
REVIEW

Review of supported metal nanoparticles: synthesis

methodologies, advantages and application

as catalysts

Matumuene Joe Ndolomingo1 , Ndzondelelo Bingwa1 , and Reinout Meijboom1,*

1Department of Chemical Sciences, University of Johannesburg, PO Box 256, Auckland Park, Johannesburg 2006, South Africa

Received: 11 June 2019

Accepted: 31 January 2020

Published online:

12 February 2020

� Springer Science+Business

Media, LLC, part of Springer

Nature 2020

ABSTRACT

Supported metal nanoparticles, M-NPs, are of great scientific and economic

interest as they encompass application in chemical manufacturing, oil refining

and environmental catalysis. Oxidation and hydrogenation reactions are among

the major reactions catalyzed by supported M-NPs. Although supported M-NPs

are preferable due to their easy recovery and reuse, there are still some practical

issues regarding their catalytic activity and deactivation. This review highlights

the general features of supported M-NPs as catalysts with particular attention to

copper, gold, platinum, palladium, ruthenium, silver, cobalt and nickel and

their catalytic evaluation in various reactions. The catalytic performance of

noble M-NPs has been explored extensively in various selective oxidation and

hydrogenation reactions. In general, noble metals are expensive and sensitive to

poisons. Despite their significant merits and potential (easily available, com-

paratively inexpensive and less sensitive to poisons), catalysis by base M-NPs is

relatively less explored. Therefore, activity of base M-NPs can be improved, and

still, there is potential for such catalysts.

Introduction

Catalysis is a crucial technology permitting the

functionalization and utilization of a myriad of raw

materials that can be used for the formation of

products of great value. Catalysis at an interface is

called heterogeneous catalysis, where the reactants

and catalyst are in different phases. In most cases, the

catalysts used in heterogeneous catalysis are solids or

powders and the reactants are gases or liquids. For a

solid catalyst, the catalytically active components,

such as metals or metal oxides (usually in a low

concentration), are immobilized in a dispersed state

on a support or carrier.

Over the past years, metal nanoparticles (M-

NPs)—generally so-called when their size is between

1 and 100 nm—have been widely used in synthetic

organic chemistry [1–10]. Recently, catalysis by sup-

ported transition M-NPs has been attractive and

received strong attention for many selective oxidation
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[5, 10–15] and hydrogenation [16–21] reactions under

mild conditions.

This review presents an up-to-date overview of

supported M-NPs emphasizing Cu, Au, Pt, Pd, Ru,

Ag, Co and Ni nanoparticles, NPs (active phase),

their synthesis methodologies, their characteristics

and their advantages and application as catalysts for

various oxidation and hydrogenation reactions. A

brief view of the ligand adsorption-based technique

for M-NP surface area determination and kinetic

models of the liquid-/gas-phase reaction over M-NPs

is also provided. This review will contribute to

develop novel and efficient reusable catalytic nano-

materials for various catalytic transformations.

Nanomaterials are of high scientific importance and

are subject of research in the materials science com-

munity due to the unique properties that they exhibit.

Materials scientists emphasize understanding of the

structures and properties of materials (natural, syn-

thetic or composite), and also the way their process-

ing influences their structures and properties, and

thus their performance. Therefore, this review would

likely help on designing efficient catalytic systems.

Properties of nanoparticles

Nanoparticles (NPs) are of high scientific interest as

they show unusual properties compared to their bulk

counterparts [13, 22]. At the nanoscale, the properties

of the materials generally change. The effect that

causes changes in the properties of the materials is

referred to as the size-induced metal–insulator tran-

sition (quantum size effect) [23]. As the size of a

material decreases in the nanorange, the percentage

of atoms at its surface becomes substantial. Therefore,

the subsequent surface-to-volume ratio increases

substantially, which influences the surface-related

properties of the material. In general, the interesting

properties and the advantageous characteristics of

NPs are:

• High surface-to-volume ratios, which provide a

large number of active sites per unit area com-

pared to their bulk counterparts [24].

• Higher zeta potential, averting the aggregation of

nanoclusters in solution [25].

• Possible separation and recyclability, reducing the

probability of contamination of the catalyst with

the product and making them cost-effective [26].

Transition metal nanoparticles in catalysis

Transition M-NPs are clusters comprising from tens

to thousands transition metal atoms (Fig. 1). Their

sizes vary between one nanometer to hundreds of

nanometers in diameter. However, in catalysis, the

most active is only of few nanometers [6]. The size of

the M-NP catalysts is therefore crucial aspect of the

catalytic steps. Modern transition M-NPs (1–10 nm in

diameter) differ from classical colloids (typi-

cally[ 10 nm in diameter) in several aspects,

including size and stability in solution [27].

Due to their unusual properties based on their

intrinsic large surface-to-volume ratios, modern

transition M-NPs with narrow size distribution have

gained strong interest in scientific research as well as

industrial applications [27, 29]. Transition M-NPs are

awarded with various features of an efficient catalyst

[30, 31]. Colloidal M-NPs as catalysts are used in

homogeneous systems or otherwise can be heterog-

enized using a support such as alumina, silica, tita-

nia, carbon materials or zeolite. The support can be

either a powder or a pre-shaped cheap solid with a

high surface area that usually shows no catalytic

activity on its own.

Homogeneous catalysis is very efficient and selec-

tive, but suffers from its limited thermal stability and

the difficulty of extraction of the catalyst from the

reaction media. Unlike homogeneous catalysis,

heterogeneous catalysis benefits from possible use of

high temperatures and easy recovery of catalyst

materials, but suffered of low selectivity and clear

understanding of the mechanistic aspects, vital for

parameters improvement [6]. However, transition

M-NPs in catalysis is fundamental as they mimic

metal surface activation and catalysis at the nano-

scopic scale and thus bring efficiency and selectivity

to heterogeneous catalysis.

Copper nanoparticles as catalysts

Like many nanomaterials, Cu at nanometer-sized

dimensions shows notable activity in various appli-

cations from material to medicine. Due to its easy

availability, low cost and environmentally friendly

character, Cu has received more consideration in

organic synthesis. Many catalytic systems have been

established in recent years, providing excellent

selectivity in various copper-catalyzed organic reac-

tions, such as Suzuki reaction [32], Heck reaction [33],
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Click reaction [34] and oxygen arylation reaction [35]

as well as many other useful reactions [5, 10, 36, 37].

We reported on the performance of copper-based

catalysts in the oxidation of methylene blue [38]. An

appreciable activity of 99% was obtained within

45 min of the reaction under mild conditions. Despite

several merits and potential of Cu nanoparticles (Cu-

NPs) as an efficient catalyst, catalysis by Cu-NPs is

relatively less explored in comparison with other

metals, such as Pd, Mg, Zn and Ni.

Gold nanoparticles as catalysts

The initial discovery of the catalytic efficiency of gold

[39, 40] was surrounded by some confusion. It was

observed by Bond and co-workers [41, 42] that very

small particles of Au were active on the hydrogena-

tion reaction. However, many reports stated that the

catalytic activity observed may just be due to impu-

rities [43]. In the last three decades, there have been a

number of discoveries which demonstrate that

catalysis by Au nanoparticles (Au-NPs) offers a

myriad of possibilities to activate and reacting

molecules [39, 40, 44–49]. Those discoveries, given the

long believed chemical inertia of Au, have entirely

changed researcher’s perception of that metal. Au-

NPs were therefore used in many catalytic systems

including low-temperature CO oxidation [48], acet-

ylene hydrochlorination [50], selective hydrogenation

of nitro compounds [46] and selective oxidation of

alcohols [49] along with many other important reac-

tions [51, 52]. The performance of Au-based

nanocatalysts on the liquid-phase oxidation of benzyl

alcohol to benzaldehyde was investigated [53]. A

good activity as well as selectivity toward benzalde-

hyde was obtained from the Au-based catalysts

compared to the other catalysts. Nowadays, Au-NPs

are not just good catalysts, but they are the best [45].

Platinum nanoparticles as catalysts

The use of platinum in catalysis presumably repre-

sents the most important application of platinum.

Platinum nanoparticles (Pt-NPs) are widely used in

the catalysis of many reactions, including the

hydrogen evolution reaction used in fuel cells [54]. It

is well known that the activity of M-NPs increases

with the decrease in the particle sizes. However, a

study by Tan and co-workers [55] revealed that for

the hydrogen evolution reaction the catalytic activity

of the Pt-NPs is unfavorably affected by size in the

1–3 nm range. That was explained by the fact that

edge sites on small Pt-NPs bind too strongly to

hydrogen atoms and become catalytically inactive

[55]. Supported Pt-NPs are known to have good cat-

alytic activity in many reactions, including oxidation

of organic compounds [56, 57], alcohol oxidation [58],

hydrogenation of biomass-derived compounds [59],

NO reduction reaction [59], ethylene glycol reforming

[60] and a variety of processes such as the ones used

in oil refinery [61]. Recently, we have evaluated the

activity of the Pt-NPs in gas-phase oxidation of

ethanol [62]. It was reported that the activity of the

catalysts was boosted by the immobilization of Pt-

NPs on the surface of the mesoporous materials, and

the immobilization of Pt-NPs favors complete oxi-

dation to carbon oxide (COx).

Figure 1 Nucleation and growth process of nanoparticles (spheres represent metal atoms). Adapted with permission from [28].
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Palladium nanoparticles as catalysts

Palladium was used earlier in catalysis for organic

transformations. The use of palladium as catalyst in

organic chemistry was mostly stimulated by the dis-

covery of palladium-catalyzed oxidation of ethylene

to acetaldehyde by air [63]. The Nobel Prize in

Chemistry 2010 was awarded to R.F. Heck, E. Negishi

and A. Suzuki for the palladium-catalyzed cross-

coupling reactions, families of organic synthesis that

use palladium complexes as catalysts [63]. Recently,

Monfared et al. have highlighted the advance in the

application of palladium nanoparticles (Pd-NPs) for

Hiyama cross-coupling reactions [3]. The investiga-

tion showed that Pd-NPs were catalytically highly

effective in fluoride-free Hiyama coupling reactions.

The importance of the choice of the carrier was also

mentioned, with carbon carrier being the most suit-

able. Pd-NPs have been effective catalysts for the

synthesis of various compounds [64–67]. The activity

of the Pd-NPs is size and shape dependent. It was

revealed that very sharp shaped Pd-NPs show strong

catalytic activity for the organic reactions such as

Heck, Suzuki and Stille couplings [66]. In a study

conducted in our group [68], Pd-NPs supported on

SBA-15 typical silica material were revealed to be an

efficient catalyst for Suzuki coupling. High perfor-

mance in terms of turnover frequencies was obtained

even under an aqueous system and fairly low

temperatures.

Ruthenium nanoparticles as catalysts

Ruthenium was the last of the six platinum group

metals to be discovered. Ruthenium-based nanocat-

alysts featured with an uncommon catalytic behavior

are of great implication in many reactions [69–71].

Supported ruthenium nanoparticles (Ru-NPs) are the

most widespread heterogeneous catalysts for the

hydrogenation of biomass-derived compounds to a

variety of attractive fuel components and value-

added chemicals [69, 72, 73], with the 5%-Ru/C being

the most conventional ones [72–74]. Ruthenium as a

Fischer–Tropsch (FT) catalyst is of high scientific

interest, as it is working at low temperature and

producing high molecular weight hydrocarbons

[75, 76]. Ru-NPs act as a FT catalyst as the pure metal,

without any promoters. Ru-NPs as catalyst are also

used for ammonia and acetic acid production [77]. A

study conducted by Ndolomingo and Meijboom

shows that low content of ruthenium (1 wt%) on the

mesostructured metal oxide supports is highly effi-

cient for the conversion of biomass-derived levulinic

acid (LA) to an ideal sustainable liquid fuel, c-

valerolactone (GVL). The best performance (TOF[

493590) with full conversion of LA and[ 95% GVL

selectivity was obtained from the MnO2- and TiO2-

based catalysts [78].

Silver nanoparticles as catalysts

Silver metal has been used in numerous technologies

and incorporated into a wide range of consumer

products that take advantage of their distinct physi-

cal, chemical and biological properties [79, 80]. The

catalysis of silver nanoparticles (Ag-NPs) has been

widely exploited, and it is of great interest in organic

synthesis because of their specific reactivity, selec-

tivity and stability in many catalytic systems. Dong

and co-workers highlighted some modern advance-

ment of Ag-NP-catalyzed organic reactions [81].

Supported Ag-NPs have been found to be effective

catalysts in many reduction processes of functional

molecules, including reduction of carbonyl and

nitroaromatic compounds [81–83]. Various heteroge-

neous silver nanocatalysts have been recognized as

powerful catalysts for oxidation of alcohols, silanes

and olefins, and related oxidative transformations

[81, 84]. In a study conducted in our group, Ag-NPs

encapsulated within silica nanospheres showed aus-

picious results in the oxidation of benzyl alcohol [85].

Furthermore, Ag-NPs catalyzed the chemilumines-

cence from luminol–hydrogen peroxide system with

better activity than colloidal Pt and Au [86].

Cobalt nanoparticles as catalysts

Cobalt nanoparticles (Co-NPs) possess magnetic

properties that lead to applications in many areas.

