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Mechanochemistry is a promising alternative to solution-based protocols across the chemical sciences,

enabling different types of chemistries in solvent-free and environmentally benign conditions. The use of

mechanical energy to promote physical and chemical transformations has reached a high level of

refinement, allowing for the design of sophisticated molecules and nanostructured materials. Among

them, the synthesis of noble metal nanoparticles deserves special attention due to their catalytic

applications. In this review, we discuss the recent progress on the development of mechanochemical

strategies for the controlled synthesis of noble metal nanostructures. We start by covering the

fundamentals of different preparation routes, namely top-down and bottom-up approaches. Next, we

focus on the key examples of the mechanochemical synthesis of non-supported and supported metal

nanoparticles as well as hybrid nanomaterials containing noble metals. In these examples, in addition to

the principles and synthesis mechanisms, their performances in catalysis are discussed. Finally,

a perspective of the field is given, where we discuss the opportunities for future work and the challenges

of mechanochemical synthesis to produce well-defined noble metal nanoparticles.
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(Argentina), where he obtained

his PhD in 1986. Aer, he

worked at Sorbonne University

as postdoc. He served as visiting

professor at Sorbonne University

and Joseph Fourier University

(France). His current lines of

research include the study of nanostructures of redox materials

and ionic liquids, aimed at electrochemical energy storage (mainly

batteries and electrochemical capacitors). He is full member of the

Brazilian Academy of Sciences and he is the author of over 195

peer-reviewed articles.
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1. Introduction

The ancient interest in noble metals was based on their

aesthetic properties such as their spectacular brightness. Gold

(Au) and silver (Ag), for example, were employed in the

composition of ornaments and jewelry.1,2 In the past century,

extensive studies have emerged on the discovery and study of

their optical, catalytic, electronic, and biomedical properties

across the nanoscale, their clusters, and single atoms.3–8 These

unique properties hold enormous potential for applications in

several areas such as catalysis, sensing, energy conversion,

photonics, and biomedicine.8–14

The properties of metal nanoparticles (NPs) are strongly

dependent on their physicochemical features, including size,

shape, solid or hollow interiors, and composition. Moreover, in

the case of bimetallic or multicomponent nanostructures,

properties also depend on the elemental distribution within the

particle (alloys or core–shell morphologies).15 By tuning and

controlling these physical and chemical parameters, one can,

therefore, alter and optimize the desired property for a target

application. For instance, in the case of catalysis, it is expected

that the surface area, size, surface composition, and the nature

of exposed facets (shape) should strongly affect catalytic activi-

ties and selectivity (geometric and electronic effects).16–18 In this

context, noble metal NPs have played a pivotal role in catalysis

towards gas-phase hydrogenation/oxidation and carbon-

activation, oxidations, coupling, reductions, and water split-

ting reactions, for example.5,19–27 When optical properties are

considered, the shape, size, and composition in Ag and Au-

based nanoparticles affect absorption and scattering efficien-

cies as well as the intensity and distribution of electric eld

enhancements as a result of the localized surface plasmon

resonance (LSPR) excitation. These, for instance, have impli-

cations for surface-enhanced Raman scattering (SERS), plas-

monic catalysis, and imaging applications.13,14,28–30 Therefore, it

becomes clear the importance of controlling the synthesis of

these materials (yielding controllable and well-dened physical

and chemical features) not only to optimize catalytic perfor-

mances but also to enable the unraveling of the structure–

performance relationships.

Solution-based batch protocols comprising the reduction or

decomposition of the salt precursor in the presence of capping

and stabilizing agents have been achieving considerable

success for the synthesis of size, shape, and composition-

controlled noble metal NPs.4,15,20,27,31,32 Despite the versatility

and success, several challenges remain. Solution-based

syntheses are oen carried out in diluted media, yielding

suspensions with low nanoparticle concentrations. Hence, for

many practical applications, it is necessary to scale up and to

concentrate the suspension by precipitation and/or centrifuga-

tion. The scale-up can lead to problems regarding reproduc-

ibility and the necessary workup may also induce changes in or

aggregation of the nanoparticles. There is also the need for

purication to remove the excess of surfactants and unreacted

precursors. Furthermore, the synthesis of NPs can be very

sensitive to variations in reaction conditions and trace amounts

of ions in the solution or solvent, which can lead to reproduc-

ibility issues.33 Another aspect is that solution-phase synthesis,

such as the polyol34,35 and the Turkevich or Frens methods,36–39

generally requires high temperatures. Finally, the scale-up of

solution-phase synthesis recipes under batch conditions

remains limited, although recent progress has been achieved

using ow conditions.40,41

Mechanochemical ball milling synthesis has gained promi-

nence as efficient, eco-friendly, and versatile alternatives to

replace some solvent-based protocols.42–45 In contrast to

solution-based strategies, mechanochemical synthetic

approaches are highly reproducible, avoid the use of solvents,

andmany of them can be easily scaled up.46,47 The earlier uses of

mechanochemistry in the mineral and materials sciences48–51

have now been successfully expanded to areas including organic

synthetic chemistry,52 crystal engineering and co-crystal
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formation,53,54 porous polymers construction,47,55,56 and studies

of amorphization and polymorphism in molecular mate-

rials.57–60 Moreover, developments in mechanochemistry have

facilitated the preparation of a wealth of advanced inorganic

and hybrid organic–inorganic materials.61–63 Owing to its

potential, IUPAC has recently highlightedmechanochemistry as

one of the chemical technologies that will change the world.64

This has further encouraged the research community to push

the eld forward.

The synthesis of metal-based NPs by mechanochemical

conditions has been explored for decades. The early focus in the

eld has been directed towards the preparation of metal alloys,

metal oxides and suldes, and the formation of compos-

ites.48,51,61,65 Milling has also been employed as a top-down

approach to prepare metal-based nanoparticles by hard stress

and comminution.61 More recently, the use of ball milling in the

bottom-up synthesis of relatively monodispersed Ag66 and Au67

nanoparticles from the corresponding salt precursors has been

described. Therefore, the recent advances inmechanochemistry

have inspired this approach to emerge as a promising alterna-

tive for the synthesis of noble metal NPs.68,69 The simple reac-

tion work-up (if needed), reproducibility, and process simplicity

are very appealing in the context of Green Chemistry’.68,70

In this review, we cover the essential aspects of mechano-

chemical synthesis applied to noble metal NPs. Our goal is to

provide some fundamentals and an update regarding the recent

progress in this eld. We start by presenting the fundamentals

of the mechanosynthesis of nanoparticles and compares the

two strategies for their preparation, named bottom-up (reduc-

tion of precursors, nucleation and growth) and top-down

(comminution) (Section 2). This is followed by the discussion

of the mechanochemical synthesis of non-supported noble

metal NPs, with a focus on the bottom-up up approach (Section

3). Here, non-supported means the NPs that are not present at

the surface of another solid matrix as supports. Thus, NPs are

isolated and can be stabilized against aggregation by the pres-

ence of capping and/or stabilizing agents on their surfaces. We

then focus on the mechanosynthesis of the supported noble

metal NPs (where mechanochemical means were essential and

employed in at least one step of the synthesis, Section 4). Here,

supported NPs refer to those that are deposited over or within

a solid matrix, such as oxides, porous materials, or biomass

sources. In Sections 3 and 4, we present the advantages and

limitations of the mechanochemical methodology in different

examples. Particular attention is given to the mechanisms of

noble metal NPs formation and the opportunities offered by the

mechanochemical technique as a means to overcome the

challenges of solution-phase protocols. We also highlight some

examples of applications of noble metal NPs prepared by

mechanochemistry. Finally, we present a perspective of the eld

where we discuss challenges and opportunities for future work

on the mechanochemical synthesis of controllable and well-

dened noble metal NPs (Section 5).

2. Mechanosynthesis of noble metal
NPs – bottom-up and top-down
approaches

Although several strategies have been described to prepare

metal NPs, they can be classied into two main groups: bottom-

up and top-down approaches. Different from most uid phase

techniques, the early mechanochemical methods for the

synthesis of metal NPs were based on the milling and commi-

nution of the bulk materials, regarded as a top-down method

(Fig. 1). In these routes, the mechanical devices employed to

produce NPs have included planetary, vibratory, and attritor

mills. Each device presents a more prominent type of

mechanical stress such as shear stress or shock-impact.61,71 As

shown in Fig. 1 (upper region), starting from the bulk metal, the

particles, and grains are reduced by the effect of mechanical

action that breaks or dissociates the larger structures and

induces severe plastic deformation as the milling time

increases.61,69 Aer a milling period, NPs possessing grain

boundary and intragranular defects with increased surface area

(smaller sizes) are produced. Further milling can induce more

Fig. 1 Mechanochemical synthesis of nanoparticles: top-down and bottom-up approaches.
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deformation and stress accumulation. In some cases, sintered

particles and amorphous phases can form upon continued

milling, thereby decreasing the overall surface area.72–74 This

mechanism is more likely to work in the case of brittle mate-

rials, although some reports have reported more malleable and

ductile systems.75,76 Some advantages of this top-down route

include its simplicity and the generation of relatively clean

surfaces. Nevertheless, this approach might not be the most

appropriate for the synthesis of controlled noble metal NPs,

particularly when anisotropic morphologies and narrow size

distribution are required. Comprehensive reviews on the top-

down mechanochemical synthesis of nanoparticles focusing

on the fundamentals of the technique can be found

elsewhere.49,61,69,77–79

Regarding bottom-up strategies, recent methods for the

synthesis of noble metal NPs from their salt precursors have

involved manual grinding, alongside the use of ball milling

devices. The success of this methodology has increased the

scope of ball milling to the controlled synthesis of NPs.66–68

Fig. 1 (bottom region) illustrates this method, where the NPs are

produced by the reduction of precursor compounds generating

the growth species (metal atoms). These atoms undergo

nucleation and growth processes through different pathways

(e.g. by atomic addition, coalescence, Ostwald ripening,

oriented attachment) to generate the nal NPs.80 Contrary to

what was discussed in the top-down approach, in the bottom-up

mechanochemical synthesis the increase in the milling time

leads to an increase on the size of the NPs as a result of growth.

