. Representative AP-XPS spectra collected: (a) in the palladium 3d region under lean methane oxidation
atmosphere (0.0133 mbar methane, 0.0533 mbar oxygen, 373 K); (b) in the palladium 3d region under
stoichiometric methane oxidation atmosphere (0.6 mbar methane, 1.4 mbar oxygen, 673 K); and (c) in the
carbon 1s region on a 4 wt% palladium on ceria milled sample (M) and its conventional incipient wetness
counterpart (IW) under stoichiometric methane oxidation atmosphere (0.6 mbar methane, 1.4 mbar oxygen,
673 K) (52, 59). Reprinted from (59) under Creative Commons Attribution License 4.0 (CC BY-NC 4.0 DEED)

Figure 5(a) and 5(b) reports some
representative XPS spectra collected under in situ
methane oxidation conditions, showing the stability
of the Pd?*/Pd® mixed configuration over the
milled catalyst compared to the IW counterpart.
In addition, spectroscopic techniques such as
Raman and diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) were used to
further investigate the effect of the peculiar metal-
support configuration in the reactivity of the milled
materials, following the evolution of reaction
intermediates and probe adsorbates on the pgm
on ceria M catalysts. The enhanced stability
over time displayed by the materials prepared
via mechanochemical synthesis (52, 59, 60) is
due to a lower affinity towards OH adsorbates
(Figure 5(c)), whose presence on the palladium
surface is reported as one of the main factors
inducing deactivation of TWCs by formation of
palladium hydroxide (67, 68) or inhibition of the
PdO,-CeO, oxygen exchange (57, 69).

The unique behaviour of the mechanically
induced palladium-cerium interaction is not
limited to methane activation. As a matter of
fact, several additional relevant reactions in air
pollution control were also evaluated, such as
dry reforming of methane (DRM) (70), carbon
dioxide methanation (71) and low temperature
NOx adsorption (72). For example, PdCeO, milled
materials exhibited a more facile C-H bond
activation and peculiar CO, activation routes under
oxygen poor conditions, such as in dry reforming of
methane and under reducing conditions (70, 71),

suggesting that the unique palladium-cerium
configuration, extensively observed under oxidative
conditions (52), is generated during the milling
process and then maintained after pretreatment,
regardless of the reaction atmosphere, hence
becoming an intrinsic property of the milled
material. Moreover, the reaction pathways
observed on milled catalysts were strikingly
different from those detected over the conventional
impregnated counterparts. Remarkably, only by
using isotope labelled diffuse reflectance infrared
Fourier transform spectroscopy it was possible to
disclose the transient mechanisms involved in the
selective hydrogenation of CO,, dominated by the
direct oxidation of CH, to carbon monoxide and
by the presence of carbon modified Pd® (71). The
same carbon-doped palladium surface structure
was also unravelled in the presence of CO, and
methane under dry reforming conditions (70),
where standard and isotope labelled DRIFTS
showed opposite reaction mechanisms compared
to the metallic Pd® phase, preferentially activating
either methane or CO,, respectively. Remarkably,
the insertion of carbon atoms into the strained
palladium lattice of the milled palladium on ceria
M sample also inhibited coke deactivation, which
usually plagues DRM catalysts, enabling higher
activity, hydrogen production and stability over
time.

A completely different scenario was considered
when applying palladium on ceria M materials for
the passive adsorption of NOx (72), a process
that is investigated for the improvement of the
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performances of catalysts for the selective catalytic
reduction of NOx. In this case the behaviour of
milled materials was also found to be significantly
different compared to that of impregnated samples
and again the differences involved the reaction
mechanism. The milled materials in fact showed
a different NOx desorption profile, where most of
the NOx desorbed as nitrogen dioxide at higher
temperature compared to PdCeIW. This was
ascribed to the easier oxidation of nitric oxide to
more stable nitrates observed on PdCeM, which, in
turn, was related to the stronger palladium-ceria
interaction leading to higher oxygen mobility.