Stable Co-NPs are a promising class of non-noble

metal nanocatalyst for organic synthesis. Several

cobalt compounds are oxidation catalysts. However,

over the past decade cobalt-based catalysts were

widely utilized in reactions involving CO, such as in

the hydrogenation of CO into liquid fuels in Fischer–

Tropsch process [87–89]. A study conducted by van

Deelen et al. indicates that supported cobalt particles

of less than 6 nm are less stable in Fischer–Tropsch

processes. In addition, it was shown that the stronger

interaction between Co and TiO2 leads to enhanced
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catalyst restructuring as compared to SiO2. Thus,

cobalt particles were revealed to be more stable when

deposited in SiO2 than in TiO2 [88]. Recently, Her-

trich et al. have demonstrated the performance of

specific heterogeneous Co-NPs synthesized by

pyrolysis of preformed cobalt complexes deposited

onto various supports in several hydroformylation

reactions [90]. It was concluded that the nature of the

support and the resulted in situ cobalt complex play a

big role on the kinetic behavior and the rate of

leaching of the catalysts. In general, the phenanthro-

line-derived catalysts, Co/phen@TiO2 and Co/

phen@C were shown to be stable, nonvolatile and

productive in hydroformylation reactions and thus

can conveniently substitute the common but unsta-

ble, volatile and toxic cobalt carbonyl complexes in

hydroformylation processes. Recently, we have

reported on the surface property–activity relations of

Co/Sn oxide nanocatalysts evaluated in the oxidation

of morin. It was revealed that the catalyst with a

small percentage of Co seemed to have the highest

number of acidic sites and also had the highest sur-

face area, and thus seemed to be the most performing

catalyst [91].

Ni nanoparticles as catalysts

As most of metal nanoparticles, nickel nanoparticles

(Ni-NPs) have attracted much attention in many

applications due to their potent catalytic activity,

high stability and many other valuable properties.

Ni-NPs have been recently used to accelerate the rate

of CO2 dissolution, especially under unfavorable

water chemistry. The advantages of Ni-NPs as cata-

lyst in the hydration of CO2 are that its activity is pH

independent, compared to the major catalysts such as

the enzyme carbonic anhydrase and hypobromous,

hypochlorous and boric acids which are effective

primarily in the alkaline range [92–94]. Due to their

unusual intrinsic properties, Ni-NPs have also been

growing interest in organic synthesis compared to the

traditional Raney nickel catalyst. Ni-NPs have been

used as catalyst for functional group transformations

like transfer hydrogenation of carbonyl compounds,

reductive amination of aldehydes, alkylation of

ketones, oxidative coupling of thiols and synthesis of

tetraketones [95]. Recently, Ni-based catalyst has

been one of the various catalysts used to convert

syngas to methane due to its high activity and

moderate cost. To minimize deactivation of the

catalyst, common effect due to a build-up of carbon

or sintering during this high-temperature methana-

tion reaction, Kamata et al. reported on the devel-

opment of highly active, suitable and robust Ni-based

methanation catalyst, consisting of well-dispersed

Ni-NPs encapsulated in mesoporous silica matrix

synthesized via a two-step co-precipitation method

with high Ni loading up to * 40%. The as-synthe-

sized catalyst has shown improved Ni sintering,

coking and sulfur resistance compared to a com-

mercial supported Ni methanation catalyst [96].

Another Ni-based methanation catalyst, Ni/La2O3/

SiO2, was developed by Li et al. using LaNiO3 with

perovskite structure as the precursor loaded on

mesoporous silica by the citrate complexing method

[97]. It was reported that the resultant catalyst was

very stable and exhibited very high activity and high

selectivity for CO methanation from syngas. The high

stability of the Ni-NPs is due to the fact that Ni-NPs

get close to La2O3 and confined by the latter which is

spread on SiO2, leading to resistance to carbon

deposition, and the interaction between Ni and La2O3

improves its resistance to sintering. Mostly for the

catalyst prepared by traditional impregnation

method, Ni-NPs and La2O3 are separately supported

on SiO2.

Synthesis of nanoparticles

Methods of catalytically active nanoparticle (NPs)

preparation are very diverse. NPs, either as colloids

or supported in some way, may be prepared via

different routes. Two generic approaches are usually

followed for the production of NPs [98]. These are the

top-down [99] and the bottom-up [100]. The former

approach essentially refers to the breaking of a solid

into smaller particles, while the latter ones involves

the preparation of NPs as dispersions by reduction of

metal salts or by sonolytic, photolytic or thermal

decomposition of metal precursors in various sol-

vents [101]. The bottom-up approach has gained

popularity in the preparation of NPs as it gives better

control of particle size when compared to the

mechanical approach. Due to their high surface area,

it is worth mentioning that dispersions of NPs are

thermodynamically and intrinsically meta-

stable [102, 103]. Moreover, to hinder sintering and

aggregation surface-stabilizing agents have been

used in synthesizing many nanomaterials.
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Approaches for supported metal
nanoparticle preparation

Because of their small size and probable solubility in

reaction media, it is not always easy to separate metal

nanoparticles, M-NPs, from the solution. To over-

come that problem, nanoparticles, NPs, are usually

anchored onto a solid support (Fig. 2). The supports

are mostly in the form of oxides such as silica aero-

gels [104], silica spheres [105], silica microemulsions

[106], hydrotalcite [107], zeolites [108] and alumina

membranes [109] to mention a few. There are a large

number of the studies reporting on M-NPs supported

on a variety of metal oxides, which some are based on

Al [110], Ti [111], Zr [112], Ca [113], Mg [114], Mn

[115], Zn [116] and Co [117]. Carbon materials such as

activated charcoals (ACs) and graphitic materials or

nanomaterials have been also extensively used in

heterogeneous catalysis as catalytic supports [118].

In fact, the activity of any metal-supported

nanocatalysts depends mostly on the metal loading

and its dispersion on the support, with the size of the

metal particles being a key factor. Thus, the synthesis

of highly dispersed metal nanocatalysts greatly

depends on the preparation processes including

choice of active chemicals, deposition methods of the

active phase, oxidative or reductive treatments, and

drying and calcination treatments. Many supported

M-NPs are prepared by the succession of methods.

Delmon and co-authors [119] have classified three

fundamental stages for the preparation of supported

M-NPs, that is, preparation of the primary solid,

treatment of the primary solid producing the catalyst

precursor and activation of the precursor to give the

active catalyst.

Fundamental stages for the preparation
of supported M-NPs

Preparation of the solid

Four main routes were classified for the preparation

of the primary solid [119]: deposition, precipitation or

co-precipitation, gel formation and selective removal.

Experimental parameters such as aggregate mor-

phology of the support or carrier, quantities, con-

centrations, stirring conditions, temperature,

sequence and duration of each operation are critical

for the characteristic of the solid.

(i) Deposition

Various deposition methods can be distinguished

including impregnation, ion exchange and gas-phase

depositions.

• Deposition by impregnation consists of contacting

a solid with a liquid containing the component to

be deposited [119]. The nature of both reactants

(solid surface and liquid) as well as reaction

conditions plays a major role on the type of

product. Impregnation can be made via several

methods, including impregnation by soaking

[120], dry or pore volume impregnation [121],

incipient wetness impregnation [121], co-impreg-

nation [122] and successive impregnation [123].

With different rates, diverse processes take place

throughout impregnation procedure including

selective adsorption of species by Coulomb or

van der Waals forces and ion exchange between

the charged surface and the electrolyte.

• The processes of deposition by ion exchange are

rather similar to those of the impregnation. It is

mostly used for solid ion exchange carriers such

Figure 2 HRTEM images of

a alumina, Al2O3 support and

b Au-NPs supported on

Al2O3.
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as zeolites. Ion exchange can be non-selective or

selective, depending on their chemical structure

[124].

• Deposition by gas phase occurs through adsorp-

tion from a gas phase. The technique believed to

give good dispersion of the active species and

ensure very well-controlled distribution [125].

(ii) Precipitation and co-precipitation

Here, precipitation is referred to as precipitation–

deposition. In this technique, active species are

deposited onto carriers in suspension with an in situ

formation or the addition of a precipitating agent.

One of the advantages here is that the precipitation

requires a lower supersaturation than formation of

the novel phase directly from the liquid. Supersatu-

ration can be controlled and maintained at a constant

moderate level by a gradual addition of the precipi-

tating agent [119, 126] or by decomposition of an

appropriate substance such as urea, ammonium car-

bonate and sodium hydroxide, which releases the

precipitating agent constantly. However, the rate and

order of addition of the substances, the mixing pro-

cedure, the pH and the maturation process must be

carefully controlled.

(iii) Gel formation

The process consists of solutions producing gel- or

solid-like substances. The gel can be obtained by

freeze drying, polymerization, complexation or

addition of a gelling agent [119]. The produced gels

retain all the active components from the starting

solution. The diffusion is sturdily restricted, and the

segregation becomes difficult [120, 127]. The solvent

in the starting solution and reaction by-products are

removed by evaporation or sublimation, and the gels

are thereafter decomposed or further transformed to

oxides.

(iv) Selective removal

The method consist of removing one component of

the coarse powder alloy by leaching process using,

usually NaOH as leaching agent, while leaving the

active component in a relatively high dispersion form

[119, 128]. The method is not commonly used, but

produced important catalysts such as Raney Ni.

Treatment of intermediate solids

The treatments of the precursors or intermediate

solid include drying, thermal decomposition, calci-

nation and many other processes. The quality of the

product obtained depends on many factors including

equal exposition of the particles and adequate

quantity of liquid or gas to the reactor [119, 128]. For

the equal exposition, it is suggested that all the par-

ticles are exposed statistically to precisely very simi-

lar series of conditions, which can be ensure by the

use of a moving bed (e.g., rotating furnace, fluid bed

or spray drying). Very slow process results in better

consistency in the distribution of a given element

within the catalyst.

Activation of the precursor

The activation of the precursor to give active catalyst

differs significantly from case to case. The activation

rate depends on the recommendations as discussed

above and on the properties of the catalyst [119].

Activation can be done through formation of sulfides

(hydrodesulfurization), deammoniation (acidic zeo-

lites) or reduction to metal (hydrogenation catalysts).

Cold plasma method for the preparation
of supported M-NPs

Recently, cold plasma, using high electron tempera-

ture and low gas temperature combined with

impregnation, deposition–precipitation or co-precip-

itation methods, has been adopted to synthesizing

high-performance supported metal catalysts [129].

These catalysts usually have higher activity, selec-

tivity and stability compared to those synthesized by

conventional approaches as discussed above. The

review by Di et al. revealed that cold plasma is a

simple, fast, energy-efficient and eco-friendly method

for fabricating heterogeneous nanocatalysts [130].

This process generally consists of calcination and

reduction of the metal precursors and thus reduction

of the metal ions. The catalysts synthesized by cold

plasma mostly possess small and highly distributed

metal particles and display enhanced metal–support

interaction. Depending on the pressure utilized, this

method can be classified into low-pressure (LP) or

atmospheric pressure (AP) cold plasma. The former

uses inert gases (Ar, etc.) as working gas and ener-

getic electrons as reducing agents [130, 131], while

the latter adopted as working gas the hydrogen-

containing gases, such as H2, CH4 or NH3, and as

reducing agents the generated active hydrogen spe-

cies [130, 132]. The reduction time can be ten times

less for AP cold plasma (& 6 min) compared to LP
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cold plasma (& 60 min). This shows that energetic

electrons are less powerful than the active hydrogen

species. Lastly, AP cold plasma does not require

sophisticated and high-priced vacuum systems.

Laser electrodispersion method
for the preparation of supported M-NPs

Laser electrodispersion (LED) method [133] is a

propitious method for synthesizing stable supported

M-NPs. Here, M-NPs are fashioned and stabilized

prior deposition on the support. The method consists

of irradiating the metal target by a laser torch. The

metal droplets from the surface of the irradiated

metal are then splashed, followed by cascade fission

and uniform deposition of NPs on the external sur-

face of a support. The metal loadings are exception-

ally low (\ 0.01 wt%), and the size of the ultimate

M-NP is regulated only by the electron work function

of the metal. Various metal nanocatalysts formed by

this method are immobilized on carbon material or

oxide supports [134]. Their investigation revealed

that the structure of active sites depends on the

properties of both guest metal and host support, and

consequently on the nature of the metal–support

interaction (MSI) [134, 135].

Some of the features of LED catalysts are (1) the

existence of very small oxide layer on the surface of

individual M-NP, reducing the possibility of metal

particle sintering, (2) particle sizes obtained are very

small (* 2 nm) and stable; increasing metal loading

does not affect the particle size and particle size

distribution, (3) the charge state of individual M-NPs

(on dielectric supports), creating the possibility of

investigating the effect of charging of supported

M-NPs on catalytic performance. This phenomenon

is ascribed to the thermally activated tunnel charge

transfer between neighboring contactless M-NPs

[134].

Immobilization of ultrafine M-NPs to high-
surface-area materials

The immobilization of ultrafine metal nanoparticles

(UM-NPs) to high-surface-area materials is one of the

auspicious routes for obtaining high-performance

heterogeneous catalysts. The fusion of high-surface-

area materials and nanoparticle technology leads to

the formation of clean surfaced UM-NPs, which is

crucial for catalytic performance [136–138]. Zhu and

Xu reviewed recent progress in the preparation of

UM-NPs encapsulated in various high-surface-area

materials, including metal–organic frameworks

(MOFs), ordered mesoporous silica and carbon

materials and their applications in catalysis [136].

Due to their confined pore spaces and defined pore

diameters of a few nanometers, the encapsulation of

UM-NPs in these ordered porous materials inhibit

particle growth to a small size regime. This prevents

them to aggregate or leach during catalysis. It was

reported that the use of nanoporous or two-dimen-

sional nanolayer-structured materials for the immo-

bilization of UM-NPs shows great advantages in

catalysis with regard to nucleation control and

growth of cleaned surface UM-NPs. In conclusion,

high-surface-area materials, particularly with porous

feature, can offer large surface and spatial confine-

ment to disperse the UM-NPs. Their channels can

interestingly serve as transfer paths for the reactants

and products during catalytic reactions [139, 140].