Long milling periods can also further decrease the overall

surface area even in the presence of capping agents due to the

coalescence of smaller particles and welding (Fig. 1). In prin-

ciple, bottom-up mechanochemical strategies present a huge

potential for the control over the NPs physicochemical features

by manipulating the nucleation and growth stages during the

synthesis.15,31 Table 1 summarizes a general overview of some

fundamental features of the mechanochemical synthesis of

noble metal NPs relative to solution phase strategies.

Generally, the formation of metal NPs by bottom-up

mechanosynthesis involves the use of three key components,

which also apply to solution-phase synthesis: (i) the metal

precursor, which it is the source of the growth species; (ii)

a reducing agent or energy to drive a decomposition or reduc-

tion process to generate the growth species; and (iii) a capping

agent, which it is used to stabilize the nanostructures against

aggregation. The metal precursor is the container of the metal

atoms. The precursors can be both inorganic stable salts

(chlorides, bromides, and their complexes) or volatile organic

compounds (acetylacetonates, acetates, etc.). The nature of the

precursor, its stability its oxidation state and the precursor

ligand can also affect the dynamic of the reaction and nano-

particle formation, yielding different NPs with distinct proper-

ties.81–83 More importantly, the redox potential of the precursor

in a pair with the reducing agent will denitely affect the reac-

tion kinetics, and thus, the nal NPs' size and shape.84 Con-

cerning the use of common reducing agents such as NaBH4,

sodium citrate and ascorbic acid, they can have a more elabo-

rated role than simply supplying electrons for the reduction of

the metal ion. The physicochemical properties and the redox

potential (face to a certain metal precursor) of the reductants

can dictate the kinetics of reduction, nucleation, and growth of

the crystalline nanoparticles in determined experimental

conditions. At the end, this can also affect the nal shape.

Strong reducing agents tends to generate smaller nanoparticles

and they are preferred for the generation of seeds. On the other

hand, mild and weak reductants are generally employed in the

evolution of anisotropic nanoparticles.84 The use of a capping

agent is, nally, the last common parameter in both solution

and mechanochemistry. The capping agent is important to

prevent aggregation, coalescence, and overgrowth, keeping the

nanosize. The capping agents (also called stabilizing agents)

can stabilize the formed NPs by different mechanisms of

surface interaction (coordination, electrostatic, chemisorption).

At least in solution, the capping agent plays a pivotal role in the

size and shape control.85,86 This happens due to the manipula-

tion of the growth kinetics along with preferential interaction

with some crystallographic directions.86 In mechanochemical

systems it has to be present in a larger mass fraction compared

to the metal load.87 Nonetheless, the use of common capping

agents can be dismissed when the NPs are directly synthesized

over a supporting material. It is noteworthy that these three

parameters do not apply to top down mechanochemical

syntheses methods that are based on comminution.

The role of capping and reducing agents can be sometimes

played by the same chemical compound such as the case of

sodium citrate and polyvinylpyrrolidone.66,88 The use of

decomposable precursors (by heating or sonication) are also an

alternative not to employ an additional reducing agent.89 The

aggregation of the NPs can also be prevented, for example, by

some byproduct formed in a larger volume fraction that hinders

particle–particle contact, as in the case of multiphase systems.87

The kinetics of reduction, nucleation, and growth, which can, in

turn, affect the size and shape of the produced NPs, will depend

on the choice of these three main components, their concen-

trations, and their relative molar ratios. The inuence of these

parameters has been widely investigated in solution-based

protocols, enabling the production of several noble metal NPs

with controlled shapes, sizes, and compositions.10,15,84,90

Conversely, knowledge on the mechanochemical synthesis of

noble metal NPs from the reduction of proper salt precursors

remains limited and challenging. Here, important issues to

Table 1 A comparison of main features of the mechanosynthesis of

metal NPs (bottom up strategies) relative to solution-phase methods

Features Mechanosynthesis

Solution-phase

synthesis

Size control Limited Yes
Shape control Very limited Yes

Composition control Limited Yes

Scalability Yes Limited

Stability Yes Yes/no
Use of high temperature No Yes

Use of solvents No Yes

Purication steps Yes or no Yes

This journal is © The Royal Society of Chemistry 2020 J. Mater. Chem. A, 2020, 8, 16114–16141 | 16117
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consider are the type of milling device, the milling conditions,

and the mass transfer in these systems, which are oen diffu-

sion-limited.

Temperature effects can also play a role inmechanochemical

reactions. For instance, temperature increases during ball

milling reactions originated from the comminution process and

the mechanical action itself can occur. The heat generation may

favor the target chemical reaction and/or induce precursor

decomposition. Monitoring the overall temperature changes

during milling organic compounds has shown that the

temperature change does not surpass a few degrees.91 On the

other hand, for purely inorganic systems such as in mechanical

alloying92,93 and SiO2 (ref. 94 and 95) under vigorous milling

conditions, the global temperatures can increase by tens to

hundreds of degrees in vibratory/shaker mills94,95 and planetary

mills,92–94 respectively. In the case of bottom-up mechano-

chemical synthesis of noble metal NPs, which is generally

a hybrid system with inorganic (precursor) and organic

compounds (capping and reducing agents, support), only

a slight temperature increase (DT � 2 �C) is reported.66 The

exceptions include the case of volatile precursors milled with

other thermal conductive inorganic materials (e.g., graphite),

where decomposition occur, probably induced by the simulta-

neous effect of the mechanical input and temperature rising.89

Nonetheless, the overall temperature experienced by powder

mixtures under continuous milling may not reect the real

temperature at the contact point between the milling ball and

the reactants at the moment of the mechanical energy input

(impact, friction, etc.).96 Therefore, a thermally induced reaction

cannot be completely excluded from the mechanisms of NPs

formation under milling conditions.

3. Synthesis of non-supported noble
metal NPs

The synthesis of non-supported NPs is particularly interesting

for the preparation of size- and shape-controlled NPs. These

aspects are essential for fundamental and mechanistic under-

stand of the NP formation. The synthesis of NPs detached from

any solid matrix, generally requires the use of capping agents to

stabilize them, preventing agglomeration or coalescence. Poly-

mers such as PVP are the most used as capping agents in the

bottom-up noble metal NPs mechanosynthesis. For the chem-

ical reduction of the metal precursor, NaBH4 seems to be

preferred. Table 2 summarizes the noble metal NP type, the

reduction method and the capping agent used in the examples

as well as some aspects of the mechanochemical method

employed and the nal material obtained.

3.1. Monometallic NPs

3.1.1. Au NPs. Au NPs and clusters have a wide range of

applications in sensing, biomedicine, and catalysis.113–115 Au

NPs have been successfully synthesized using ball milling

devices with reasonable size control.67,97 The rst report on the

production of polymer protected Au NPs under mechano-

chemical conditions used PVP as a stabilizing agent andT
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sodium borohydride (NaBH4) as a reductant (Fig. 2).67 The

syntheses were performed in a vibratory ball mill using an agate

milling set from 15–120 min. The mechanochemical synthesis

yieldedmostly polyhedral nanoparticles with sizes ranging from

6.3 � 2.1 to 27.9 � 6.2 nm. The size and dispersity of the

nanoparticles were inuenced by the PVP average molecular

weight (Mw), the salt precursor and PVP molar ratios, and the

milling time (Fig. 2A–E). Small PVP chains led to bigger particle

sizes. The same effect was observed when long milling periods

were employed. When using the highest KAuCl4 concentration,

Fig. 2 TEM images of Au nanoparticles synthesized in a vibratory ball mill (agate milling set) using KAuCl4 as Au precursor, PVP as capping agent,

and NaBH4 as reducing agent as a function of milling time: (A) 15 min, (B) 30 min, (C) 60 min and (D) 120 min. Note that 30 min of milling time is

optimal to obtain smaller sizes and relatively monodispersed nanoparticles. (E) Comparison of the average sizes as a function of time of the Au

nanoparticles as a function of PVP average Mw and salt precursor concentration. (C) PVP (Mw 30 kg mol�1): KAuCl4 5 : 2; (:) PVP (Mw 10 kg

mol�1): KAuCl4 5 : 1; (-) PVP (Mw 10 kg mol�1): KAuCl4 5 : 2. Adapted from ref. 67 with permission of the Royal Society of Chemistry.

Fig. 3 Mechanochemical synthesis of ultra-small Au NPs (1–4 nm) using amine ligands. The syntheses were carried out in a stainless-steel

milling set that could be responsible for the reduction of gold salt through galvanic replacement. (A) Scheme of the synthetic procedure and (B–

E) TEM images of the formed nanoparticles with different aliphatic amines: (B) pentadecylamine, (C) hexadecylamine, (D) heptadecylamine and

(E) octadecylamine. Adapted from ref. 97 with permission of the Royal Society of Chemistry.
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without changing the PVP and NaBH4 amounts, bigger particles

were produced. This increase in particle size is presumably due

to a decrease in the polymer stabilization effect. Without

enough polymeric stabilization, particles tend to aggregate or

achieve larger sizes. The mechanism of formation of these Au

nanostructures points to a thermodynamic control. KCl was

detected in PXRD as subproduct. HRTEM images revealed that

the nanoparticles are non-spherical, having multiply twinned

decahedral structure enclosed with a larger fraction of (111)

surface facets. The nal nanoparticles were stable for more than

one year.67

Au NPs with sizes around 1 nm in diameter were obtained by

milling the Au salt precursor with different amine ligands, as

illustrated in Fig. 3.97 Other ligands were also studied, including

N-heterocyclic and sulfur-based molecules. In this example, the

use of amines with longer aliphatic chains enabled the

synthesis of the ultra-small NPs with diameters in the range of

1.3 � 0.2 to 4.3 � 1.2 nm. The authors suggested that the longer

chains enable the formation of an increased population of

nuclei and/or better surface stabilization, thereby hindering the

NPs' growth. Moreover, by increasing the milling time, the size

of the produced nanoparticles could be increased.97 These

results agree with the previous data concerning the effect of PVP

chain length in the size control of Au NPs.67

During the preparation of the ultra-small NPs, it was noted

that the use of a typical reducing agent was not required. This

was due to the use of a stainless-steel milling set-up. When the

mechanochemical synthesis was performed in this metal

assembly, a galvanic replacement reaction took place between

themetal salt precursor and the assembly. This galvanic process

was responsible for the reduction of Au oxidized species. This

could be an advantage to avoid or simplify the purication steps

for the generated NPs. The size of the nal Au NPs was deter-

mined using a combination of MALDI-TOF MS and TEM.