Forallthesereactions, the mildintensity conditions,
rarely reported in the literature as successful for
the preparation of functional materials, proved to
be key to obtain a high dispersion of metallic phase
over a metal oxide support, without damaging the
lattice structure of the latter and a unique metal-
ceria interaction leading to high activity, stability
and different reaction mechanisms.

3. Mechanochemical Synthesis
of Supported Metal-Oxide
Photocatalysts

In spite of the remarkable and rapid progress
achieved in photocatalysis (73-77), there are still
obstacles to overcome in the quest for effective
photocatalysts that can operate under solar light,
as well as selective co-catalysts and more efficient
mechanisms for hydrogen photoproduction.
Anticipating the near future, we envision that the
collaboration between nanotechnological tools
for fabrication and photoreaction engineering
will assume a crucial role. In this regard, the
mechanochemical approach has recently emerged
as one of the most interesting synthetic protocols
to produce novel photocatalysts with advanced
functionalities.  Mechanochemistry has been
proven as an efficient approach to prepare active
photocatalysts such as N-doped and S-doped
titania (78-82), photoactive semiconductor
mixtures of ferric oxide-titania and molybdenum
sulfide-titania (83-85) and magnetically separable
titania (86). Recently, the preparation of gold
on titania for hydrogen photoproduction from
gold complexes and manual grinding has been
reported (87, 88).

Decreasing the size of metal entities supported
onto the surface of semiconductor particles from a
few nanometres down to homogeneously dispersed
clusters or single atoms has been proven to be an
effective strategy to enhance the photocatalytic

efficiency. Nevertheless, designing a simple and
scalable manufacture process has consistently
been a challenge. The mechanochemical synthesis
of ultra-small noble metal clusters anchored over
inorganic oxide supports has proved to be an
interesting approach to synthesise photocatalysts,
not only by providing a facile method to obtain
well-dispersed sub-nanometric metal clusters,
but also because the photocatalytic properties of
the resulting materials are significantly improved
in terms of both photoactivity and long-term
operational stability. For instance, a facile one-
step ball milling protocol to synthesise gold
clusters dispersed over the surface of titania P90
nanoparticles has been developed (89). Gold(III)
acetate was added as a solid precursor and was ball-
milled with titania P90 powder, obtaining anchored
sub-nanometric gold clusters (see Figure 6). All
the ball-milling parameters were optimised to
achieve the highest hydrogen production and, in a
similar way as described for the palladium on ceria
system, the best photocatalytic performances were
obtained at low milling energy (15 Hz for 10 min
with a ball-to-powder ratio of 45). The obtained
gold clusters present a particular interaction
with titania, which was demonstrated by XPS
analysis showing a strong signal at 83.6 eV that
can be ascribed to activated gold clusters Au®".
The resultant gold on titania mechanochemically
activated photocatalysts exhibited a photoactivity
that doubled the photoproduction of hydrogen
under ultraviolet (UV) light compared with
a conventional gold on titania photocatalyst
containing gold nanoparticles prepared by
incipient wetness impregnation methodologies.
A further photocurrent and electronic impedance
spectroscopic analyses of gold on titania samples
pointed out that the mechanochemically-prepared
photocatalysts possessed a lower resistance than a
gold on titania sample conventionally produced by
impregnation, which indicated that milled metal-
oxide samples achieved better electron transfer
processes and allow more efficient electron-hole
charge separation phenomena. Additionally, the
specific architecture reached by mechanochemical
milling between gold and titania not only leads to
a higher photoactivity under UV light, but also to
a significant increase in the use of visible light in
the photocatalytic production of hydrogen, which
certainly represents a remarkable milestone.