Recently, a non-noble metal sacrificial approach

has been developed for the immobilization of highly

dispersed noble M-NPs on reduced graphene oxide

[141]. Here, a cobalt compound (Co3(BO3)2) co-pre-

cipitated throughout the reduction of precursors and

afterward forfeited by acid etching plays an impor-

tant role in immobilizing noble M-NPs and prevents

them from aggregation. The AgPd-NPs prepared by

this approach were revealed to be much smaller than

those obtained by the direct deposition method. The

resulting ultrafine AgPd nanocatalyst exhibited dis-

tinctive high activity for the dehydrogenation of for-

mic acid. Therefore, the sacrificial approach opens up

another route for the preparation of high-perfor-

mance M-NP catalysts. Another approach, weakly

capping growth approach, was also reported for the

immobilization of UM-NPs [142]. Using this

approach, with methanol (water-free) serving as a

mild reductant and a weakly capping agent, well-

dispersed surfactant-free Pd-NPs have been success-

fully immobilized on carbon nanospheres. The as-

prepared Pd nanocatalysts show an unusual high

catalytic activity for 100% selective dehydrogenation

of formic acid under mild conditions. The catalytic

properties of the prepared catalyst were somehow

greatly improved by the tiny size and clean surface of

the Pd-NPs. Hence, the use of this remarkably facile

approach is expected to open new avenues for

designing high-performance ultrafine metal

nanocatalysts.
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Support effects in heterogeneous catalysis

The effect of supporting nanoparticles, NPs, on var-

ious supports has many advantages. One it renders

the catalyst in use purely heterogeneous. This helps

in catalytic recycling and reusability studies. The

effect on catalytic activity of supported NPs is mostly

evident when they are supported on different types

of supports. In heterogeneous catalysis, the catalysts

used are mostly solids and are composed of multiple

compounds, with the greatest part being the support.

Catalyst supports can be either inert or active in

reactions, and in some cases, they might act as a

stabilizer to prevent the agglomeration of supported

metal nanoparticles, M-NPs. The supports can coop-

erate with the metal nanoparticles to promote

simultaneous and mutually beneficial reactions.

Thus, the choice of the appropriate support is a topic

of main importance. However, usually the support

does not show any catalytic activity on its own. On

this support, a catalytically active metal or metal

oxide is deposited at low concentrations. The mostly

used supports are alumina, silica, titania and carbon

materials.

Commonly used supports
for the preparation of solid catalysts

Alumina

Alumina, Al2O3 is among the most common materi-

als used as a support in heterogeneous catalysis.

There are two general classes of aluminas, the low-

surface-area aluminas (e.g., alpha alumina, a-Al2O3)

[143] and the highly porous aluminas (e.g., gamma

alumina, c-Al2O3), which are of catalytic interest

[143, 144]. Due to its distinctive chemical, thermal

and mechanical properties, c-Al2O3 is among the

most important support used for metal catalysts

[143–145]. Structure and properties of c-Al2O3 had

been the subject of various studies [143–148]. c-Al2O3

was conventionally described as a defect spinel (Fd-

3m) with the formula Al21?1/3h2?2/3O32, where h

denotes a vacancy [144]. Figure 3 shows the illustra-

tion of the first two layers in the c-Al2O3 structure.

It has been reported that when c-Al2O3 is derived

from amorphous aluminas, it always has a defect

cubic spinel structure with vacancies on part of the

cation sites [148]. The aluminum ions occupy both

tetrahedral and octahedral positions, but there is still

dispute regarding the relative partial occupancy in

each position [149].

Well-dispersed M-NPs on c-Al2O3 support show a

high activity in many reactions. Our studies show

that stable c-Al2O3-supported nanocatalysts were

very active and also stable in various oxidation

reactions [53, 150]. The stability and high perfor-

mance of the c-Al2O3-based catalysts were also

reported in the conversion of ethanol into ethylene

oxide [15, 151].

Silica

Silica, SiO2 is one of the most complex and abundant

families of known materials. In addition to a number

of distinct crystalline forms which generally consist

of tetrahedral SiO4 units, the amorphous forms of

SiO2 are extensively used as support in catalysis. The

high surface area and volume of Santa Barbara

Amorphous-type material (SBA-15) and Mobil Com-

position of Matter (MCM-41) make them the most

common types of amorphous ordered mesoporous

silica mostly used as support in catalysis. That

ordered mesoporous silica is mostly prepared from

tetraethyl orthosilicate (TEOS) by reacting it with a

template made of micellar rods [152] or by using a

simple sol–gel method [153].

A study by Vunain et al. reports on the hydro-

formylation of 1-octene using SBA-15 and MCM-41

Rh-supported catalysts. All the catalysts showed

good active in the studied reaction, with the major

products being n-nonanal and 2-methyloctanal. The

hexagonal pore structure of the support materials

was very influential in directing the activity of the

immobilized catalysts. Thus, the SBA-15-supported

catalysts (pore diameter 4.0–13.6 nm) were regarded

as better catalysts than the MCM-41-based catalysts

(pore diameter 2.0–3.2 nm) [154].

Titania

Titanium dioxide, TiO2 known as titania, is widely

used for many applications including catalysis [111].

TiO2 exists in three crystalline forms: anatase, rutile

and brookite, with the first two forms being the most

common types [111, 155]. Rutile is the most thermally

stable phase of TiO2, whereas the metastable anatase

experiences a phase transition above 600 �C and

converts irretrievably into the rutile phase [111, 155].

In its mesoporous structure, TiO2 is mostly used as a
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support for heterogenous catalyst due to the effect of

its strong metal-supported interaction (mostly with

noble metals), high surface area stabilizing the cata-

lysts and acid–base property [111]. Compared to

rutile, anatase is generally used as a catalytic support

because of its high specific surface area and strong

interaction with M-NPs.

Ruppert et al. investigated the influence of support

on the mixed TiO2 phases supported Ru and Pt

nanoparticles [156]. It was revealed that the activity

of Pt increases as the surface area of the anatase phase

increases, whereas the activity of Ru is enhanced by

using mesoporous support as opposed to microp-

orous support. A synergistic effect between TiO2,

MnO2 and NiO supports and various metal

nanoparticles was investigated [78]. The TiO2-based

nanocatalysts show well-dispersed and smaller par-

ticle than the MnO2- and NiO-based catalysts.

Carbon materials

Carbon, C, the main component of coal and coke, can

also be used in heterogeneous catalysis as a catalyst

support. Carbon-based materials such as activated

carbons (ACs) and graphitic materials are frequently

used as catalyst supports due to their properties, such

as tunable porosity and surface chemistry, which

allow the fixing and dispersion of the active phases

[118]. The development of nanostructured carbon

materials with different physical forms and shape

such as fullerene, carbon nanotubes (CNTs) and

nanofibers (CNFs), graphene and mesoporous car-

bons has undergone spectacular progress. Their

remarkable physical properties, such as large surface

areas and good electron conductivity incorporated

with the good chemical inertness, make them

promising support materials for heterogeneous

catalysis [157].

Hollow carbon spheres (HCS)- and carbon nan-

otube (CNT)-supported palladium nanoparticles

were very active for the oxidation of benzyl alcohol

[158]. It was revealed that both the mean size of

palladium particles and supports played a key role in

the selective oxidation reaction, and similar results

can be obtained from both HCSs and CNTs (both

with unfilled cores). Carbon-based materials are still

the most practical for the preparation of supported

noble metal nanocatalysts, particularly Pt-based cat-

alyst [159].

Addition of metal oxides on supported
metal nanocatalysts

Besides oxide support and the catalytically active

metal, more complex catalysts contain extra compo-

nents called additives to improve the efficiency of the

catalyst. The role of the additive can be that of a

structural promoter, a chemical promoter or a co-

Figure 3 a Schematic drawing of the first two layers in the c-

Al2O3 structure. Reprinted with permission from [149],

b scheme for the preparation of c-Al2O3-supported Cu-NPs by

deposition precipitation method using urea and sodium

borohydride as precipitating and reducing agents, respectively.
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catalyst [160–162]. A structural promoter modifies the

structure of the catalyst; it plays a role in stabilization

of the catalyst. A chemical promoter by itself has little

or no catalytic effect; it improves the effectiveness of

the catalyst by interacting with the active component,

and a co-catalyst assists in the chemical catalytic

process, and it acts along with the main catalyst by

for example, providing active oxygen.

The choice of additive or combination of additives

is substantial for both activity and selectivity of the

catalysts [160–163]. A study on the effect of the

addition of CeOx and/or Li2O to Cu-, Au- and Ag-

supported catalysts was conducted [163]. It was

shown that the addition of additive increases the

performance of the catalysts. The addition of both

oxides showed a greater positive effect compared to

that of individual oxides added separately. That

synergistic effect has been reported in several studies

[164, 165]. Under oxidizing condition, Li2O probably

prevents the oxidation of the metal particles by sta-

bilizing them, while the addition of CeOx may result

in another route of oxygen supply needed. Gluhoi

et al. [163, 166, 167] reported that the addition of

alkali (earth) metals to c-Al2O3-supported Au cata-

lysts plays a major role on the stabilization of the Au-

NPs. Thus, alkali (earth) metals were considered as

structural promoters in the investigated reactions. A

positive effect of various additives, such as Rb2O,

MgO, BaO, MnOx, CoOx and FeOx to Au/Al2O3 for

various reactions, has also been reported

[160, 165, 168].

Lithium oxide as additive

The promoting effect of adding Li2O to the supported

catalysts has been widely investigated. A funda-

mental study by Lippits and Nieuwenhuys [15, 151]

on the conversion of ethanol into ethylene oxide

using c-Al2O3-supported Cu- and Au-NPs shows that

Li2O acts as a structural promoter. The addition of

Li2O also influences the selectivity toward the main

product, ethylene oxide. It was shown by de Miguel

et al. [169] that Li2O also has a poisoning effect on the

strong acidic sites of the c-Al2O3 and, therefore, can

influence the selectivity of the catalyst. Thus, the

promoting effect of Li2O as structural promoter may

be twofold. Primo, Li2O sways the size and shape,

and therefore the active sites of the M-NPs, and sec-

ondo, it suppress the activity of the support by

influencing the acidic sites of the Al2O3. Along these

lines, it favors the reaction pathway in which the

M-NPs are involved.

Ceria as additive

A study by Lippits and co-authors [170] shows that

CeOx acts as a co-catalyst next to the deposited metal

particles and results in an increase in the activity of

the catalyst. In another study, it was shown that

under strongly reducing conditions the addition of

CeOx on the Cu-, Ag- and Au-based catalysts has a

positive effect on the oxidation of CO on all three

metals. However, in the presence of a small amount

of hydrogen a positive effect is observed for Au cat-

alysts and a negative one is observed for Cu and Ag

catalysts [163]. Thus, under strongly reducing con-

ditions CeOx can provide the oxygen for an oxida-

tion, but can also contribute to the oxidation of some

M-NPs in a more oxidative environment.

Magnesium, barium, manganese, iron and cobalt oxides

as additives

The role of MOx as additive in various catalytic sys-

tems was thoroughly investigated in the past decade.

Studies by Nieuwenhuys and co-workers

[160, 165, 171] show that MgO and BaO act as struc-

tural promoters, as their presence empowers the

preparation of small, highly dispersed and stable Au

particles on c-Al2O3 and, in this manner, improves

both low-temperature CO and H2 oxidation by O2

compared to Au/Al2O3. While the alkaline earth

metal oxides prevents small particles from sintering,

the addition of MnOx, FeOx or CoOx to Au/Al2O3

implements new routes for supplying active oxygen,

e.g., via lattice oxygen. Thus, the transition metal

oxides act as co-catalysts in that catalytic system

[160, 171].

Perovskite-type oxides as support, catalysts
or catalyst precursors

t ¼ rA þ rX
ffiffiffiffi

2
p

ðrB þ rXÞ
ð1Þ

Perovskite-type oxides (PTOs) are mixed oxides

with the general formula of ABO3, with positions A

generally occupied by group I, group II or other large

metal ions, and B by transition metal ions of either

group 3d, 4d or 5d. The O is nothing other than
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oxygen atom [172]. The structural stability of the

perovskite is preserved as long as the Goldschmidt

tolerance factor (t), as defined in the equation below,

lies between 0.8 and 1, where rA; rB and rX are the

ionic radii of A, B and oxygen, respectively.

Due to their nature as bimetallic containing tran-

sition metals which are abundant, cheap and affec-

tive, these PTOs have therefore gained strong interest

for application in heterogeneous catalysis. The

properties of the PTOs can somehow be adjusted by a

partial substitution of A and/or B by other cations,

resulting in a general formula of A1-yA
0
yBO3,

AB1-xB
0
xO3 or A1-yA

0
yB1-xB

0
xO3, which may have a

distinctive effect on the catalytic performance [172].

Perovskite-type oxides were mostly used as cata-

lysts or catalyst supports for various systems in

heterogeneous catalysis [172–174]. As for most of the

oxides, the performance of pure PTOs when utilized

as catalysts is lower than when M-NPs are immobi-

lized on them. Recently, PTOs have also been used as

catalyst precursors to prepare supported metal cata-

lysts [172, 175]. It was shown that after reducing the

metallic ions in the B positions, a number of non-

substituted PTOs become active, resulting in PTOs in

the form of B/AOd. The number d depends on the

valence state of the respective A ion. It was also

revealed that the B/AOd catalysts could produce

small and highly dispersed B-NPs compared to the

traditional impregnation method. The choice of PTOs

as catalyst precursors is based on their structural

arrangement. The B cations are confined in a crys-

tallite and mixed homogeneously at the atomic level.