According to MALDI-TOF MS, clusters were found to have sizes

corresponding to Au59, A68, and Au76. UV-Vis also corroborates

the small sizes as observed by the absence of LSPR of Au for

particles smaller than 2 nm.97

Although control over size with limited monodispersity has

been achieved via milling, control over shape remains limited

and much more challenging. In this context, we recently

described an approach combining mechanochemical and

colloidal synthesis to allow for the formation of Au nanotad-

poles, Fig. 4.98 This method allows utilizing the attractive

features of both mechanochemical and colloidal syntheses,

being comprised of two main stages. Firstly, mechanochemistry

is employed to generate spherical NPs seeds (Fig. 4A). Then,

a mixture containing these NPs seeds and the unreacted

precursor undergoes a seeded growth stage in solution. This

Fig. 4 Two-step mechano-colloidal approach for the synthesis metal nanoparticles. (A) In the milling step, Au seeds are generated. When the

reacting solidmixture is dispersed in water, the remaining salt precursor is reduced forming small nanoparticles that originate the tails by chaining

and fusion. (B and C) TEM images of Au nanotadpoles synthesized by the methodology showing good size and shape control. Adapted from ref.

98 with permission of the Royal Society of Chemistry.
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permits the separation between nucleation and growth in the

second step. As a result, one can have better control over the size

distribution and shape of the resulting nanostructures (which is

oen a limitation for shape control by mechanochemical

synthesis). Moreover, the rst mechanochemical step confers

simplicity, scalability, and robustness to the synthesis (which is

oen challenging in colloidal methods). It follows that this

mixed approach, therefore, allows combining the strengths of

both the mechanochemical and colloidal synthetic strategies.98

By employing the synthesis of Au NPs as a proof-of-concept

example, we demonstrate that this mechano-colloidal

approach can lead to the synthesis of Au nanotadpoles

(Fig. 4B and C) at room temperature by employing AuCl, sodium

citrate, and polyvinylpyrrolidone (PVP) as starting materials.

Here, the dispersion in water enabled the growth of the tails by

progressive self-nucleation, linear agglomeration, and fusion of

new particles. The nal Au nanotadpoles displayed a nice

dispersion and a dened morphology consisting of a round

head of diameters ranging from 10–18 nm, and tails that were

up to 22 nm in length and 5 nm in width. This procedure was

performed in PTFE jar with zirconia balls to avoid any metal

contamination. The reactions were studied by XRD, diffusive

reectance UV-Vis, and X-ray absorption spectroscopy in the

XANES region.98

3.1.2. Ag NPs. In addition to Au, the mechanochemical

synthesis of Ag NPs have also been investigated. Different

mechanochemical devices have been used to prepare Ag NPs,

ranging from simple mortar and pestle to self-made/adapted

equipment.66,100,109,116–118 The mechanochemical synthesis of Ag

NPs using different polymers as both reducing and stabilizing

agents have been studied.66,100 Fig. 5A–G shows the synthesis of

PVP-capped Ag NPs by using different amounts of AgNO3milled

for 15 min.66 UV-Vis spectroscopy conrmed the formation of

nanosized Ag with a maximum extinction around 410 nm,

typical of the LSPR band of Ag NPs.119 TEM images indicated

that the size of the nanoparticles increased from 3.5 to 4.0 and

4.4 nm by increasing the amount of AgNO3 content from 15 to

30 and 50 mg, respectively (Fig. 5A–C). While the samples

prepared with 15 and 30 mg of AgNO3 yielded single crystals

(Fig. 5D and E), the use of 50 mg of AgNO3 led to polycrystalline

NPs (Fig. 5F). FTIR spectroscopy was used to study the mecha-

nism of the NPs formation (Fig. 5G). The spectra revealed

participation of the N-pyrrolidyl groups in the reducing process

and the subsequent stabilization of the particles. This was

indicated by the shi of the C–N bond vibration frequency from

1018 cm�1 in pure PVP to 1034 cm�1 where N atoms were

involved in the formation of Ag NPs.66 This contrasts the re-

ported solution-phase mechanisms, in which the terminal –OH

groups are believed to act as reducing agents.

The same group also studied different polymers in the ball

milling synthesis of Ag NPs for biomedical applications as the

anticancer agents.100 In addition to PVP, other biocompatible

Fig. 5 (A–F) PVP-capped Ag NPs. PVP was used as a capping and reducing agent. Ag NPs were synthesized in a vibratory mill (MM200, Retsch)

using an agate milling set. Left: TEM images of samples prepared using different concentrations of AgNO3 (A/D, 15 mg, B/E, 30 mg, and C/F, 50

mg) for the same mass of PVP (100 mg). (G) FTIR spectra of the samples prepared using 15 mg of silver salt (sample A) and 30 mg (sample B) in

comparison to pure PVP. There is an indication of participation of the pyrrolidyl nitrogen in the formation of the nanoparticles as can be seen by

the shifts in the C–N vibrations at 1018 cm�1 for pure PVP to 1034 cm�1when Ag nanoparticles are formed. Adapted from ref. 66 with permission

of Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (H) TEM images of Ag NPs prepared by using chitosan, which also is responsible for the

reduction of AgNO3 precursor. CL (chitosan low molecular weight) and CH (chitosan high molecular weight). The Ag NPs show unusual

aggregated flake-shaped particles obtained along with some small nanocrystals. They were synthesized in a vibratory mill (MM200, Retsch) with

a stainless-steel assembly. The syntheses were performed using 10 and 20mg AgNO3 for CL-1/CH-1 and CL-2/CH-2, respectively. Adapted from

ref. 100 with permission of the Society of Chemical Industry.
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polymers including poly(ethylene glycol) (PEG) and chitosan

were investigated. The mean size of the resulting Ag NPs ranged

from 3.1 � 1.4 to 23 � 5.8 nm as a function of polymer

composition and AgNO3 : polymer mass ratio. The use of chi-

tosan, for example, resulted in the formation of large aggre-

gated ake-shape particles (Fig. 5H, CH, and CL samples). The

formation of these anisotropic nanostructures was explained

based on the reducing and low stabilization capability of chi-

tosan, which contains different functional groups with lone-

pair electrons capable of reducing Ag+. This presumably facili-

tates rapid reduction, thereby allowing particles to grow

randomly as larger crystals, culminating in aggregated ake-like

microparticles.100 Remarkably, both PVP66 and PEG-capped.100

nanoparticles were stable over one year period.

Very recently, PVP was also used as a simultaneous capping

and reducing agent in the mechanochemical preparation of

Ag@polypyrrole core–shell nanocomposites.101 The rst step of

the synthesis consists of the formation of Ag NPs by manual

grinding AgNO3 and PVP. Aer an established time, the pyrrole

monomer was introduced in different amounts and polymer-

ized in the powder mixture. The obtained Ag NPs presented

a semi-spherical shape with sizes from 35 to 44 nm and free

from larger agglomerates. The core–shell morphology was

formed through electrostatic interaction of the negatively

charged carbonyl group of PVP and the polycationic polypyrrole.

The core–shell material showed increased optical conductivity

as a function of the pyrrole fraction due to the amplied poly-

merization of conducting polypyrrole.101

The effect of the molecular mass of polymeric stabilizers was

again observed by using PEG-6000 and PEG-8000.102 Smaller

spherical NPs around 10 nm in diameter were obtained by

milling while employing the polymer with the longest polymeric

chain. The steric stabilization was efficient even aer 24 h of

milling. The resulting Ag NPs exhibited very good antibacterial

properties and good stability.102 The efficient use of low

molecular mass polymers was also demonstrated in a different

study.103 Low molecular mass PEG-400 was used for the

synthesis of Ag NPs in the presence of NaH2PO2$H2O as

a reductant.103 The reaction was conducted by manual grinding

yielding a 3D coral shaped Ag–Ag homojunction architecture

(Fig. 6A and B). This atypical assembly consists of quasi-

spherical and irregular polyhedral nanoparticles (35–50 nm

diameter) that aggregate through Ag–Ag homojunction (25–

45 nm width) into 1D chains. The formation mechanism of

theses shapes was proposed based on a template induction by

the PEG linear chain molecule. The oxygen atoms of the PEG

backbone provided the electrons to coordinate Ag+, which were

reduced by the low valent phosphorous. Ag nucleated at these

coordinating sites and grows along the polymer chain. Mean-

while, the free Ag+ species were also reduced and added to the

Fig. 6 Ag NPs synthesized by manual grinding using PEG-400 as a surfactant. (A and B) TEM and HRTEM of Ag homojunction assemblies. (C)

Proposed mechanism of formation of homojunction assemblies and (D) Raman spectra of rhodamine 6G in different substrates showing the

SERS effect of the substrate over intensity: Sfree (AgNPs synthesized in the absence of PEG), SPEG-0.5, SPEG-1 and SPEG-2 (volume of

PEG : AgNO3 mass ratio of 0.5, 1.0 and 2.0 respectively). Reproduced from ref. 103 with permission of the Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2020 J. Mater. Chem. A, 2020, 8, 16114–16141 | 16123
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growing NPs by atomic addition. The adjacent NPs joined each

other along the polymer chain to form the homojunction by

sharing the (110) crystalline plane. The NPs could further grow

and aggregate via Ostwald ripening as shown in Fig. 6C. The

resulting Ag NPs chains were tested as SERS substrates for the

detection of rhodamine 6G showing an enhancement factor of

100 times stronger compared to the individual Ag NPs. This

effect was attributed to the presence of the NPs junctions that

enabled the generation of many electromagnetic hot spots.103

The Ag–Ag homojunction were stable under SERS tests and also

under storage for more than two years.