The mechanochemical approach has also been
successfully employed for the preparation of
titania-based photocatalysts with co-catalysts
other than gold. Nanoshaped titania materials
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Fig. 6. HRTEM images of titania-
based samples freshly obtained by
milling titania with: (a) palladium
(II) acetate; (b) gold (III) acetate;
(c) and (d) the same samples after a
photocatalytic hydrogen generation
reaction (27, 53). Reprinted from
(53) under Creative Commons
Attribution License 4.0 (CC BY-NC-
ND 4.0 DEED)

enriched with graphene, which are linked to a
reduced recombination of electron-hole pairs,
have been modified with platinum and copper
precursors in a mechanochemical process to
obtain enhanced photocatalysts for continuous
hydrogen production (80). The preparation of the
desired shapes of titania (nanotubes, nanobelts
and nanowires) was carried out by a hydrothermal
method varying the experimental conditions
(temperature, time, potassium hydroxide or
sodium hydroxide concentration). Biomass-derived
reduced graphene oxide (rGO) was synthesised
from calcination of grinded and sifted orange peels,
followed by a reduction with hydrazine. The ball
milled metal precursors were platinum(II) chloride
and hydrated copper(II) nitrate. The experimental
results showed that a combination of 0.5%
platinum-0.5% copper-2% rGO-TiO, nanotubes
photocatalyst resulted in an effective hydrogen
photogeneration with an advantageous synergistic
effect of copper-platinum decorating the rGO-
TiO, support compared to the monometallic
counterparts.

A photocatalyst prepared by mechanochemistry
with highly dispersed palladium clusters onto
commercial titania P90 nanoparticles has also been

recently reported (53). The mechanochemically-
synthesised catalyst reported involved the use
of a palladium(Il) acetate precursor that was
ball-milled with titania powder. To assess the
photocatalytic behaviour of palladium species
anchored over titania, a series of comparative
experiments were conducted using samples
prepared through ball milling with different titania
and palladium precursors (titania P90, titania
P25, palladium(II) acetate, palladium(II) chloride
and palladium(II) nitrate). Considering the
support materials, titania P90 exhibited superior
photocatalytic performance compared to titania
P25. This can be attributed to its larger surface
area, which promotes betterdispersion of palladium
co-catalyst species, leading to enhanced contact
with gaseous reactants and active sites during
the photocatalytic hydrogen production process.
Additionally, the photocatalyst synthesised
from palladium(II) acetate demonstrated better
photocatalytic performance when compared to
samples prepared from palladium(II) nitrate or
palladium(II) chloride. The impact of various
milling parameters on hydrogen production was
examined. Again, the photocatalytic performance
exhibited a notable dependence on the milling
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energy, where a higher frequency corresponded
to a lower rate of hydrogen production. This
observation implied that lower impact velocities
promote a more effective interaction between
the metal and the support material. Importantly,
following the photoreaction, it was observed
that the palladium clusters in the palladium on
titania M sample exhibited a higher tendency to
agglomerate, as shown in Figure 6. Consequently,
the palladium clusters underwent a transformation
during the photocatalytic hydrogen production,
forming nanoparticles with sizes ranging from
approximately 2.5 nm to 4 nm. To delve deeper
into the interaction between palladium species
and the titania support, XPS was employed. The
deconvoluted palladium 3d signal unambiguously
showed the different oxidation states of
palladium existing on the surface of the different
photocatalysts. In the sample palladium on titania
M, palladium 3ds,; peaks with binding energies
at around 335.0 eV, 336.0 eV and 337.2 eV can
be ascribed to metallic palladium (Pd®), Pd?*
and superoxidised Pd®" species, respectively,
where the metallic palladium was the dominant
species (51.1%). In contrast, in conventional
palladium on titania samples prepared by
impregnation methods or palladium on titania M
samples with calcination treatment, palladium
was mostly in oxidised form. In the fresh ball-
milled palladium on titania samples, the presence
of metallic palladium exhibited a remarkable
influence on the separation of electron-hole pairs
generated during photocatalysis. Notably, a unique
interaction effect between palladium clusters and
the titania support was observed in the palladium
on titania M photocatalysts during UV illumination.
This interaction effect can be effectively elucidated
through the surface variations detected in the
XP titanium 2p and oxygen 1s spectra, as well
as the comprehensive analysis of the palladium
K-edge X-ray absorption near-edge structure
spectra (91).