Thus, after reduction the metallic ions/atoms tend to

be in interaction, and the reduced active metal would

be highly dispersed.

Supporting oxides: nature, surfaces
and nanostructuring

Most of the supports used in heterogeneous catalysis

are in the oxide form. Over a long period, oxide was

mainly regarded as an inert support to disperse and

immobilize the M-NPs. Nowadays, various studies

have shown that the interaction between the host

oxide and the guest metal aggregate may result in

significant changes in the properties of the catalyst

and hence its activity. Therefore, researcher’s per-

ception on the role of oxide support in catalysis has

been entirely changed. The complexity of the oxide

surface is reflected by the complexity of the

interaction of the support with the guest metal.

Depending on whether the interaction involves

mostly the cations, the surface anions or both, the

same metal may behave otherwise. The chemical

bonds at the interface of the metal/oxide are in some

cases weak and subjugated by dispersion forces and

polarization effects. But generally, new chemical

bonds are formed when metal and oxide orbitals are

mixed [176, 177].

From a chemical perspective, oxides can be cate-

gorized into reducible and non-reducible oxides. The

binding properties of the two categories of oxides are

totally dissimilar, particularly when one permits

charge transfer phenomena at the interface of metal/

oxide [176]. In the latter category, the oxidation states

of the metal ions do not easily change. Simple binary

oxides, such as Al2O3, SiO2, ZrO2, MgO and CaO,

belong to this group and are typically wide-band-gap

insulators (with a width of 5–9 eV). Their conduction

band is consisting basically of empty ns–np cation

levels, while their valence band is mostly made of O

2p orbitals. A common feature of these oxides is that

the top of the valence band, which is deep in energy,

lays several eV below the vacuum level. That asso-

ciated with a conduction band which is sufficiently

high in energy, close to the vacuum level. The

chemical inertness of this category of oxides is due to

a deep position of the valence band which does not

permit the extraction of electrons from the 2p levels of

the O2- ions, and also the high location of the con-

duction band limits the transfer of the electronic

charge. In the former category, metal cation can

adopt various oxidation states and show rich redox

chemistry. This category includes transition metal

and rare earth oxides (e.g., TiO2, CeO2, WO3, etc.).

The ionic character in these oxides is usually less

pronounced than in the simple oxides. Thus, the O

anions have still exiguous oxidizing power, as they

are not fully reduced. Reducible oxides can therefore

definitely accept electronic charge from a donor

species, resulting in the change of the formal oxida-

tion state of the metal cations from Mn? to M(n–1)? by

trapping excess electrons in localized d or f orbitals.

Here, the top of the O 2p valence band occupies a

higher position, whereas the position of the bottom of

the conduction band is lower in energy. This results

in a higher reactivity of these oxides [176].
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Metal–organic frameworks as support,
catalyst precursors or templates

Due to their several distinctive properties, such as

high porosity, diverse composition, tunable pore

structure and versatile functionality, metal–organic

frameworks (MOFs) have arisen as a propitious class

of materials in the field of heterogeneous catalysis.

MOFs are a subclass of coordination polymers con-

structed by inorganic nodes (metal clusters and/or

ions) with organic ligands, with the special feature

that they are porous with strong metal–ligand inter-

actions [178–181]. The microporous structures of

MOFs show apparent surface areas of up to 5900 m2/

g, specific pore volumes of up to 2 cm3/g and a

variety of pore sizes and topologies [178]. The syn-

thesis of MOFs is generally carried out by mixing two

solutions containing the metal and the organic com-

ponent, either at room temperature or under aqueous

solvothermal conditions. As inorganic nodes, a large

variety of metal atoms, including alkaline, alkaline

earth, transition and main group metals (in their

stable oxidation states), as well as rare earth elements

have been effectively used, whereas rigid molecules

(i.e., conjugated aromatic systems), including aro-

matic polycarboxylic molecules, polyazaheterocycles

and bipyridines and their derivatives are mostly used

as organic components [178]. Rigid molecules are

mostly preferred than the floppy ones since they

favor the formation of more stable crystalline porous

MOFs [182].

MOFs have been demonstrated to serve as a useful

platform for the design of supported active nanocat-

alysts. It is well known that the use of MOFs as cat-

alysts is restricted by their relatively limited chemical

and thermal stability [178, 179]. Hence, to satisfy the

practical applications of MOFs, three main approa-

ches have been proposed to further enhance their

catalytic properties [179, 183–185] through function-

alizing the MOF backbone (inorganic nodes or

organic linkers) [186], integrating MOFs with func-

tional materials to MOF composites [179] and con-

verting MOFs to functional materials [187]. It was

reported by Chen and co-workers that in MOF com-

posites/hybrids, functional materials (e.g., M-NPs,

quantum dots, polyoxometalates, molecular species,

enzymes, silica and polymers) can cooperatively

work with MOFs to show enhanced activity, selec-

tivity and stability in a broad range of catalytic pro-

cesses [179, 188]. In MOF composites/hybrids, new

physical and chemical properties can be elicited by

the synergistic effect. Consequently, the remarkable

features of MOF composites make them suitable for

catalytic applications. Two scenarios are possible

when integrating MOFs with functional materials (1)

encapsulating guest functional materials in the pores,

matrices or layers of MOFs or (2) encapsulat-

ing/coating MOFs in/with functional supports/lay-

ers. In the former case, MOFs act as porous supports

to accommodate functional materials such as M-NPs

preventing their leaching and aggregation, whereas

in the latter case, functional materials such as carbon

and silica can act as shelters to enhance the chemical

stability and mechanical strength of MOFs

[179, 188, 189].

As a new class of porous materials, MOFs were

revealed to be suitable supports for M-NPs [179, 190].

For the synthesis of MOF@M-NP composite, three

well-developed methodologies, namely ship-in-bot-

tle, bottle-around-ship and one-pot synthesis [179],

enabled the fabrication of monometallic NPs,

bimetallic alloy NPs, bimetallic core–shell NPs and

polyhedral metal nanocrystals with controlled loca-

tions, compositions and shapes within MOFs. How-

ever, due to the inherent microstructure of MOFs, it is

difficult to fully introduce metal precursors into the

pores of host frameworks, causing the deposition of

M-NPs on the external surface of MOFs with low

stability. To circumvent the challenge, Xu and co-

workers developed a double-solvent method to suc-

cessfully introduce M-NPs inside the pores of the

MOFs, without aggregation of M-NPs on their outer

surfaces [140, 179, 181]. Hence, ultrafine Pt-NPs were

effectively immobilized within the pores of a chro-

mium-based MOF designated as MIL-101. The

imaging methods clearly revealed the uniform three-

dimensional distributions of the Pt-NPs all over the

interior cavities of MOF. The resulting Pt@MOF

composites exhibit great performances in gas-phase

CO oxidation, liquid-phase ammonia borane

hydrolysis and solid-phase ammonia borane thermal

dehydrogenation [140]. Double-solvent method

combined with a liquid-phase concentration-con-

trolled reduction approach was also used to encap-

sulate AuNi alloy NPs into MOF [181]. The obtained

highly dispersed AuNi-NPs show great performance

in the catalysis of hydrolytic dehydrogenation of

ammonia borane. For an effective immobilization of

ultrafine AuNi-NPs into the MOF nanopores, an

overwhelming reduction approach (excess added
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reductant) is needed. In contrast, if a modest reduc-

tion approach is employed, a severe agglomeration

can occur. The double-solvent approach as developed

and used here is based on the hydrophilic solvent,

water containing the metal precursor (volume water

equal to or less than the pore volume of the adsor-

bent), to be absorbed within the hydrophilic adsor-

bent pores and the hydrophobic solvent, hexane (in

excess) facilitating the impregnation process, by

suspending the adsorbent. This method could facili-

tate the entry of the entire aqueous metal phase into

the hydrophilic pores of MOF by capillary force, then

minimizing the deposition on the external surface

[140, 179, 181]. These results opened up new win-

dows in the development of high-performance sup-

ported catalysts by utilizing functionalized cavities of

MOFs as hosts especially for the ultrafine non-noble

M-NPs. The synthesis of transition M-NPs with a

three-layered core–shell structure immobilized by

MOF as a cooperative catalyst was also reported

[191]. By a double-solvent approach, a Cu, Co and Ni

mixed precursor was sensibly introduced into a

hydrophilic MOF under moderate conditions. The

metal ions were successively in situ reduced with

NH3BH3 to form tiny Cu@Co@Ni-NPs (* 3.3 nm)

within MOF pores. The as-synthesized core–shell

NPs contain Cu core, Co middle shell and Ni outer

shell immobilized by MIL-101. Interestingly, the

resultant quadruple-layered Cu@Co@Ni/MOF cata-

lyst exhibited high catalytic performance than most

precious metal catalysts for the tandem catalysis of

nitroarene reduction by the hydrogen from NH3BH3

hydrolysis and CO oxidation.

Though M-NPs stabilized by MOFs have been

intensively investigated, determining the specific

location of M-NPs relative to MOF particles remains

challenging. The assertion for M-NP location into

MOF structure are generally based on the sizes of

M-NPs and MOF pores, where M-NPs of small sizes

than MOF pores are believed to be lodged inside

MOFs cavities. Another evidence used is the size-

selective catalysis [192, 193], where small substrate

shows high conversion, whereas large substrate

cannot access the M-NPs inside a MOF and thus not

converted. Although facile and usually correct, these

methods do not definitely reflect the real situation.

Recently, Chen and co-authors have reported on

suitable techniques, including high-angle annular

dark-field STEM tomography, positron annihilation

spectroscopy and hyperpolarized 129Xe NMR

spectroscopy, for determining the specific position of

M-NPs relative to the MOF particles [194]. Thus, the

specific position of M-NPs relative to MOF particles

can be definitely localized.

The structural diversity of MOFs has also shown

high potential for synthesizing MOF-derived func-

tional materials [187, 195]. MOFs have been utilized

as precursors/templates to synthesize M-NPs sup-

ported on resulted carbon [196] and metal oxide [197]

materials, to mention a few. As template, the per-

manent nanoscaled cavities and open channels of

MOFs offer congenital conditions for small molecules

to access. The first attempt on the use of MOFs as

templates for preparing nanoporous carbon was

reported by Liu et al. [196]. That resulted in the for-

mation of high-specific-surface-area nanoporous car-

bon, which exhibits important hydrogen uptake as

well as excellent performance as an electrode mate-

rial for a double-layered capacitor. Therefore, the

MOF-templated strategy provides a promising way

to prepare a variety of nanostructural materials. As a

precursor, MOF was used for the first time for the

synthesis of platinum-supporting zinc oxide NPs

[197]. Taking advantage of the intrinsic metal oxide

subunits and pores in MOFs, nanocrystalline ZnO-

supported Pt-NPs were prepared by introducing a

platinum salt into the pores of MOF ([Zn4O(1,4-ben-

zenedicarboxylate)]3) followed by heating. By vary-

ing the concentration of platinum precursor, the sizes

of Pt-NPs can be tuned, and the as-prepared Pt/ZnO

nanocatalysts exhibited higher performance for CO

oxidation than the conventional Pt/ZnO catalyst.

Metal–support interactions in the design
of heterogeneous catalysts

It has been demonstrated that the catalytic properties

of the heterogeneous catalysts can be tuned using

great variety of metal–support interaction (MSI)

types [134, 198]. The variety of such interaction

depends on the composition of the specific system

and can be classified from very weak (physical

adsorption) to very strong (formation of new surface

compounds). Depending on the nature of the MSI,

the interaction of M-NPs with a support mostly

provides completely new properties [134, 198, 199].

Many researchers believe that MSI plays a role in

the change in the electronic state of the active metal

[134, 200–203]. As an illustration, the high
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performance of Pd-based catalysts for hydrodechlo-

rination reactions was associated with the existence

of Pd in several oxidation states. In this regard, the

mechanism proposed by Gómez-Sainero et al. shows

that the R–Cl activation occurs on Pdn? to form

[Pdn?–Cl] molecular bond, Pd0 coordinates R? ion by

a dative covalent bond, and finally, the activated

chemisorbed H2 reacts with [Pdn?–Cl] and R? to

form HCl and RH, respectively [134, 202]. Thus, the

electron-deficient form of palladium (Pdn?) was

obtained from the formation of strong MSI [134, 204].

It was mostly observed that incorporating metal

ions into the support structure causes the changes in

the electronic state of the guest metal. Usually, MSI

leads to the formation of spinel mixed oxides on the

catalyst surface, thus resulting in the formation of

partially oxidized metal [134, 205, 206]. This phe-

nomenon is clearly explained in the MSI in Ni/Al2O3

system in the review by Lokteva and Golubina,

where the formation of spinel was generally consid-

ered to tune Ni particle size and reduction ability

[134]. The incorporation of nickel ions into alumina

support leads to the formation of surface nickel alu-

minate-like species. Firstly, the Ni2? ions in the

octahedral positions are replaced by Al3? ions with-

out remarkable distortion of the structure. However,

a concurrent creation of cation vacancies generates a

structure called substituted nickel oxide. At higher

level of substitution, a number of the Al3? ions

occupy tetrahedral positions to form an intermediate

highly disordered spinel oxide in the locations where

NiO contacts with Al2O3. The strong binding of

nickel with c-Al2O3 is mostly due to the incorporation

of Ni2? ions into the tetrahedral vacancies. However,

due to a limited number of tetrahedral vacancies in j-

Al2O3, nickel only weakly interacts with this support.