Other silver precursors have also been employed in the

mechanochemical synthesis of Ag NPs.104,105 For instance,

milling Ag2O with graphite afforded highly polydisperse NPs

with particle size distribution ranging from 10 to 50 nm aer

22 h of milling in a planetary mill using a steel milling jar.104 A

mixture of Ag2O and Ag and unknown products according to

XRD were obtained in a different study.105 More recently,

monodispersed Ag NPs (4.04� 0.45 nm) were synthesized using

a silver thiolate as a starting material.99 By manually grinding

the metal precursor with NaBH4 in an agate mortar, the metal

thiolates precursor were reduced to generate Ag and thiol

stabilizing agents. The thiol molecules are responsible to

control the particle growth and to stabilize the Ag NPs. This

approach was also demonstrated for Au NPs, which presented

two-family sizes: 2.0 � 0.4 and 17.4 � 5.7 nm. Interestingly, by

grinding the metal-thiolate with octyl dithiocarbamic acid as

sulfur source yielded the respective metal sultes. This was

mainly used for the preparation of semiconducting PbS, CdS,

ZnS, and CuS NPs from Pb, Cd, Zn, and Cu thiolates,

respectively.99

Other thiolates have been used in the synthesis of Ag clusters

by simple manual grinding.107,108,120 The synthetic procedure

afforded Ag9,
120 Ag32 (ref. 107) and Ag152 (ref. 108) clusters by

using mercaptosuccinic acid (H2MSA), glutathione, or N-(2-

mercaptopropionyl)glycine and phenylethanethiol, respectively.

The syntheses were performed by milling AgNO3 and the thiol-

terminated molecules to form the Ag-thiolate precursor, which

was followed by the addition of a considerable molar excess of

NaBH4 as reductant. A higher nucleation rate, accompanied by

the slower ion diffusion in the solid-state, was responsible for

the formation of the small nanoclusters (in TEM seen as smaller

as 1 nm). Besides, the absence of protic solvent contributed to

better control over the nucleation and growth stages, thereby

minimizing the formation of nanoclusters of different sizes

when compared to solution-based approaches.107,120 TEM, XPS,

Fig. 7 (A) Ag nanoparticles synthesis through the mechanochemical decomposition of Ag2C2O4. (B) Stainless still mechanoreactor used for the

synthesis. It consists of a cylindrical reactor with a rounded bottom. A 20 g stainless steel ball was used for a total mass of 2 g of powder and

20mL of PVP aqueous solution. As the reaction proceeds, the produced Ag NPs were transferred to water and stabilized by PVP. (C) TEM images

of the resulting Ag NPs. Adapted and reproduced from ref. 109 with the permission of the American Chemical Society. (D and E) TEM images of

Ag NPs prepared by cryo-milling. (D) TEM image of the Ag NPs after 7 hours of cryo-milling. (E) HRTEM image of the Ag NPs and the inset shows

the FFT. Ag NPs were obtained from a top-down approach by cryo-milling Ag microparticles. The milling procedure was performed in a lab-

adapted Analyzed 3/Pulverisette 0 (Fritsch) with fluxing Ar gas and liquid N2 inlet using a tungsten milling set. Adapted from ref. 118 with

permission of the Royal Society of Chemistry.

16124 | J. Mater. Chem. A, 2020, 8, 16114–16141 This journal is © The Royal Society of Chemistry 2020
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NMR, MALDI MS, and ESI MS were used to characterize the Ag

clusters.107,108,120 Ag9(H2MSA)7 clusters presented a remarkable

stability for over two years in the solid state or in ethanol and

water/solvent mixtures.120 This represents a great benet of

solid state mechanochemical synthesis as a unique alternative

in the preparation of stable and ultrasmall nanostructures.

Other strategies have been used in the preparation of Ag NPs.

An interesting one is the mechanochemical decomposition of

silver oxalate (Ag2C2O4) to generate Ag NPs (Fig. 7A–C).109 The

vibratory milling assembly is depicted in Fig. 7B. The Ag2C2O4

stayed settled at the bottom of the milling vessel that contained

a PVP solution. As the milling ball hits the powder with

a frequency of 0.2 Hz, Ag2C2O4 decomposes by releasing CO2

and forming metallic Ag. The nanoparticles transferred to water

could be stabilized by PVP and presented the characteristic

LSPR of Ag NPs as conrmed by UV-Vis spectroscopy. TEM

images of the particles formed aer 50 collisions showed

nanoparticles with sizes ranging from 2 to 12 nm (average size

around 5 nm) (Fig. 7C).109 This same strategy was used in the

decomposition of pure or mixed silver and nickel oxalates.116

When the salts were processed separately or in a simple

mixture, Ag and NiO nanoparticles in the range of 2–14 nm and

3–16 nm were formed respectively, as conrmed by TEM and

XRD. On the contrary, when the starting salts were prepared by

co-precipitation, as the fraction of Ag2C2O4 increased, the

resulting mixtures upon decomposition indicated that Ag +

NiO, Ag + Ni, and nally Ag–Ni alloy NPs are formed.116 In this

and other examples, the kinetics of mechanochemical decom-

position of Ag2C2O4 was used to study the powder mass trapped

in each collision.121,122 These types of studies are of fundamental

importance in the mechanistic comprehension of mechano-

chemical transformations and helps to differentiate from the

thermal mediated events.

As an alternative to the above approaches, the use of cryomil-

ling to produce ultrapure, non-coated Ag NPs, using a top-down

methodology, has been described.117,118 In an adapted vibrating

device that employed liquid N2 and uxing with Ar gas to avoid Ag

oxidation, Ag powder was milled using a tungsten carbide ball.

This could lead to the formation of Ag NPs which remained stable

for weeks when dispersed in polar solvents due to electrostatic

Fig. 8 (A) Scheme for the synthesis of Pd NPs via agate milling for 10 min. The K2PdCl4 : PVP mass ratio corresponded to 1 : 10. (B and C) TEM

images of the Pd NPs presented a dendritic-like structure made up of smaller NPs. (D) Histogram of particle size distribution. (E) Electron

diffraction showing the polycrystalline nature of the NPs, and (F) catalytic reduction of p-nitrophenol by NaBH4. The inset shows UV-Vis

absorption spectra of p-nitrophenol. Reproduced from ref. 110 with permission of Elsevier.

This journal is © The Royal Society of Chemistry 2020 J. Mater. Chem. A, 2020, 8, 16114–16141 | 16125
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stabilization. TEM images indicated an averaged particle size of 6

� 2 nm (Fig. 7D) and high crystallinity (Fig. 7E).118 A similar

procedure was used for the synthesis of Cu NPs.76

3.1.3. Pd NPs. Ball-milling has also been successfully

employed in the synthesis of Pd NPs.110 PVP was used as

a capping and reducing agent (Fig. 8A). The inuence of Pd salt/

PVP ratio, milling time, and frequency, as well as the average

molar mass of PVP, was evaluated and led to different NPs sizes

in the 2–70 nm range. It was found that an optimal milling

frequency of 20 Hz was required to have smaller NPs with

a lower size distribution (38.7 � 0.6 nm) (Fig. 8B–D). As estab-

lished from other reports,66,67 an increase of the average

molecular mass of PVP resulted in smaller NPs, whereas an

increase in the milling time produced larger NPs. TEM images

revealed that the NPs displayed a dendritic-like structure made

of smaller NPs (Fig. 8B and C) and that they were polycrystalline

(Fig. 8E). There is evidence from FTIR spectroscopy which

suggests direct participation of the PVP carbonyl group in the

reduction and stabilization of the Pd NPs.110 This contrasts the

mode of action identied for the same process in Ag NPs.66 The

Pd NPs were also tested for the catalytic reduction of p-nitro-

phenol by NaBH4, demonstrating good activity under low metal

loadings (Fig. 8F).110

3.2. Multicomponent NPs

The preparation of multicomponent materials, such as alloys, is

one of the earliest elaborated applications of mechanical

milling.48 For such purposes, pure powders of the elements are

milled in high-energy milling devices.48 Differently, the bottom-

up mechanochemical approaches use the metal precursors and

try to control their reduction, nucleation and growth. This

intends to enable control over the composition and distribution

of the components in the nanoparticle, such as the synthesis of

alloys or core–shell NPs.5

The control over NP composition – elemental distribution in

multicomponent NPs – represents a powerful strategy to control

performances. In this sense, manual grinding has been employed

for the synthesis of a series of AgnX@Ag (X ¼ Cl�, Br�, I� or

CrO4
2�, PO4

3�) NPs from silver acetate.112 This protocol was

simple and enabled good control of NP composition by changing

themolar ratio of (NH2OH)2$H2SO4 to the anions. However, highly

inhomogeneous particles were obtained: the Ag NPs in each of the

AgnX@Ag composites displayed a broad distribution of shapes

and sizes ranging from 40 nm to hundreds of nanometers. The

prepared NPs were tested for their use in the photodegradation of

methyl orange in aqueous solution, taking advantage of the LSPR

effect in the NPs. The composites demonstrated high catalytic

activity and stability during the performance tests under visible

light irradiation. The type and charge of the anions affected the

degradation rate of methyl orange.112

Chitosan-stabilized AuAg alloy NPs were prepared by manual

grinding AgNO3 in an agate mortar in the presence of NaOH.