Therefore, the utilisation of mechanochemical
strategies presents promising prospects for
producing stable metal clusters supported on
oxides, serving as enhanced photocatalysts without
the need for organic ligands to stabilise the active
sites. As depicted in Figure 7, mechanochemical
synthesis can serve to obtain different features
in the photocatalytic materials, including but not
limited to: (i) anchoring ultra-small active sites
onto semiconductor surfaces; (ii) improving visible
light absorption using plasmonic materials; (iii)
boosting charge separation and transport reducing

N
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Fig. 7. Summary of features that can be
achieved via mechanochemically synthesising
photocatalysts. The central scheme depicts a
composite semiconductor and two selective
contacts, an ETL and a HTL formed by milling
two different cocatalysts with the semiconductor.
e” and h* are the photogenerated electrons

and holes, respectively. E. is the energy of the
conduction band, E, is the energy of the valence
band, E, is the band gap energy, hv is the incident
light energy

the electrical resistance of the resultant material
and creating effective hole transport layers (HTL)
and electron transport layers (ETL); and (iv)
obtaining a particular metal-support interaction
that results in specific electronic properties
and oxidation states that improve the overall
photocatalytic performance.

4. Summary and Outlook

Mechanochemistry offers tremendous potential in
catalyst preparation, presenting opportunities for
innovative and sustainable catalyst development.
The synthesis of supported metal -catalysts
through mechanochemical methods has minimal
environmental impact compared to traditional wet
preparation techniques and can be easily scaled
up for industrial production. The simplicity of the
equipment and absence of complex setups make
mechanochemistry an attractive choice for large-
scale catalyst synthesis.

While the results reported in this account focus
mainly on the palladium (platinum) on ceria,
gold on titania and palladium on titania systems,
their implications can be extended to a variety of

226

© 2024 Johnson Matthey



https://doi.org/10.1595/205651323X16933888986996

Johnson Matthey Technol. Rev., 2024, 68, (2)

metal/support combinations, thus leading to the
development of novel classes of materials. For
instance, recent studies have explored the use of
gold on ceria prepared via mechanochemistry for
carbonmonoxide oxidation and selective preferential
oxidation of carbon monoxide in hydrogen-rich
streams for fuel cell applications (91). Bimetallic
formulations prepared using mechanochemical
methods have also shown promise, where the order
of metal addition and milling conditions can imprint
unique characteristics. Notably, this has been
observed in the low-temperature partial oxidation
of methane to produce syngas over palladium-
nickel on ceria, palladium-ruthenium on ceria and
nickel-ruthenium on ceria (92-94), as well as in
the steam reforming of methane over iron-nickel
on ceria (95).

Mechanochemistry facilitates the integration of
multiple components and structures, such as metal
nanoparticles, semiconductors and co-catalysts, for
the development of highly efficient photocatalysts.
By correlating synthesis parameters with the
resulting structure, mechanochemistry allows
tuning the supported metal particle morphology,
ranging from nanometric ensembles to sub-
nanometric clusters and single-atom catalysts.
The unique architectures of catalytic active sites
achieved through mechanochemistry set them
apart from conventional catalysts, leading to
improved catalytic activity, selectivity and stability.

Undoubtedly, further research is needed to
fully explore the potential of mechanochemistry
in designing catalysts and photocatalysts with
tailored properties. This emerging area of research
in catalysis and surface science requires a better
understanding of the resulting active sites and
the establishment of a theoretical foundation for
comprehending structure-activity relationships,
optimising catalyst design and predicting surface
architectures based on milling conditions.
Addressing this challenge is crucial since the
architectures resulting from mechanochemistry
are likely to be out of equilibrium. Theoretical
modelling can provide insights into the influence
of surface structures, defects and surface
energetics on the catalytic activity and selectivity
of  mechanochemically  prepared catalysts.
Additionally, the use of in situ and operando
advanced characterisation methods is imperative
for identifying these unique active sites and their
potential evolution into more stable structures
under reaction conditions, as demonstrated in this
review.
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