It was concluded in a liquid-phase catalytic hydro-

genation of isoprene that Ni/c-Al2O3 with strong

MSI shows excellent performance due to a higher

number of hydrogenation sites, resistant to carbon

deposition, while the Ni/j-Al2O3 counterpart expe-

riences significant coking due to the presence of

hydrogenolytic sites.

In case where preliminary reduced M-NPs are

deposited, the effect of MSI on the properties of the

catalysts depends on the deposition method used.

For laser electrodispersion (LED) technique, the nat-

ure of the MSI depends on the nature of the sup-

ported metal; as an example, Au or Pd supported on

Al2O3 by LED technique does not show any

indications of their oxidation. However, strong MSI

does exist between Al2O3 and Ni-NPs deposited by

LED method. In catalytic systems obtained by the

traditional methods, chemical MSI plays a major role

on the properties of the catalysts despite the nature of

the supported metal [134, 207].

Computational studies on supported
nanoparticles

Over the past decades when the novelty of properties

of nanoparticles emerged, there was special emphasis

on precise determination of the size of the nanopar-

ticles. In particular, catalytic activity of both unsup-

ported and supported nanoparticles is seen to have a

direct relationship with nanoparticle size. In the lit-

erature, many researches groups have reported

increased activity with the decrease in nanoparticle

sizes [208, 209]. This is mainly attributed to increased

surface area of the nanoparticles. Although a handful

of publications report the contrary [210, 211], it is

these few reports that open a window for extensive

characterization of the surface of the nanoparticles

supported on various supports through the use of

computational chemistry.

Among different computational models used, DFT

calculations have proved to be the most used and

effective in elucidating important aspects of the sur-

faces atoms. It was recently used as a complementary

technique to study surface energy profile of palla-

dium nanoparticles supported on porous hyper-

linked polystyrene. Using one-by-one atom addition,

Prestianni et al. found that the geometry and energy

profiles are strongly influenced by counterbalance

between Pd–phenyl and Pd–Pd interactions [210].

They stated that these different interactions are gov-

erned by sizes or to be precise atom count. With

certain number of atoms, a specific energy profile

exists and immediately one atom is added the whole

picture changes. Similar work was performed by

Zhang et al. using ceria to support gold nanoparti-

cles, identifying different packings, fcc and hcp, with

similar energy profiles [212, 213]. Furthermore, the

nature of interaction between the gold atoms and the

support, through the oxygen species of the support,

was revealed to be of a positive nature regardless of

the number of gold atoms added.

The review by Tosoni et al. placed more emphasis

on gold supported on metal oxides for use in
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heterogeneous catalysis [214]. Their review highlights

in particular the dependency of the structural

geometry of the gold nanoparticles to the number of

gold atoms [214, 215]. Planar structures were repor-

ted for Au clusters with seven or less atoms based on

DFT calculations, while those having eight or more

assumed 3-D structures. In cases of catalytic interest,

the oxidation state of nanoclusters becomes a priority

as activity can be governed by the electronic prop-

erties [214]. On the surfaces of oxide supports, the

nature of interactions leads to different states of the

immobilized metallic atoms. The possibility of elec-

tron transfer onto the surface of the metal of the

nanocluster or oxidation of the nanocluster all alters

the surface and geometric properties of the

nanoparticles [212]. To unveil such information, the

DFT calculation took center stage in determining the

electronic band gaps and charge transfer between

nanoparticles and oxide supports.

The information gained through the use of com-

putational chemistry is of great importance for

determining the sources of activity and for fine-tun-

ing the development of supported nanoparticle cat-

alysts with high activity for various reactions.

However, there is a need to develop advance com-

putational techniques for precise estimations of

reactive sites and related energies of nanoparticle-

supported interfaces.

Stabilization of metal nanoparticles

Metal nanoparticles, M-NPs, with defined sizes can

be tailored through the preparation conditions such

as temperature, solvent, pressure and the choice of

support or stabilizing agent [216, 217]. The stabiliza-

tion of M-NPs prevents agglomeration, the thermo-

dynamically favored process that leads to the

formation of the bulk metal due to Ostwald ripening

[218, 219].

Metal nanoparticles: Ostwald ripening
principles

The smaller the nanoparticle, the larger the fraction of

exposed surface atoms. Nevertheless, the kinetically

stable small NPs can easily aggregate to form larger

particles (Fig. 4). The formation of larger particles is

governed by the principles of the Ostwald ripening

[218, 219]. Thus, thermodynamically more

stable larger particles are more energetically favored

than smaller ones. With their lower surface-to-vol-

ume ratio, the agglomerated particles present a lower

energy state with a lower surface energy [220]. The

system lowers its overall energy by releasing atoms

from the surface of a small particle which diffuse

through solution and then attach to the larger particle

surface.

Thus, to avoid the agglomeration, small M-NPs

require stabilizers to build up a protective layer. The

stabilization of NPs during their synthesis can be

through ligands, polymers, surfactants or ionic liq-

uids (ILs) [49, 216, 221–224]. Bilayers of surfactant

ions lead to an electrostatic stabilization. Ligands or

polymers build a protective layer that provides steric

coverage to prevent agglomeration [216, 225, 226].

This surface coverage means at least partial deacti-

vation of the M-NPs. On the other hand, the steric

(electrosteric) and electrostatic properties of ILs can

stabilize M-NPs without additional protective

ligands [103, 216, 227, 228].

Ionic liquids as stabilizing agents

Ionic liquids (ILs) are liquid ‘‘molten’’ salts of weakly

coordinating cations and anions. They are liquids

below 100 �C with high ionic mobility and possess

relatively low viscosity [216, 229–231]. Typical cations

for ILs are 1-alkyl-3-methylimidazolium and

tetraalkylammonium cations, and typical ILs anions

are halide anions, hexafluorophosphate (PF6
–),

tetrafluoroborate (BF4
–), trifluoromethanesulfonate

(TfO–) and bis(trifluoromethylsulfonyl)amide (Tf2N
–)

[216, 224, 232]. The intrinsic ‘‘nanostructure’’ of ILs is

caused by electrostatic, hydrogen bonding and van

der Waals interactions [216, 229]. Due to their inher-

ent ionic nature, one might expect that ILs can

effectively provide a flexible and opportune liquid

platform for the synthesis of defined stable metal

nanoparticles [103].

The monomeric unit of the structures of 1,3-di-

alkylimidazolium-based ILs consist of one cation

enclosed by at least three anions, and sequentially,

each anion is enclosed by at least three cations

[103, 216] (Fig. 5a). The inclusion of M-NPs in the ILs

network supplies the necessary steric and electro-

static stabilization through the formation of an ion

layer around the M-NPs (Fig. 5b). The IL structures

provide hydrophilic or hydrophobic regions and a

high directional polarizability, which can be
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perpendicularly or parallelly oriented to the included

M-NPs; thus, they can adapt to or are adaptable by

many species [103].

Studies conducted by ourselves highlighted the

role of ILs, especially 1-butyl-3-methylimidazolium

hexafluorophosphate and 1-butyl-3-methylimida-

zolium tetrafluoroborate on the synthesis and stabi-

lization of supported Au- and Cu-NPs. It was shown

that the use of ILs resulted in the formation of small

(B 3.5 nm), stable and reusable nanocatalysts

[150, 233]. A series of poly(ionic liquids), PILs mate-

rials were also considered as ‘‘smart’’ stabilizer for

various M-NPs [234–236]. These PILs can act as

M-NP stabilizers, size controllers as well as carriers in

reversible phase transfer. The sizes of the M-NPs

could be tuned depending on the length of the alkyl

chains of PILs, as the size of the alkyl group increases

with the increase in the size of M-NPs. The synthe-

sized stable M-NPs using PILs were revealed to be

reusable several times and showed good catalytic

activity for various reactions.

Dendrimers (polymer) as stabilizing agents

Recently, three-dimensional polymeric material has

been used as stabilizing agents for a wide range of

transition metals such as Cu, Ru, Pd, Au, Pt and Ag.

The 3-D polymeric materials are called dendrimers

[237]. Dendrimers consist of the core, the branching

groups and the terminal groups. They are capable of

hosting a range of transition M-NPs inside their

framework [238, 239]. In the process of hosting NPs,

as in the concept of dendrimer-encapsulated

nanoparticles (DENs), they stabilize NPs by steric

effect and minimal ligation effect. The advantage of

using dendrimers as stabilizers is the fact that there is

minimal passivation of the surface atoms by the

interior amide groups. In this concept, mainly the

polyamidoamine (PAMAM) dendrimers are widely

Figure 4 (Left) Schematic

presentations of the Ostwald

ripening of M-NPs. Adapted

with permission from [216],

(right) images of well-

dispersed M-NPs and their

agglomeration.

Figure 5 a Schematic

network structure in 1,3-

dialkylimidazolium-based ILs

projected in two dimensions

and b inclusion of M-NPs in

the supramolecular IL

network. Reprinted with

permission from [216].
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used because they are commercially available. In

addition to that, the availability of an intermediate

donor atom in the form of nitrogen helps during the

synthesis of these encapsulated nanoparticles.

Nitrogen is capable of binding to both soft and hard

Lewis acids. However, since the structure of

PAMAM dendrimers has terminal groups, which are

sometimes amines, they sometimes form dendrimer-

stabilized nanoparticles (DSNs) instead of den-

drimer-encapsulated nanoparticles [240]. The princi-

pal difference is that in this case the terminal groups

are responsible for stabilization of the M-NPs. Fig-

ure 6 shows the synthesis and stabilization of M-NPs

by dendrimers. Usually, the NPs synthesized using

this approach have sizes below 10 nm in diameter

[209, 240].

Ligands as stabilizing agents

The use of ligands as M-NP stabilizers is of great

interest as it focuses on the precise molecular defi-

nition of the catalytic materials [6]. Ligands build a

protective layer around the M-NPs that provides

steric coverage to prevent aggregation (Fig. 7)

[6, 216, 242]. This surface coverage leads to a small

change of metal surface properties, which means at

least partial deactivation of the M-NPs.

Many ligands have been reported for the synthesis

of M-NPs, including thiols, diphosphines, diphos-

phites, amines and 4-(3-phenylpropyl)pyridine

ligands [243]. While the former three ligands exhib-

ited strong interactions with the metal surface, ami-

nes showed a different behavior and led to a dynamic

ligand exchange. However, the latter simple ligand

displayed an unforeseen mode of stabilization with

p-coordination of the arene groups at the particle

surface. Bronger et al. reported on the use of a novel

family of functionalized ligands for the synthesis of

Ru-NPs [243]. The multiple donor coordination site-

type ligands, N-phosphanylamidines R2’’N–C(R’) =

N–P(X)R2, with X = lone pair (BH3) were then used

for the first time for the stabilization of Ru-NPs. The

multiple donor sites of these ligands are directly

connected to one another by forming a true electronic

Figure 6 a Structure of

commercially available

PAMAM dendrimer and

b synthesis and stabilization of

transition M-NPs by

dendrimers. Reprinted with

permission from [241].
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string. These ligands lead to the formation of small

Ru-NPs (1.7–3.1 nm) that display narrow size distri-

butions and a hexagonal close packed crystalline

structure of ruthenium bulk. Another class of ligands

as stabilizer has been investigated by Jadhav et al.

[244]. Polymerizable ligands as called are another

promising class of stabilizer due to their high surface

coverage, possibility to make structural modifications

and ability to modify the properties of underlying

NPs. It was reported that the use of 2-bis(4-

vinylphenyl)disulfide as polymerizable capping

ligand for the synthesis of Au-NPs has resulted in the

formation of small Au-NPs (2–5 nm in diameter),

with well-organized monolayers of 2-bis(4-

vinylphenyl)disulfide on the particle surface (Fig. 7)

[242, 244].

Determination of the surface area
and particle sizes of metal nanoparticles

The interesting unforeseen properties of M-NPs are

mainly attributable to their surface. The smaller the

nanoparticles, the larger the surface area that provide

better dispersion of the active sites and easy diffusion

of the reactants [6].

Methods for determining M-NP sizes are very

diverse. Current methods for the determination of the

sizes of the NPs either as colloids or supported can be

divided into many categories including the light

scattering methods (e.g., DLS [245] and SAXS [246]),

the microscopy method (e.g., TEM [247] and SEM

[248]), the localized surface plasmon resonance, LSPR

method [249] and the electrospray–differential

mobility analysis (ES–DMA) [250]. While microscopy

method allows direct NP visualization, the mea-

surement requires sophisticated equipment, tedious

sample preparation and often subjective data analy-

sis. The results here are statistically less representa-

tive, since only a small population of the NPs is

investigated [251]. Unlike imaging-based methods,

light scattering and LSPR-based methods which

benefit from their ability to probe the M-NPs in

solution (eliminating the tedious sample preparation)

suffer from poor accuracy [245] and limitations [252],

especially for NPs smaller than 35 nm in diameter.

Although ES–DMA can accurately measure NPs of

Figure 7 Schematic presentations of a the stabilization of M-NPs

through protective ligands. Adapted with permission from [216],

b in situ grafting and polymerization of 2-bis(4-

vinylphenyl)disulfide ligand on Au-NPs. With NaBH4 and

TOABr being stabilizing and phase transfer agents, respectively,

and ACPA the polymerization initiator. Reprinted with permission

from [242].
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less than 5 nm in diameter, the method requires

expensive instrumentation [250].