This was followed by the addition of small amounts of

a concentrated solution of AuCl4
� during the grinding

(Fig. 9A).111 The LSPR band of the NPs as a function of the

composition is in agreement with the formation of bimetallic

AgAu NPs (Fig. 9B). Specically, a linear dependence (red-shi)

between the Au content and the LSPR band position was

detected.123 It is important to note that the presence of a single

SPR peak indicates the formation of a spherical rather than

a core–shell or hollow structures, in agreement with the TEM

images (Fig. 9C). Increasing the amount of AuCl4
� resulted in

smaller NPs as indicated by TEM images (Fig. 9C).111 The

formation of the AgAu NPs seemed to be a result of the galvanic

replacement reaction, in which part of the Ag0 in the preformed

Ag NPs was replaced by Au from AuCl4
�. This led to the

formation of very small Ag NPs that may further recombine to

generate the nal AgAu particles with the average mean size

around 3 � 0.5 nm. In turn, the etched Ag+ could be reduced

again by chitosan chemical groups, generating new nuclei that

grew into larger particles, with almost no Au, as supported by

TEM and BF-STEM point EDS analysis. It is worth noting that

the etching process is a surface driven, charge transfer reaction,

where the diffusion of AuCl4
� is hindered by the protective

chitosan chains. This might be advantageous in the control of

the nal composition of the NPs. The AgAu bimetallic NPs

composed by different Ag : Au molar ratio (Cat-1, 8 : 1; Cat-2,

3 : 1 and Cat-3, 2 : 1.3, respectively) were tested in the catalytic

reduction of p-nitrophenol and other nitroarenes by NaBH4.

The kinetics of reduction was followed by the absorbance of the

substrate by UV-Vis spectroscopy. The studies at different

temperatures enabled estimation of the activation energy from

Arrhenius plot (Fig. 9D). The catalyst with lower relative Au

content presented the best performance (Cat-1, Fig. 9D). The

AuAg NPs also exhibited good recyclability and stability, which

is of primary importance in catalysis.111

It is noteworthy that there is only a limited number of

multicomponent NPs prepared mechanochemically from the

reduction of metal precursors, which makes it difficult

a rational analysis of the systems. Despite that, the results seem

promising. For example, for AgnX@Ag (X ¼ Cl�, Br�, I� or

CrO4
2�, PO4

3�) NPs, the composition of Ag0 could be controlled

by using appropriate amounts of the reductant during the

synthesis. The same was not directly possible for AuAg nano-

alloys, in which the Au content varied from the corresponding

precursor concentration added in the synthesis. Nonetheless,

this relatively simple approach was able to yield nanoparticles

with nal sizes smaller than 4 nm, which is attractive for cata-

lytic applications.

3.3. Overview and comparison among metal NPs

Overall, the bottom-up mechanochemical synthesis of non-

supported noble metal NPs share some common aspects

regardless of the metal. Except top-down approaches,118 in all

cases, organic ligands and polymers have been used to stabilize

the systems. PVP is a well-known surfactant in colloidal chem-

istry and it has been also successfully used in solid state

mechanochemistry for Au, Ag and Pd NPs synthesis as dis-

cussed above. However, its use seems to be more effective for

NPs bigger than 5 nm. On the other hand, the preparation of

ultrasmall nanoparticles and clusters has been achieved by

using amine97 and thiolate-based molecules as stabilizing

16126 | J. Mater. Chem. A, 2020, 8, 16114–16141 This journal is © The Royal Society of Chemistry 2020
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agents.107,108,120 This is a great advantage for application

purposes that demands higher surfaces, such as catalysis. In

terms of the synthetic protocols, both ball milling and manual

grinding have been successfully employed. While ball milling

allows a better reproducibility and gram-scale synthesis,109

manual grinding has enabled the preparation of mono-

dispersed Ag nanoclusters when associated with organic

precursors.107,108,120 Interestingly, Ag particles can take unex-

pected arrangements by using chitosan100 and low molecular

mass PEG,103 while for Au this was only detected when associ-

ated with solution so far.98 Another important aspect is the use

of the milling assembly also as reactant for the synthesis of Au

NPs, enabling galvanic replacement and the reduction of the

metal precursor without any additional capping agents.97

Regarding the multicomponent systems, a better control of

composition is expected by using automated milling devices

and compatible reducing agents.

There are still several issues that still need to be addressed in

the mechanochemical synthesis of noble-metal NPs when we

compare with the current state of development of solution-

phase synthesis. Specically, it is known that: (i) the reactivity

of solid reductants is different as compared to the solution

phase (it remains poorly understood how different reducing

agents affect the kinetics formation and shape of the resulting

NPs);98 (ii) diffusion processes in the liquid and solid phases are

changed; (iii) the interaction of surfactants or stabilizers with

the growth species in the mechanochemical synthesis should

also be altered relative to the solution phase, and (iv) the nature

Fig. 9 (A) Scheme for the synthesis of AuAg bimetallic alloy NPs bymanual grinding using chitosan as a stabilizer; (B) UV-Vis extinction spectra of

the nanoclusters composed of (i) pure Ag, and (ii–iv) AgAu bimetallic NCs (Cat-1, Cat-2 and Cat-3) with the following Ag : Au molar ratios: (ii)

8 : 1, Cat-1; (iii) 3 : 1, Cat-2 and (iv), 2 : 1.3, Cat-3. On the right, the linear correlation of the LSPR band position as a function of Au concentration is

shown. (C) TEM images and mean particle size of the nanoclusters: (a) Cat-1, (b) Cat-2 and (c) Cat-3. (D) The NPs were tested in the catalytic

reduction of p-nitrophenol by NaBH4. Left: Logarithmic concentration of p-nitrophenol as a function of time for different catalysts. Right:

Arrhenius plots for reactions catalyzed by Ag and the AuAg NPs. Reproduced from ref. 111 with permission of the Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2020 J. Mater. Chem. A, 2020, 8, 16114–16141 | 16127
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of the metal precursors is different. While in the solution phase

synthesis of metal NPs precursors can dissociate or form dimers

in solution before reduction or decomposition to generate the

growth species, these processes do not occur in mechano-

chemistry and can lead to signicant changes in reactivity,

reduction kinetics, and morphology/size of generated nuclei.

Due to these challenges, the types of noble metal NPs that

can be produced via mechanochemical synthesis remains

limited to only a few systems, spherical morphologies, and in

terms of control over size, monodispersity, and composition

(bimetallic NPs, core–shell, and alloys). Also, most of the

mechanochemical synthesis of metal NPs have been focused or

restricted to systems for catalytic applications, although some

examples of sensing via surface-enhanced Raman scattering

have also been described. Therefore, it becomes clear that it is

essential to shedding light on the mechanisms of NPs forma-

tion and therefore enable the development of methods for the

tightly controlled synthesis of noble metal NPs by mechano-

chemical routes to increase the scope of materials, NPs shapes,

and sizes, and applications.

4. Synthesis of supported noble metal
NPs

One of the greatest advantages of nanocatalysts is the ease in

recovery and reuse. Ideally, the surface of the catalysts must be

fully available to reach higher activities. Ensuring surface

availability is can be an issue in nanosized materials that are

traditionally synthesized in the presence of stabilizing capping

agents. Oen, high temperatures or several washing steps can

be employed to remove these surface agents. However, these

treatments can result in the modication of the nanostructures.

One alternative is to synthesize the active material already on

a solid support that can stabilize the NPs, thereby eliminating

the use of additional stabilizers and impregnation steps. In this

context, the mechanochemical synthesis of supported NPs has

emerged as an attractive strategy. Table 3 displays the selected

examples of supported NPs synthesized entirely or partially

mechanochemically over a range of supporting materials (bio-,

SiO2�, carbon-based materials and porous coordination

polymers).

4.1. NPs supported on bio-based materials

Saccharide additives have been used in the synthesis of Au NPs

employing NaBH4 as a reducing agent in a vibratory ball mill

with a zirconia milling assembly.124 The hydration degree of the

additives affected the kinetics of NPs formation, showing that

water played an important role for NaBH4 dissociation. The best

result in terms of NPs size and dispersion (1.54 � 0.4 nm)

within the solid matrix was achieved with native b-cyclodextrin

(b-CD), as showed in the TEM images (Fig. 10A). The saccha-

rides played the role of both stabilizing support for Au NPs and

Fig. 10 (A) TEM and histogram of size distributions of Au NPs stabilized by saccharide b-cyclodextrin. The Au NPs were prepared by direct

reduction of AuCl4
� precursor over the saccharide using NaBH4 as the reductant in a vibratory mill (MM400, Retsch). (B) The as-prepared

materials were employed as nanocatalysts in the reduction of substituted nitrobenzene derivatives. The reactions were conducted in the same

milling device in the sequence of AuCl4
� reduction over the cyclodextrins. (C and D) The conversion could also be tuned as a function of

halogenonitrobenzene derivative as well by the dynamic of exchange in the host–guest complex. Adapted and reproduced from ref. 124 with

permission of the Royal Society of Chemistry.
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as a selective supramolecular structure for the subsequent

applications. The prepared materials were used as nano-

catalysts without further treatments towards the reduction of

nitrobenzene derivatives by NaBH4 (Fig. 10B). Here, the catalytic

investigations were also carried out under mechanochemical

conditions. The conversion of the nitrobenzenes was chemically

selective towards the amino derivatives regardless of the cyclo-

dextrin additive. Host–guest supramolecular interactions

strongly affected the catalytic performances. The dynamics of

exchange of the substrate and product within the CDs cavities

determined the conversion for 15 min of milling (Fig. 10C).