However, compared to the particle sizes determi-

nation, quantification of the M-NP surface area is

much more challenging. M-NPs are hardly perfectly

spherical or monodispersed, as evident from the

imaging methods. They are typically polycrystalline

containing diverse crystal facets with junctions, ver-

tices and defects [253, 254]. This can have significant

impact on the estimation of the NP surface areas

[255]. Surface area of samples of uniform composition

can be estimated by BET, a measurement based on

the adsorption of a probe gas (usually N2) onto a

solid surface [256, 257]. Although mostly used, this

technique does not allow the distinction between the

supporting material and the catalytic active species.

Generally, specific surface area and the size of sup-

ported M-NPs are determined by chemisorption with

H2, O2 or CO as probe molecules [258–260]. Never-

theless, those methods require expensive instrumen-

tations and are limited by the properties of the

support. Thus, chemisorption methods, using

organothiols as probe molecules, are theoretically

appropriate for the determination of the specific

surface area of supported M-NPs

[150, 233, 253, 261, 262]. The method, therefore, does

not require dedicated and expensive equipment, and

tedious sample preparation.

Ligand adsorption methods and approach

Usually long-chained and heterocyclic compounds

containing S are used and adsorb on all metal surface

atoms [253, 255, 261]. Organothiols strongly and

specifically adsorb on the surface of the metals and

thus form self-assembling monolayers (SAMs)

[263–265]. The basic principle underlying these

methods is to suspend under ambient condition a

known amount of M-NPs in a known amount of

probe ligand [150, 233, 253, 255, 266]. It was reported

by Folkers et al. [267] that when thiols are exposed to

oxidic supports, no adsorption is observed, except for

CuO and AgO. Various studies reported on the

supported M-NP surface area determination using

organothiol as probe molecules. It was shown that the

surface areas of supported M-NPs as determined by

organothiol adsorption method are in agreement

with those calculated on the basis of the theoretical

models and characterization

[150, 233, 253, 255, 261, 262]. Table 1 shows some

examples.

Supported metal nanoparticles
as heterogeneous catalysts

Liquid-/gas-phase oxidation with supported
nanocatalysts

The use of supported M-NPs together with green

oxidants such as molecular oxygen (O2), hydrogen

peroxide (H2O2) and tert-butyl hydroperoxide

(TBHP) instead of stoichiometric oxidizing reagents

represents a desirable approach for the selective

Table 1 Metal surface area and particle size of M-NPs determined by TEM, H2 and thiol chemisorption methods

Catalyst TEM H2 2-MBI References

Particle size

(nm)

Surface area (m2/

gmet.)

Particle size

(nm)

Surface area (m2/

gmet.)

Particle size

(nm)

Surface area (m2/

gmet.)

Cu/c-

Al2O3

3.3 ± 0.5 – – – 2.9 230.8 [233]

Au/

cAl2O3

3.7 ± 0.4 – – – 3.6 87.7 [233]

Pt/c-

Al2O3

2.4 ± 0.6 – 1.3 216.6 1.7 161.6 [233]

Pd/c-

Al2O3

3.7 ± 0.8 – 2.9 173.5 2.7 182.8 [233]

Au/

Al2O3

5.0 ± 1.7 – – – 5.3 59.0 [253]

Au/CeO2 4.1 ± 2.6 – – – 3.1 101.0 [253]

Au/TiO2 5.9 ± 1.7 – – – 5.0 62.0 [253]

Au-NP 10.2 ± 1.3 25.6 ± 7.0 – – 9.5 ± 0.2 27.4 ± 0.8 [255]
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oxidation of organic compounds. It is noteworthy to

mention that selective oxidation of hydrocarbons is a

broad area of research, and the utilization of hydro-

carbons in catalysis is one of the biggest challenges,

as forcing conditions are classically required for the

activation of C–H bonds [5]. For a clear understand-

ing on how key products are formed, many basic

parameters, including nature of the catalysts, reac-

tions time and temperature, solvent type and prop-

erty, need to be studied and controlled. Several

investigations have demonstrated the wide applica-

bility of heterogeneous catalysts emphasizing Au, Ru,

Pd and Pt as efficient selective oxidation catalysts

[5, 53, 150, 268, 269].

Oxidation of organic dyes as catalytic model reactions

Model reactions are of great catalytic interest as they

are used to evaluate the performance of different

catalysts and the influence of the carrier system on

the catalytic reactions [270]. For a complete kinetic

analysis, a model reaction should be easy to monitor,

should not take place without the catalyst and should

proceed without side reactions. One commonly

explored reaction is the oxidation of organic dyes

under mild conditions.

Structurally, dyes belong to the chromophoric

group, which includes aromatic, heterocyclic and

alkenes compounds. Effluents from dyestuffs pro-

duction may be highly colored, and the removal of

that color is of great challenge in the field of envi-

ronmental chemistry. Advanced oxidation processes

(AOPs), which generate highly potent chemical spe-

cies such as OH� and O2
�-, have appeared as a sus-

tainable way to degrade dyes in aqueous media

[271–274]. The main concept of these processes is the

decomposition of a powerful green oxidant such as

H2O2 to generate powerful radicals. The oxidant can

be used either directly, in concurrence with a catalyst,

UV light or both. The advantage of AOPs processes is

that they can be carried out at ambient conditions

with the possibility of completely mineralizing

organic carbon to CO2.

Oxidation of methylene blue

With regard to its chemical structure, methylene

blue (MB), C16H18N3SCl is a synthetic organic dye

that can be classified in the group of azo dyes [275]. It

is a potent cationic dye with absorption of light at k

655 nm. MB is frequently used for dying cotton,

wood and silk, and it is particularly resistant to

biodegradation [276]. A number of studies on the

oxidation of MB have been conducted using the

combined effect of H2O2 and heterogeneous catalysts

[38, 271, 273, 277]. A study by Zhang et al. [271]

shows that the oxidation of MB with H2O2 using

MnO2 nanorods as catalyst occurs near or on the

catalyst surface where the in situ produced free

radical species (HO�, HOO� or O2
�-) serve as oxidizing

agents. The complete oxidation of MB produced CO2,

HNO3, H2SO4 and HCl [278–280] and the stoi-

chiometry of the reaction as determined by Salem

and El-Maazawi [280] can be written as:

C16H18N3SClþ 52H2O2 �!M-NPs16CO2 þ 0:5O2

þ 58H2Oþ 3HNO3 þH2SO4 þHCl

Even though this reaction is often used as model

for the destructive oxidation of organic dyes which

are particularly resistant to conventional treatment

technologies, a kinetic study and an understanding of

the detailed mechanistic aspects of this model reac-

tion are crucial for the evaluation of the performance

and the improvement of the nanocatalysts. It is until

recently where we have shown both the oxidation

and reduction of MB on the NP surface that we

unearth some of the mechanistic aspects of this

reaction [38, 211, 281]. Just like many organic dyes

reduced or oxidized on the surface of nanocatalysts,

the oxidation process has been analyzed using the

Langmuir–Hinshelwood model, where both reactants

are assumed to be adsorbed on the NP surface. The

kinetics of the catalytic oxidation of MB with H2O2

was studied [38]. Copper-based catalysts were used

and were revealed to be very active in the studied

reaction, with the activity of 99.4% obtained after

45 min for the most active catalyst. Different inter-

mediate species were detected, and the degradation

pathway was then proposed. The catalytic oxidation

of MB could be modeled in terms of the Langmuir–

Hinshelwood model. Figure 8 illustrate a mechanism

of this model, where H2O2 reacts on the NP surface

leading to adsorbed active species, HO�. Alongside,

MB adsorbs onto the NP surface and undergoes a

surface reaction with the active species, and after-

ward, the products of the degradation of MB desorb

from the surface of the NPs.

This mechanism is also applicable to the reduction

by sodium borohydride on Au and Pd surfaces [211].

In the case of reduction, the methylene blue occupies

the surface of the nanocatalysts more than the
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reducing agent. This was shown by the adsorption

constants of the two reactants. To the best of our

knowledge, there is no many monometallic sup-

ported M-NPs reported as catalysts for oxidation of

MB. However, the many metal oxides have been used

in their nanoscale dimensions. Table 2 shows the

comparison of activity of various heterogeneous

nanocatalysts for the oxidation of MB.

Oxidation of morin

Morin, C15H10O7, is a polyphenolic dye which

belongs to the group of flavonoid plants [288]. It is

present in vegetables, tea and fruits, and its chro-

mophore is frequently targeted in the bleaching of

laundry [289]. 2,4-Dihydroxybenzoic acid and 2,4,6-

trihydroxybenzoic acid are the two oxidation prod-

ucts of morin [290, 291]. But its main oxidation pro-

duct as proposed by Topalovic [292] is a substituted

benzofuranone.

The oxidation of morin by H2O2 was previously

catalyzed by manganese oxide [293] and colloidal

dendrimer-encapsulated Au-NPs [294] with great

success. As model reaction, the oxidation of morin

with H2O2 was also used to investigate the kinetics

and the mechanism of the catalysis in the presence of

the supported nanocatalysts prepared (in our

research group) and to evaluate their activity

[150, 233]. The synthesized catalysts were very active,

and the oxidation of morin follows the Langmuir–

Hinshelwood mechanism on the surface of supported

as well as colloidal Au-NPs [150, 294]. In many cases

when these NPs are supported on metal oxides,

synergistic effects may be observed because of the

possibility of participation of the lattice oxygen of the

support. However, we have also distinguished

between the Mars–van Krevelen and the Langmuir

models [295]. In the former mechanism, it is assumed

that the lattice oxygen of the metal oxide support,

especially reducible metal oxides, participates in the

direct oxidation of morin. The Langmuir–Hinshel-

wood mechanism, which assumes adsorption of both

reactants onto the support and reaction of the

adsorbed species as the rate-determining step,

appeared to be the best mechanism to describe the

kinetic of morin oxidation. Thus, the work by Polzer

and co-workers on the oxidation of morin by man-

ganese oxide NPs is a confirmation that indeed the

oxidation of morin takes place on the surface of NPs

rather than being triggered by the lattice oxygen of

the metal oxide NPs [293]. A representation of this

model as previously explained is shown in Fig. 9.

The presence of polyphenolic groups in the morin

structure opens possibility to over-oxidation. Thus, it

Figure 8 Illustration of

Langmuir–Hinshelwood

mechanism of the oxidation of

MB by H2O2 in the presence

of Cu-NPs. Reprinted with

permission from [38].

Table 2 Catalytic activity of various heterogeneous nanocatalysts for the oxidation of MB

Catalyst Metal loading (wt%) Temperature (K) Time (min) kapp (min-1
9 10-2) MB% decomposition References

Cu/c-Al2O3 0.70 Room 45 2.94 69.0 [38]

Cu/Li2O/c-Al2O3 0.51 Room 45 13.6 99.4 [38]

SnO2 – Room 70 9.52 100 [282]

a-Fe2O3@GO – 293 80 19.5 & 100 [283]

ZnO@GO – Room 15 25.4 98.5 [284]

ZnO/graphene – Room 90 0.10 &100 [285]

Mo-K-OMS-2 – Room 30 7.60 94.0 [286]

ZnO – 298 120 0.46 & 40 [287]

ZnO/graphene – 298 120 0.92 \ 60 [287]

ZnO/graphene/TiO2 – 298 120 1.97 85.9 [287]
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is important to monitor the oxidation process care-

fully. There are two possible scenarios that might

unfold in the over-oxidation process on the NP sur-

face. The first is the oxidation of more than one phenol

group. The second possibility is the complete oxida-

tion to many products such as carbon dioxide and

water, to mention a few. The reaction is then moni-

tored carefully, more especially if kinetic studies are

conducted, through UV–Vis spectroscopy. The

appearance and disappearance of isosbestic points are

indicative of formation of one and many products,

respectively [295]. Thus, kinetic studies on the surface

of heterogeneous nanocatalyst are conducted within

the firstminutes of the reaction, when isosbestic points

are still present. Figure 10 shows the appearance and

disappearance of isosbestic points in kinetic studies of

morin on heterogeneous nanocatalyst.

Besides monometallic supported NPs, many metal

oxides have been used in their nanoscale dimensions

as catalysts for oxidation of morin. In a study, we

conducted using nanometer-sized mesoporous cobalt

oxide doped with alkali and alkaline earth metals; we

found out that the activity of this material when used

as a catalyst is considerably influenced by the nature

of the dopant [297]. Thus, the nanometer-sized

heterogeneous mesoporous cobalt oxide appeared to

be a better catalyst compared to the doped

counterparts. The comparison of catalytically active

heterogeneous nanocatalysts in morin oxidation is

shown in Table 3.

Heterogeneous nanocatalysts for alcohol oxidation

Alcohol oxidation is an important reaction in both

academia and industry. The utilization of supported

M-NPs and a variety of oxidizing agents (O2, H2O2 or

TBHP) on the oxidation of alcohols to the corre-

sponding carbonyl compounds is well explored

[5, 10–13, 15, 36, 53, 151, 166, 298].

It was reported by Kaneda and co-authors [298]

that Ru-supported NPs were active catalysts for the

oxidation of various alcohols. Using toluene as sol-

vent, the oxidation of benzylic and allylic alcohols

was performed at 80 �C, with yields in the range of

92–99%. Pd-supported NPs have been also used as

catalysts in the oxidation of alcohols [5, 269]. The use

of Pt-supported NPs for the liquid-phase aerobic

oxidation of alcohols has also been widely explored

[5, 299–301]. Crozon et al. [301] reported the efficient

liquid-phase oxidation of unsaturated alcohols using

Pt-supported NPs at mild conditions, with high

conversion of at least 99%. Over the past decade, Au-

NPs have emerged as one of the most active

nanocatalysts for many reactions. Thus, catalysis by

Figure 9 a Illustration of

Langmuir–Hinshelwood

mechanism of the oxidation of

morin by H2O2 in the presence

of Au-NPs. Reprinted with

permission from [150],

b illustration of Langmuir–

Hinshelwood and Mars–van

Krevelen mechanism for

adsorption and desorption of

morin on metal oxide surface.

Reprinted with permission

from [296].
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Au-NPs has been explored extensively in the selec-

tive aerobic alcohol oxidation [5, 11, 44, 268, 302] and

has been proved highly effective in a variety of

reactions. Haider et al. [268] oxidized several alcohols

with a full conversion and high selectivity using

deposited Au-NPs on Cu-Mg–Al mixed oxides. The

activity highly depended on the Cu/Mg molar ratio,

with Au/Cu5Mg1Al2Ox showing the highest catalytic

activity. Mitsudome et al. [37] reported on hydrotal-

cite-supported Cu-NPs as catalyst for the oxidant-

free dehydrogenation of alcohols. It was revealed that

Cu-NPs grafted on hydrotalcite are very active

heterogeneous catalysts for the dehydrogenation of

various alcohols including less reactive cyclohexanol

derivatives.

Selective oxidation of benzyl alcohol to benzaldehyde

Benzyl alcohol is reported to be subjected to dif-

ferent oxidation reactions pathways forming ben-

zaldehyde and benzoic acid, toluene and

benzaldehyde or dibenzyl ether depending on the

catalyst used (Scheme 1) [10, 53].

Selective oxidation of benzyl alcohol to benzalde-

hyde is a particularly important commercial process

[13, 113, 303–307], as high-quality high-grade ben-

zaldehyde is basically important in perfumery, phar-

maceutical and agrochemicals industries. Some

studies on liquid-/gas-phase oxidation of benzyl

alcohol by supported metal nanocatalysts and O2,

H2O2 or TBHP as the oxidantwith andwithout solvent

have been reported [10, 11, 53, 158, 308, 309]. Choudary

and co-workers [11] reported onAu-NPs supported on

TiO2 and also other metal oxides for the solvent-free

Figure 10 a Formation of isosbestic points (circled in red)

signifying the oxidation of morin and b disappearance of

isosbestic points (circled in red) shown in the over-oxidation of

morin, c reaction scheme for the oxidation of morin and its over-

oxidation. Reprinted with permission from [295].

Table 3 Catalytic activity of various heterogeneous nanocatalysts for the oxidation of morin

Catalyst Metal loading (wt%) Temperature (K) Time (min) kapp (min-1
9 10-2) Morin% conversion References

Au/c-Al2O3 0.69 Room 60 0.50 27.5 [150]

Au/Li2O/c-Al2O3 0.50 Room 60 0.97 46.4 [150]

Au/Li2O/c-Al2O3/PF6 0.52 Room 60 2.01 72.7 [150]

Cu/c-Al2O3 0.70 Room 30 2.96 58.9 [233]

Cu/Li2O/c-Al2O3 0.51 Room 30 3.51 65.0 [233]

Cu/Li2O/c-Al2O3/PF6 0.46 Room 30 3.49 65.1 [233]

MnO2 – Room 36 7.8 – [295]

MnO2 – Room – 0.35 – [296]

Li/Co3O4 – Room – 0.10 – [297]
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oxidation of benzyl alcohol to benzaldehyde by TBHP.

It was concluded that the catalytic performance is

highly influenced by the supports, with Au/TiO2 and

Au/ZrO2 being themost active and selective catalysts.

Another study conducted by the same group [309]

revealed that Cu containing layered double hydroxide

catalysts showed good activity in the absence of any

solvent using TBHP as oxidizing agent. The compar-

ison of the performance of catalytically active sup-

portedNPs in the oxidation of benzyl alcohol is shown

in Table 4. We have also reported on the performance

of the supported Cu and Au nanocatalysts in the sol-

vent-free oxidation of benzyl alcohol to benzaldehyde

by TBHP [53]. TheAu-based catalystswere revealed to

be more active that the Cu-based ones. As the reaction

proceeds, the conversion of benzyl alcohol increased,

whereas the selectivity to benzaldehyde decreased.

The apparent rate constant, kapp was revealed to be

proportional to the nanocatalyst amount and oxygen

present in the system.

Miedziak et al. evaluated the activity of supported

bimetallic Au/Pd-NPs synthesized by various

methods in the oxidation of benzyl alcohol to ben-

zaldehyde [310]. It was shown that the most per-

forming catalyst, the one prepared by sol

immobilization method, produces the narrow-sized

particle (* 4 nm), then followed by deposition–pre-

cipitation and impregnation approaches,

Scheme 1 Reaction

scheme for benzyl alcohol

oxidation. Adapted with

permission from [10].

Table 4 Performance of the M-NPs supported on various metal oxides in the oxidation of benzyl alcohol to benzaldehyde

Catalyst Metal loading (wt%) Conversion of benzyl alcohol (%) Selectivity (%) TOF (h-1) References

Benzaldehyde Benzyl

benzoate

Au/TiO2 5.91 63.1 79.2 20.7 108.0 [11]

Au/MnO2 4.14 54.6 73.2 26.7 140.2 [11]

Au/ZrO2 3.35 59.5 81.5 18.5 206.1 [11]

Cu/c-Al2O3 0.70 70.6 95.6 2.0 668.0 [53]

Cu/Li2O/c-

Al2O3

0.51 74.4 96.6 2.1 744.8 [53]

Au/c-Al2O3 0.69 73.4 84.4 9.3 2182.7 [53]

Au/Li2O/c-

Al2O3

0.50 77.0 90.1 8.7 2437.7 [53]

Au/Cu/SiO2 1.0 89.0 [ 99 – – [13]

Au/Pd/TiO2 1.0 (1:1) 23.0 74.0 0.4 4830.0 [310]

Au/Pd/TiO2 5.0 (1:1) 74.5 91.6 8.4 607.0 [311]

Turnover frequency (TOF) is defined as the number of moles of benzyl alcohol converted to all products per mole of metal particle in the

catalyst per hour
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respectively. This is somewhat expected due to the

sizes of the particles formed, as the activity of the

nanocatalysts is size dependent. The lowest selectiv-

ity toward benzaldehyde, with a considerable level of

toluene formed, was obtained with the catalysts

synthesized by impregnation. One possible reason

could be the increase in surface acidity of the catalyst

due to the residual chlorine remained on the TiO2

support during the impregnation method [310, 312].

In the other two preparation methods, the surface

acidity could be minimized by an extensive washing

of the catalysts. The effects of preparation methods of

the supported nanocatalysts and their evaluation in

benzyl alcohol oxidation were also investigated by

Kumar et al. [313]. Au/SBA-15 nanocatalysts were

prepared by using four different approaches, namely

homogeneous deposition precipitation, impregna-

tion, microemulsion and polyol. Highly dispersed

smaller Au particles (7–8 nm) were obtained from the

catalysts synthesized by homogeneous deposition

precipitation and had a beneficial effect on the cat-

alytic activity and a longer catalyst life.

Liquid-/gas-phase hydrogenation
with supported nanocatalysts

Hydrogenation reactions play a critical role in

organic syntheses and are widely used in both labo-

ratory and industrial processes [16, 20, 21]. Several

valuable and selective reduction transformations

have been discovered, leading to the developments

and application of tremendous catalysts. Thus,

heterogeneous catalytic hydrogenation is of high

importance, especially with increased environmental

awareness.

Direct hydrogenation with H2 gas and transfer

hydrogenation using a non-H2 hydrogen source, such

as LiAlH4 (at room temperature) and NaBH4 (at

higher temperatures), are the two employed strate-

gies for hydrogenation processes [16]. The former

approach is convenient as the hydrogen donors are

easy to handle, cheap and readily available. It also

does not require intricate experimental setups or

hazardous pressurized H2 gas [16, 314–316].

Although it is convenience, this approach is not

environmental-friendly, as the reagents used copro-

duce a stoichiometric amounts of waste metal salts

[20]. The H2 gas approach is apparently more

attractive, in principle providing not only more atom

efficient, but it is also more environmental-friendly

[20].

Reduction of 4-nitrophenol as catalytic model reactions

The nitrophenols are classified as one of the leading

pollutants [317]. They are mostly found in wastewa-

ters from the manufacturing industries. The geno-

toxicity and carcinogenicity of nitrophenol is not

known. However, they have adverse health hazards

such as being skin and eyes irritants and they also

cause inflammation. Thus, it becomes priority to

convert nitrophenols to value-added chemicals. The

reduction of 4-nitrophenol (4NIP) to 4-aminophenol

(4AMP) has been utilized more frequently. This

reaction is mostly carried out because it is a clean

reaction, it only produces one product and it is easy

to execute. Also it can be followed by simple spec-

troscopic techniques such the UV–Vis spectroscopy.

The use of NPs as catalysts for this reaction has seen

the number of publication increase significantly.

They have been applied as both colloidal NPs

[209, 318] and supported NPs [199, 319].

The nature of this reaction has been the subject of

debate for a long time. However, it has since been

established that the reaction takes place on the sur-

face of the nanoparticulate catalysts [266]. This trig-

gered surface kinetic studies using NPs as catalysts.

The use of M-NPs enabled the determination of the

kinetic mechanism governing this reaction [199, 320].

The Langmuir–Hinshelwood mechanism has been

the most successful kinetic model describing this

reaction compared to other model such as Elay–

Rideal model. The reduction of 4NIP by NaBH4 in the

presence of the M-NPs as catalysts requires adsorp-

tion of both reactants onto the catalyst surface prior to

the reaction according to the Langmuir–Hinshelwood

mechanism. The Langmuir–Hinshelwood mecha-

nism also assumes that the adsorption onto the sur-

face of the two reactants is reversible and fast, and

desorption of the product is irreversible and fast. It

then means that the reaction of the adsorbed species

is the rate-determining step. We have shown that this

mechanism best describes the reduction of 4NIP

catalyzed by both colloidal and supported NPs

[199, 321, 322]. When metallic NPs are supported on

native supports such as silica and titania, the activity

is attributed to only the metallic nanoparticles.

However, when supported on metal oxide supports,

which are sometimes catalytically active for this
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reaction, the catalytic activity is enhanced [199, 323].

There are many explanations for this phenomenon,

which one of them being the hydrogen spillover

[324]. However, the most widely accepted explana-

tion is the electron relay mechanism [325, 326]. Most

first row transition metal oxides are electron con-

ductive that eases the way electrons are transferred

on their surface. More importantly, the M-NP sur-

faces are electron-rich and these electrons assist in the

reduction reaction. Thus, the movement of electrons

from the NPs’ surface to the support and vice versa

enhances the reduction of 4NIP. Figure 11 shows the

adsorption of reactants onto the surface and the

electron relay mechanism involving supported NPs.

This phenomenon is not limited to 4NIP but also

provides a foundation for analysis of other nitro-

phenol reduction reactions catalyzed by heteroge-

neous NPs. Table 5 provides literature rate constants

for 4NIP reduction by NaBH4 catalyzed by supported

transition M-NPs at 25 �C.

Heterogeneous nanocatalysts for the hydrogenation

of biomass-derived compounds

The consumption and significant depletion of fossil

fuel resources including its impact on the environ-

ment have been raising concerns on a possible use of

renewable and environmental-friendly energy

resources [73, 332–335]. Abundantly available bio-

mass is therefore viewed as a potential energy

resource for the production of biofuels and many

value-added chemicals [334–341]. With an estimated

production of 170 billion tons per year through

photosynthesis, biomass can potentially become the

world’s largest sustainable energy source [342, 343].

It is one of the cost-effective ways to derive energy,

and it also strives on feature of being a greener

(carbon neutral) process. In addition, most of the

Figure 11 Illustration of the reaction mechanism of 4NIP

reduction on the surface of supported M-NPs; a evolution of

hydrogen from borohydride and adsorption and reduction of 4 NPs

on the surface. Reprinted with permission from [209]; b adsorption

onto the surface of the support and NPs, and the electron relay

mechanism. Reprinted with permission from [199].
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functional groups necessary for synthesis of platform

chemicals can be found in biomass.

During the past decade, heterogeneous catalysts

have been widely investigated for the hydrogenation

of biomass-derived compounds with good yield

obtained [338, 344–351]. Therefore, the selective

transformations of a set of biomass feedstocks such as

cellulose or carbohydrates to the platform interme-

diates including levulinic acid and furfural and their

conversion to prospective biofuels and value-added

chemicals have received strong attention

[335, 347, 352]. Due to their unique fuel properties, c-

valerolactone (GVL) and 2-methylfuran (2-MF) are

among the mostly attractive potential fuel compo-

nents [346, 347, 353–355]. While the transformation of

levulinic acid to GVL involves the hydrogenation and

ring formation [346, 347], the conversion of furfural to

2-MF firstly requires selective hydrogenation of the

aldehyde group (–C=O) with no breaking of the

conjugated ring system (–C=C–C=C–) and then

hydrogenolysis of the C–O bond, where supplemen-

tary energy is needed [347, 356, 357]. However, a

flexible route for the conversion of furfural to 2-MF

was suggested by Stevens and co-workers [346], in

which a twin catalyst system in combination with

supercritical CO2 in a continuous-flow reactor yield

90% 2-MF.