Besides, this dynamic was also inuenced by the nature and the

relative position of the halogen in the phenyl ring. para-Isomers

t well within the CD cavity. This led to stronger interactions

which slowed the product–substrate exchange, poisoning the

site and resulting in lower conversions. On the other hand,meta

and ortho-substituted halogenonitrobenzenes, which have

a poor t and consequently can quickly leave the reaction site,

favor the conversion (Fig. 10D). Despite some morphological

changes in the AuNPs seen by TEM aer the tests, the catalysts

still displayed a good performance aer recycling.124

The use of biomass as support for nanoparticles represents

a very attractive approach. For instance, lignin,126,135

eggshell,132–134 and plant biomass132 have been reported as solid

support for noble metal NPs in mechanochemical synthesis. At

the same time, the reducing groups present in these materials

were able to convert Ag+ to Ag0. For example, eggshell

membrane and Origanum vulgare L. plant were employed in the

synthesis of Ag NPs for application as antibacterial agents.132

The NPs were synthesized in a planetary mill using a tungsten

carbide assembly. The characterization of the materials by UV-

Vis spectroscopy, TEM, and XRD conrmed the formation of

nanosized Ag. While using eggshell membranes led to the

formation of smaller Ag NPs (3.9 � 1.1 nm in size, Fig. 11A and

C), the use of plant biomass led to a bimodal particle size

distribution around 2.9 � 1.3 and 34.4 � 16.1 nm (Fig. 11B and

D). This indicates the enhanced capacity of the former to act as

a stabilizing matrix. The agglomerates observed in the case of

the plant matrix can also be a result of the reducing kinetics as

well as of a more heterogeneous distribution of the reducing

sites present in this material. The antibacterial activity of the

NPs was tested against different bacterial cultures (Fig. 11E).

The results indicated preferential activity of Ag NPs supported

in the Origanum vulgare L. plant, even if the NPs were bigger.

The authors attributed this effect to the Ag NPs being exposed

on the surface (the case of the agglomerates) making themmore

available to act as antibacterial agent.132 The use of eggshell in

the reduction of silver nitrate to yield Ag NPs/eggshell

composites was also the subject of other reports that further

demonstrated the antibacterial activity of the materials

prepared under ball milling conditions.133,134

Lignin has attracted considerable attention as solid support

for the immobilization of NPs.126,135 In this sense, the mecha-

nochemical synthesis of noble metal NPs with lignin are also

studied (Fig. 12A). For example, by using AgNO3 as a salt

precursor, antibacterial lters based on Ag NPs stabilized in the

lignin matrix under ball milling conditions were prepared.135

The nal Ag NPs displayed high polydispersity with sizes in the

range of 1 to 30 nm, but the composites were stable. The

reducing groups present in the lignin polymeric chain were

responsible for the formation of Ag NPs. No signicant effect

was observed by changing the lignin employed in the synthesis

(kra or thermal-treated). Moreover, the Ag NPs produced by

milling with lignin were primarily observed to form on the

surface of the matrix or were otherwise completely detached, as

illustrated by the TEM images. When polyacrylamide was used

Fig. 11 Ag NPs synthesis using biomaterials as reducing agent and support. TEM images of Ag/eggshell membrane (A and C) and Ag/Origanum

vulgare L. plant (B and D) composites. Selected area electron diffraction (SAD) patterns, shown in the insets, reveal the crystallinity of Ag NPs in

both samples. Milling procedures carried out in a planetary mill with a tungsten milling set. (E) Antibacterial activity of the Ag/ESM (top) and Ag/

ORE (bottom) samples against different species. RIZD (%) represents the percentage of relative inhibition zone diameter. Reproduced from ref.

132 with the permission of Elsevier.

This journal is © The Royal Society of Chemistry 2020 J. Mater. Chem. A, 2020, 8, 16114–16141 | 16131
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in addition to lignin in the milling procedure, the Ag NPs were

mostly encased within the organic matrix.135 This effect was also

observed in another study where, by changing the nature of the

salt precursor, Pd NPs could be better distributed within or in

the outer parts of the lignin matrix.126 TEM images of Pd NPs

prepared in a vibratory ball mill showed that by using Pd(II)

acetate or Pd(II) acetylacetonate, the particles in sizes of 2.8 �

0.7 and 3.6 � 0.9 nm respectively, tended to be encased within

the biopolymer. This encasement is a result of the chemical

affinity of the metal precursor to the organic nature of lignin. In

contrast, the use of PdCl2 produced NPs of a mean size of 3.2 �

1.6 nm located predominantly on the surfaces of lignin

(Fig. 12B–D).126 The same tendency was observed for Ru NPs

synthesized using an inorganic salt precursor or a metal–

organic complex. X-ray photoemission spectroscopy (XPS)

showed that Pd and Pd(II) species were present, while only Ru(II)

was detected. FTIR-ATR clearly showed that the lignin was

oxidized aer the milling procedure, indicating its participation

in the reduction of the precursors. In this same study, Au and Re

NPs were prepared also prepared using lignin. In the case of Re,

XPS indicated the formation of ReO (6.2 � 1.5 nm in size),

resulting in an uncommon snail eye-like shape (Fig. 12E).126

4.2. NPs supported on carbon-based materials

Carbon-based materials, such as multi-walled carbon nano-

tubes (MWCNTs), have also been employed as supports. One

strategy to obtain smaller NPs immobilized on the surface of

MWCNTs is presented in Fig. 13 (top).89 The decomposition of

organic metal salts upon high energy milling in the presence of

thermally conductive substrates resulted in the formation of Ag,

Pd, Pt and Au NPs around 3 nm in size (Fig. 13A–D, respec-

tively), regardless of the metal loading (1–10 wt%) or the

MWCNT diameter. Long milling periods are required for

further decomposition of the precursors. Unfortunately, this

prolonged milling time partially destroyed the carbon nano-

tubes. As such, a compromise had to be found between milling

time and product yields to maximize the quality of the nal

materials. This was achieved by using 10 min milling. Pro-

longed milling treatments in high metal loadings (20 wt%) also

resulted in particle sintering and hence the formation of bigger

NPs. Moreover, the MWCNT-facilitated mechanosynthesis of

noble metal NPs demonstrated the need for thermally

conductive material (MWCNTs, SWCNTs, expanded graphite, of

expanded graphite (EG), hexagonal boron nitride) as substrates

to generate the metallic NPs. The use of insulating supports

only led to low metal NP yields. This study might be an illus-

tration of the importance of heat transfer in mechanochemical

systems, where a temperature increase induced by the milling

treatment can be efficiently used to drive the transformation.

Although the product outcomes from this mechanochemical

procedure were equivalent to the purely thermal treatment (i.e.

metallic NPs, acetic acid), the particle sizes obtained by purely

milling were much smaller, presumably due to the mechanical

mixing.89

The preparation of noble metal NPs supported on MWCNTs

has also been reported by a two-step process. In this preparative

strategy, the precursors (the carbon materials and the metal

acetates) are rst milled followed by a thermal treatment step.140

Aer thermal treatment, NPs grew because of the continued

reaction with the remaining salt aer the ball milling step.

Further particle growth occurred by aggregation and Ostwald

ripening processes. The average particle size of 28 nm was ob-

tained for Ag NPs for a milling treatment of 10 min. In the case

of Ag/MWCNTs, the electron beam during HRTEM imaging

reduced the remaining Ag(I)acetate and showed that the Ag NPs

were formed away from MWCNT surfaces.140 In another study,

Pd/MWCNTs, and Pd/SWCNTs hybrids were prepared by ball

milling using Pd(II)acetate, which was partially reduced during

the mechanochemical procedure, resulting in low Pd NPs size

dispersion of 3.4 � 1.3 nm in size.141 The product obtained aer

subsequent heating afforded bigger and poorly dispersed NPs

in the carbon matrix (9.4 � 3.6 nm), according to TEM. The

materials were further characterized by XRD and XPS, which

demonstrated the partial reduction of the salt during milling.

They exhibited excellent catalytic activity in a series of Suzuki

cross-coupling reactions, with the material prepared by ball

Fig. 12 (A) Scheme for the mechanochemical synthesis of NPs@lignin

composites with Au, Pd, Ru, and Re. A similar procedure was used for

Ag NPs. The phenol terminations of lignin were responsible for the

reduction of the salt precursors and it also plays the role of stabilizing

the matrix. (B–D) TEM images of Pd NPs-kraft lignin synthesized using

different Pd salt precursors. (B) Pd(II) acetate; (C) Pd(II) acetylacetonate

and (D) PdCl2. The use of organic precursors favors the stabilization of

the NPs within the lignin matrix. (E) TEM image of Re NPs-lignin

composite obtained by milling of Re(CO)5Br and lignin. Reproduced

from ref. 126 with permission of the Royal Society of Chemistry.

16132 | J. Mater. Chem. A, 2020, 8, 16114–16141 This journal is © The Royal Society of Chemistry 2020
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milling presented superior performances even at low

concentrations.141

4.3. NPs supported in SiO2-based materials

Organic volatile metal precursors have been used to generate

small NPs by thermal decomposition, free from halogenates.

These halogenates can be detrimental for catalytic activi-

ties.128–131,137,139,142 Simple manual grinding of Au or Pd acetates

along with solid supports such as TiO2 and SiO2 was used in the

preparation of catalysts for alcohol oxidation and formation of

hydrogen peroxide. Aer grinding, the mixtures were heat-

treated at 350 �C to generate the nal materials. The best

catalytic activity, superior to the solution-prepared counter-

parts, was obtained when Au and Pd acetates were mixed,

generating sub-5 nm AuPd NPs alloys.139

Supported Pd NPs (<2 nm) were prepared by milling together

Pd(II) acetate and ordered mesoporous SBA-15 silica (Al-SBA-15)

or mesostructured cellular foam (Al-MCF) (Fig. 14A).137 Aer

thermal treatment in the reductive H2/N2 atmosphere at 723 K,

the material was used in the hydrogenation of p-nitrophenol

using NaBH4 in solution. Materials prepared with milling-

dispersed NPs presented higher per-metal-content activity as

compared to that prepared by wet impregnation (Fig. 14B).137 In

a different study, an analogous protocol was used for the

synthesis of Ag NPs with a mean size of 5 nm supported in

similar porous materials. The catalysts were evaluated in the

synthesis of imidazolones via cycloisomerizations of prop-

argylic ureas143 and the dearomatization of indoles.136 In both

cases the material showed to be recyclable and stable under

catalytic tests.