Hydrogenation of levulinic acid to c-valerolactone

Levulinic acid, LA, a typical biosourced material,

usually produced from cellulose and lignocellulose

through a conventional hydrolysis process has

gained strong interest as an intermediate for a variety

of fuel components and value-added chemicals, such

as c-valerolactone, GVL [73, 358–361]. GVL a low-

toxic hydrocarbon molecule is mostly attractive for its

excellent characteristics of an ideal liquid fuel

[351, 353–355]. In comparison with other liquid fuels

such as ethanol, GVL displays better lubricity and

higher energy density [362]. In addition to its unique

fuel properties, GVL is also receiving attention due to

its application in pharmaceutical, perfume and food

industries [362–364]. As the selectivity is mostly

challenging, GVL can further be hydrogenated to

2-methyltetrahydrofuran via the formation of 1,4-

pentanediol (Scheme 2) [341].

Several studies have been focusing on the synthesis

of GVL from LA in various catalytic systems. Many

reaction conditions were evaluated, with the tem-

perature between 100 and 265 �C, and H2 pressures

ranging from 5 to 60 bar [156, 359, 365, 366]. High-

pressure H2 is generally reported as the hydrogen

source for the synthesis of GVL from LA

[349, 367, 368], and homogeneous [341, 353, 369, 370]

or heterogeneous [349, 350, 371, 372] catalysts are

generally used for an efficient conversion and selec-

tivity. Most of these catalysts consist of noble metals,

such as Ru [72, 338], Pt [72, 156], Ir [72, 339] and Pd

[72, 371]. A variety of supported metal-based cat-

alyzed hydrogenations of LA to GVL with excellent

results has been reported

[156, 339, 346, 350, 351, 355, 363, 366, 373], of which

Ru led to the best results. The most common catalysts

for this reaction are 5%-Ru/C and 10%-Pd/C

[72, 342, 374], with the 5%-Ru/C being the most

typical ones [72, 74, 375]. Table 6 shows the perfor-

mance of various supported nanocatalysts in the

hydrogenation of LA to GVL.

Manzer [72] reported on the performance of (5

w %) Ni, Ru, Rh, Pd, Re, Ir and Pt, supported on

activated carbon and presented Ru as the best per-

forming nanocatalyst. Recently, Piskun and co-

workers [351] have reported in the hydrogenation of

LA in an aqueous system over TiO2-, C- and Al2O3-

supported Ru nanocatalysts [361]. The Ru/C was

revealed to be the most active catalyst, while Ru/

Al2O3 catalyst was the less active. Bimetallic cat-

alyzed conversion of LA to GVL has also been

investigated [366, 377, 378]. Yang et al. emphasized

the good performance of the Ru/Ni/C catalyst in the

formation of GVL from LA [366]. We have recently

Table 5 Comparison of

catalytic activity of

heterogeneous transition

M-NPs in the reduction of

4-nitrophenol

Catalyst M-NP content (lmol) Rate constant (s-1
9 10-2) References

Au–Fe2O3 1.9 1.10 [327]

Au@ZrO2 248 0.80 [327]

Au/CeO2 91 1.30 [328]

Cu2O@CMK-8 – 2.21 [329]

Pd/SBA-15 – 1.20 [330]

Pd/SiO2–NH2 – 0.11 [331]
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demonstrated that Pt- and Ru-NPs supported on

mesoporous SiO2 and TiO2 are highly efficient in the

hydrogenation of LA, with a selectivity to GVL

of[ 97% [350]. The utilization of noble metal-free

catalysts in the hydrogenation of LA was also

reported. The Cu catalyst prepared from the hydro-

talcite precursor was revealed to be selective at 91%

yield of GVL [347].

Hydrogenation of glycerol to 1,2-propanediol and low-

chain hydrocarbons

The biodiesel industry is considered one of the fast-

growing sectors in energy production. One of the

aspects that make it the most attractive field is the

virtue of using cost-effective ways to derive energy. It

also strives on virtue of being a much greener pro-

cess. However, on the dark side is the prospect of

producing excessively by-products including glyc-

erol. This will lead to undesirable environmental

problems, as it will be a tedious task to store these

compounds. Their conversion into value-added

chemicals is now the center of attention. Although

glycerol can be converted using various ways such as

biotechnological routes, catalysis by heterogeneous

nanomaterials is one of the widely studied areas.

More emphasis has been placed on the hydrogena-

tion of glycerol for the production of light alcohols

such 1.3-propanol. These light alcohols find use as

fuels. The hydrogenation of glycerol yields various

Scheme 2 a Catalytic

hydrogenation of levulinic

acid to c-valerolactone,

b proposed mechanism for the

catalytic hydrogenation of

levulinic acid. Adapted with

permission from [341].

Table 6 Comparison of the activity and selectivity of supported M-NP-catalyzed hydrogenation of LA to GVL

Catalyst Metal loading

(wt%)

Solvent Temperature

(K)

Pressure

(bar)

Time

(h)

LA

conversion

(%)

GVL

selectivity (%)

TOF

(h-1)

References

Ru@Meso-

SiO2

0.39 Dioxane 423 10 5 100 100 6555 [350]

Pt@Mezo-

SiO2

0.40 Water 423 10 5 88 98 5112 [350]

Ru/TiO2 1.0 Water 347 40 4 100 99.9 7676 [376]

Ru/C 0.5 Water 363 45 6 92 78 – [351]

Au–Pd/

TiO2

1.0 Dioxane 473 40 5 90 97.5 360 [338]

Ru–Pd/

TiO2

1.0 Dioxane 473 40 0.5 99 99.6 2160 [338]

Cu–ZrO2 – Water 473 35 5 100 100 – [365]

Cu–ZrO2 – Methanol 473 35 5 100 90 – [365]
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intermediates and products such propane and

methane. All these find use in important industrial

processes. Zhu et al. reported the conversion of bio-

mass-derived glycerol to propanol on supported

M-NPs [379]. Their chosen silica-, tungsten- and zir-

conia-derived supports together with Pt-NPs showed

selectivities toward propanols of above 90% at high

glycerol conversions. The schematic representation of

glycerol hydrogenation to various products is given

in Scheme 3.

From that scheme, it is important to note that the

formation of propanediols is not shown. The forma-

tion of propanediols as intermediates is the mostly

observed route in the hydrogenolysis of glycerol.

These propanediols are further hydrogenated to yield

propanols, which will eventually form low alkane

chains. The low alkanes are used as fuel sources in

various transportation modes. The work of Wang

et al. proved that the use of cheap transition M-NPs

of Cu, Ni and Co can effectively yield high selectiv-

ities toward 1,2-propanediol (1,2-PD) at mild reaction

conditions [380]. Scheme 4 shows the hydrogenation

of glycerol to propane, ethane and methane.

Among the cheap transition metals, Cu appeared

to be the widely used. Different synthetic protocols

have been used to synthesize these Cu-based NPs,

and high glycerol conversion ([ 40%) and high

selectivities ([ 91%) toward 1,2-PD were observed.

Similar results were obtained for supported Ni-NPs,

more especially concerning the selectivity. The more

precious M-NPs supported on various supports did

not show significant deviations from these results in

Scheme 3 Illustration of glycerol hydrogenation to various intermediates and products. Reprinted with permission from [379].

Scheme 4 Hydrogenation of

glycerol over supported

transition M-NPs to low-chain

hydrocarbons. Reprinted with

permission from [380].
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terms of percentage conversion; however, the selec-

tivity trend toward 1,2-PD appeared to be lagging

behind compared with those observed when Cu- and

Ni-NPs are used. Among the more precious M-NPs,

Ir, Pt and Ru showed poor selectivity toward 1,2-PD

[380]. Table 7 gives a comparison between cheap

transition M-NPs and precious M-NPs for the

hydrogenation of glycerol to 1,2-PD.

Kinetic of the liquid-/gas-phase reaction
over a solid catalyst

To study the feasibility of the catalytic systems,

detailed kinetic studies of the reaction are essential.

The quantification of the kinetics of the catalytic

systems implies both characterizing the order of the

reaction and providing a kinetic model for future

reactor development [388]. The order of a reaction is

crucial in that it enables an understanding of the

mechanism of the reaction and efficient classification

of specific chemical reactions. Kinetic data could be

modeled according to a new developed model or an

existing method. Because most of the catalytic reac-

tions take place on the particle surface, the kinetics of

the model reactions can be treated in terms of the

classical Langmuir–Hinshelwood model [389].

The analysis of the kinetic data using Langmuir–

Hinshelwood model yields the kinetic constant, k, of

the surface reaction together with the thermodynamic

adsorption constants K for each reactants [389–391].

In the Langmuir–Hinshelwood model, both reactants

compete for the surface sites on catalyst surface; that

is, to react, both reactants must be adsorbed onto the

surface. The rate at which the reactants adsorb on the

catalyst surface is proportional to the frequency of the

collision of the adsorbate with the surface and the

probability of the adsorption. Thus, mathematically,

the adsorption rate can be written as [392]:

rad ¼
p � r � fðhÞ

ð2 � p �m � kB � TÞ1=2
� e�Ead=RT ð2Þ

where rad is the adsorption rate, p the pressure, r the

probability on the exact adsorption energy Ead of the

molecule for the adsorption, f(h) the free adsorption

site; h surface coverage, m the mass of the molecule,

KB the Boltzmann’s constant and T the absolute

temperature.

Unlike adsorption, desorption is always an acti-

vated process, and the rate of desorption on a uni-

form surface can be written as [392]:

rdes ¼ kdesðhÞ � f 0ðhÞ � e�EdesðhÞ=RT ð3Þ

where kdes is the rate of desorption, f0(h) the occupied

site and Edes the activation energy of desorption. On a

uniform surface, both kdes and Edes depend on h.

Furthermore, in the Langmuir isotherm it is

assumed that adsorption does not depend on the

degree of surface coverage and adsorption and des-

orption are in equilibrium (only applicable to ideal

systems). To keep the analysis as general as possible,

the Langmuir isotherm is usually combined to the

Freundlich isotherm to provide a model that better

describes ‘‘non-ideal’’ systems [293, 322, 389, 390].

The Freundlich isotherm takes into consideration the

fact that at higher surface coverage, the adsorption

Table 7 Comparison between supported base M-NPs and precious M-NPs for the hydrogenation of glycerol to 1,2-propanediol (1,2-PD)

Catalyst Metal loading

(wt%)

Temperature

(K)

Pressure

(MPa)

Time

(h)

Glycerol%

conversion

1,2-PD%

selectivity

References

Cu/SiO2 – 513 8 5 51.9 96.6 [381]

CuO/CuFe2O4 – 463 4.1 10 47 92 [382]

Ni/SiO2 – 523 6 – 25.6 70.2 [383]

Ni/Al2O3-

CuCr2O4

– 473 1.5 8 32.1 94.1 [384]

Ni/SiO2-Al2O3 – 473 2.5 8 30 98 [385]

Ir-ReOx/SiO2 – 393 8 4 21.7 6.7 [386]

Ru/SiO2 – 513 8 5 18 90.2 [387]
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rate decreases and a full surface coverage is never

reached.

hi ¼
ðKi � ciÞni

1þ
PN

j¼1 ðKj � cjÞnj
ð4Þ

where hi and Ki are the surface coverage of the

compound i and its corresponding adsorption con-

stant, respectively, and ci the concentration of the

compound i in solution.

Synopsis and outlook

This review presents a general overview of supported

M-NPs with emphasis on Cu, Au, Pt, Pd, Ru, Ag, Co

and Ni nanoparticles, NPs (active phase), their syn-

thesis methodologies, their features and their advan-

tages and application as catalysts for various oxidation

and hydrogenation reactions. A brief view of the

ligand adsorption-based technique for M-NP surface

area determination and kinetic models of the liq-

uid-/gas-phase reaction over M-NPs is also provided.

The performance of supported M-NP catalysts

depends on their nature, surface area, sizes, shapes

and synergistic effect. Their relationship is a critical

factor on the performances of the catalysts. The fol-

lowing recommendations are necessary for a good

performance of the catalyst: (1) the use of an appro-

priate synthesis method; size and electronic state of

metal on the surface of catalyst can be tuned using

appropriate preparation method, (2) the choice of an

appropriate carrier (synergistic effect); sizes and

distribution of M-NPs on the support surface depend

on the nature of both metal and support, and can be

tailored through the preparation conditions such as

temperature, pressure, stirring speed and duration,

(3) investigation of the metal–support interaction; the

interaction between the support and M-NPs is very

significant for the catalytic stability and activity, (4)

stabilization of the M-NPs; the catalytic properties of

M-NPs are directly related to the size of the

nanoparticles (exposed surface area), and nanometer-

sized catalyst particles can undergo easy sintering, (5)

determination of the exposed (true) surface area of

the NPs; the activity and selectivity of heterogeneous

catalysts benefit strongly from a high active surface

area, and (6) kinetic assessment of the catalytic

activities of supported M-NPs on the studied reac-

tions by investigating different aspects including NP

concentration, reactant concentration, solvent effect,

pressure, temperature, steering speed and duration,

and attempt to understand the mechanistic aspects

that are indispensable for catalyst and parameters

improvement.
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[118] Pérez-Mayoral E, Calvino-Casilda V, Soriano E (2016)

Metal-supported carbon-based materials: opportunities and

challenges in the synthesis of valuable products. Catal Sci

Technol 6:1265–1291

[119] Haber J, Block JH, Delmon B (1995) Manual of methods

and procedures for catalyst characterization (Technical

Report). Pure Appl Chem 67(1995):1257–1306

[120] Poncelet G, Martens J, Delmon B, Grange P, Jacobs PA

(1995) Preparation of catalysts VI: scientific bases for the

6230 J Mater Sci (2020) 55:6195–6241

https://doi.org/10.1155/2014/727496
https://doi.org/10.1155/2014/727496


preparation of heterogeneous catalysts. Elsevier,

Amsterdam
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