In another example using silica, Au/SiO2-Schiff nanocatalysts

were prepared in two steps.125 Wet impregnation was used to

disperse the salt precursor in the solid matrix. Aer drying, the

powders were treated by manual grinding in the presence of

NaBH4. The resultingmaterial consistedmainly of AuNPs of 1 nm

in size. Au clusters and single atoms could also be formed and

stabilized as determined by aberration-corrected high-angle

annular dark-eld scanning transmission electron microscopy

(HAADF-STEM) (Fig. 14C, white triangles, and squares). The

material prepared by solution-phase synthesis consisted of Au

NPs that were bigger and were polydisperse (Fig. 14D). This

Fig. 13 Scheme for the mechanochemical synthesis of noble metal NPs on carbon nanotubes (A) and SEM images of the NMNPs-supported

MWCNTs: (A) Ag (from silver acetate), (B) Pd (from PdII acetate), (C) Pt (Pt acetylacetonate) and (D) Au NPs (from AuIII acetate). The syntheses were

performed in a high energy shaker mill (SPEX CertiPrep 8000D) using a zirconia milling set. Adapted from ref. 89 with permission of the American

Chemical Society.

This journal is © The Royal Society of Chemistry 2020 J. Mater. Chem. A, 2020, 8, 16114–16141 | 16133
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demonstrates the advantages of the grinding process in the

control of size and distribution with the solid support. The

resulting sizes of the Au NPs were inuenced by the relative

humidity as the hydride formation and diffusion is facilitated by

water.125 As mentioned above, the inuence of water was also

noted in the case of Au NPs synthesized with CD in different

hydration degrees.124 The nal Au/SiO2-Schiff catalysts were tested

towards the reduction of CO2.
125

Au NPs supported on a glass surface were prepared by milling

the salt precursor with porous glass. The milled mixture was

subsequently dispersed in ethanol and deposited onto glass

slides for drying. Finally, the dispersed material was laser sin-

tered, during which most of the salt was reduced, producing

AuNPs of 30 nm according to SEM and UV-Vis. The nal material

was used in the plasmon-driven photocatalytic degradation of

ethanol in a bypass-ow reactor and remained stable.127

4.4. NPs supported in porous coordination polymers

Porous coordination polymers such as metal–organic frame-

works (MOFs), were used as support of Au NPs by manual

grinding with an organogold complex.128–131,142 Among several

advantages, these materials provide the highest known surface

areas. Furthermore, the association of MOFs and NPs presents

synergistic effects with enhanced performance.144 In the

synthesis of these hybrid materials, dimethyl(acetylacetonate)

Au(III) was used as metal precursor due to its volatility.128–131,142

The metal precursor was manually ground with the MOF and

then thermally treated in a reducing atmosphere of H2/N2. In

the synthesis performed using a Cd-based uorinated MOF and

metal loading of Au 1 wt%, TEM studies were not able to

identify any NPs. The lack of NPs indicated that the Au(0) was

probably present as small clusters. The cluster formation was

further supported by EXAFS which showed Au/Au distances in

Fig. 14 (A) Scheme for the mechanochemical synthesis of Pd NPs supported on ordered nanoporous materials (Al-SBA-15 and Al-MCF) via ball

milling. The approach employs a subsequent reduction in H2 atmosphere before catalytic tests towards the reduction of p-nitrophenol. (B)

Catalytic studies showing the decrease of p-nitrophenol concentration upon catalytic reduction by NaBH4 for the different nanocatalysts.

Adapted from ref. 137 with permission of the Royal Society of Chemistry. (C and D) Aberration-corrected HAADF-STEM images of Au/SiO2-Schiff:

(A) manual grinding mechanochemical method and (B) solution-phase synthesis. The NPs, clusters, and isolated Au atoms are indicated by white

circles, triangles, and squares, respectively. Reproduced from ref. 125 with permission of SIOC, CAS, Shanghai, & Wiley-VCH Verlag GmbH & Co.

KGaA, Weinheim.
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agreement to Au2 and Au3 clusters. The nal composites were

found to be stable in air for over six months, demonstrating the

efficiency of the methodology in preparing ultrane, stable

NPs.128

Au NPs@ZIF-8 stable catalysts were also prepared by manual

grinding + H2 reduction approach, leading to AuNPs sizes of 3.4

� 1.4 nm and 4.2 � 2.6 nm for 1 and 5 wt% of Au load,

respectively. The nal materials were tested in the CO oxidation,

demonstrating good activities (Fig. 15).129 Other examples of

MOF-Au NPs prepared by grinding are known, including MOF-

5, CPL-2, and Al-MIL-53 porous polymer. Each of these systems

was tested for the N-alkylation of primary amines130 and in the

oxidation of alcohols.131 Curiously, the size of the Au NPs (from

1.6 � 1.0 to 3.3 � 2.3 nm) were inuenced by the type of porous

polymer used.130

Very recently, ball milling was used to facilitate the synthesis

of stable metal NPs@MOFs composites.138 The synthetic

procedure is depicted in Fig. 16A for the case of Pd@ZIF-8. The

procedure involves the impregnation of the support, here ZnO,

with the noble metal salt by ball milling. Subsequently, the solid

mixture was treated at 150 �C under H2 ow to reduce Pd2+ to

metallic Pd. In a second milling step, the Pd/ZnO was milled

under ILAG (ion- and liquid assisted grinding) conditions along

with the organic linker, 2-methylimidazole (Hmim). This

second milling step resulted in the formation of the nal

Pd@ZIF-8. As can be seen in the HRTEM image (Fig. 16B), the

material contains well-dispersed, crystalline Pd NPs with

a mean size of around 4.5 nm. The versatility of this approach

was demonstrated by preparing other ZIF-8 systems such as

Pt@ZIF-8 and Ru@ZIF-8, as well as for other coordination

polymers resulting in Pd@[Zn2(ta)2(dabco)], Au@HKUST and

Pd@[Y(BTC)(H2O)]. Pd@ZIF-8 was tested in hydrogenation

reactions, showing alkyne size selectivity due to the pore size of

ZIF-8. Comparable size selectivity was not observed for the non-

encapsulated Pd (Fig. 16C). The activity of the reused catalyst

towards 1-hexene hydrogenation only shows a slight decrease

aer ve cycles (Fig. 16D).138

The mechanosynthesis of noble-metal NPs directly over the

support (one-pot approach) has many advances for practical

applications. For example, non-supported NPs require high-

speed centrifugation or precipitation for isolation and

washing. In this case, the separation from the reaction media is

greatly facilitated in the case of the supported NPs. More

importantly, this enables, at least in principle, to prepare in

one-pot supported NPs with their surface free from surfactants

or stabilizers, which is attractive for applications in catalysis.

This can represent a direct advantage over solution-phase NPs

for catalytic applications, that may require additional steps for

removing surface ligands or capping agents before their cata-

lytic applications. This is because surface ligands and stabi-

lizing agents can block active sites, leading to detrimental

effects in catalysis. If the mechanosynthesis method to produce

the target supported NPs also involves the use of stabilizers,

these steps for their removal before catalytic applications may

also be required or employed to optimize catalytic activity.

However, as described in this section, several supported NPs

obtained by mechanochemistry displayed interesting catalytic

activities that are parallel to supported NPs produced by

solution-phase syntheses.

Fig. 15 (A–D) TEM images of Au NPs supported on ZIF-8. Manual grinding in agate was used to incorporate the volatile organogold complex

within the ZIF-8 matrix. The material was heated at 230 �C in a gas mixture of 10 vol% H2 in He for 2.5 h to yield Au@ZIF-8. The materials were

used as nanocatalysts in the CO oxidation. (A and B) Au loading was 1 wt% and (C and D) Au loading wt%, before (A and C) and after (B and D)

catalytic reaction. (E) Conversion% as a function of temperature s for CO oxidation over Au@ZIF-8 catalysts with different Au loadings. Adapted

from ref. 129 with permission of the American Chemical Society.

This journal is © The Royal Society of Chemistry 2020 J. Mater. Chem. A, 2020, 8, 16114–16141 | 16135
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Moreover, the presence of the support can inuence the size

of the NPs, providing heterogeneous nucleation sites during the

mechanochemical synthesis. This can help in controlling the

nal size and monodispersity (affect nucleation and growth

stages) and avoid NPs aggregation during the synthesis due to

metal support interactions (interesting in the context of

Table 4 Practical guidelines for the mechanosynthesis of noble metal NPs

Parameter Effect

Milling/grinding time Long milling duration tends to increase the particle size, yet small NPs

are possible at high conversions of themetal precursor for protected NPs
A compromise in between milling time and conversion of the precursor

is necessary in the case of surfactant free NPs

Milling/grinding bodies Nonmetallic milling assembly (jar + balls, or mortar and pestle) are
preferred to avoid contamination (ZrO2, agate, PTFE, etc.)

The use of metallic milling set can be benecial if a galvanic

replacement can take place, dismissing the use of common reducing

agents
Capping agent For synthetic polymers (e.g., PVP), a high molecular mass provides

a better stabilization and afford smaller NPs

Capping agents can be dismissed in the case for supported NPs

Reducing agent Not yet investigated in detail. Similar to solution, strong reducing agents
such as NaBH4 or H2 (aer dispersion of the precursor and support by

grinding) tends to generate smaller NPs. Protecting agents such as PVP

or PEG, and supporting materials (e.g. Lignin) can also play the role of

reductants
Metal salt precursor Organic volatile precursors tend to yield smaller NPs

The chemical nature/affinity of the salt determines the NP distribution

face to the supporting material, when employed

Fig. 16 Mechanochemically-assisted synthesis of metal NPs@MOFs. (A) Synthetic protocol for preparation of Pd@ZIF-8 through mechanical

mixing of PdCl2/ZnO, thermal treatment in H2 flow to produce Pd/ZnO, and finally, ball milling with the organic linker 2-methylimidazole (Hmim)

to form Pd@ZIF-8. (B) HRTEM of Pd@ZIF-8 showing the Pd NPs size and dispersion; (C) conversion of alkynes upon hydrogenation using of

Pd@ZIF-8 as catalysts and (D) conversion of 1-hexene with reused catalyst. Adapted from ref. 138 with permission of the Royal Society of

Chemistry.
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catalysis). Also, this can avoid nonclassical growth events based

on aggregation and oriented attachment, for example. Thus,

this strategy becomes attractive for the synthesis of supported

ultrasmall NPs, small clusters, and single-atoms, which have

emerged as the ultimate frontier in the eld of nanocatalysis.

As discussed in this review, challenges on the mechano-

chemical synthesis of supported NPs remain on the control over

size and size distribution. It is still required greater knowledge

and tuning over the interaction between the support and the

precursor and possible degradation of the support itself by

prolonged milling times. On the other hand, the mechano-

chemical synthesis of NPs over a supporting material is

considerably more capable to yield ultrasmall NPs or even small

clusters and single atoms. Overall, the approach to follow in the

synthesis of NPs by mechanochemical means must be appli-

cation- or fundamental-driven.

5. Summary and outlook

Mechanochemistry has been promoted as a promising tool to

perform environmentally friendly transformations. It holds the

potential to circumvent the need for high temperatures and

solvents and purication steps in many syntheses relative to

traditional solid- and solution-phase methods.145,146 The mecha-

nochemical synthesis of noble metal NPs has shown substantial

progress in recent years, as discussed in this review, and its

practical guidelines are summarized in Table 4. Here, the primary

focus was placed on supported and non-supported NPs by

a bottom-up approach, in which NPs are grown from atomic

building blocks rather than by reducing the size of larger parti-

cles. In traditional colloidal, solution-based synthetic approaches,

bottom-up strategies based on the chemical reduction or

decomposition of themetal precursor provides better control over

the kinetics of NPs nucleation and growth, enabling the tailoring

over NPs shapes and sizes and versatility in terms of synthesis

conditions that can be optimized. Borrowing these concepts to

mechanochemistry, the role of mechanical energy – either by

automated ball milling of manual grinding – in the bottom-up

growth of NPs is likely two-fold. First, the mechanical treatment

facilitates the mixing and renewal of particle surfaces. This is

required to ensure continued reaction between solid bodies.

Second, the energy imparted by the mechanical treatment is

believed to trigger the chemical reaction necessary for reduction

of the metal precursors and generation of the corresponding

growth species. In the example of supported NPs, a milling step

can also be employed to nely and homogenously disperse the

metal precursor over the surface of the support before reduction/

decomposition, nucleation, and growth processes take place.

This can facilitate the synthesis of surfactant-free materials,

which are attractive for catalytic applications.

The stability of the materials prepared mechanochemically

deserves emphasis. The noble metal NPs prepared and stored in

the solid state can present extraordinary stability over time (e.g.,

Ag9 nanoclusters are stable for over two years).120 The fact that

they are produced directly in the solid state prevents fast

diffusion, agglomeration and overgrowth by coalescence or

Ostwald repining for example. Thus, the original properties of

the materials can be preserved. This is an important factor

when it comes to scalability of the systems and for industrial

applications purposes.

Unfortunately, it remains poorly understood how different

reducing agents affect the kinetics formation and shape of the

resulting NPs.98 Several issues still need to be addressed in the

mechanochemical synthesis of metal NPs relative to solution-

phase strategies. These are related to the understanding the

reactivity of solid reductants, diffusion processes in the solid

phase, interaction of surfactants or stabilizers with the growth

species, and the true nature of the metal precursors. The knowl-

edge in terms of milling conditions, capping agents, salt precur-

sors, etc., has just started to be rationalized as discussed in the

examples presented herein. Up to date, the mechanochemical

synthesis is still restricted to a few systems and it does not allow to

reach the same level of sophistication and versatility relative to

solution-phase strategies. It is clear that most shapes produced

from the mechanochemical synthesis of noble-metal NPs have

been restricted to sphericalmorphology, and samples have shown

only limited size monodispersity and compositional control (for

multicomponent nanoparticles). This is probably due to the

difficulties in separating the events that lead to the generation of

growth species, nucleation, growth, and non-classical growth in

the solid phase as opposed to colloidal synthesis. This can also be

related to the high heterogeneity of the media. Even in efficient

milling process it is difficult to achieve a homogeneous local

mixture due to reducedmass transfer and diffusion limitations in

comparison to solvated media. This makes it more challenging to

selectively maneuver the rate of growth along with certain crys-

tallographic directions and induce symmetry breaking. Similarly,

it remains challenging the synthesis of bimetallic NPs with well-

dened elemental distributions and surface morphologies

(conformal core–shell coating, branched morphologies, alloys,

etc.). In this context, the development of in situ techniques to

study and unravel each step in the mechanochemical synthesis is

required to provide insights on how these processes happen and

how to manipulate the several processes occurring in the solid

mixture under mechanochemical conditions.

For multicomponent NPs, the control of composition and

the element distribution are essential. In the bottom-up

mechanochemical synthesis of noble metal NPs, such control

is, however, particularly challenging. Probably diffusion limi-

tations in the solid state and different reduction rates for each

metal prevent the formation of more homogenous materials

directly under milling or grinding. Further studies in order to

determine the appropriate milling and reducing conditions for

the formation of alloys, core–shell, etc., is an important direc-

tion for the eld. On the other hand, even with these short-

comings, the use of mechanochemical means has produced

exceptional noble metal materials for catalytic applica-

tions.111,139 This makes the bottom-up mechanochemical

synthesis still a great candidate for the preparation of multi-

component materials in a robust and scalable manner.

The fundamentals of the mechanochemical bottom-up

synthesis of noble-metal NPs with controlled physicochemical

features are in the early stages of development. In particular,

controlling the physicochemical features of such

This journal is © The Royal Society of Chemistry 2020 J. Mater. Chem. A, 2020, 8, 16114–16141 | 16137

Review Journal of Materials Chemistry A

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 2

8
 J

u
ly

 2
0
2
0
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
8
/2

0
2
2
 2

:2
2
:5

2
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ta05183g


mechanochemically prepared NPs remains an exceptional

challenge. It is worth mentioning that multi-phase solid reac-

tions do not occur in the whole bulk of the sample. Rather,

these reactions occur only in the regions where a small fraction

of contact between phases takes place.50 Therefore, continuous

mechanical action aims to enhance these contact events

through mass transport or comminution. Fluid phases can also

be formed upon mechanical action. At a deeper level,

mechanical input enhances diffusion and generates strain and

defects. Moreover, mechanical action induces pulses of pres-

sure and temperature at the site of impact. The mechanical

perturbation of inorganic solids (e.g. metal salt precursors)

might result in the redistribution of electrons, holes, and

structural defects.50 Consequently, the reactivity of the solid

changes. However, which of these mentioned effects (mixing-

diffusion and/or electronic perturbation) of mechanochemical

energy will play a pivotal role in the synthesis of NPs remains

elusive.

An important perspective of the eld is related to the

detailed understanding of the nucleation and growth stages

happening in the solid phase. For instance, elucidating the

mechanisms of nucleation and growth are of vital importance if

one aims to truly control the physical and chemical features of

the produced NPs. Although insights can be borrowed from

solution-based systems, there are critical differences in solid-

state approaches. As such, the continued and dedicated inves-

tigation into solid-state NPs growth mechanisms is funda-

mental. This includes in situ studies147,148 into the high

heterogeneity of the reacting media, diffusion limitations, and

even the effective temperatures experienced during

milling.149,150 For instance, it is crucial to identify homogenous,

if possible, vs. heterogeneous nucleation events and the

symmetry reduction to generate anisotropic nanoparticles. In

situmonitoring during milling147,148 might help to unravel some

of the unknown variables, particularly some kinetic aspects.

We believe that the knowledge gained on the mechanochem-

ical synthesis of noble metal NPs can serve as a foundation to

enable the controlled synthesis of bimetallic systems with

controlled morphologies (core–shell, alloys, dimers, and core-

satellite, for example). Another future direction is to extend

controlled mechanochemical synthesis to other metals, oxides

and suldes nanoparticles.151–153 Although most of the examples

discussed herein focused on applications in catalysis, it is clear

that the development of the synthetic strategies will benet and

allow the mechanochemical synthesis for applications in other

elds, such as sensing, biomedicine, plasmonics, and others. In

this context, future directions should concentrate on moving

beyond trial and error (observation driven) strategies towards

a more rational, design-driven approach based on mechanistic

understanding. This would be of invaluable help to expand the

eld for more diverse systems, including oxides and non-noble

metal materials. It can be envisioned that the emerging areas of

machine learning and articial intelligence applied to materials

sciences can contribute to enabling the community tomove in this

direction from data acquired from in situ studies. We believe that

mechanochemistry presents an enormous potential to greatly

impact the synthesis of noblemetal NPs in the upcoming decades.
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35 F. Fiévet, S. Ammar-Merah, R. Brayner, F. Chau, M. Giraud,

F. Mammeri, J. Peron, J.-Y. Piquemal, L. Sicard and G. Viau,

Chem. Soc. Rev., 2018, 47, 5187–5233.

36 J. Kimling, M. Maier, B. Okenve, V. Kotaidis, H. Ballot and

A. Plech, J. Phys. Chem. B, 2006, 110, 15700–15707.

37 M. Wuithschick, A. Birnbaum, S. Witte, M. Sztucki,

U. Vainio, N. Pinna, K. Rademann, F. Emmerling,

R. Kraehnert and J. Polte, ACS Nano, 2015, 9, 7052–7071.

38 J. Turkevich, P. C. Stevenson and J. Hillier, Discuss. Faraday

Soc., 1951, 11, 55.

39 G. Frens, Nature, Phys. Sci., 1973, 241, 20–22.

40 S. Tao, M. Yang, H. Chen and G. Chen, ACS Sustainable

Chem. Eng., 2018, 6, 8719–8726.

41 H. Huang, H. du Toit, M. O. Besenhard, S. Ben-Jaber,

P. Dobson, I. Parkin and A. Gavriilidis, Chem. Eng. Sci.,

2018, 189, 422–430.
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